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Echinodermata—Crinozoans—DBlastoids

INTRODUCTION
By Roert O. Fay

Blastoids are moderately small stemmed
echinoderms having a calyx that mostly
measures less than 25 mm. in diameter or
height. They are restricted to marine Paleo-
zoic rocks ranging from Silurian te Per-
mian, attaining greatest abundance and
variety in Lower Carboniferous {Mississip-
pian} deposits.

The stem which attached blastoids to the
sea bottom is rarely preserved in position
joined to the theca, but a sufficient number
of specimens makes clear that it was very
slender and comparatively short, with prob-
able maximum length amounting to little
more than 25 cm. It was composed of thin
discoid ossicles (Fig. 177).

The main part of the animal, at the top
of the stem, consisted of a globular to pyri-
form bedy armored by regularly arranged
calcareous plates (calyx or theca). 'This
relatively thin-plated theca enclosed the
viscera, of unknown nature, and along the
borders of five linear or petaloid tracts
termed ambulacra, disposed in regular radial
positions extending downward from the
summit of the theca, very numerous thread-
like armlets (brachioles) projected upward
as food-gathering appendages. The whole
structure borne by the stem was a fringed
budlike form termed anthus (Greek, blos-
som) or crown {Fig. 177),

The mouth of blastoids is centrally located
at the summit of the theca and median
grooves in each ambulacrum connect with
it, for they were the main passageways on
the surface of the theca for transportation
of food particles brought to them by the
brachicles by way of lateral grooves on the
ambulacra (Fig, 178). The outlet of the
digestive system is an orifice on the pos-
terior side of the theca known as the anus,
or it may be located in the summit area as
part of the vent termed anispiracle (Fig.
178,1). It is invariably interambulacral in
position and located not far below the
mouth. Other openings in the theca are
rounded or slitlike vents which functioned
as outlets (spiracles, hydrospire slits) of the
respiratory system and with these belong
numerous diminutive openings (hydrospire
pores} which served as water inlets. The

hydrospires are internal thin-walled folds
of calcareous tissue which are characteristic
of the blastoids and which are described
in some detail in the section on Morphology.
Possibly the hydrospire structures served re-
productive functions, as well as respiration.

As a rule, the theca of blastoids is com-
posed of 18 to 21 main plates and myriad
diminutive ones. The main plates are regu-
larly arranged in definite cycles or circlets,
in upward succession from the stem con-
sisting of (1) basals, (2) radials, (3) lancets

armlets
brachioles)

head <
{anthus)

calyx
(theca!

stem
{column)

rootlets

Fre, 177, Reconstruction of entire blastoid (Oropho-
crinus, Miss, N.Am.), showing principal parts
(Bather).
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Fic. 178. Calyx of typical blastoid, Pemtremites symmetricus Harr, UMiss.(Chesterany, USA(IIL), show-
ing externally visible parts of theca, X4.5 (drawings by Roger B. Williams; Teaver, nj. 1. Summit
{oral) view, mouth opening at center surrounded by 4 spiracles (relatively small rounded orifices in
interambulacral position) and large anispiracle in posterior interambulacrum  (below mouth}, also show.
ing petaloid ambulacra (A at top, followed in clockwise dircction by H, €, D, and E ambulacra) deltoid
plates next to summit between ambulacra. 2, Lateral view of calyx from the anterior (A-ray) side,
especially showing deeply sulcate form of radial plates embracing aboral parts of ambulacra. 3. Basal
(aboral} wiew showing the stem impression borne by the basal circlet consisting of 2 large (zygous) plates
and | small (azygous) plate.
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and (4) deltoids. Plates in position of the
five ambulacra and radials are defined as
radial and plates in position alternating
with them as interradial. The basal plates
of blastoids are classed as interradial ele-
ments because the sutures between them
all coincide with mid-lines of contiguous
radial plates. The blastoid basal circlet
contains only three plates, however, a small
one (termed azygous) in obvious inter-
radial position, and two large ones (zygous
basals) which occur directly below two of
the radials because each represents the fused
product of two interradial elements (Fig.
178,2,3). The radial plates are more or less
elongate U- or V-shaped skeletal elements
which enclose the ambulacra between their
lateral extension, known as limbs. Inter-
radially disposed plates at or near the sum-
mit of the theca are rhomboid to subtri-
angular (delta-shaped) elements termed
deltoids. The lancets are elongate spear-
shaped plates inserted between the deltoids
and hence radial in position; actually they
extend aborally well beyond the aboral
limits of the deltoids, occupying most of
the spaces (sinuses) between the radial
limbs and underlying very numerous small
plates of the ambulacra. These latter con-
sist of so-called side plates and outer side
plates. The brachioles are attached to these
plates.

Deltoid plates on the posterior side of the
theca are collectively designated as anal
deltoids. They include special types which
are differently named, as described subse-
quently.

Each plate of the blastoid theca consists
of crystalline calcite having its own optical
orientation. The plates expand laterally
and in thickness during growth from juve-
nile to adult stages.

Blastoids commonly occur in limestones,
calcareous shales, and in some light-colored
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clayey shales; they are rarely found in black
shales and are virtually unknown in sand-
stones. Some Mississippian (especially
Chesteran) shaly limestones are locally so
crowded with specimens of Pentremates that
these strata became known to early geolo-
gists as the Pentremital Beds. Blastoids are
also very abundant in parts of the Permian
in Timor (East Indies). The known strati-
graphic range of the class is Silurian to
Permian, with maximum dispersion in Dev-
onian, Lower Carboniferous (Mississip-
pian), and locally in Permian deposits. They
have been reported from all continents ex-
cept Antarctica, but largest collections have
been made in North America, Europe, and
the island of Timor.

Approximately 78 presently distinguished
genera and 350 described species of blastoids
are grouped in 12 families, of which five
are placed in the order Fissiculata and seven
in the order Spiraculata.

The origin of the class Blastoidea is un-
known. In some morphological features
striking resemblance between blastoids and
various rhombiferan cystoids is discernible,
but this has not been acceptably demon-
strated to have genetic significance. In my
opinion, the Middle Ordovician Edrioblast-
oidea possess characters which are judged
most likely to belong to ancestors of the
blastoids, even though only a single edrio-
blastoid genus now is known.

A blastoid consists primarily of two con-
nected parts, a stem (column) which was
anchored to the sea bottom by branching
rootlets, and a “head” (anthus) composed of
a central budlike body and numerous at-
tached armlets termed brachioles (Fig. 177).
The budlike body is covered by skeletal
plates, collectively forming the theca
(calyx), and internally there are thin-walled
folded structures, named hydrospires.

MORPHOLOGY
By HaroLp H. Beaver

[Esso Production Research Company]

COLUMN

Although the stem attachment of a blast-
otd, known as the column, was first de-
scribed approximately 140 years ago (Say,

1820), little has been added subsequently to
our knowledge of this structure. Virtually
all skeletal parts of blastoids are more com-
monly preserved than the stem, at least in
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its attached position to the theca. Most un-
attached segments of blastoid stems have
not yet been discriminated definitely from
columnal fragments of crinoids and cystoids,
According to EtHerinGE & CARPENTER
(1886, p. 9), the column of a specimen of
Pentremites in the collections of Wach-
sMUTH ends below in a branching root. The
column measures 5 to 8 inches in length.
Garroway & Kaska (1957, p. 8) have re-
ported a length of 1 to 3 inches for length
of the column in Pentremites. All available
information indicates that the stems of blast-
oids generally were quite short, much
shorter than most crinoid columns, although
seemingly similar in structure and appear-
ance. At present no trustworthy criteria for
distinction of discrete segments of blastoid
and crinoid columns other than absence of
nodal and internodal columnals and absence
of cirri in blastoids have been reported.
Further, no blastoid stems with pentagonal,
elliptical, or crescentic transverse section are
known, whereas these are found in some
crinoid genera. ‘

The stems of blastoids consist of many
small circular segments called columnals,
each with a tiny round central opening
(lumen) which 1s inferred to have func-
tioned as a neurovascular canal. This axial
canal opened into the central cavity of the
theca. The margins of top and bottom sur-
faces of each columnal have alternating fine
ridges (culmina) and grooves (crenellae)
which interlock with similar markings on
adjoining columnals, so that a moderately
firm articulation results. With exception of
a specimen of Pentremites conoideus in the
collection of Garroway & Kaska (1957, pl.
13, fig. 8) which has small spines on the
exterior of the column, nothing is known
of columnal ornamentation. Some blastoid
genera (e.g., Astrocrinus, Eleutherocrinus,
Noroblastus) seem to have lacked a column,
at least in the adult stage (ETHERIDGE &
CarpeNTER, 1886, p. 9; Fay, 1961, p. 9). A
distinct stem facet is seen in adult specimens
of Timoroblastus.

CALYX

The term calyx (Greek, bud of flower)
is an appropriate designation for the bud-
shaped skeletal structure borne at top of
the stem (column) of the echinoderms
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known as blastoids (Greek, blastos, bud).
It comprises the complete head (anthus)
of thesé echinoderms, minus the threadlike
brachiolar appendages borne by the ambula-
cra (Fig. 177). This portion of the hard
parts is also properly named theca (in Greek
signifying sheath or case). The principal
plates of the calyx (theca) are basals, radials,
deltoids, and those of the ambulacra (Fig.
178). The basals compose the lower por-
tion of the calyx and articulate with the
stem. Overlying and alternating or in
series with the basals are radials, each of
which is partially divided by a sinus for
reception of the aboral portion of an am-
bulacrum. Above the radials and alter-
nating with them are interambulacral plates
designated as deltoids.

SHAPE AND SIZE

Blastoids exhibit many variations in shape
of the calyx. These differences are seen
in genera from all geologic systems in which
blastoids occur, but are most pronounced in
forms of Permian age. Representatives of
the various genera can be separated into
four broad groups (Fig. 179).

Group 1, characterized by a pyriform
outline, includes both spiraculate and fissi-
culate blastoids (defined later). The typical
form (e.g., Pleuroschisma, Fig. 179,4) has
ambulacra that nearly equal half the height
of the theca. At one extreme are steeply
conical types with short ambulacra largely
confined to the summit (e.g., Ceratoblastus,
Fig. 179,8), whereas the other extreme is
marked by genera with expanded summits
and relatively long ambulacra (e.g., Oropho-

_crinus, Fig. 179,1).

Group 2 is distinguished by blastoids
having a globose shape. Two subgroups
are readily recognized, the first having short
ambulacra confined to the summit (Para-
codaster, Agmoblastus, Fig. 179,9,10), and
the second with ambulacra nearly equal in
length to height of the theca (Poroblastus,
Nymphaeoblastus, Granatocrinus, Aulo-
blastus, Fig. 179,11-14). Studies of many
specimens of Globoblastus, a globose type
belonging to the second subgroup, show
that individuals commonly change shape
with age. Young specimens are generally
elongate globose, whereas old ones are de-
pressed globose.
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GROUP |
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Fic. 179. Shapes of blastoid calyces, shown in lateral views. Groupings are not inferred to delineate phylo-

genetic assemblages (drawings from Fay, n).
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Group 3 includes types which in adult
growth stages are elongate globose (e.g.,
Eleutherocrinus, Nucleocrinus, Placoblastus,
Heteroblastus, Fig. 179,15-18) or are highly
irregular in shape but have height and
width of the calyx nearly equal (eg,
Timoroblastus, Fig. 179,19). Some genera
have pointed protruding deltoid tips (e.g.,
Heteroblastus), whereas others may have
projecting radials and deltoids (e.g., Timor-

oblastus).
Group 4 is composed of vase-shaped
blastoids (e.g., Nannoblastus, Diptero-

blastus, Fig. 179,20,21) and similar genera
with extended radials and accompanying
long ambulacra (e.g., Pterotoblastus, Thau-
matoblastus, Fig. 179,22,23).

Variations in shape commonly are sig-
nificant at specific levels and, in conjunc-
tion with other morphological features such
as patterns of the hydrospires, may aid in
determining phylogenetic trends. Detailed
examinations of species belonging to Pentre-
mites have established phylogenetic lineages
within this genus (Fig. 180). The oldest
known representative, P. elongatus (Fig.
180,4) of Osagian age, is elongate globose,
with an essentially flat base and ambulacra
nearly equal to height of the theca. It is
succeeded in the Meramecian by P. con-
oideus (Fig. 180,B) with similar character-
istics. In the later Meramecian, however,
two types diverged from P. conoideus, one
characterized by a nearly flat base (Fig. 180,
D,F.HILK,L) and the other by a pyriform
or inverted-pear shape (Fig. 180, C,E,G)]).
Offshoots of the flat-based group, mainly
species closely related to P. sulcarus (Fig.
180,7), developed in the middle and late
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Chesteran. Thecal variations include a
marked increase in size (up to twice or
more common pentremite size), the devel-
opment of protruding deltoids, nodose
thecal exteriors, or serrated ambulacral rims.

Blastoid calyces differ greatly in thecal
length from one genus to another and also
may show considerable variation within a
given genus. In addition, no consistent
change in size of calyx is apparent in blast-
oids as a class from their earliest occurrence
in the Silurian to their last-known appear-
ance in the Permian.

Specimens of Placoblastus obovatus, some
species of Pentremites (e.g., P. sulcatus, P.
obesus, P. maccallier), and Tricoelocrinus
woodmani are representative of very large
blastoid species, commonly having a height
of 2 inches or more. Seemingly adult speci-
mens of Diploblastus glaber, Mesoblastus
crenulatus, Monadoblastus granulosus, and
a few species of Pentremites (e.g., P. prince-
tonensts, P. pulchellus) are typically small
blastoids, generally having a height of about
0.25 inch.

Silurian genera (e.g., Troosticrinus, Poly-
deltoideus, Decaschisma) commonly are
represented by specimens having a height
slightly less than one inch. Devonian genera
exhibit greater range in height, some forms
being very large (e.g., Placoblastus), where-
as representatives of other genera are rela-
tively small (e.g., Hezeroschisma). Missis-
sippian blastoids vary greatly in size, some
being very small (e.g., Diploblastus, Meso-
blastus), others intermediate (e.g., Globo-
blastus, Schizoblastus, Orbitremites, Codas-
ter), and a few very large (e.g., Tricoelo-
crinys, some species of Pentremites). Penn-

[See pages $304-5305]
Fic. 180. Calyx shape correlated with accompanying structural modifications, including character of in-
ternal features, in succession of Mississippian blastoids belonging to the genus Pentremites, interpreted to
show phylogenetic trends. Letters refer to photographs (X1) and drawings based on thin sections on
opposite page (position of section indicated by pairs of arrows). A. P. elongatus SHuMARD, L.Miss.
(Burlington Ls.), near Springfield, USA (Mo.). B. P. conoideus Harr, U.Miss.(Salem Ls.), Spergen
Hill, USA (Ind.). C. P. princetonensis ULRicH, U.Miss.(Ste. Genevieve Ls.), Cedar Bluff, USA (Ky.).
——D. P. pulchellus Urrich, UMiss. (Ste. Genevieve Ls.), Cedar Bluff, USA (Ky.). E. P.
symmetricus Harr, U.Miss.(Paint Creek F.), near Floraville, USA(IIL). F. P. godoni (DEFRANCE),
U.Miss.(Paint Creek F.), near Floraville, USA (IlL.). G. P. pyriformis Say, UMiss.(Golconda F.),
near Vienna, USA (Ill.). H. P. tulipaformis HamsacH, UMiss.(Bangor Ls.), near Rockwood, USA
(Ala.). 1. P. sulcatus (Roemer), U.Miss.(Glen Dean Ls.), near Vienna, USA (IIL). ]. P. girty:
UrricH, U.Miss.(Menard Ls.), near Chester, USA (Ill). K. P. halli GaLLoway & Kaska, U.Miss.(Kin-
kaid Ls.), SE of Chester, USA(IIL). L. P. rusticus HamBacH, L.Penn.(Bloyd Sh.), near Fort Gibson.
USA (Okla.).
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Fia. 180, [ See page $303 for explanation,]
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Fic. 181. Radial-deltoid relationships illustrated by
diagrammatic sections; I, normal abutment; 2, ra-
dial overlap; 3, deltoid overlap (radials stippled,
deltoids oblique ruled, exterior of calyx toward

left).

sylvanian blastoids, represented by few spe-
cies, and Permian forms, consisting of many
species and genera, show about the same
range in the size of specimens as do Mis-
sissippian and older blastoids.

STRUCTURAL FEATURES

Although the blastoid calyx normally con-
sists of a constant number of plates, their
range in shape and structure is great enough
to aid in generic distinctions. Features com-
monly used in classification include shape,
respective size of the plates, and position of
other structures in relation to the thecal
plates (e.g., relationships of spiracles to
deltoids). One useful observation, mostly
unmentioned in the literature, is the nature
of sutural contacts between radials and del-
toids.

In various genera three different condi-
tions are found, even though gradation of
one to another introduces some intermediate
types which reduce sharpness of distinction.
The contacts may be illustrated by sections
cut approximately at right angles to the
radial-deltoid suture (Fig. 181). A simplest
condition (type 1) is marked by the sutural
(contact) surface disposed perpendicularly to
the outer and inner surfaces of the plates;
then abutment of radial against deltoid is
normal (e.g., Codaster). In other condi-
tions the abutment may be more or less
strongly oblique. If the sutural surface is
inclined outward adorally or adlaterally
(type 2), the radial margin overlies an edge
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portion of the deltoid and this is designated
as radial overlap (e.g., Globoblastus). If the
sutural surface is inclined inward, adorally
or adlaterally (type 3), the deltoid margin
overlies an edge portion of the radial and
this is designated as deltoid overlap (e.g.,
Schizoblastus).

The calyx is pierced by numerous open-
ings, some of which are illustrated here
(Fig. 178,1) and some later. A central open-
ing at the summit (mouth) served as an in-
let to the digestive tract of the living ani-
mal. The anus is a relatively large orifice
(anal opening) located in the posterior
(CD) interray. It functioned as the excur-
rent opening of the digestive tract. Small,
generally rounded apertures (spiracles)
penetrate the deltoids or occur adjacent to
them in some (spiraculate) blastoids. Typic-
ally in such blastoids tiny openings parallel
the sides of ambulacra and connect in-
ternally with the hydrospires. These open-
ings, called hydrospire pores, are located be-
tween the margin of the ambulacrum and
the adjacent radial and deltoid plates, or
they may be excavated in the radial and
deltoid plates. In other (fissiculate) blast-
oids, the hydrospire pores may be replaced
by long, very narrow hydrospire clefts,
which open directly into the hydrospires.
Generally, these clefts are excavated in the
radial and deltoid plates and transect the
radial-deltoid suture. In a few blastoids the
spiracles are lengthened into long slits
(spiracular slits) along the sides of an am-
bulacrum.

In well-preserved specimens, thecal open-
ings in the vicinity of the summit (mouth,
anus, spiracles) are covered by tiny skeletal
plates, collectively termed summit plates.
These plates, however, are commenly high-
ly speciaiized and differ in number, shape,
and size from one genus to another.

ORNAMENT

The exterior surface of blastoid calyces
may be quite smooth, or it may bear various
sorts of sculpture. Ornamentation of the
theca, where present, commonly consists of
growth lines and ridges or rows of nodes
distributed over the surface. Generally,
growth lines of the basals are parallel to
the plate margins, such lines being crowded
together next to the column, less closely
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transverse section
Isee Fig, 2 opposite!
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T, 182, Terminology related to orientation of blastoid theca illustrated on side view of Glaboblastus
norwood! (OwoeN & SHumarn), LMiss.(Burlington Ls.), Burlington, USA (Iowa) (Beaver, n).

spaced adjacent to the interbasal sutures,
and farthest apart near the radial-basal su-
tures (Fay, 1961, p. 10). This arrangement
reflects differential expansion of the plates
during ontogeny, growth distally and lat
erally being preater than proximally. The
growth lines of the radials are parallel to
the margins of the plates, indicating that
accretion occurred along edges next to basals,
deltoids, and contiguous radials. On del-
toids the growth lines usually are most wide-
ly spaced parallel to the radial-deltoid su-
tures, for the adoral tips of the deltoids were
secreted [irst and growth occurred around
sides of the plates, particularly in an aboral
direction.

ORIENTATION

For purposes of description and compari-
son of blastoid calyces, standards of oricnta-

tion and designations ol corresponding parts
must be agreed on. Mostly, these matters
offer litle difficulty, since the mouth, at the
summit of the calyx, furnishes reference for
defining adoral and aboral directions and
differentiation of the rays may be decided
according to a simple, practicable system.
The treatment of blastoids from thesc view-
points and nomenclature for descriptive
purposes are explained in this section.

An imaginary line extending from the
mouth of a blasteid to the center of its col-
umn is called the polar axis (Fig. 182). Any
section in a planc coinciding with this axis
or parallel and close to it is termed a longi-
tudinal section and any section perpendicu-
lar to it is a transverse section. A section
tangent to the outer surface of the theca
and relatively near it is called a tangential
section. Any direction toward the polar
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Fic. 183, Terminology related to orientation of blastoid theca illustrated by oral view (7) and transverse
section (2) of Globoblastus norwoodi (scale same as in Fig. 193) (Beaver, n).
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axis and approximately perpendicular to it
is adaxial and any away from it is abaxial.
Directions toward the geometric center of
the theca are inward and those away from
it are outward. The area surrounding the
mouth is termed oral. Any direction toward
the mouth is adoral and any away from it
is aboral. A direction toward the point of
attachment of column and theca is defined
as proximal; a direction away from this
point is distal.

According to nomenclature introduced by
CarpenTER (1878) and adopted herein,
when a blastoid specimen is viewed from
the oral side with the anal opening directed
toward the viewer, the ambulacrum on the
far side of the theca is designated by the
letter A; then, in a clockwise direction the
other ambulacra are lettered B through E
(Fig. 183). Specimens viewed aborally,
oriented in the same way with the anal side
toward the viewer, also have the 4 ambula-
crum opposite the viewer, but the other
ambulacra then are lettered B to E in a
counterclockwise manner. A direction to-
ward the side of the theca which contains
the anal opening (CD interray) is classed
as posterior and that away from it (toward
the 4 ambulacrum) is anterior. Areas may
be designated similarly. The B,C,D, and E
ambulacra are sometimes termed right an-
terior, right posterior, left posterior, and left
anterior, respectively. A line from the
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mouth through the mid-line of an ambula-
crum is designated as radial (or perradial);
a line from the mouth through the mid-
line of a deltoid is interradial.

Directions relative to plates of the am-
bulacrum may be made by utilizing the
mid-line of an ambulacrum as a reference.
A direction toward the mid-line of an am-
bulacrum thus is admedial or ablateral; a
direction away from the mid-line is ab-

medial or adlateral (Fig. 183,1).

BASALS

The basal circlet of blastoid calyces con-
sists of three plates, two major ones of ap-
proximately equal size and shape, termed
zygous basals, and a minor one that is smal-
lest and quite different in shape from the
others; this last-mentioned plate is termed
azygous basal (Fig. 178,3), a name signify-
ing unyoked (unfused) in contrast to the
major zygous basals, each of which evi-
dently is the product of fusion together of
two pre-existing plates comparable in size
and shape to the azygous basal. Aborally,
the basals are attached to the column; ad-
orally, they are overlain by the radials. Nor-
mally, the azygous basal lies in the position
of the AB interray. Rarely, the basals seem
to be fused into a single plate (e.g., Aceniro-
tremites).

[See pages S310-S311}

Fic. 184. Morphological features shown by disarticulated parts of blastoid theca, illustrated by fragments
of Pentremites godoni (DEFRANCE), U.Miss.(Chester), near Floraville, Ill,, all X7 except I (X3.5),
7 (X8) and 85 (X8) (Beaver, n). 1. Basal circlets; la-e, interior views showing median excavation
in C-ray zygous basal; If, exterior view showing thickened area around stem impression. 2. Deltoids;
2a, exterior of deltoid body with beveled aboral tips which project beneath adoral extremities of radial
limbs (illustrating radial overlap) ( cf. 44,6); 25, exterior surface of deltoid body with lateral lips covered
by attached side plates of ambulacra; 2¢, side view showing hydrospire canal and admedial surface of side
plates. 3. Lancets; 3a, exterior surface with well-preserved median and lateral food grooves; 35, interior
surface showing 2 longitudinal ridges which carry attachments of admedial ends of hydrospire folds.
4. Radials; 4a, exterior surface showing sloping sides of radial sinus and admedial abaxial surfaces of
adjacent hydrospiralia (not underlancet plate); 44, interior surface showing beveled adoral extremities of
limbs which overlap borders of deltoids (radial overlap) and partly preserved hydrospires in radial sinus.
5. Basals; Sa, interior surface showing elongate depression (aligned with € ambulacrum) on C
zygous basal; 54, exterior surface of circlet showing central moundlike elevation (consisting of secondary
calcite) which bears stem attachment.———6. Lancet plate; 6a, exterior surface showing side plates attached
along margins; 65, interior surface showing hydrospire pores and their relation to side plates and outer
side plates. 7. Deltoid; interior surface of specimen shown in Fig. 25, showing position of hydrospire
canals and their relation to deltoid septum. 8. Summit part of theca composed of deltoid and adjoin-
ing ambulacra; 84, oblique view of outer surface showing spiracle at tip of deltoid; 84, interior surface
showing deltoid septum which connects deltoid body and lip, lancet plates at left and right.
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Fic. 184, [See page 8309 Tor explanation.]
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Lyvows (1857, p. 469) described what he
presumed o be a circlet of plates in some
blastoids below the basals, Although thus
interpretation was supported by Brunes
(1869, p. 83), subsequent evidence has
shown that these presumed extra plates con-
sist merely of thickened calcite adjacent to

lancet

deltoid lip

side plate

hydrospire
canals

median groove

spiracle

ambulacrum 8a deltoid body

lancet
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the stem impression (Fig. 184,7f,55)
(LErnercr & CarerNnrter, 1886, p. 21).

DIMENSIONS
The basals may be rclatively large, form-
ing most of the proximal part of the theca,
or they may be very small and difficult to

lancet

outer side plate

deltoid septum

deltoid body

PG, 184, { Continied. )
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Phaenoschisma (Miss.)
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Angioblastus (Perm.)

2
Notoblastus (Perm.)
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Metablastus (Miss.)

Deltoschisma (Dev.) Nucleoerinus (Dev.)

Auloblastus {Miss.)

Placoblastus (Dev.)

Fic. 185. Aboral views of blastoid calyces showing
variation in relationships of basal circlet o adjacent
plates of theca; I-4, basal circlet relatively large;
5-10, basal circler diminutive {not to scale) (Fay, n).
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Fig, 186, Aboral views of blastoid calyces showing
different types of basal relationships, all 2.
1. Globoblastus porwoodi (Owen & SHUMARD),
L.Miss.(Osagian), Burlington, USA (lowa) (Deaver.
n). 2. Trivoclocrinus  woodmani  (MEFR &
WortieEN), Miss., loc. unknown (Etheridge & Car-
penter, 1886). 3. Awloblastus elinei Beavir, L.
Miss.(Osagian), near Springficld, USA  (Mo.)
(Beaver, n).

observe (Fig. 185). They make up much of
the basal view in most genera with moder-
ate to short ambulacra (e.g., Tricoclocrinus,
Fig. 186,3). In examples with ambulacra
that nearly equal height of the theca, the
basals are generally small and occupy very
little of the basal view (e.g., Globoblastus,
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Fig. 186,1). Some blastoids exhibit unusual
basals because of asymmetrical thecas or
poorly known basal relationships (Fig.
187). For example, Astrocrinus has a small
quadrangular plate in the position of the
azygous basal (4B interray), suggesting
that the two other basals were resorbed
(Fig. 187,3) (Fay, 1961, p. 10). In many
genera with extended ambulacra the basals
may be partially hidden in a shallow-basal
depression (e.g., Auloblastus, Fig. 186,3), or
in a deep cavity (e.g., Globoblastus, Fig.
186,1).

EXTERNAL FEATURES

Swellings and ridges are developed on
the basals of some genera. Many specimens
of Penmtremites exhibit a swollen arca on
each basal, the largest one located on the
azygous basal in an interradial position.
The swellings on the large zygous basals
are developed beneath ambulacra € and E,
appearing as enlargements of ridges that
extend from the aboral tip of each ambula-
crum to the point of column attachment.

Prominent ridges are developed on the
basals of Tricoelocrinus (Fig. 186,2). The
azygous basal is trisected by two ridges
which extend from the point of column
attachment to the lower tip of ambulacra
A and B. Each of the zygous basals is
transected by a strong ridge projecting from
the point of attachment to the lower tip of
ambulacra € and E, respectively. More
weakly developed ridges follow a curved
path from the point of column attachment
to the ambulacra located at right and left
of the ambulacrum to which the strong
ridge leads.

INTERNAL FEATURES

Little attention has been devoted to the
internal nature of blastoid basals. Carpen-
TER (1884, p. 413) speculated that the me-
dian canals of the lancets connected with
the axial canal of the column by way of
passageways within the basals and radials,
Sections of the lancets near their aboral ex-
tremities indicate that the median canals
of the lancet progressively decrease in size
and seem to disappear. Careful examina-
tion of sections through the basals has failed
to establish the presence of canals in the
basals. A passageway connects the axial
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6 ™ :
Thaumatoblastus

Eleutherocrinus

Fic, 187. Aboral views of blastoid calyces showing
unusual features or relationships of basal circlets
(shaded) (Fay, n).

canal of the column with the central cavity
of the theca. '

Disarticulated basal plates permit study
of internal surfaces and possible structures.
An interesting feature of uncertain sig-
nificance is an elongate depression on the
inner surface of the BD zygous basal of
Pentremites (Fig. 184,1a-¢). This shallow
trough is in the position of the € ambula-
crum and aligned with it.

RADIALS

Radial plates of the blastoid calyx overlie
and alternate with the basals. The upper
portion of each radial is divided by a deep
sinus which is occupied by an ambulacrum
(Fig. 178,2). The lower, undivided part
of the plate is the radial body; the portions
of the radial separated by the ambulacrum
are the radial limbs. Each of the five radials
is the same except in asymmetrical blastoids

(e.g., Eleutherocrinus, Fig. 179,15).
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Fro. 188, Variation in ornament of radial plates of
Globoblastus norwwoodi (Owex & Snumarp), L.

Miss.(Osagian), all X2; lacd, 2, specimens

from Burlington Ls., at Burlington, lowa; 15, speci-

men from Burlington Ls,, near Springficld, Mo.
(Beaver, n).

SIZE. AND SHAPE

The size and shape of radials vary greatly.
Generally they equal half to two-thirds of
the height of the theca (e.g., Troosticrinus,
Fig. 179,7). In some elongate-globose forms
the radials are very small and make up
little of the theca (e.g., Nucleocrinus, Fig.
179,16). The shape of the radials may be
governed largely by length of the ambula-
cra in blastoids where the ambulacra are
confined to the summit. The radials may
be only slightly notched if the ambulacra
are short (e.g., Agmoblastus, Fig. 179,10)
or wing-shaped if the ambulacra are long
(c.g., Thaumatoblastus, Fig. 179,23).

PORES OR SLITS

The radials are perforated by pores or
slits only where these lead adaxially to the
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hydrospires. In some gencra a row of tiny
pores (hydrospire pores) connect the hydro-
spires with the exterior. In such genera the
pores occur in a row parallel to an ambula-
crum (Fig. 184,60). The portion of cach
radial between the row of hydrospire pores
and this ambulacrum is sometimes called
the hydrospire plate. In other blastoids the
radials (and deltoids) may be pierced by
extended slits (hydrospire clefts or spiracu-
lar slits) that parallel the ambulacra and
lead to the hydrospires. Generally two or
more such clelts occur on cither side of an
ambulacrum,

ORNAMENT

Surface sculpture of radials commonly
ranges widely between genera. Many genera
have radials which are nearly smooth except
for the slight ridges indicating growth
stages. Others, however, are strongly orna-
mented with nodes arranged in a random
pattern or with rows of nodes in a sym-
metrical arrangement. Variations of orna-
ment exist, not only between genera but
between individuals of the same genus and
species. For example, individuals of Globo-
blastus norwoodi show considerable differ-

cnce in arrangement of nodes on the radials
(Fig. 188).

DELTOIDS

The deltoids are a circlet of interradially
placed subtriangular plates which abut ad-
oral edges of the radials (Fig. 178,1,2).
Their sides normally are bounded by the
ambulacra. The adoral portion of cach
deltoid bordering the mouth is called the
deltoid lip (Fig. 184,26,7.86). Aborally, the
deltoid lip is connected with the main por-
tion of the deltoid, termed deltoid body
(Fig. 184,2a,6,8b), by a narrow internal
connecting septum, termed deltoid septum
(Fig. 184,7,8%). In some genera, an ex-
ternal ridge called the deltoid crest longi-
tudinally divides the deltoid (e.g., Cod-
aster).

VARIATIONS

The length of the deltoids i1s variable in
different genera and, to a limited degree,
within a given genus. The deltoids may be
very large, exceptionally ncarly equal to
the total height of the theca (e.g., Nucleo-
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crinus, Fig. 179,16), or oppositely, they may
be so small as to be barely visible (e.g.,
Troosticrinus, Fig. 179,7), In Pentremites,
slight differences of deltoid length are ob-
served, but no definite trend during some
portion of geologic time is recognized (Fig.
180). In the past, species having widely
different deltoid lengths but apparently
similar morphology otherwise have been
grouped together in a single genus. Addi-
tional research on such species has shown
that commonly they are characterized by
important structural differences in addition
to dissimilarity of the deltoids.

ANAL DELTOIDS

{Section on anal deltoids by H. H. Beaver, R. O. Fay, and
R. C. Moorr}

Posterior interradial elements (in CD in-
terray) of the blastoid theca are collectively
termed anal deltoids, because they are asso-
ciated in various ways with the anal open-
ing. This orifice may or may not be con-
fluent with spiracles of the posterior inter-
ray. Clearly, the anal deltoids are important
morphological features.

NOMENCLATURE

During the past 50 years various names
have been introduced for different anal
deltoids. The more important of these are
hypodeltoid and epideltoid (Wanneg,
1924), subdeltoid and superdeltoid (Crine
& Heurr, 1950), cryptodeltoids (Braver,
1961), and paradeltoids (Remmann & Fay,
1961). Usage of these and other terms has
varied a good deal when applied to genera
of differing age and morphology. It seems
evident that precision in morphological de-
scriptions and systematic diagnoses will be
enhanced by agreement on terminology, ac-
companied by consistent use of appropriate
names for the different kinds of anal
deltoids.

Generally, plates classed as anal deltoids
are clearly visible on the exterior surface of
the blastoid calyx, or at least a major part
of each such plate can be seen. Marginal
features, however, are likely to be concealed
and some anal-deltoid elements are largely
or entirely hidden beneath the surface. Re-
moval of skeletal material to expose the
concealed plate or plates may be effected by
weathering, by etching with an acid, and
by grinding. Correct understanding of
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morphological relationships and nomen-
clature of features dependent on this call
for thorough investigation of concealed
characters, along with observation of sur-
face features. '

Anideltoid.—The name anideltoid is em-
ployed for an externally visible anal del-
toid which is proved or not known to be
accompanied by any others and which lies
almost wholly on the aboral side of the
anal opening (Acentrotremites) or anispir-
acle (Pentremites, Ambolostoma) (Fig. 189,
Ja,b). In genera with an anispiracle, this
orifice seems to be located beyond the ad-
oral extremity of the anideltoid, separating
this plate from the mouth. Actually, a very
small part of this undivided anal deltoid
is visible externally between the anispiracle
and the mouth. It is connected internally
with the main part of the anideltoid by a
slender, extremely fragile bar (deltoid sep-
tum) which extends beneath the anal open-
ing and in nearly all specimens is concealed
by matrix (Fig. 189,/a). Anideltoids and
other deltoids of this type are termed dis-
junct.

Hypodeltoid.—Many blastoids have a
single unpaired anal deltoid bordering the
anal orifice on its aboral side. This plate is
named hypodeltoid (Greek, Aypo-, below,
beneath) (Fig. 189,2a-¢, 3-5). Hypodeltoids
range in size from diminutive to very large,
in some genera (e.g., Gramatocrinus, Fig.
189,4¢) comprising most of the posterior in-
terray. Typically, the hypodeltoid overlaps
adjacent anal deltoid plates and may form
a hood over the anal opening. Oppositely,
it may be concealed by bordering parts of
the C and D radial limbs and in various
genera judged to have possessed a small
hypodeltoid, specimens fail to reveal its
presence, owing to concealment and lack
of detection by grinding, or possibly by
separation and loss of the plate, or perhaps
because of atrophy during ontogeny.

Epideltoid. An unpaired anal deltoid
bordering the anal orifice on its adoral side
is named epideltoid (Greek, eps-, above,
upon) (Fig. 189,1¢, 2a-¢). An epideloid
may extend along the left and right sides
of the anal opening but not the aboral side.
Normally, epideltoids are associated with
hypodeltoids, but in at least six genera
( Agmoblastus, Codaster, Microblastus, Para-
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Group 1 == Only one anal deltoid known.

onispiracle

la -- PENTREMITES TYPE.
Anideltoid present, anal
opening combined with
posterior spiracle as
anispiracle. anideltoid

1b -- ACENTROTREMITES TYPE.
Anideltoid present, anal open-
ing separate from posterior

spiracles. anal opening
anideltoid
spiracle

1c -- CODASTER TYPE.
Epideltoid present (possible
hypodeltoid unknown,
atrophied or lost).

epideltoid

Group 3 -- Only three anal deltoids known.

superde|toid o 2Z=N

3a -- DECASCHISMA TYPE
Superdeltoid, subdeltoid, hypo-
deltoid present, subdeltoid
with hydrospires. swbdeltoid 8

hydrospire s!it
hypodeltoid

3hb -- PENTREMITIDEA TYPE.
Superdeltoid, subdeltoid, hypo-

deltoid present, subdeltoid
lacking hydrospires. perdeltoid
anal opening

subdeltoid partly covered by side plates
hypodeltoid

Group 2 -- Only two anal deltoids known.

2a -- PHAENOSCHISMA TYPE,
Epideltoid and hypodeitoid
present, epideltoid with
hydrospires.

2b -- NYMPHAEOBLASTUS
TYPE. Epideltoid and hypo-
deltoid present, hypodeltoid

with hydrospires.  epideltoid
hydrospire slit

hypodeltoid

2¢ -- ANGIOBLASTUS TYPE.
Epideltoid and hypodeltoid
present, neither with

hydrospires. epideltoid

anal opening

hypodeltoid

2d -- HETEROSCHISMA TYPE,
Superdeltoid and subdeltoid
present (possible hypodeltoid
unknown, atrophied or lost).

superdeltoid
subdeltoid
anal opening

Group 4 -- Only four anal deltoids known,
comprising superdeltoid, two cryptodeltoids,

hypodeltoid.
ypo superdeltoid

4a -- ELAEACRINUS TYPE.
All anal deitoids exposed.

cryptodeltoid
hypodeftoid

4b -- NUCLEOCRINUS TYPE,
Cryptodeltoids and hypo-

deltoid exposed, super-
deltoid concealed.
cryptodeltoid

4¢c -~ CRYPTOBLASTUS TYPE,
Superdeltoid and hypo-
deltoid exposed, crypto-
deltoids deeply hidden.

superdeltoid
hypodeltoid

Group 5 -- POLYDELTOIDEUS TYPE,
With six anal deltoids, comprising
superdeltoid, two crypto-
deltoids, two para-
deltoids, hypodeltoid.

superdeltoid
cryptodeltoid
hydrospire slit 2%

hypodeltoid paradeltoid

Fic. 189. Types of anal-deltoid relationships in blastoids (see Table 1 for distribution among genera)
(Beaver, Fay, & Moore, n).
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codaster, Pterotoblastus, Sagittoblastus) a
hypodeltoid is missing or its presence is
unproved (Fig. 189, I¢). The unpaired well-
exposed anal deltoid in these genera is
identified as an epideltoid (rather than ani-
deltoid) because it lies above the anal open-
ing in manner exactly corresponding to un-
doubted epideltoids. Normally, epideltoid
plates border the mouth, as well as the
anal opening. Internally, the lateral por-
tions of epideltoids may be infolded into
hydrospires or conversely, epideltoid plates
are not known to bear hydrospires. Table 1
records 32 genera having epideltoids with
hydrospires and 12 genera having epidel-
toids without associated hydrospires.
Subdeltoid. A subdeltoid is defined as a
small to moderately large, inverted U-
shaped plate of the posterior interray in a
few blastoids, located on the adoral and
lateral margins of the anal orifice and
abutting the aboral edge of a plate called
superdeltoid (Fig. 189,24, 3). As previously
noted, subdeltoid and superdeltoid are terms
introduced by Crine & Heugr (1950) and,
although considered to be undesirable on
etymological grounds, they are adopted be-
cause of their morphological significance.
Subdeltoids now are recognized in five
genera (Decaschisma, Brachyschisma, Pen-
tremoblastus, Heteroschisma, Pentremiti-
dea) among which this plate in the first
three listed contains hydrospires, whereas
no hydrospires have been observed in anal
deltoids of the others. In Moore’s opinion,
comparison of subdeltoids with the paired
plates called cryptodeltoids in several genera
(e.g., Polydeltoideus, Fig. 189,5) strongly
suggest homology because fusion of the
adoral extremities of the cryptodeltoids
would produce a plate exactly like the nar-
row-limbed inverted U-shaped subdeltoid
seen in Decaschisma, for example. Converse-
ly, a separation of the subdeltoid limbs
would yield a pair of cryptodeltoids.
Superdeltoid.—A fourth kind of unpaired
anal deltoid (counting anideltoid, hypo-
deltoid, and epideltoid as others) has been
termed superdeltoid. Such a plate invariably
is located at the summit of the posterior
interray, adjoining the mouth, and is dis-
tinguished from epideltoid, which also may
border the mouth, by lack of any contact
with the anal opening in genera which
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possess a subdeltoid (Fig. 189, 24,3) and in
other genera by association with crypto-
deltoids (Fig. 189,4-5). If the crypto-
deltoids do not meet each other on the ad-
oral side of the anus the superdeltoid may
border both oral and anal orifices (as shown
in numerous diagrams illustrating adoral
parts of subdeltoid- and cryptodeltoid-bear-
ing blastoids which accompany systematic
descriptions in the Treatise). As a “rule of
thumb” we may say that all blastoids with
a subdeltoid or pair of cryptodeltoids have
a superdeltoid and no epideltoid. All blast-
oids lacking a subdeltoid or cryptodeltoids
have an epideltoid, or the single anal deltoid
is an anideltoid.

Cryptodeltoids.—Anal deltoids located on
opposite lateral margins of the anal open-
ing and invariably paired are termed crypto-
deltoids (Greek, crypto-, hidden) because
generally they are only partly visible ex-
ternally and in some genera they are en-
tirely concealed by other plates of the theca.
They may be short and small (e.g., Trooszi-
crinus) or relatively long and large (e.g.,
Elaeacrinus, Nucleocrinus, Fig. 18944,0);
they may be entirely separated from one
another (e.g., Elacacrinus, Fig. 189,44,c,5)
or may meet adorally (e.g., Nucleocrinus,
Fig. 189,46) in manner cutting off contact
of a superdeltoid from the anal opening.
Substance of the cryptodeltoids may be in-
folded in the form of hydrospires. In at
least a dozen genera, all with two externally
visible anal deltoids, the presence of crypto-
deltoids can be demonstrated by grinding
or by cutting properly oriented thin sec-
tions (Table 1). Such preparations show
that the cryptodeltoids mostly are slender
elongate plates which are overlapped on
their aboral parts by the hypodeltoid, in-
variably present in blastoids provided with
cryptodeltoids. The cryptodeltoids may
form internal walls between spiracular and
anal passageways of an anispiracle and
adorally they may be confluent with super-
deltoid extensions (septa). Exceptionally,
cryptodeltoids are very large, almost com-
pletely exposed plates which are prominent
components of the theca (e.g., Nucleocrinus,
Elaeacrinus, Placoblastus, Fig. 1894a,5).

Paradeltoids.—Small paired plates termed
paradeltoids (Greek, para-, associated) are
distinguished in a single genus (Polydeltoid-
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TABLE 1.--Distribution of Anal-deltoid Types among Blastoid Genera

[Explanation . -~Numbered anal-deltoid types correspond to those described in accompanying fext. Each

kind of anal-deltoid plate is indicated by letter designation, as follows: A = anideltoid, C = cryptodelt-

oids, E = epideltoid, H = hypodeltoid, $ = subdeitoid, SS = superdeltoid. Symbols for hydrospire slits
or infolds: + indicates present, o indicates absent.]

Suprageneric and

Anal-deltoid Types Generic Taxa Anal-deltoid Plates Age
1 2 3 4 5 A C H E S 3
FISSICULATA
PHAENOSCHISMATIDAE
2d - = = - Microblastus - - ?H E+ - - Perm.
- 2 - - - Phaenoschisma - - Ho E+ - - Miss,
- 2 - - - Hadroblastus - - Ho E+ - - Miss.
- 20 - - - Phaenoblastus - - Ho E+ - - L.Carb.
- 20 -~ - - Dipteroblastus - - Ho E+ - - Perm.
- 2a - - - Neoschisma - - Ho E+ - - Perm.
- 20 - - =~ Notoblastus - - Ho E + - - Perm.
- 2a - - - Sphaeroschisma - - Ho E+ - - Perm.
- 20 - - - Sundablastus - - Ho E+ - - Perm.
- 2 - - - Thaumatoblastus - - Ho E+ - - Perm.
- 20 - - - Timoroblastus - - Ho E+ - - Perm.
- 2 - - - Nymphaeoblastus - - H+ Eo - - Miss.
- - 3 - -~ Decaschisma - - Ho - S+ SS Sil,
- = - 4 - Deltoschisma - C+ Ho - - SS Dev.
- - = 4 - Pleuroschisma - C+ Ho - - SS Dev.
- - = 4c - Hyperoblastus - C+ Ho - - SS Dev.
- - - = 5 Polydeltoideus - C+ Ho - - SS Sil.
BRACHYSCHISMATIDAE
- = 3a - - Brachyschisma - - Ho - S+ SS Dev.
CODASTERIDAE
le = = = - Codaster - - ?H Eo - - Miss,
e - - - - Agmoblastus - - ?H Eo - - Penn.
e = = - = Paracodaster - - ?H Eo - - Perm.
lc -~ - - - Pterotoblastus - - ?H Eo - - Perm.
c - = = = Sagittoblastus - - ?H Eo - - Perm.
- 2 - - =~ Angioblastus - - Hoe Eo - - Perm.,
- 2 - - - Indoblastus - - Ho Eo - - Perm.
- 2 - - - Nannoblastus - - Ho Eo - - Perm.
- 2d - - - Heteroschisma - - ?H - So SS Dev.
OROPHOCRINIDAE
- 29 - - - Orophocrinus - - Ho E+ - - Miss,
- 2 - - - Pentablastus - - Ho + - - Penn.
- 20 - - - Anthoblastus - - Ho E+ - - Perm.
ASTROCRINIDAE
2@ = - - - ?Pentephyllum A - - - - - L.Carb.
- 2 - - - Cryptoschisma - - Ho Eo - - Dev.
- 2 - - - Astrocrinus - - Ho Eo - - L.Carb.
- 2 - - - Ceratoblastus - - Ho Eo - - Perm.

- - 2?23 - - Pentremitidea - - Ho
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TABLE 1 {continued)
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Suprageneric and

Anal-deltoid Types Generic Toxa Anal-deltoid Plates Age
1 2 3 4 A C H E S $S
SPIRACULATA
TROOSTICRINIDAE
- = = 4 Troosticrinus - C+ Ho =~ - SS sil.
- = = 4a Schizotremites - C+ Ho - - SS Dev.
- = 4a Metablastus - C+ Ho - - SS Miss,
- « 4a Tricoelocrinus - C+ Ho =~ - B3 Miss,
DIPLOBLASTIDAE
- 2a0 - - Nodoblastus - - Ho E+ - - Miss,
- = = 4 Diploblastus - C+ Ho =~ - SS Miss.
GRANATOCRINIDAE
« 20 - =~ Granatocrinus - - Ho E+ - - Miss,
20 - Carpenteroblastus - - Ho E+ - Miss.
2a - Cribroblastus - - Ho E+ - Miss,
- 20 - Dentiblastus - - Ho E+ - - Miss.
- 20 - Heteroblastus - - He E+ - - Miss.
- 24 - = Monadoblastus - - Ho E+ - Miss,
- 2a - - Monoschizoblastus - - Ho E + - Miss,
“« 20 - - Paroblastus - - Ho E+ - - Miss.
- 2 - - Ptychoblastus - - Ho E+ =~ - Miss.
-~ = = 4a Pyramiblastus - C+ Ho = - SS Miss.
- - = 4 Cryptoblastus - C+ Ho -~ - SS Miss.
- - 4 Mesoblastus - C+ Ho - - SS Miss.
- = = 4 Tancoblastus - C+ Ho -~ - SS Miss,
SCHIZOBLASTIDAE
th = - - Acentrotremites A+ - - - - - L.Carb.
- 20 - - Strongy loblastus - - Ho E+ - - Dev.
- 20 -~ - Deltoblastus - - Ho E+ - - Miss.
~ 2a - - Lophoblastus - - He E+ -~ - Miss.
- 29 - - Orbiblastus - - Ho E+ - - Miss,
~ 2a - = Schizoblastus - - Ho E+ - - Miss.
- - = 4 Auloblastus - C+ Ho =~ - ss Miss.
NUCLEOCRINIDAE
- - = 4a Elaeacrinus - C+ Ho -~ - SS Dev.
- - = 4a Placoblastus - C+ Ho -~ - SS Dev.
- - = 4b Nucleocrinus - C+ Ho - - $S Dev.,
PENTREMITIDAE
la - -« = Pentremites A+ = - - - -~ Miss,=Penn,
la - =- - Ambolostoma A+ = - - - - Miss.
- ?2q¢ - =~ Belocrinus - - Ho 7?E+ = - Dev.
20 - =~ Petaloblastus - - Ho E+ - - Miss,
2a - - Calycoblastus - - Ho E+ = - Perm.
- = 3a - Pentremoblastus - - Ho = S+ S$ Miss.
- - - 4 Eleutherocrinus - C+ Ho - - $S Dev.
-~ = =« 4a Rhopaloblastus - C+ Ho - - SS Parm.
- -~ = 4 Cordyloblastus - C+ Ho - - S8 Dev.
- = o« 4 Devonoblastus - C+ Ho - - SS Dev.
ORBITREMITIDAE
- = =« 4 Orbitremites C+ Ho - SS Miss.,
- = = P4 Doryblastus ?2C+ Ho - - 58 Miss,
- = = 4 Ellipticoblastus - C+ Ho -~ - S§ Miss.
- - = 4 Globoblastus - C+ Ho - SS Miss,
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eus, Fig. 189,5), which has externally vis-
ible cryptodeltoids, a hypodeltoid, and a
superdeltoid. The paradeltoids adjoin aboral
parts of the cryptodeltoids and rest on the
adoral margin of the hypodeltoid.

RELATION OF HYDROSPIRES TO ANAL
DELTOIDS

Information is yet far from sufficient for
full appraisal of the infolding of anal deltoid
plate substance into hydrospires or of septal
extensions of such plates adjoining hydro-
spires. Also, the extent to which hydrospire
relationships may bear on discrimination of
different kinds of anal deltoids is now in-
completely determined. An objective in pre-
paring Table 1, given on later pages, has
been to record what may be considered as
reasonably known, bearing in mind that
present lack of observations on hydrospire
characters by no means established their
nonexistence.

TYPES OF BLASTOIDS BASED ON
ANAL-DELTOID CHARACTERS

Blastoids are classifiable in groups defined
by the kinds, numbers, and arrangements
of anal deltoids. These are described briefly
in following paragraphs with designations
of included types and the distribution of
genera among the types as indicated in
Table 1. Inasmuch as assemblages differ-
entiated on the basis of anal-deltoid charac-
ters may include representatives of two or
more families belonging either to the Fissi-
culata, or Spiraculata, or both, it is evident
that the placement of blastoid genera in one
anal-deltoid type or another is unrelated to
systematic classification.

Group 1

Genera in which only one anal deltoid is
known are placed in Group 1, and these are
divisible'into three types, as follows.

Type la—Pentremites Type.—In this type
the single anal deltoid recognized consists
of an anideltoid, in which the anal opening
is combined with the posterior spiracle to
form an anispiracle located near the adoral
extremity of the plate (Fig. 189,la). The
anideltoid is disjunct. Only the compara-
tively uncommon Ambolostoma is joined
with myriads of Pentremites individuals as-
signed to numerous species in Type la.

Type 1b—Acentrotremites Type.—An ani-
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deltoid is present in Type 1b, as in la, but
distinguished by separateness of the anal
opening from a pair of posterior spiracles
and by the location of all of these near the
aboral margin of the anideltoid, which is
described as conjunct (Fig. 189,16). Acen-
trotremites is the sole known representative
of the type. The possible occurrence of an
additional anal deltoid or deltoids, as re-
ported by Joysey & Bremmer (1963, p. 483),
is very uncertain.

Type lc—Codaster Type.—In this type
the single observed anal deltoid is identified
as an epideltoid, with the anal opening
medially placed on its aboral margin (Fig.
189,1¢). A hypodeltoid, which is unknown,
may be atrophied or lost in all specimens
studied. Type lc includes Agmoblastus,
Codaster, Microblastus, Paracodaster, Ptero-
toblastus, and Sagittoblastus, all of which
belong to Fissiculata.

Group 2

Group 2 is characterized by the presence
of only two known anal deltoids. It is by
far the largest of the differentiated anal-
deltoid groups, for its 39 contained genera
are approximately one-half of all known
blastoid forms. Among four types that are
discriminated, two are represented only by
their single name-giving genus, whereas the
others contain 31 and six genera, respec-
tively.

Type 2a—Phaenoschisma Type.—The two
anal-deltoid plates of Type 2a are an epidel-
toid and hypodeltoid, the epideltoid bearing
hydrospires (Fig. 189,24). Counting one
questionably assigned spiraculate genus, the
Spiraculata outnumber the Fissiculata in
the ratio of 19 to 12. The spiraculates are
distributed among four families and the
fissiculates among three families (Table 1).
Listed alphabetically (with spiraculates dis-
tinguished by an asterisk), the genera of
Type 2a are as follows: Anthoblastus,
?*Belocrinus, *Calycoblastus, *Carpentero-
blastus, *Cribroblastus, *Deltoblastus, * Den-
tiblastus, Dipteroblastus, *Granatocrinus,
Hadroblastus, *Heteroblastus, *Lopho-
blastus, *Monadoblastus, *Monoschizoblas-
tus, Neoschisma, *Nodoblastus, Notoblastus,
*Orbiblastus, Orophocrinus, *Pentablastus,
*Petaloblastus, Phaenoblastus, Phaenoschis-
ma, *Poroblastus, *Ptychoblastus, *Schizo-
blastus, Sphaeroschisma, *Strongyloblastus,
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Sundablastus, Thaumatoblastus, Timoro-

blastus.

Type 2b—Nymphaeoblastus Type.—As
in Type 2a, the two anal deltoids are epi-
deltoid and hypodeltoid, distinction of Type
2b resting on the occurrence of hydrospires
in the hypodeltoid of Nymphaeoblastus
(Fig. 189,25).

Type 2c—Angioblastus Type.—The two
anal deltoids are an epideltoid and a hypo-
deltoid, neither of which bears hydrospires,
on this basis being assigned to a separate
type (Fig. 189,2c). Six fissiculate genera
are included in Type 2¢, three belonging to
the Codasteridae and three to the Astro-
crinidae (Table 1). They are as follows:
Angioblastus, Astrocrinus, Ceratoblastus,
Cryptoschisma, Indoblastus, and Nanno-
blastus.

Type 2d—Heteroschisma Type.—This
type differs from the others of Group 2 in
that the two anal deltoids are distinguished
as a superdeltoid and a subdeltoid. A postu-
lated possible hypodeltoid is unknown, per-
haps atrophied or lost (Fig. 189,24). Only
Heteroschisma, among Dblastoids now
known, belongs to Type 2d.

Group 3

Blastoids having three, but only three,
known anal deltoids comprise Group 3,
within which two types are distinguished.

Type 3a—Decaschisma Type.—The three
anal deltoids consist of a superdeltoid, a
subdeltoid, and a hypodeltoid, the subdel-
toid bearing hydrospires (Fig. 189,32). The
type includes two fissiculate genera (Brachy-
schisma, Decaschisma) and a single spiracu-
late genus (Pentremoblastus).

Type 3b—Pentremitidea Type.—This
type corresponds to Type 3a in having
superdeltoid, subdeltoid, and hypodeltoid
plates but is distinguished by lack of hydro-
spires in the subdeltoid (Fig. 189,35). Only
Pentremitidea appears to belong here.

Group 4

Blastoids characterized by the possession
of four anal deltoids, but no more than
four, are placed together in Group 4. The
four anal-deltoid plates comprise a super-
deltoid, two cryptodeltoids, and a hypodel-
toid, all of which may be at least partly
visible externally or some concealed.

Type 4a—Elaeacrinus Type.—In blastoids
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of Type 4a all anal deltoids are entirely or
at least partially exposed (Fig. 189,42). The
type includes two fissiculate genera—Pleuro-
schisma, Deltoschisma—and nine spiraculate
genera—Elacacrinus, Eleutherocrinus, Meta-
blastus, Placoblastus, Pyramiblastus, Rho-
paloblastus, Schizotremites, Tricoelocrinus,
and Troosticrinus (Table 1).

Type 4b—Nucleocrinus Type.—In the
Nucleocrinus Type, which includes only
this genus, the cryptodeltoids and hypodel-
toid are large, fully exposed anal deltoids
but the superdeltoid is a small concealed
plate (Fig. 189,4%).

Type 4c — Cryptoblastus Type. ——Anal-
deltoid Type 4c is characterized by external
visibility of the superdeltoid and hypodel-
toid, combined with complete concealment
of the cryptodeltoids, which in some genera
are deeply hidden (Fig. 189,4c). The type
includes one fissiculate genus, Hypero-
blastus, and 11 spiraculates: Auloblastus,
Cordyloblastus, Cryptoblastus, Devonoblas-
tus, Diploblastus, ?Doryblastus, Elliptico-

blastus, Globoblastus, Mesoblastus, Orbi-
tremites, Tanaoblastus.
Group 5

No blastoid has only five anal-deltoids
but one form with six such plates is known.
It is assigned to Group 5 and Type 5.

Type 5—Polydeltoideus Type.—The anal
deltoids of Polydeltoideus, which is the only
presently known representative of Type 5,
consist of a superdeltoid, two cryptodeltoxds
two paradeltoids, and a hypodeltoid, all
more or less exposed (Fig. 189,5).

Not definitely placed in any anal-deltoid
type is the problematical genus Pentephyl-
lum, described from a fossil that evidently
is a steinkern (internal mold) and pres-
ently available for study only from artificial
replicas. Efforts by Macurba (personal
communication) and others to locate the
type specimen have been fruitless. On this
account and because of anomalous features
shown by the replicas, in the view of
Macurpa, Beaver, and Moorg, this nominal
genus should be disposed of as “Unrecog-
nizable’” or at least “Classification Uncer-
tain.” Fay, however, considers it assignable
to the Astrocrinidae, and thinks that its
anal deltoid, without known anal orifice,
is a doubtful sort of anideltoid. To place
Pentephyllum as questionable representative
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of anal-deltoid Type 1b, associated with
Acentrotremites, as proposed by Fay, or
alternatively, to introduce a separate type
for it (say Type 1d) are equally undesirable.

AMBULACRA AND
AMBULACRAL PLATES

The ambulacra normally consist of five
petaloid to narrowly linear areas which
radiate from the vicinity of the mouth (Fig.
178,1). The length of the ambulacra may
be short, as in Codaster, or very long, with
ambulacra equal to length of the theca, as
in Globoblastus (Fig. 188). In profile, the
exposed abaxial surfaces of the ambulacra
may be convex, flat, or concave. For ex-
ample, in Orbitremites and Cryproblastus,
genera with side plates lying on the lancet,
the ambulacra are convex, but in Pentre-
mites with side plates abutting against the
lancet, the ambulacra may be convex, flat,
or concave (Fig. 180). The principal struc-
tures of the ambulacra concerned with food
gathering are the median groove, lateral
grooves, brachiole sockets, and ambulacral
cover plates; the hydrospire pores, common-
ly considered structures of the ambulacra,
are part of the water-vascular system (Fig.

190).

MEDIAN AND LATERAL GROOVES

The median groove is a shallow V-shaped
groove that notches the mid-line of an
ambulacrum longitudinally (Fig. 191). The
groove passes under the summit into the
mouth adorally; termination of the groove
occurs at the aboral end of the lancet. The
sides of the groove are marked by tiny in-
dentations (crenulations); the covering
plates of the ambulacrum are seated in these
indentations.

Lateral grooves, located at intervals equal
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to the width of the side plates, lead from
the brachiole sockets to the median groove
(Fig. 191,1). Small indentations similar in
design and function to those of the median
groove occur on either side of each lateral
groove. Transverse ridges lie parallel to
and alternate with the lateral grooves, sides
of the ridges sloping into the grooves.

The median groove is entirely located on
the side plates in many pre-Mississippian
genera. Among Mississippian blastoids (e.g.,
Cryptoblastus, Orbitremites, Globoblastus),
in which the side plates rest on the lancet,
the adoral portion of the median groove is
located on the lancet, whereas the aboral
part of the groove rests on the side plates.
In Pentremites, the median groove and the
admedial part of the lateral grooves are ex-
cavated in the lancet.

LANCET

A relatively narrow linear thecal element
in the longitudinal middle part of each
ambulacrum is known as the lancet plate
(Fig. 184,3a,5, 6a,5,). In many genera (e.g.,
Orbitremites) the lancet nearly fills the
radial sinus, and the side and outer side
plates rest upon it. In Pentremites, how-
ever, the side plates abut against the lancet,
rather than lie on it, and the lancet fills only
about half the width of an ambulacral area
(Fig. 184,25 ¢, 6a,b).

The internal (adaxial) surface of the
lancet is smooth except for two longitudinal
adaxial ridges which nearly equal the length
of the lancet (Fig. 184,35). A shallow me-
dial depression occurs between these ridges.

TRANSVERSE SHAPE
The transverse shape of the lancet may
be nearly flat, concave, or convex. Within
the limits of a species, however, and at a
given transverse level, the shape and struc-

[See facing page)
Fic. 190. Morphological features of blastoid ambulacra illustrated by Pentremites symmetricus Harr, U.

Miss. (Chester), USA(IIL).

1. Part of ambulacrum lacking brachioles, X9.

2. Part of ambulacrum

with proximal portions of numerous brachioles in position of attachment, biserial arrangement of brachiolars
clearly shown on their dorsal (external) side and broken terminations demonstrating presence of deep
V-shaped ventral food groove; biserially arranged small cover plates over lateral grooves of ambulacrum
shown in upper part of figure, but along median groove they fail to show any systematic arrangement,

X4.2.

3. Brachioles resting on ambulacrum in position of their articulation, exposing dorsal or side

portions, with biserial arrangement of brachiolars clearly evident, X4.2 (Beaver, n).
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ture of this plate are fairly constant. For suture show the adaxial surface of the
example, thin sections of typical specimens lancet to be nearly flat (Fig. 191,6); in sec-
of Globoblastus cut at the radial-deltoid tions made distally from the mid-length of

median groove side plate

2 lancet hydrospire canal

9

Fre. 191. Lancet and hydrospire structures of Globoblastus, L.Miss.(Osag.), USA(Mo.); drawings of
thin sections of G. norwoodi cut perpendicular to an ambulacrum showing development of hydrospires;
(lancet and side plates unshaded, deltoids shadéd, radials black), X8 (Beaver, 1961).
adoral end of ambulacrum showing one of divided hydrospire canals on each side of lancet. 2. Section
slightly below I, division of hydrospire canals produced by infolding of deltoidal material; longitudinal
canal of lancet divided here into two canals which separate farther and farther and leave lancet on their
respective sides to form oral ring canal. 3. Section just below radio-deltoid suture, radials resting on
deltoids. The division of the hydrospire canals within the deltoids has been completed.——4. Section be-
low 3, showing hydrospire folds beginning to form. 5. Section below 4, hydrospire development still
in deltoid material——6. Section short distance below radio-deltoid suture showing fully developed hydro-
spires composed entirely of radial material. 7. Section about 0.3 length of ambulacrum below summit
of calyx. 8. Section just below half length of ambulacrum showing hydrospires noticeably shortened
and longitudinal canal of lancet adaxially migrated. 9. Section near lower end of ambulacrum showing
adaxial parts of radials about to envelop tiny hydrospires.

1. Section at
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the ambulacrum, the lancet protrudes ad-
axially toward the interior of the calyx
(Fig. 191,8,9). Specimens that deviate wide-
ly from the lancet structure observable in
typical specimens of a species should be ex-
amined for other morphological differ-
ences, indicating that they may belong to
other species or genera. ‘

CANALS

Three longitudinal passageways (median
canal and two lateral canals) are excavated
partially or entirely in the Jancet. The medi-
an canal is a small longitudinal internal
canal that extends from the distal end of the
lancet to the vicinity of the summit, where
it divides to form part of the oral ring
canal. For example, in Globoblastus (Fig.
191), from the vicinity of the summit ab-
orally, this canal decreases in size and
changes position from the center of the
lancet to its median adaxial margin. The
lateral canals are two small passageways
lying on either side and obliquely adaxial
to the median groove; they are excavated
in lancet and side plate material along the
suture between the lancet and side plates.
The lateral canals parallel the median
groove from its aboral extremity to beyond
the radial-deltoid suture. The course of the
lateral canals in the vicinity of the summit
is unknown. They have been recognized
in Auloblastus and WanNER indicated their
presence in Thaumaroblastus.

“UNDERLANCET”

The so-called “underlancet” or “sub-
lancet” plate was first illustrated (Wacn-
SMUTH & SPRINGER, 1879, p. 387, pl. 17) in
a cross-sectional drawing of Pentremites
which showed a triangular-shaped plate
lying beneath the lancet. The “underlancet”
was shown to be perforated by a longi-
tudinal canal, whereas the lancet was in-
dicated to be imperforate. An examination
of several hundred thin sections of Pentre-
mites under binocular and petrographic
microscopes has failed to show this “under-
lancet.” The observed structure apparently
is either a deposit of secondary calcite be-
neath the lancet, a thickening of the inner
walls of the hydrospires, or a filling of fine
clay in the area bounded by the inner sur-
face of the lancet and upper walls of the

£
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hydrospires. Similar “underlancet” struc-
tures have been reported in Orophocrinus,
Pentablastus, and Calycoblastus, in which
this element is recognized to consist of two
adjacent hydrospire plates joined beneath
the lancet, or formed by thickening of the
inner walls of hydrospires beneath the
lancet (Fay, 1961, p. 15). Jorsey & BremMzr
(1963, p. 479-481) have recently described
in considerable detail the so-called “under-
lancet” plate of Pentablastus. Their de-
scription agrees. essentially with that of
Fay, for they state that the “two halves of
the underlancet are continuous with a pair
of hydrospire plates” (Fig. 192). The name
“fused hydrospire plate” is undoubtedly a
more suitable term than “underlancet,” but
even the name hydrospire plate is not de-
sirable, because it refers only to the portion
of the radial and deltoid occurring between
the hydrospire pores or slits, and the am-
bulacral margin (lancet and side plates). In
reality, therefore, when the terms “fused
hydrospire plate” or “underlancet” are used,
they refer to the juncture of radial or
deltoid material beneath a lancet.

SIDE PLATES AND OUTER
SIDE PLATES

The side plates of ambulacra consist of
numerous small skeletal elements which
either rest on the lancer (Fig. 193,2), or lie
between the walls of the radial sinus and
the lancet (Fig. 190,7). The abmedial, ad-
oral portion of each side plate is excavated
for the reception of an outer side plate. The
wider, admedial portion of the side plate
is called the side-plate body; the narrower,
abmedial area is the side-plate limb.

SIDE PLATES RESTING ON LANCET

Globoblastus is representative of blastoids
in which the side plates rest on the lancet.
Approximately 50 to 60 side plates are
arranged along either side of each ambula-
crum. At the aboral end and along the
mid-line of an ambulacrum, the admedial
ends of the side plates are in contact with
each other and the median groove is devel-
oped on these side plates. The abmedial
ends of the side plates rest with a slanted
surface against the portion of the radials
which is sometimes called the hydrospire
plate.
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Fic. 192. Serial sections of Pentablastus supracarbonicus S1EVERTs-DORECK, U.Carb., Spain, showing hydro-

spire plates (stippled) coming together admedially beneath lancet to develop so-called “underlancet” in

aboral to spiracular slits; section I is at level of spiracular slits, whereas section 5 is at aboral extremity of
ambulacrum, X5. [Deltoid (D), lancet (L), radial (R), side plates (S).] (Joysey & Breimer, 1963.)

SIDE PLATES ABUTTING LANCET the lancet. The surface of contact between
In Pentremites the side plates are located  the lancet and the side plates commonly is
between the walls of the radial sinus and curved, the abmedial convex surface of the

[See facing page]
Fic. 193. Ambulacral structures especially in relation to hydrospires (lancet and side plates shaded,
deltoids oblique-ruled, radials black) (Beaver, n). 1. Orbitremites derbiensis (Sowersy), L.Carb.
(Middle Ls.), Eng.(Yorks.); X10.——2. Globoblastus norwoodi (OWEN & SHUMARD), L.Miss.(Burlington
Ls.), near Springfield, Mo.; X4.5.——3. Placoblastus obovatus (Barris), M.Dev.(Thunder Bay Ls.), near
Alpena, Mich.; X4.4 (from Fay, 1961, fig. 194)——4. Mesoblastus crenulatus (Roemer), L.Carb.
(Tournais.), Belg.; X5.8 (from Fay, 1961, fig. 153).——5. Troosticrinus reinwardti (Troost), Sil.
(Niagara Gr.), Decatur Co., Tenn.; X9.1 (from Fay, 1961, fig. 220).——6. Auloblastus clinei BEAVER,
L.Miss.(Burlington Ls.), near Springfield, Mo.; X5.8. 7. Pentremites godoni (Derrance), U.Miss.
(Paint Creek F.), near Floraville, IIl.; X7. 8. Orophocrinus stelliformis (OweN & SHUMARD), L.Miss.
(Burlington Ls.), near Hannibal, Mo.; X9.5.——9. Eleutherocrinus cassedayi SHUMARD & YANDELL, M.
Dev.(Hungry Hollow F.), Thedford, Ont;; X7.5 (from Fay, 1961, fig. 134). 10. Pentremites rusticus
HamsacH, L. Penn.(Bloyd Sh.), near Fort Gibson, Okla.; X5.2——11. Hyperoblastus filosus (WHITEAVES),
M.Dev.(Hungry Hollow F.), near Thedford and Arkona, Ont.; X15.4 (from Fay, 1961, fig. 31).
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lancet fitting snugly into the abmedial con-
cave surface of the side plates (Fig. 184,
2b,c; 193,7). The adoral and aboral sutures
between side plates of Pentremites do not
coincide with the lateral grooves as in some
genera, but alternate with them. The lat-
eral groove of the lancet extends onto the
side-plate body and leads to the brachiolar
socket (place of attachment of a brachiole),
located on the admedial portion of the side-
plate limb. A deep pore groove or pore fur-
row located on the suture between the side
and outer plate leads to the hydrospire pore.

OUTER SIDE PLATES

The outer side plates, for example in
Pentremites, are located adorally from the
side-plate limb and aborally from a hydro-
spire pore groove. The aboral portion of
the outer side plate forms half of the
brachiolar socket and includes one of the
brachiolar facets or articulation depres-
sions (Fig. 190,7; 194,1).

In Globoblastus the outer side plates are
relatively large, their length being approxi-
mately two-thirds the length of the side
plates. The width of the outer side plate
increases abmedially from the admedial
contact of each outer plate with the side
plate to the margin of the radial sinus, the
width of the outer side plate equaling that
of the side plate. One outer side plate ad-
joins each side plate.

BRACHIOLAR SOCKETS

A brachiolar socket is a pit centrally
placed on a prominent round mound or

Echinodermata—Crinozoans—DBlastoids

knob located at the adlateral end of a lat-
eral groove, generally near the margin of
an ambulacrum (Fig. 190,I). In genera
with side plates lying on the lancet (e.g.,
Globoblastus), the socket is located on the
admedial, adoral portion of each side plate;
each socket has tiny ridges and grooves
extending down and away from the summit
of its mound or knob. The ridges and
grooves aid in articulation of the brachioles
and ambulacral covering plates. In Pentre-
mites, each brachiolar socket is located on
the admedial portion of a side-plate limb,
similar to its position in Globoblastus. Be-
tween the brachiolar socket and margin of
the radial sinus, two gently depressed sur-
faces, the brachiolar facets, occur. The ab-
oral facet is located on the side-plate limb;
the adoral facet is developed on the outer
side plate. The presence of a suture be-
tween the facets may have provided flexi-
bility to the biserially arranged brachiole.

AMBULACRAL COVER PLATES

The ambulacral cover plates are tiny
polygonal plates which roof over the lateral
and median grooves to provide a series of
passageways from the brachiolar sockets
to the vicinity of the mouth (Fig. 194,1).
The plates covering the lateral grooves are
seated in tiny depressions, termed cover
plate sockets, which alternate on either side
of the lateral grooves (Fig. 190,1). In gen-
eral, the tips of the plates are arranged in
a biserial pattern; this system is not always
perfect, however, and commonly the upper
ends of the plates merely abut. The plates

[See facing page]
Fic. 194. Ambulacral and summit structures of calyx illustrated by Pentremites godoni (DEFrRANCE), U.Miss.
(Chester.), U.S.A.(1lL.), X12 (drawings by Roger B. Williams; Beaver, n). 1. Ambulacrum showing
well-preserved cover plates in position over lateral and median grooves, part of single small brachiole
preserved on right side of ambulacrum; cover plates biserially arranged over lateral grooves but lacking
orderly pattern over median groove. The cover plates are inferred to have roofed over the grooves in
manner forming conduits for passage of fluids from brachioles to the mouth. 2. Oral pyramid viewed
from anal (CD) interray, mouth concealed by solid triangular slightly curved elongate plates which appear
to be seated in regularly spaced sockets around mouth, anal opening covered by smaller spinose plates
arranged in alternating rows, and spiracles also concealed by relatively broad plates disposed in imbricating
manner. Movements of the plates which would facilitate flow of fluids through these orifices are inferred
to have been possible. 3. Specimen shown in Fig. 2 rotated slightly toward right, providing nearly
direct view of plates covering DE spiracle, X12. Although relationships of the median groove (with its
cover plates) to the oral pyramid is not clear, owing to imperfect preservation, the passageway along
the median groove is interpreted to enter the mouth beneath the oral pyramid, but no evidence of an
external opening appears at the point of entry.
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which roof over the median groove are ar- In well-preserved specimens of Pentre-
ranged in a much less symmetrical man- mites godoni, 11 or 12 cover plates occur
ner than those of the lateral grooves and  along each side of a lateral groove. Allow-
the “roof” is higher. ing about 22 plates for each lateral groove

brachiole socket

lateral groove cover plates.

oral summit plates

anal cover plates

Fic. 194. [ Explanation on facing page.)
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Fic. 195. Composite diagrammatic drawing of side
plates in Hyperoblastus nuciformis (RemMann), M.
Dev.(Hungry Hollow F., Widder beds), near Thed-
ford, Ontario; showing probable position of am-
bulacral spines, X 75 (Fay & Reimann, 1962).

and approximately 100 grooves for each
of the five ambulacra, an adult individual
of P. godoni must have had some 10,000
or more cover plates for the lateral grooves,
not including the hundreds that covered
the median grooves of the five ambulacra.
In the area of the summit the covered
median groove seems to pass between the
plates of the anal pyramid so as to lead to

the mouth (Fig. 194,2,3).

AMBULACRAL SPINES

Small needle-like curved plates (ambula-
cral spines) attached to the side plates and
arranged in rows along sides of the ambula-
cral median groove have recently been de-
scribed by Fay & Remmann (1962). Each of
the spines is about 1 mm. long and 0.1 mm.
wide and has spiral striations. The spines
have been recognized in Placoblastus, Dev-
onoblastus, and Hyperoblastus. In Placo-
blastus they are attached to the side plates
and seem to be restricted to the area ad-
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jacent to the median groove. Concerning
Devonoblastus Fay & Remvann (p. 35, 36)
stated, “The region adjacent to the thecal
main food groove, between the food grooves
proper and the admedial walls of the
brachioles (medial referring to the line of
the main food groove), is covered with
small striated ambulacral spines, apparent-
ly arranged in rows and clusters upon the
admedial portions of the side plates, on the
cover-plate lobes . . . and many evidently
extended over the oral area, adjacent to the
mouth.” The spines of Hyperoblastus are
described in a similar manner (Fig. 195).
The spines (Fay & Rzmanw, p. 48) “ap-
pear to be basally attached to the region
around the cover-plate lobes” and “small
pits on the lobes are probably the places
of attachment for the spines.”

The description of these rare and seldom-
preserved structures suggests that they are
different from the ambulacral cover plates
so well preserved in Pentremites. They dif-
fer in being more spinelike and in their
location away from the median and lateral
grooves proper. The occurrence of ambula-
cral spines in the summit area indicates that
some Devonian genera (e.g., Hypero-
blastus) probably had an oral pyramid simi-
lar to that of Pentremites.

BRACHIOLES

Brachioles are armlet appendages which
articulate with the brachiolar facets of the
side plates and outer side plates, and rise
from the margin of each ambulacrum, ad-
oral ones extending well above the summit
of the theca. They have been described
from a number of genera, including Dev-
onoblastus, Diploblastus, Eleutherocrinus,
Globoblastus, Hyperoblastus, Pentremites,
Pleuroschisma,  Pyramiblastus,  Troosti-
crinus, Orophocrinus, and Placoblastus.
Examination of many almost complete
specimens of Pentremites from Chesteran
rocks of southwestern Illinois, as well as
excellently preserved individuals belonging
to other genera of different ages, show that
each brachiole consists of a double row of
alternating  brachiole ossicles, termed
brachiolars (Fig. 190,2,3).

In Pentremites each brachiolar is slightly
longer than wide and is longitudinally
grooved by approximately 12 striations.
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inner cover plate
— outer cover plate

brachiole groove
brachiolar

Fic. 196. Diagram of brachiolar fragment Hypero-

blastus nuciformis (REiMANN), M.Dev., Ontario,

showing inner and outer series of brachiole cover
plates, X35 (Fay & Reimann, 1962).

The upper surface of each joint is heavily
crenulated and serves as an articulating
surface in the same manner that columnals
of the stem articulate with each other. The
brachiolars are smallest where they articu-
late with the brachiolar facets; they become
progressively longer for a short distance,
and then attain a uniform length. The aver-
age length of each brachiolar is approxi-
mately 0.5 mm. The ventral or admedial
side of each brachiole bears a V-shaped
groove (brachiolar groove), formed by two
rows of adjacent and alternating joints
(Fig. 190,2); the groove extends over the
brachiolar socket (Fig. 194,1). Although
cover plates have not been observed to en-
close ventral grooves of brachioles, such
plates probably existed. The length of the
brachioles ranges from 1 to 2 times the
height of the theca. Seldom, even in ex-
cellently preserved specimens, are all
brachioles preserved and consequently, the
very large number of brachioles borne by
a complete individual is not commonly
realized. A count of the brachiolar sockets
shows that averagesized specimens of
Pentremites godoni had approximately 500
brachioles; larger specimens possessed near-
ly 600, but young individuals only about
200.

Fay & Remvann (1962, p. 48) have de-
scribed the brachiole cover plates of Hyper-
oblastus nuciformis. The brachiole groove
is covered by an inner and outer series of
alternating cover plates (Fig. 196). The
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outer series (called outer cover plates) oc-
curs along either side of the ventral brachi-
ole surface as alternating plates; each
brachiolar carries about four outer cover
plates. The brachiole groove is bounded by
the outer cover plates and is roofed over by
the biserially arranged small triangular-
shaped inner cover plates, which corre-
spond in number to the outer cover plates.

SUMMIT PLATES

For a century or more, controversy has
existed over the presence or absence of sum-
mit plates in blastoids. If their presence was
admitted, details of their appearance, ar-
rangement, and function have been dis-
puted (Owen & Smumarp, 1850, p. 65;
Suumarp, 1858, p. 244; Warre, 1863, p.
482; Hameach, 1884, p. 541; ETHERIDGE &
CARPENTER, 1886, p. 70; WaAcHsMUTH &
SprinceR, 1887; Fav & RemMann, 1962).
The principal reason for disagreements and
differing descriptions is that various blastoid
genera apparently have different types of
summit structures and that in the over-
whelming number of blastoids collected,
summit plates are lacking, or poorly pre-
served.

At least three different types of summit
structures are known to occur. A first type
characterized by many small polygonal
plates which cover the general vicinity of
the mouth is designated as the Globoblastus
type. A second type distinguished by the
presence of approximately six relatively
large many-sided oral plates is designated
as the Placoblastus type. A third type hav-
ing a pyramid-like structure of numerous
plates over the mouth is defined as the
Pentremites type.

GLOBOBLASTUS TYPE

The summit of Globoblastus norwoodi
is covered by numerous very tiny plates
which completely cover the peristome (Fig.
197,36) and secem to extend down each
ambulacrum where they become the am-
bulacral cover plates (WrrtE, 1863, p. 483).
Nothing is known of plates that may cover
the spiracles and anus, but by analogy with
other genera, it is assumed they also were
present.
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oral pyramid

,_anal area

oral cover
plates

Fic. 197, Types of blastoid summit plates (Beaver, n).

spiraclar anal

cover plates  cover plates

anal

cover plates

oral cover plates

¥
¥
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1. Pentremites godoni (Derrawnce), U.Miss.

(Chester.), USA(IIL); la, summit view showing pyramid-like structure over mouth arca and ambulacral

cover plates, X6; 15, oral pyramid and plates covering spiracle and anal opening, X15; Ie, anal cover

plates, X15.

2. Placoblastus cbovatus (Barmis), M.Dev,, USA(Mich.); oral cover plates, 23—

3. Globoblastus norwoodi (OwrN & SHumarp), L.Miss,(Osag.), USA(Towa); 3a, summit view showing
tiny oral plates, X 2; 35, oral cover plates, X7.

PLACOBLASTUS TYPE

Placoblastus is representative of blastoids
having approximately six oral plates which
completely roof over the summit area be-

tween the deltoid tips (Fig. 197,2). The

plates are Irregular in outline, with five
or six ill-defined sides. Several of them seem
to be located at adoral tips of the deltoids,
but two of the plates are adoral of ambula-

craDand E.
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PENTREMITES TYPE

Pentremites represents a blastoid group
distinguished by having a pyramid-like
structure, termed oral pyramid, developed
over the mouth area (Fig. 194,2,3; 197,1).
The pyramid is composed of numerous
solid, stightly curved, toothlike plates which
arch over the summit so that the mouth,
spiracles, and anal openings are completely
covered by them.

The lower ends of the plates covering the
mouth articulate with the theca along ad-
oral extremities of the deltoids. The deltoid
lips, adjacent to the mouth, have alternat-
ing ridges and grooves, the toothlike plates
being seated in the latter.

The plates covering the spiracles, which
are broader and shorter than those above
the mouth and seemingly immovable, pass
adorally between and beneath the plates
over the mouth (Fig. 194,3; 197,15).

Plates covering the anus are short tooth-
like spines which become gradually larger
near the plates covering the mouth. They
are arranged biserially along both sides of
the opening (Fig. 194,2; 197,1¢).

The lower ends of the plates covering the
spiracles and anus are attached to the theca
along inner margins of the spiracles and
anal opening. The toothlike plates above
the anus and plates concealing the mouth
appear to be more flexible than those cover-
ing the spiracles and probably were able to
open and close.

HYDROSPIRES

Distinctive internal structures of blastoids
are known as hydrospires. Each such struc-
ture is a calcareous thin-walled linear in-
fold extending adaxially beneath either side
of an ambulacrum. Hydrospires may occur
singly (e.g., Orbitremites, Fig. 193,1), or as
a group of associated hydrospires (hydro-
spiralium, Fig. 193,7). The hydrospiralium
(or alternatively, a single hydrospire) con-
nects abaxially with hydrospire pores or
slits which penetrate various thecal plates
(radials, deltoids, and anal deltoids), or
occur beneath them and an ambulacrum.
It leads adorally to a simple hydrospire
canal which opens into a spiracle or has its
external outlet in a single spiracular slit or
in a number of subparallel hydrospire slits.
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The thin calcareous wall surrounding a
hydrospire is termed a hydrospire fold (Fig.
193,3), and the space enclosed by the fold
is a hydrospire cleft (Fig. 193,1). Common-
ly, the adaxial portion of a hydrospire is
expanded to develop a hydrospire tube
(Fig. 193,1). Space within a hydrospiralium
exclusive of the hydrospire clefts is the
hydrospiralium cleft (Fig. 193,3). The area
between adjacent hydrospires of the same
hydrospiralium is an interhydrospire space
(Fig. 193,11). Space between adjacent hy-
drospiralia is termed an interhydrospiralium.
It. may refer to an area adaxial to the lancet,
and thus be ambulacral (Fig. 193,8), or may
concern a space adaxial to the deltoids or
adjacent radial limbs, and be interambula-
cral (Fig. 193,10).

DEVELOPMENT OF HYDROSPIRES

Hydrospires develop through infolding
of deltoid and radial material adaxially ad-
jacent to the lancet. The most admedial
hydrospire of blastoids develops first and
then other folds are formed successively in
an abmedial direction. From maximum
size near the radial-deltoid suture, the
hydrospires diminish in size and finally
disappear at the aboral end of an ambula-
crum.

Hydrospire development in Globoblastus
is representative of that observed in many
other blastoid genera. Development, as
shown by serial sections cut normal to an
ambulacrum, begins when the single ex-
ternal spiracle opening divides initially into
two hydrospire canals. Each of the canals
leads into a hydrospiralium developed be-
neath the nearest sides of adjacent am-
bulacra. Formation of two canals, one on
either side of a lancet, into the hydrospires
within adjacent deltoids is illustrated in
Figure 191,1-5. Each of the canals sub-
divides into two hydrospires by infolding
of the deltoid material (Fig. 191,2-5). At
this position, with the hydrospires com-
pletely formed, transition from deltoid to
radial material occurs.

The hydrospires attain greatest size just
below the deltoids, and from this area they
progressively decrease in size aborally (Fig.
191,6-9). Hydrospire size and greatest
thecal diameter do not correspond longi-
tudinally; maximum hydrospire size occurs
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substantially adoral to the greatest thecal
diameter.

STRUCTURE OF HYDROSPIRES

Some workers (e.g, WacHsmurH &
Serincer, 1879) have supposed that the
hydrospire folds of blastoids expanded and
contracted during life. Serial sections of
numerous specimens representing several
genera, however, indicate a remarkable
constancy of hydrospire shape at various
levels of the theca and in different hydro-
spiralia. Minor differences may occur in
parts of any given hydrospiralium (Fig.
191,4-9), but these are introduced grad-
ually between its adoral and aboral ex-
tremities. Also the hydrospiralia of any
given specimen or species may display
minor differences when one is compared
to another. In a few species (e.g., Pentre-
mites rusticus, Fig. 180,L; 194,10) the
hydrospire folds of the anal hydrospiralia
differ markedly in configuration from
others. All of these features suggest that
the hydrospire folds were relatively in-
flexible.

Petrographic examination shows that the
walls of hydrospires are composed of very
small calcite crystals. Whether the folds
were permeable in life is not determinable,
but it seems reasonable to suppose that they
were.

NUMBER OF HYDROSPIRE FOLDS

The number of hydrospire folds in blast-
oids of any given species and constancy of
this number in different individuals of the
species differ from species to species and
from genus to genus. For example, Orbitre-
mites (Fig. 193,1) and Monoschizoblastus
have a single hydrospire fold on each side
of an ambulacrum, whereas Schizoblastus
and Globoblastus (Fig. 193,2) have two
folds in each hydrospiralium, and various
species of Pentremites (Fig. 180) have three
to seven or more folds in each hydro-
spiralium. Orophocrinus may have as many
as 11 folds in each hydrospiralium. Con-
stancy in the number of hydrospire folds
belonging to individual hydrospiralia in
Silurian and Devonian genera is poorly
known but examination of many thin sec-
tions of Mississippian blastoids (e.g., Ordi-

Echinodermata—Crinozoans—DBlastoids

tremates, Cryptoblastus, Globoblastus, Schiz-
oblastusy show that the number of folds in
each of the hydrospire groups is very con-
stant.

Species of Penmtremites, particularly geo-
logically younger ones, show less consist-
ency in the number of hydrospire folds
belonging to a hydrospiralium. For ex-
ample, P. princetonensis (Fig. 180,C) and
P. pulchellus (Fig. 180,D), both from the
Ste. Genevieve Limestone of Meramecian
age, typically have three folds in each of
the ten hydrospiralia, although one speci-
men of the latter species has been found
to possess a fourth fold in one hydro-
spiralium. P. godoni (Fig. 180,F) and P.
symmetricus (Fig. 180,F), from the Paint
Creek Formation of early Chesteran age,
normally have four or five folds in each
hydrospiralium, but a specimen of P. sym-
metricus has been observed which shows
four folds in some hydrospiralia and five
folds in others. P. halli (Fig. 180,K), from
the Kinkaid Limestone of late Chesteran
age, has three or four folds in each hydro-
spiralium, some showing three folds in
each hydrospiralium, others four folds in
each, and a few four folds in certain hydro-
spiralia and three folds in remaining ones.

Early Pennsylvanian Pentremites, from
the Morrowan of Oklahoma, exhibit greater
variability in the number and shape of the
hydrospires, particularly in the hydro-
spiralia adjacent to the anal interradius,
than any older species of the genus among
those studied. P. rusticus (Fig. 180,L),
which belongs to this group, commonly
has five to seven folds in hydrospiralia not
adjacent to the apal (CD) interradius,
whereas hydrospiralia next to the anal in-
terradius contain only three or four folds
and these are markedly different from the
others in shape (the entire fold being ex-
panded, rather than just the adaxial por-
tion). Although the number of folds is
constant in each of the two types of hydro-
spiralia, serial sections near the summit
show differences in shape of the hydrospire
folds, both in the hydrospiralia adjacent to
the anal interradius and in the remaining
eight hydrospiralia adjoining other inter-
radii. Hydrospire folds in P. rusticus are
generally much thicker than those of pre-
Pennsylvanian Pentremates.
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THECAL OPENINGS

Openings in the blastoid theca are re-
lated primarily to the digestive system
(mouth, anus) and respiratory system
(spiracles, spiracular slits, hydrospire pores,
hydrospire slits). The mouth is centrally
placed at the summit of the theca and the
anus is generally located between posterior
deltoid elements (anal deltoids) or exca-
vated in deltoid material slightly below
and behind the mouth. The spiracles and
spiracular slits, inferred to have served as
excurrent openings of the respiratory sys-
tem, generally are observed in the vicinity
of the summit. The hydrospire pores and
slits, which open into the hydrospires, occur
along margins of the ambulacra.

MOUTH

The mouth is the inlet to the digestive
tract of the living animal. In blastoids the
oral orifice is a small opening, commonly
pentagonal in outline, at the apex of the
summit (Fig. 178,1). The shape and size
of the mouth opening in the theca are de-
termined by the gap between the adoral
tips of the five deltoids. In general, the
mouth is smaller than the anus but ap-
proximately equal in size to one of the
spiracles. Weathering of the summit may
make the mouth aperture appear to be ab-
normally large. The connection of the
mouth and digestive tract and the path of
this tract aborally have not been recog-
nized positively, although questionable
traces of the digestive tract immediately
below the mouth have been observed. As
already described, the mouth in well-pre-
served fossils is covered by a complex ar-
rangement of summit plates,

ANUS

The anus, which is the exit of the diges-
tive system, may be excavated in a single
posterior deltoid plate (e.g., Pentremites),
surrounded by various posterior deltoid
plates (e.g., Globoblastus), or located along
the sutures between posterior deltoids and
adjacent limbs of the radials (e.g., Hezero-
schisma). The anus may be confluent with
the posterior spiracles, so as to form a single
opening termed anispiracle (e.g., Pentre-
mites, Cryptoblastus), or it may be separate
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from them (e.g., Schizoblastus). In size,
the anus is invariably larger than the
spiracles and generally bigger than the
mouth. The rim of the plates surround-
ing the anus generally conforms to the
surface of the surrounding thecal plates,
but in some genera (e.g., Lophoblastus),
the opening is partially sheltered aborally
by a hoodlike projection of the hypodeltoid.
The passageway connecting the anus with
the digestive tract is not well known, but
traces of it have been seen in Globoblastus
and its influence in modifying adjacent
structures is apparent in Early Pennsyl-
vanian specimens of Pentremites, for ex-
ample in pushing the posterior hydro-
spiralia apart and in affecting the shape
and number of posterior hydrospire folds.
Analogous effects of the anus on the
respiratory system are the absence (e.g.,
Heteroschisma) or reduction in number
(e.g., Thaumatoblastus) of hydrospire slits
on the posterior side. The plates that cover
the anus are poorly known in many blastoid
genera, but are observed to differ from
those over the spiracles and mouth in some
genera (e.g., Pentremites).

SPIRACLES

Five to ten generally rounded openings
adjacent to the mouth are called spiracles
(Fig. 178,1). Blastoids with spiracles and
hydrospire pores are said to be spiraculate.
Spiraculate genera can be divided into three
main types based on the number of spiracu-
lar openings and their relationship with
the anus. They are named from selected
representative genera as (1) Elaeacrinus
type, (2) Tanaoblastus type, and (3)
Pentremites type.

ELAEACRINUS TYPE

Blastoids of Elaeacrinus type are char-
acterized by having ten spiracles located
round the mouth (Fig. 198). The anus is
separate from spiracles in the posterior inter-
ray. Generally each spiracle lies in an ex-
cavation along either side of a deltoid; a
lancet and side plates bound the opening
laterally. In most genera, the spiracles oc-
cur near the adoral tips of the deltoids, but
in some (e.g., Acentrotremites, Fig. 198,4)
they are located near the aboral margin of
the deltoids.
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6

Deltoblastus (Perm.)

Schizoblastus
{(Miss.)

Acentrotremites

(Miss.)

A

3 X
Strongyloblastus
(Dev.)

Placoblastus
(Dev.)

1 Elaeacrinus (Dev.)

Fic. 198. Variations in spiracles of Elaeacrinus type,

characterized by 10 spiracles surrounding mouth

and separate anus, genetic lineages not implied
(drawings from Fay).

TANAOBLASTUS TYPE

The Tanaoblastus type is distinguished
from the Elgeacrinus type in that the pos-
terior spiracles are confluent with the anus
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forming an anispiracle. Thus, eight spir-
acles and an anispiracle are present (Fig.
199). The spiracles are very small and are
located along the adoral margins of the
deltoids.
PENTREMITES TYPE
Blastoids like Pentremites with four sin-

gle external spiracles and an anispiracle and
genera such as Doryblastus and Nodo-

7
Monadoblastus (Miss.)

T Calycoblastus

(Perm.)

Carpenteroblastus
(Miss.)

Cryptoblastus
(Miss.)

(Miss.)

Mesoblastus

(Miss.)

A

Tanaoblastus
1 (Miss.)

Fic. 199. Variations in spiracles of Tanaoblastus

type, distinguished by 8 spiracles around mouth

and posterior spiracles confluent with anus form-

ing anispiracle, genetic lineages not implied (draw-
ings from Fay).
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Nodoblastus (Perm.)

(Perm.) *

5
Doryblastus (Miss.)

Pentremites

/ (Miss.-Penn.)

Devonoblastus
T (Dev.)

%

Aﬂg
\Y
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Fic. 200. Variations in spiracles of Pentremites

type, having four spiracles or four paired spiracles

and anispiracle surrounding mouth area, genetic
lineages not implied (drawings from Fay).

Metablastus (Miss.)

Troosticrinus (Sil.)

blastus in which an anispiracle is accom-
panied by four external spiracles nearly
divided by a strongly developed deltoid
septum (called paired spiracles) are desig-
nated as spiraculate forms of Pentremites
type (Fig. 200). The size of the spiracle
openings in forms with four external
spiracles is generally greater than in genera
having eight or ten spiracles.
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SPIRACULAR SLITS

In many genera an elongated spiracle,
termed spiracular slit, may be seen on each
side of an ambulacrum (Fig. 201,7). Typic-
ally, the spiracular slits are excavated in
marginal parts of deltoids and radials and
they run parallel to the ambulacra. The
thin body of skeletal substance between slit
and ambulacrum commonly is referred to
as the hydrospire plate (Fig. 193,8). Blast-
oids with exposed spiracular slits and hydro-
spire slits are termed fissiculate. Those with
spiracular slits may be grouped on the basis
of relationship of the slits to the anus.

OROPHOCRINUS TYPE

In the Orophocrinus type, distinguished
by the presence of two distinct slits in each
interray, ten in all, the slits may be very
short or relatively long and generally they
transect the deltoid-radial suture (Fig. 201,
1-3). Also, the slits may be located adjacent
to the mouth area or at a considerable dis-
tance from it.

SAGITTOBLASTUS TYPE

In the Sagittoblastus type only eight dis-
tinct slits occur, for those belonging in the
posterior (CD) interray are coalesced with
the anus to form an anispiracle (Fig. 201,

47).
HYDROSPIRE SLITS

Longitudinal openings excavated in plate
substance of the deltoids and radials and
disposed parallel to adjacent ambulacral
margins are defined as hydrospire slits.
They lead inward to hydrospire clefts (Fig.
193,11; 202).

As many as 18 of these slits may be
found on either side of an ambulacrum.
Three groups of blastoids bearing hydro-
spire slits, respectively designated by the
names of representative genera, can be dis-
criminated on the basis of relationship of
the slits in the posterior interray to the
anus.

POLYDELTOIDEUS TYPE
The Polydeltoideus type, illustrated by
Polydeltoideus, Pleuroschisma, Hadroblas-
tus, and Neoschisma, is characterized by
the presence of slits in all interrays, those
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Sagittoblastus
(Perm.)

Astrocrinus

(L.Carb.)

Pentablastus
(U.Carb.)

Orophocrinus

(Miss.)

Fic. 201. Variations in spiracular slits. The Oropho-

crinus type is characterized by having 10 slits

around mouth and separate anus. The Sagitto-

blastus type differs in that posterior slits are con-

fluent with the anus, resulting in 8 slits and an

anispiracle, genetic lineages not implied (drawings
from Fay).

of the posterior interray being entirely sep-
arate from the anus (Fig. 202,I-4). The
fully or partly exposed slits of the calyx
are arranged in ten fields. Commonly,
however, the number of slits in the pos-
terior interray is markedly reduced (e.g.,
five slits in each posterior field of Neo-
schisma, in contrast to 18 slits in normal
fields as observed in this genus).
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Pleuroschisma Brachyschisma

(Dev.) _ (Dev.) g no hydrospire
A W"\ / field

hydrospire
field

Polydeltoideus (Sil.)

Fic. 202. Variations in hydrospire slits. -4, genera
of Polydeltoideus type, with slits exposed or partial-
ly exposed in 10 fields and separate anus. 5.
Brachyschisma, sole representative of Brachy-
schisma type, with nine exposed hydrospire fields
and separate anus, slits lacking on left side of
anus. 6-8. Genera of Codaster type, differing from
others in entire lack of slits in posterior interray
(drawings from Fay).
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Fic. 203. Drawings based on thin sections of oral ring canal. 1. Globoblastus norwoodi (OWEN &

SHumarp), L.Miss.(Burlington Ls.), near Springfield, Missouri; inner and outer pentagonal ring canals,

each branch of outer ring connecting aborally with median canal of lancet. 2. Pentremites godoni

(DerraNcE), U.Miss.(Paint Creek F.), near Floraville, Ill.; oral ring canal with short canals that lead

from interradial mid-point of outer pentagonal ring toward each hydrospire canal, connection of small

canals with outer ring canal clearly shown but opposite connection of short canals with hydrospire canals
indistinct.
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BRACHYSCHISMA TYPE

The Brachyschisma type differs from the
first in having a single hydrospire field in
the posterior interray, located on the right
side of the anal opening. Thus, the calyx
has a total of nine fields. Brachyschisma
(Fig. 202,5) is the sole known repre-
sentative.

CODASTER TYPE

In the Codaster type no hydrospire slits
are found in the posterior interray, and
accordingly the calyx shows eight fields
distributed around the summit, two in each
interray other than the posterior. Repre-

sentative genera are Heteroschisma, Codas-
ter, and Agmoblastus (Fig. 202,6-8).

HYDROSPIRE PORES

Hydrospire pores are minute openings ar-
ranged in a row next to each ambulacral
margin. They lead to the hydrospires and
occur mainly in spiraculate blastoids. Two
groups are readily differentiated, desig-
nated as Globoblastus and Pentremites
types, respectively.

GLOBOBLASTUS TYPE

The Globoblastus type includes genera
in which the pores are larger and less
closely spaced near the summit than in
aboral parts of the ambulacra where many
more pores in a unit distance are observed
(Fig. 194,1,2). The number and distribu-
tion of pores in each row are independent
of such ambulacral elements as side plates
and outer side plates, which are constant
in width throughout the ambulacra. In one
subtype the pores are restricted to borders
of the radials (e.g., Globoblastus) and in
another some of the pores pierce both radial
and deltoid plate margins (e.g., Orbitre-
mites).

PENTREMITES TYPE

The Pentremites type is characterized by
hydrospire pores distributed along the en-
tire length of ambulacra on each of their
sides, each pore being bounded by a side
plate and outer side plate (Fig. 193,6,7).
Thus, the number of pores is directly pro-
portional to that of the side plates and outer
side plates. Representative examples are
Pentremites, Auloblastus, and Schizoblas-
tus.
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THECAL CANALS

The existence in blastoids of ring canals
surrounding the mouth and uniting with
the longitudinal canals of the lancet plates
has been known for nearly 80 years. The
ring canals are termed circumesophageal
rings. Etaermce & Carpenter (1882, p.
217-219) observed their presence in Pentre-
mites, Globoblastus, Schizoblastus, Phaeno-
schisma, Orophocrinus, and Codaster. The
structure probably is best known in G.
norwoodi.

The longitudinal canal of each lancet
plate in Globoblastus divides near the sum-
mit of the theca, giving rise to branches
which pass through the deltoid under the
paired spiracles and adoral to them. The
branches then join with others given off
from the longitudinal canals of adjacent
lancets so as to form a pentagonal ring
(Fig. 203,1). A smaller pentagonal ring
inclosed by this one joins with it at length-
wise mid-points of inner parts of the delt-
oids in positions just adoral to the divided
spiracles. On the anal side, the circum-
esophageal rings pass through the super-
deltoid. Angles of the outer pentagonal
ring are interradial, whereas those of the
inner ring are radial in position.

The circumesophageal rings of Pentre-
mites are similar to those of Globoblastus
except that traces of a canal can be seen
leading from the interradial mid-points of
the outer ring toward each hydrospire canal
(Fig. 203,2). Canals of this type have been
observed to penetrate each of the deltoids
other than the anideltoid. The open con-
nections of the small canals with circum-
esophageal rings are quite distinct but exact
relationships of opposite extremities of the
diverging canals to the hydrospires are ob-
scure. They appear to open into the
spiracles.

PHYSIOLOGICAL FEATURES

FOOD-CARRYING SYSTEM

The food-carrying system of blastoids
is complex, being supported externally by
the brachioles and structures of the am-
bulacra and internally by unknown struc-
tures of the alimentary tract which doubt-
less existed. The number of plates directly
related to the extrathecal food-carrying sys-
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radial-deltoid suture
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lateral canal

lc side p!ées b

I, 204, Lateral canals in  Awloblastus  clinei
Beaver, Miss,(Osag.), near Springfield, Mo.; A,
43 B,C, 10 (A, Beaver, n; B,€, Beaver, 1961},
tem is tremendously greater than the num-
ber involved in the water-vascular or other
systems. The total number of plates in a
representative genus (e.g., Pentremites), in-
cluding brachiele and ambulacra cover
plates, certainly amounts to tens of thou-
sands and poessibly to hundreds of thou-
sands.

By analogy with modern crinoids and
other echinoderms, food is inferred to have
entered the food-carrying system along the
brachiole median grooves and to have
moved along these grooves to the brachiole
sockets, located on the ambulacral margins,
From these points of brachiole attachment
the food moved admedially along the lat-
eral grooves to the ambulacral median
groove and then was transported adorally
to the mouth at the summit of the calyx. It
seems reasonable to suppose that the
brachiole cover plates were movable and
that cover plates of the lateral grooves also
may have been able to move. The general
lack of symmetry in the arrangement of
cover plates of the ambulacral median
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groove suggests that these plates may not
have been movable. The small elongate
plates covering the anus (e.g., Pentremites)
were probably capable of movement, and
thus could have disposed of waste products.

Virtually nothing is known of the diges-
tive tract within the central cavity of the
animal.

WATER-VASCULAR SYSTEM

The water-vascular system of blastoids
includes the hydrospires and associated
thecal openings and canals. Tn spiraculate
blastoids sea water is inferred to have en-
sered the hydrospires through the hydro-
spire pores and to have moved adorally
through the hydrospire canals to the spira-
cles. Fluids [rom the spiracles are inter-
preted to have entered the area beneath the
summit plates of the mouth, and to have
emerged from the theca through them, or
possibly between the plates covering the
spiracles, il these were movable. In fissi-
culate genera without hydrospire pores, but
with spiracles, sea water apparently entered
the hydrospires through hydrospire slits and
emerged from the theca through the sum-
mit plates or possibly through the spiracles.
Where neither pores nor spiracles are pres-
ent, hydrospire slits must have served both
as an entrance and exit to water entering
the hydrospires.

The large surface area represented by the
hydrospire folds, inferred to have been
semipermeable, permitted sea water within
the hydrospires to aerate the fluids of the
body cavity. Little is known about trends
involving an increase or decrease in hydro-
spire surface area through geologic time
in sclected blastoid lineages. Iactors affect-
ing hydrospire surface area include length
ol ambulacra, number and shape of hydro-
spire folds in each hydrospiralium, and ad-
axial extension of the hydrospire folds.
Variation in hydrospire wall thickness 1s
an undetermined [eature in evaluating the
cffectiveness of the water-vascular system.

NERVOUS SYSTEM

The circumesophageal rings and their
lateral branches in the lancets (median
canals) are inferred to represent the nervous
system in blastoids. This system of canals
encircles the mouth area and scemingly
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ends at the aboral extremities of the lancets.
An apparent connection between the cir-
cumesophageal rings and the spiracles has
been recognized in Pentremites (Fig. 203,
2). The median canals are entirely em-
bedded in the lancets and do not open
into other systems (i.e., hydrospiralia). The
lateral canals which lie on either side and
obliquely adaxial to the median canal in
Auloblastus possibly may be a part of the
nervous system (Fig. 204). Lack of knowl-
edge of their adoral and aboral extent and
relationships to other structures limits an
interpretation of their function.

ABNORMALITIES

Blastoids with malformed structural ele-
ments are fairly common in various species
represented by abundant specimens.

Wanner (1932) distinguished 133 ab-
normal specimens of Deltoblastus from the
Permian of Timor in a large collection of
more than 24,000 specimens, or a propor-
tion of one abnormal specimen to every
182 examples. While a thorough examina-
tion has not been conducted on the propor-
tion of malformed Penzremites from the
Upper Mississippian of the Ohio River area,
the above ratio probably is not far out of
line. Deformed specimens of numerous
other genera have been reported in the
literature, but generally the number of ab-
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normal individuals is small and prevents
generalization.

Abnormalities may occur in any of the
blastoid structural elements, including the
column and brachioles. Doubtless owing
to the rarity of preserved intact columns
and brachioles, however, known examples
are confined to structures of the theca.
WaNNER (1932) recognized three principal
groups of malformed specimens of Delto-
blastus. One group, composing 3.6 percent
of total abnormal specimens, is character-
ized by thecae with 2 to 4 normal radial
areas, combined with one or more stunted
radial areas, or surplus plates, or both (Fig.
205,1,2,4). Another group, representing
about 13 percent of all malformed Delto-
blastus individuals, includes normal thecae
except for the presence of extra plates (Fig.
205,3), or with enlarged plates (Fig. 205,5).
A third group, making up 83 percent of all
deformed specimens, is distinguished by
some combination of too few structural ele-
ments. These include near-obliteration of
interradial elements which gives rise to
seemingly double ambulacra (Fig. 205,6),
lack of ambulacra (Fig. 205,7,9,11), and
abnormally shortened ambulacra (Fig. 205,
8,10). Defects observed in Pentremites
(Fig. 206,8) are similar in many respects
to those of Deltoblastus. The deformities
described by WannErR and some of those
recognized in Pentremites and Globoblastus

[See opposite page]

Fic. 205. Abnormal specimens of Deltoblastus from the Permian of Timor, all D. permicus (WANNER),

except 7, which is D. batheri (WANNER).

1. Lateral and basal views of theca with three normal radials

and ambulacra; g, radial (4) shortened, with no evidence of sinus; 15, one ambulacrum (E) with surplus

plates; X2.5.

2. Basal and lateral views of calyx with 3 normal radials and ambulacra; one abnormal

radial and deltoid indented with trace of a radial sinus (4); double ambulacra in position of E ambula-
crum; X2.5. 3. Normal specimen except for protruding lower half of a deltoid (CD interray); X2.
——4. Calyx with 4 normal radials and ambulacra, sinus for abnormal ambulacrum (B) reduced to
notch; 2 extra plates present, X2. 5. Normal theca except for extra plate between 2 radials and
slightly shortened and modified overlying deltoid (4B interray); X2. 6. Calyx with radial limbs and
deltoid lying between 2 ambulacra nearly obliterated so as to give appearance of double ambulacra (4B
interray); X3. 7. Theca with 3 normal radials and ambulacra, positions of missing ambulacra (C,D)
indicated by poorly developed radial sinuses and abnormal rays slightly shorter than normal rays, X2.5.
8. Calyx with one ambulacrum greatly shortened and apparently without facets for covering plates
and brachioles, associated radial much smaller than normal; basals in contact with only 4 radials, laterally
adjacent ambulacra somewhat shortened, X2.5.——9. Calyx with 3 normal radials and ambulacra, 2 rays
entirely missing, 3-sided in basal view, X2.5. 10. Normal theca except for shortened ambulacrum
(A4) and adjacent deltoid (4B interray) which is stunted at its upper end, X2.5. 11. Theca with one
abnormal ray (E), ambulacrum entirely missing but radial sinus partially preserved, abnormal radial
greatly shortened and malformed, X2.5 (Wanner, 1932).
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Morphology—Abnormalities
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Fic, 205. [ Explanation on epposite page.]
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normal
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ambulacrum

radial
suture
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apparently are genetic defects, whereas
others (FFig. 206,5,6,8) scemingly are due
to damage of thecal clements during life.

Etneringe & Carpentrr (1886, p. 41)
have suggested that variations in the num-
ber of hydrospire folds in hydrospiralia
represent irregularities and inequalities of
growth. Although this may be true, it seems
more likely that such variations are normal
in some species. Hydrospires commonly
may be broken or lacking, but generally
one can ascertain that they have been dam-
aged after death of the individual.

Fre. 206. Abnormal specimens of Globoblastus (1)
and Pentremites (2-8) from Mississippian rocks of
lowa, Ilinots, and Alabama. 1. G. norwoodi
(OwrN & Suumanp), lowa: adoral view of speci-
men with abnormal radials, ambulacrum lacking in
I ray, X 1.3. 2-7. P. godoni {Derrance) from
Alabama (2-4) and lllineis {5-7); 2, specimen
with radial sinus redoced to narrow slit without
ambulacrum, % 1.3; 3, specimen showing ridge
instead of median groove in ambulacrum, X2.2;
du,b, lateral and adoral views of specimen having
only 4 radials, 4 and B rays with abnormal com-
bined ambulacrum, x1.3; 5, specmen with dam-
aged radial body and aboral part of ambulacrum,
¥ 4.5; 6, specimen with deformed A ambulacrum,
®4.5; 7, specaaimen with extra radial in A4E inter-
ray, its sinus reduced to narrow slit (sutures and
sinus marked by dotted  lines), X4.5.——8. P.
symmetricts Flavr: 8ab, lateral wviews of speci-
men with one considerably shortened ambulacrum,
normal  outhine ndicated by dotted  line in 84,
1, x4.5 (14, Etheridge & Carpenter, 1886,
5-8, Beaver, n).
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GLOSSARY OF MORPHOLOGICAL TERMS

By Harorp H. Beaver, Rosert O. Fay, and Ravymonp C. Moore

A ray, radial and ambulacram. Distinguished by
location opposite interradially placed anal opening
or anispiracle; also termed anterior.

abanal. Direction away from anus (in plane of
theca near anus).

abaxial. Direction perpendicularly away from polar
axis.

ablateral. Direction away from margin of ambula-
crum toward its mid-line.

abmedial. Direction away from mid-line of ambu-
lacrum toward either margin.

aboral. Direction away from mouth (in plane of
theca or along polar axis).

accessory oral plate. One of many small plates of
peristome surrounding 5 main oral plates, adoral
to side plates and meeting cover plates.

adanal. Direction toward anus (in planc of theca
near it).

adaxial. Direction perpendicularly
axis.

adlateral. Direction toward one or other margin of
ambulacrum.

admedial. Direction toward mid-line (main food-
groove) of ambulacrum.

adoral. Direction toward mouth (in plane of theca
or along polar axis).

ambulacral cover plate. Tiny polygonal ossicle form-
ing part of roof over lateral and median food
grooves of ambulacrum.

ambulacral field. Entire ambulacrum exclusive of
brachioles, including side plates and associated
structures, in addition to exposed portion of lancet
plate.

ambulacral flange. Clifflike enclosure of ambula-
crum produced by abruptly elevated edges of
deltoids and radial sinus above general level of
ambulacrum.

ambulacral groove. See main food-groove.

ambulacral half-field. One-half of ambulacral field,
on either side of main food-groove.

ambulacral ratio. Maximum length of ambulacrum
divided by its maximum width.

ambulacral rim. Entire margin of ambulacrum
from deltoid tips to bottom of radial sinus; may
be flush with surface of theca or accented by
ambulacral flange.

ambulacral spine. Small needle-like curved spine
attached to the side plate body, arranged in rows
along sides of main food-groove; each is approxi-
mately 1 mm. long by 0.1 mm. wide, with spirally
arranged striations.

ambulacrum. Radially disposed area extending
aborally from mouth, with narrow depression
(main food-groove) running longitudinally along
its center, with side food-grooves joined to this
groove, and with side plates and associated struc-

toward polar

tures, including brachioles; exposed portion of
lancet plate may be included as part of ambula-
crum. Viewing specimen from oral side, with
anal opening toward observer, ambulacrum oppo-
site anal opening is lettered A4 and con-
sidered to be anterior. Proceeding clockwise,
other ambulacra are designated B (right an-
terior), C (right posterior), D (left posterior),
and E (left anterior).

anal area. Region near anal opening.

anal cover plate. One of many small polygonal
plates which may extend over and conceal anal
opening in theca, bordered marginally by anal
deltoid or deltoids.

anal deltoid. Undivided interradial plate on pos-
terior (CD) part of theca below circlet of orals
or mouth opening; collectively, anal deltoids in-
clude all differently named kinds of such plates
of the posterior interray (anideltoid, cryptodel-
toid, epideltoid, hypodeltoid, paradeltoid, sub-
deltoid, superdeltoid).

anal opening. Large orifice in theca marking posi-
tion of anus in living animal, located in CD
(posterior) interradius.

anal plate. One of many small polygonal plates
covering immediate anal opening, bordered mar-
ginally by anal deltoid, epideltoid, hypodeltoid,
superdeltoid, subdeltoid,- cryptodeltoids, or para-
deltoids.

anal pore. See anispiracle.

anal pyramid. Cone-shaped anal structure composed
of elongate, imbricate anal plates, above smaller
polygonal plates, arranged in several rows; may
include anal oral plates also.

anal sac. See anal pyramid.

anephebic. Mature but smaller than normal.

anideltoid. Externally visible anal deltoid which is
proved or not known to be accompanied by any
others and which lies almost wholly on aboral
side of anal opening (Acentrotremites) or of
anispiracle (Pentremites, Ambolostoma).

anispiracle. Enlarged opening in summit portion of
posterior interray, formed by union of anal open-
ing and posterior spiracle (or spiracles), also
termed anal pore (see paired anibiracle).

anterior ambulacrum. See 4 ambulacrum.

anthus. Complete blastoid calyx and brachioles
borne by it; entire skeleton of blastoid exclusive
of stem (Greek, anthus, flower or blossom).

anus. Excurrent opening of digestive tract in living
animal, located in summit part of CD interray,
generally indenting anal deltoids and possibly
may border posterior radial or oral plates.

anus separate. Condition whereby anal opening is
separate from adjacent spiracles.

apex. Highest distal point on theca.
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axis. See polar axis.

azygous basal plate. Smallest of 3 plates of basalia
(name signifying unyoked or unfused), normally
located in anteroright (A4B) interray but may be
posteroleft (DE).

B ray, radial and B ambulacrum. See ambulacrum,

basal angle. See pelvic angle.

basal circlet. See basalia.

basal periphery. Outline of calyx seen from base.

basal plate. Component of proximal circlet of theca
adjoining stem, or rarely adjoining subbasal
plates, almost invariably consisting of 2 subequal
large zygous plates (BD, right posterior and D4,
left anterior) and a small azygous basal plate
(AB, anteroright); in a few forms the small
(azygous) basal plate may be in DE (posteroleft)
in position. The basals may be reduced to a sin-
gle plate by atrophy, resorption, or coalescence,
and in some forms the basals may be irregular
in position.

basalia. Basal circlet of plates in blastoid theca, nor-
mally consisting of 2 large (zygous) and 1 small
(azygous) plates but may include 1 large basal
plate formed from coalesced basals or 1 small
basal where others have atrophied or have been
resorbed.

base. See pelvis.

brachiolar facet. Large elliptical scarlike area on
side plate limb and outer side plate, adlateral to
brachiolar pit or side food-groove, being bifas-
cicular, with aboral portion on side plate limb
and adoral portion on outer side plate; also
termed brachiolar socket or brachiole facet.

brachiolar groove., Depression running along ven-
tral surface of brachiole, vaulted over by series
of cover plates, serving for transport of food parti-
cles to lateral and median grooves of ambula-
crum.

brachiolar pit. Small round depression at adlateral
termination of side food-groove.

brachiolar plate. One of biserially arranged plates of
brachiole, semielliptical in cross section and sub-
quadrangular in side view, with basal pair at-
tached at brachiolar facet.

brachiolar socket. Centrally placed pit on rounded
knob located at -adlateral extremity of lateral
groove on ambulacrum, providing for articulation
of brachiole; also termed brachiole socket.

brachiole. Slender food-gathering appendage at-
tached to border of ambulacrum, composed of
numerous, short, biserially arranged ossicles
(brachiolars), with subvective system and cover-
ing plates on ventral surface; brachioles on one
side of ambulacrum alternate in position with
those on opposite side, and where reclined, they
form an imbricate pattern (also termed pinnule).

C ray, radial and ambulacrum. Elements next clock-
wise from B ray in oral view of theca, also,
termed right posterior (see ambulacrum).

calyx. Skeletal cover (theca) of blastoid including
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internal structures (hydrospires, etc.) but exclud-
ing appendages (brachioles) and stem (calyx
literally signifies cup; see anthus).

central canal. See median canal.

circumesophageal ring. Double pentagonal ring of
canals around esophagus, with corners of outer
ring meeting meeting median canals of lancet
plates, and corners of inner ring joining sides of
outer ring beneath spiracles at adoral ends of
deltoids. Although previously thought to be part
of water-vascular system, recent opinions indi-
cate that this structure is part of the mervous
system.

column, See stem.

columnal. Individual segment of blastoid stem.

conjunct deltoid process. Ventrally raised portion of
adoral tips of deltoids and adjacent radial limbs.

cover plate. One of tiny polygonal plates arranged
in double alternating series over side and main
grooves; quadruple alternating series placed on
brachioles, inner double set termed inner cover
plates and outer set termed outer cover plates;
also, see anal cover plate.

cover plate lobe or ridge. Small rounded elongate
raised area along edges of side and main food-
grooves extending to lancet stipes and deltoid
lips; presumably sutures between adjacent cover
plates are along median lines of each lobe.

cover plate socket. Depression between adjacent
cover plate lobes, presumably place of attachment
for cover plate.

crenella (pl, crenellae). Small radially disposed
groove on stem impression at base of theca and
on distal and proximal surfaces of columnals,
commonly extending less than one-third of dis-
tance from perimeter toward center; see culmen.

cross section. Section normal to polar axis, also
termed transverse section.

crown. See anthus.

cryptodeltoid plate. One of 2 plates on either side of
anal opening, generally overlapped aborally by
hypodeltoid and adjacent radial limbs, abutting
against superdeltoid plate adorally, bordering
lancet plate laterally, and infolded into hydrospire
folds on inner side. By adoral extension and
fusion together above anal opening, cryptodel-
toids may form horseshoe-shaped subdeltoid de-
veloped in some genera, such plate being adjoined
on adoral side by superdeltoid.

culmen (pl., culmina). Ridge between crenellae on
articular surface of columnal.

D ray, radial and ambulacrum. Elements next clock-
wise from C ray in oral view of theca, also
termed left posterior ambulacrum (see ambula-
crum).

deltoid body. Main portion of deltoid plate, seen
externally, comprising median and aboral regions,
term applicable also to anideltoid but not to other
anal deltoids.

deltoid crest. Raised ridge, seen externally, connect-
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ing deltoid body with deltoid lip, with depres-
sions on ecither side (termed oral crest by some
authors); same as raised deltoid septum,

deltoid head. Adoral part of externally visible del-
toid plate (including anideltoid) set off from
deltoid body by lateral indentations produced by
paired spiracles or entirely separated surficially by
interruption due to spiracle (or anispiracle).

deltoid lip. Adoral margin of deltoid contiguous to
mouth opening.

deltoid plate. Interradial subtriangular plate near
summit of theca but aboral to oral plates, between
adjacent ambulacra and above radial plates, in-
ternally infolded into hydrospire folds, with
spiracles excavated at adoral end; on anal side 1
to 6 deltoid plates may be present, each specially
named, but only single deltoid is present in each
of other 4 interradial positions.

deltoid septum. Thin internal portion of deltoid
plate between adjacent hydrospire canals, connect-
ing deltoid lip to deltoid body; on anal side are
2 septa formed by variously named plates.

deltolancet suture. Common line or division be-
tween deltoid and lancet plates.

disjunct deltoid. Deltoid with lip externally sep-
arated from body by spiracle or anispiracle.

distal. Direction away from point of stem attach-
ment with theca (compare ventral). [BaTHER,
CLiNE, and WANNER ill-advisedly used this term
in describing hydrospires and ambulacra to mean
away from the mouth, but otherwise they fol-
lowed definition here given.]

dorsal. Direction toward point of attachment of
stem with theca (compare proximal).

dorsal pole. Center of dorsal surface of theca.

dorsal region. See pelvis.

double spiracle. See paired spiracle.

E ray, radial and ambulacrum. Elements next clock-
wise from D ray in oral view of theca, also
termed left anterior ambulacrum; (see ambula-
crum).

ephebic stage. Mature or adult growth stage.

epideltoid. Anal deltoid bordering adoral side of
anal opening and adjoining mouth opening, with
or without hydrospires; differs from superdeltoid
in lacking association with cryptodeltoids.

equator. Circumference about theca at one-half
height of theca.

esophogeal ring. See circumesophageal ring.

fissiculate. Having exposed or partly exposed hydro-
spire slits or spiracular slits.

food-groove. See main food-groove.

fused basal plate. Large single basal plate seen in
some blastoids, formed by fusion of entire basal
circlet.

fused hydrospire plate. Elongate thickened projec-
tion of radial and deltoid plates beneath lancet
plate, generally accompanied by lateral displace-
ment of pores and slits away from ambulacral
margins (formerly termed sublancet or under-
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lancet plate). If projection is thin, each side is
termed a hydrospire plate.

gerontic stage. Old-age growth stage.

granulostriations. Ornamentation of some brachio-
lars with microstriations parallel to brachiolar
food-groove and small ridges at right angles to
groove.

hydrospiralium. Group of two or more (o 18)
conjoined hydrospires located along border of
ambulacrum.

hydrospiralium cleft. Space within hydrospiralium
exclusive of hydrospire clefts.

hydrospire, Infolded thin-walled calcareous linear
structure on either side of ambulacrum, excavated
in radial and deltoid plates, approximately paral-
lel to ambulacral margin; on anal side, this may
be excavated in cryptodeltoids, epideltoid, subdel-
toid, and (in Nymphaeoblastus) in hypodeltoid.

hydrospire canal. Adorally directed tubular passage-
way in adambulacral part of deltoid leading from
hydrospire, hydrospiralium, or confluent hydro-
spiralia to spiracle (or anispiracle).

hydrospire cleft. Space inclosed by hydrospire fold.

hydrospire field. Area of theca underlain by single
group of hydrospires (hydrospiralium).

hydrospire fold. Thin calcareous wall surrounding
hydrospire.

hydrospire pore. Minute rounded opening between
side plates or outer side plates near margin of
ambulacrum, leading into hydrospire.

hydrospire slit. Longitudinal opening of hydrospire
fold excavated in substance of deltoids and radials
parallel to ambulacral margins on either side.

hydrospire tube. Expanded adaxial portion of hy-
drospire fold.

hypodeltoid. Interradial plate on anal side adjacent
to posterior radial limbs, forming aboral part of
anal opening; internal portions may rest upon
cryptodeltoids, subdeltoid, and septal projections
of epideltoid, in addition to parts of hydrospire
plate and fused hydrospire plate.

inner cover plate. One of series of biserial kite-
shaped small plates over brachiolar food-groove,
alternating with set of pentagonal outer cover
plates on margins.

inner side plate. Small triangular plate between side
plates at admedial corners near main food-groove,
present in some genera (see sidé plate, outer side
plate).

interambulacral. See interradial.

interdeltoid suture. Common line or suture between
adjacent deltoid plates.

interhydrospiralium. Space between adjacent hydro-
spiralia.

internal. Toward inside of theca, same as inward.

interradial. Position of line extending from mouth
halfway between adjoining radii or ambulacra,
through mid-line of any deltoid plate. Orals,
deltoids, and azygous basal are interradial in
position, If 5 deltoids are present, they are



§348

termed 4B (anteroright), and BC (posteroright),
€D (posterior), DE (posteroleft), 4E (antero-
left); same as interambulacral.

interradial suture. Common line or division be-
tween adjacent radial plates.

inward. Direction toward geometric center of calyx
or polar axis of theca or stem, or toward inside of
brachiole; same as internal.

lancet plate. Elongate spear-shaped plate extending
from aboral tip of ambulacrum to oral opening,
located along mid-line of ambulacrum, with
elongate central canal (median canal) that con-
nects with circumesophageal ring adorally. Adoral
end, termed lancet stipe, adjoins adjacent spiracles
laterally and internally rests on adjacent deltoid
plates. In primitive blastoids, lancet is covered by
side plates, but in advanced forms it supports
main and side food-grooves also. In some forms,
lateral canals are excavated in its outer surface
beneath side plates, parallel to main food-groove.

lancet-side plate suture. Common line or division
between lancet plate and side plate.

lancet stipe. Restricted adoral extension of lancet
plate, resting internally on truncated ventral sur-
face of adjacent deltoid lips, but adjoining oral
orifice externally and generally bordering adja-
cent spiracles laterally; small cover plate lobes
and sockets may be present.

lateral. Direction toward margin of ambulacrum
or brachiole.

lateral canal. One of 2 small longitudinal canals on
outer surface of lancet plate, beneath side plates,
parallel to and on either side of main food-groove.

lateral food-groove. See side food-groove.

left anterior ambulacrum (E). See ambulacrum.

left posterior ambulacrum (D). See ambulacrum.

length. Vertical distance between apex and base of
theca.

length-width ratio.
width of theca.

limb. Adoral portion of radial plate along side of
ambulacrum; see radial limb.

longitudinal section. Section parallel to polar axis.

lumen. Small round opening in center of stem
columnals, which may or may not be continuous
with body cavity above basal plates of theca;
also termed stem cavity.

main food-groove. Longitudinal depression extend-
ing length of middle line of ambulacrum, ex-
cavated in side plates or lancet plate, bordered by
cover plate lobes and sockets; also termed median
groove, food-groove, and ambulacral groove.

medial. Line or direction of main food-groove.

median canal. Internal central opening of lancet
plate, extending longitudinally to circumesopha-
geal ring; also termed radial canal and central
canal.

median groove. See main food-groove.

median pit. External depression in middle of side
plate body.

Length of theca divided by
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median ridge. Small, regularly curved ridge around
median pit on side plate body, curving adlaterally
around brachiolar pit, joining ridge on adjacent
side plate, parallel to adoral, admedial, and aboral
edges of side plate body.

metaphebic. Mature and normal in size.

mouth. Central opening at summit of theca leading
to digestive tract.

neanic stage. Youthful or immature growth stage.

nepionic stage. Growth stage between embryonic
and neanic stages.

oral. Region about mouth; of or pertaining to
mouth; see peristome and summit.

oral crest. See deltoid crest.

oral groove. Medial groove of lancet stipe and adja-
cent deltoid lips, adjacent to oral opening.

oral hood. See oral pyramid.

oral opening. Pentagonal opening at summit of
theca, marking position of mouth in living
animal.

oral plate. One of 5 main interambulacrally located
polygonal plates covering mouth, but may include
other summit plates where 5 main plates are
lacking; see accessory oral plate, posterior oral
plate, peristome, oral pyramid, oral spine, cover
plate, and summit plate.

oral pyramid. Conical structure about oral opening,
which comprises specialized elongate oral and
accessory oral plates (termed oral spines) or oral
cover plates, basally adjacent to many small poly-
gonal accessory orals that cover spiracles (spiracu-
lar plates); also termed oral hood.

oral ring canal. See circumesophageal ring.

oral spine. Elongate conical oral or accessory oral
or specialized anal plate around oral opening,
forming part of anal and oral pyramids.

outer cover plate. One of polygonal cover plates
along ventral margins of brachiole, single set on
one side alternating in position with that on
opposite side, brachiolar food-groove between
these plates, roofed over by biserial set of inner
cover plates that fit tightly against outer cover
plates in zigzag pattern and alternate with them.

outer side plate. Small semielliptical to subtriangu-
lar plate that generally rests upon adlateral mar-
gin of side plate, bearing part of brachiole; in
some specimens position may be more admedial;
same as secondary side plate (see side plate, inner
side plate).

outward. Direction away from geometric center of
theca or polar axis of stem, or away from inside
of brachiole.

paired spiracle. Spiracle with deltoid septum almost
at surface externally so that V-shaped spiracle is
formed, giving appearance of 2 connected spiracles
with actually single opening; also termed double
spiracle.

paradeltoid plate. One of 2 small subtriangular
plates resting upon beveled adoral margin of
hypodeltoid, on aboral side of anal opening, rest-
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ing upon cryptodeltoids and not infolded into
hydrospire folds.

parephebic. Mature but larger than normal in size.

pelvic angle. In side view, angle measured from
dorsal pole (as center) to aboral tips of ambulacra
farthest apart, with one radial position toward
observer; same as basal angle.

pelvis. Portion of theca from aboral tips of ambu-
lacra to dorsal pole; also termed base and dorsal
region.

periphery, Circumference of theca at its widest
part.

peristome. Arca of oral and accessory oral plates
around oral opening, located at summit of theca,

pinnules. See brachioles (not same as crinoid pin-
nules).

polar axis, Line extending from oral center to cen-
ter of stem.

pore. See hydrospire pore.

pore farrow. Elongate depression on side plate
handle extending abmedially from side plate body
to hydrospire pore, between adjacent brachioles.

posterior oral plate. One of 5 main oral plates, larger
than others and located in amal (CD) inter-
radius.

primary side plate. See side plate.

primary side plate suture. See side plate suture.

profile. Outline of theca in side view.

proximal, Direction toward point of attachment of
stem and calyx (compare dorsal). [According to
Batuer, Crinvg, and WanNnNeEr with respect to
ambulacra, direction toward center of the mouth
is proximal, but they used the definition first
given for thecal orientation.]

pyriform. Pear-shaped.

radalia. Radial plates of theca.

radial. Position of line extending from centrally
placed mouth to aboral end of any ambulacrum;
lancets, radials, and ambulacra are radial in posi-
tion,

radial body. Portion of radial plate below or ab-
orally away from aboral tip of ambulacrum; same
as trunk.

radial canal. See median canal.

radial circlet, See radalia.

radial limb. Adoral portion of radial plate along
side of ambulacrum; sometimes termed limb.

radial lip. Thickened portion of radial plate at
aboral tip of radial sinus.

radial plate. One of 5 cleft plates above basalia,
radial in position, that receives aboral extremity
of ambulacrum.

radial sinus. V-shaped indentation in adoral part
of radial plate which receives ambulacrum.

radiodeltoid suture. Line or division between del-
toid plate and adjacent radial limbs.

right anterior ambulacrum (B). Se¢ ambulacrum.

right posterior ambulacrum (C). Sesz ambulacrum,

root. Presumably expanded, branching, treelike ex-
tension at distal end of stem.
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secondary side plate. See outer side plate.

side food-groove. One of many short transverse
depressions on ambulacrum, subparallel to each
other, adorally directed at oblique angle to and
emptying into main food-groove from base of
brachiole, alternating in position on either side of
main food-groove, and commonly bordered by
cover plate lobes and sockets.

side plate. One of many small subquadrangular
plates of ambulacrum, partly superposed on lancet
plate or on its adlateral margin, arranged alter-
nately on either side of main food-groove and
between side food-grooves, bearing outer side
plate and brachiole; also termed primary side
plate (see inner side plate, outer side plate).

side plate body. Admedial portion of side plate,
admedial to outer side plate.

side plate limb. Abmedial portion of side plate,
normally aboral to outer side plate; sometimes
termed side plate handle.

side plate suture. Line or division between adjacent
side plates along line of lateral food-groove,

sinus. V-shaped indentation of ambulacrum along
deltoid and radial margins.

sinus edge. Margins of radial and deltoids bound-
ing ambulacrum; also termed ambulacral rim.

sinus flange. Clifflike enclosure of ambulacrum
produced by abruptly elevated margins of radial
and deltoids above general level of ambulacrum;
same as ambulacral flange.

spiracle. Opening, generally rounded, near adoral
tip of deltoid and excavated within it, bounded
adorally by deltoid lip and aborally by deltoid
body, and generally adjoined laterally by lancet
stipe and side plates; see paired spiracle. Where
deltoid septum is exposed externally, 2 spiracles
are formed in deltoid.

spiracular cover plate. One of series of small poly-
gonal plates that cover spiracles, extending adoral-
ly into oral spines; these may be part of series of
accessory oral plates that are highly specialized;
see oral pyramid.

spiracular slit. Elongate spiracle at side of ambu-
lacrum, excavated in adjoining ragial and deltoid
plates, with fused hydrospire plate forming ad-
medial wall and one or more hydrospire folds
opening into hydrospire canal.

spiraculate. Having spiracles, in some genera in-
cluding anispiracle.

stem. Cylindrical column beneath theca that may
have served as means of support, composed of
numerous discoid, button-shaped columnals, with
central lumen, supposedly attached to root dis-
tally. The axial canal represented by the lumens
of columnals connects with the body cavity. The
stem also is termed column. Some forms prob-
ably lacked a stem.

stem cavity. See lumen.

stereome. Calcareous tissue in the mesodermal endo-
skeleton of the living echinoderm. This, to-
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gether with the stroma, where both are replaced
by calcium carbonate, forms the material of
blastoid plates.

stroma. Organic tissue in mesodermal endoskeleton
of living echinoderm.

subbasal plate. Small plate, or one of 3 plates,
secreted between basal plates and top of the
stem; also termed supplementary basal plate.

subdeltoid. Small to moderately large anal deltoid,
typically inverted U-shaped, located on adoral
and lateral margins of anal opening and on
aboral border of superdeltoid; see epideltoid.

sublancet plate. See fused hydrospire plate (=un-
derlancet).

subradial plate. See fused hydrospire plate.

summit, Distal extremity of theca,

summit plates. Oral and accessory oral plates.

superdeltoid. Anal deltoid on border of mouth
opening, associated either with subdeltoid or pair
of eryptodelioids abutting its aboral margin and
in some gencra bordering anal opening.

supplementary basal plate. See subbasal plate.

suture. Plane of junction between adjacent plates,
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tangential section, Section tangent to outer surface
of theca,

theca. Main skeleton enclosing body of blastoid, in-
cluding ambulacra but excluding stem and brach-
ioles (equivalent to “calyx”).

transverse section. Section perpendicular to longi-
tudinal section.

trunk, See radial body.

underlancet, See sublancet plate.

vault. Portion of theca above pelvis; also termed
ventra) region.

vault-pelvis ratio. Height of vault divided by height
of pelvis, measured parallel to polar axis,

ventral. Side of theca containing mouth or direction
toward it {compare distal).

ventral pole. Geometric center of oral opening.

ventral region, See vault.

width., Maximum width of theca, measured at right
angles to polar axis.

zygous basal. Large plate of basal circlet in BD
(right posterior) or DA (left anterior) position,
formed by fusion (zygos, yoked) of pair of ante~
cedent small basals comparable to azygous basal
in AB (anteroright) interray.

TECHNIQUES
By Harorp H. Beaver

Many techniques have been used over
the years in studying blastoids. Those par-
ticularly well suited to solving problems of
blastoid morphology are discussed briefly
here.

WEATHERED, REPLACED, AND
DISARTICULATED SPECIMENS

Morphological features probably can be
studied best on deeply weathered speci-
mens and those consisting of disarticulated
remains, Surfaces of internal structural ele-
ments, many complexly sculptured, may
be well preserved and easily photographed
in this condition. Exquisitely preserved
specimens may be collected in large num-
bers along weathered joint surfaces (e.g.,
Burlington Ls,, Mississippian). Disarticu-
lated plates may be abundant in washed
samples from shales rich in blastoids (e.g.,
Paint Creek F., Chesteran). Silicified
thecas commonly are excellent for external
study but provide little information on in-
ternal structures because obliteration of
sutures prevents examination of plate re-
lationships. Replacement of thecal elements

by iron oxides, however, may be advan-
tageous for morphological study. Hydro-
spires, for example, may be especially ac-
centuated.

GROUND SURFACES

Ground surfaces may be prepared readily
to show internal relationships of blastoid
skeletal parts. The various plates reflect
light differently so that plate boundaries
may be seen easily. Jovsey & Bremvzr (1963,
p. 472) accentuated the effect by increasing
contrast during photography. A camera
lucida is commonly used to produce draw-
ings.

ACETATE PEELS

Acetate peels can be made rapidly, cheap-
ly, and they can be enlarged photographic-
ally. If serial sections are desired, the fossil
surface may be ground to any number of
desired levels and peels prepared. Peel
quality is dependent on the nature of the
calcite of the theca and the enclosed matrix
material. Peels are well suited for many
purposes, but are generally less desirable
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Fre. 207. Optical properties of Cryptoschisma schultzii (D’ARcHIAC & DE VERNEUIL).
2. Drawing of slightly inclined longitudinal section

transverse section in summit area (Lucas, 1953).
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1. Drawing of

through an interray. [Hg, part of hydrospires interpreted to have formed from the radials; Hp, part of
hydrospires interpreted to have formed from the deltoids. Circles indicate position of crystallographic axes
of calcite for each thecal plate; in inner circles the interference figure in convergent polarized light is
shown where the calcite optic axis is nearly vertical; in outer circles the positions of the crystallographic
axes are shown as they would appear plotted in stereographic projection. The ruled lines are parallel to
the vibration directions of the ordinary and extraordinary ways in the calcite crystals, rectangles (square, if
the section were perpendicular to the crystallographic axis) being more elongate as the crystallographic
axis is increasingly inclined with respect to the polar axis of the blastoid.]

than thin sections for detailed morphologi-
cal investigations.

THIN SECTIONS

Thin sections are advantageous for study-
ing internal structural elements of blastoids
such as hydrospires, concealed anal deltoids,
and canals such as the oral ring canal and
its aboral extensions. Very thin sections
are best for studies involving polarized
light, whereas thicker sections are superior
for distinguishing plate relationships and
sutures. Furthermore, relatively thick sec-
tions provide better photographs than ex-
cessively thin sections.

Serial thin sections are particularly use-
ful for determining progressive changes in

structural elements (e.g., development of
hydrospires). The main problems in pre-
paring serial thin sections a¥e the impossi-
bility of obtaining closely spaced sections
and the tendency of specimens to shatter
during sawing. Recently, Jovsey & BreiMER
(1963, p. 473) have described a new saw
which apparently is capable of ameliorating
these problems.

STAINS

Stains may be useful in emphasizing
certain plates and thus in making plate
relationships more apparent. The stains
commonly are used on ground surfaces
and for working with acetate peels and
thin sections.
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OPTICAL CHARACTERISTICS OF
PLATES

For many years optical properties have
been utilized to determine plate relation-
ships in echinoderm skeletons. As re-
viewed by Raup (1959, p. 661), each of the
structural elements of echinoderms behaves
as a single calcite crystal. Thus, the various
plates of a blastoid theca become extin-
guished in different positions when viewed
in thin section with a polarizing micro-
scope. The technique is most often used
to observe the boundaries and relationships
of thecal plates and to differentiate between
plate sutures and adventitious cracks in the
theca. Lucas (1953, p. 635-637) used this
method in attempting to determine which
thecal plates of Cryptoschisma schultzii
contributed to the development of the
hydrospires, He concluded that the lancets,
radials, and deltoids all shared in their
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formation (Fig. 207). More recently Jov-
sEY & Bremmer (1963, p. 472-473), in study-
ing Pentablastus, used the technique in dis-
tinguishing plate relationships but found
that “both optical continuities and dis-
continuities can be the product of secondary
recrystallization.”

Examination of thin sections of Pentre-
mites and Globoblastus under polarized
light aids in distinguishing plate relation-
ships, sutures, and cracks in the theca, but
is not useful in determining the identity
of thecal plates which contribute to the
hydrospires. The hydrospire folds are com-
posed of very small calcite crystals, so tiny
that at magnifications up to X450 it is not
possible to recognize when the crystals are
extinguished. Mostly, the thecal interior
is filled with large calcite crystals which
generally are in optical continuity with the
nearest thecal plates.

ONTOGENY
By Harorp H. Beaver

Numerous publications, particularly in
recent years, have been concerned with
blastoid ontogeny. Principal in importance
are papers by ETHerIDGE & CARPENTER
(1886), Hamsacu (1903), Smrra (1906),
Urrica (1918), Werrer (1920), Baruer
(1922), Croneis & Gris (1940), Moore
(1940), Burma (1948), Wanner (1951),
Jovsey (1953, 1959), Garroway & Kaska
(1957), and Reenfir (1960). Growth
series have been described for a number
of genera, including Codaster, ?Diplo-
blastus, Globoblastus, Orbitremites, Oropho-
crinus, and Pentremites. Published growth
series of various species of Pentremites are
particularly numerous because of the rela-
tive abundance of collected specimens.
Nearly complete series have been illus-
trated for P. comoideus (SmrrH, 1906, pl.
46), P. girtyi, and P. okawensis (Gairo-
way & Kaska, 1957, pl. 11),

LARVAL AND JUVENILE
STAGES
Almost nothing is known about the earli-

est growth stages of blastoids. CronEls &
Gzis (1940) described some extremely tiny

forms (length or diameter as small as 0.1
mm.) which they identified as Mesoblastus
[Diploblastus] glaber and Pentremites
princetonensis. Very much doubt remains,
however, as to whether the specimens stud-
ied by them actually are blastoids. They
have not been reported on further or made
available for examination by other workers.
Also, efforts to duplicate collections used
by CronEers & Gers have been unsuccessful.

The smallest specimens of Pentremites
yet found in the Salem and Harrodsburg
Limestones (Meramecian) of Indiana are
reported by Smrra (1906) to be approxi-
mately 0.8 mm. in length. These speci-
mens had three basals and five radials, but
the plates in the oral region were not pre-
served.

In general, young blastoid individuals
tend to be clongate. This appears to be
true not only in genera with species which
may be flatbased or pyriform as adults
(e.g., Pentremites), but also in typically
globular types. As previously mentioned,
the young of Globoblastus are typically
elongate globular, whereas adult specimens
are nearly globular. It is presumed that the
same is true of many other blastoids.
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ADULT AND GERONTIC
STAGES

Large collections of blastoids, such as
are obtainable at many places, especially in
outcrop areas of fossiliferous Upper Mis-
sissippian (Chesteran) strata, consist pre-
dominantly of specimens having approxi-
mately the same size and all relatively
large. They obviously represent a mature
growth stage and may be classed as adults,
though no sharp boundary separates them
from slightly undersized and distinctly
smaller-than-average specimens. The small
individuals, comprising a minority, grade
downward to the smallest, interpreted as
juveniles.

Old-age blastoids generally have a ten-
dency to become obese. Globular types in
old age are commonly depressed globular
(e.g., Globoblastus). Flat-based Pentremites
tend to increase width of the theca relative
to thecal length, with a resultant increase
in the ambulacral length.

GROWTH SERIES OF PENTREMITES

Examination of fine fractions of shale,
rich in Pentremites from the Paint Creek
(Chesteran) Formation, near Floraville,
Illinois, shows that the smallest specimens
are about 2 mm. in height. They are clearly
recognizable as belonging to Pentremites.
Because blastoids change shape and be-
cause some structures are modified during
growth, it is commonly difficult to dis-
tinguish youthful individuals on the specific
level if two or more specimens occur to-
gether. For example, abundant specimens
generally identified as P. godoni, P. gemmi-
formis, P. pyramidatus, and P. symmetricus,
may be collected from this same formation
and locality. Many thousands—in all proba-
bility many tens of thousands—of Pentre-
mites have been taken from two adjacent
exposures at the Floraville locality. In adult
or near-adult stages, P. symmetricus may
be identified by shape of the calyx and
length of the ambulacra. Progressively smal-
ler specimens of this and other species are
increasingly difficult to distinguish because
all representatives of Pentremites are steep-
ly conical when young, with ambulacral
aras largely confined to the summit of the
theca. Close examination of ambulacral fea-
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tures indicates that minor differences in
characters of the side plates, transverse
ridges, and hydrospire pore grooves may
aid in recognizing species of different types.
Two major types are distinguished, the first
(Type 1) consisting of calyces with a nearly
flat base in the adult stage (P. godoni)
(Fig. 208), and the second (Type 2) char-
acterized by calyces with a pyriform out-
line in the adult stage (Fig. 209). This type
includes P. gemmiformis, P. pyramidatus,
and P. symmetricus.

The relatively flat-based Type 1, repre-
sented solely by Pentremites godoni, in-
cludes specimens ranging from about 2 mm.
to more than 20 mm. in height. The very
small specimens (Fig. 208,I-3) are steeply
conical, the ambulacra are short and the
basals make up a considerable part of the
theca. The ambulacra are extremely short
and nearly confined to the summit in the
tiniest specimens (Fig. 208,7). Only seven
or eight side plates occur along either mar-
gin of an ambulacrum. Much of the summit
is occupied by the spiracles, anal opening,
and mouth. With increase in size, the am-
bulacra lengthen progressively. In larger
specimens, three trends in shape are dis-
tinguishable, the first (Subtype 1a) includ-
ing individuals with nearly equidimen-
sional calyces, with height of theca approxi-
mately the same as width (Fig. 208,4-9),
another (Subtype 1b) represented by speci-
mens having calyces which become increas-
ingly slender, with height greater than
width (Fig. 208,10-14), and a thigd (Sub-
type lc) characterized by calyces which
are wider than high (Fig. 208,15-19). All
three subtypes may be presumed to de-
velop from juveniles which in most diminu-
tive examples show steep-sided conical form
(Fig. 208,1-3).

Species of Pentremites with pyriform
adult calyces, grouped in Type 2, include
P. symmetricus, P. pyramidatus, and P.
gemmiformis. Very small individuals pre-
sumed to represent the same species are
essentially similar in shape and size to
representatives of Type 1. The pyriform
thecal shape of the diminutive calyces per-
sists, however, in larger specimens, among
which three different trends are discernible.
In one group (Subtype 2a) the theca be-
comes more slender and the ambulacra ex-
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Ti. 208, Growth serics of relatively Nat-based Pentremites calvees (Type 1) represented by P, godoni
(Dirrance), Paint Creek Fo (Chester.), near Floraville, [inois; Subtype la, equidimensional, I-%; Sub-
type Lb, slender, [0-14; Subtype Le, broad, 15-19; all figures 31 except as indicated (Beaver, n).
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Fic. 209. Growth scries of pyriform Pentremites calyces (Type 2}, all from Paint Creek F. {(Chester),
near Floraville, Ilinois; Subtype 2a, P. symmetricus Harr, 6-9; Subtype 2b, P. gemmiformis TaMeacH,
10-12; Subtype 2¢, P. pyramidatues UrLricu, ?13,14-16; all figures X1 except as indicated (Beaver, n).
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tend to more than half of the thecal height
(Fig. 209,6-9). These forms are customarily
identified as P. symmetricus. A second
group (Subtype 2b) is characterized by
somewhat greater thecal width and pro-
portionally shorter ambulacra. Individuals
are generally identified as P. pyramidatus
(Fig. 209,713,14-16). The third group
(Subtype 2c) is similar to the first except
for thickening of the aboral extremity of
the theca, seemingly by accretion of sec-
ondary calcite (Fig. 209,10-12). Specimens
with these characteristics are assigned to P.
gemmiformis. The possibility that adult
pyriform calyces of Type 2, generally inter-
preted to represent these different species,
actually belong to a single species having
variable shape and ambulacral length or
thickened aboral extremity needs further
investigation.

CHANGES IN THECAL
ELEMENTS WITH GROWTH

It is well known that with growth some
thecal and brachiole elements increase in
number, whereas other elements simply
become larger. Major plates, such as the
basals, radials, and deltoids, increase in size
with age, as indicated by growth lines. The
ambulacra, however, increase in size by
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adding side and outer side plates at the
aboral tips of the ambulacra. These plates
are accompanied, of course, by additional
brachioles and auxiliary elements such as
ambulacral and brachiole cover plates. Ad-
ditions to the ambulacral system during
growth result in the extremely large num-
ber of plates previously mentioned. The
number of hydrospires, contrary to some
interpretations, does not seem to increase
with age. On the basis of numerous thin
sections and peels prepared specifically to
examine this problem in a number of gen-
era (particularly in Pentremites), the num-
ber of folds in each hydrospiralium does
not increase in progressively older individ-
uals, at least in specimens ranging upward
in size from a few millimeters. Contrary
evidence has been presented by Jovsey &
BremMer (1963, p. 481) in Penzablastus,
where a specimen with six folds in each
hydrospiralium is interpreted to be older
than another individual with five folds in
each hydrospiralium. This difference may
be due to unlike age, as inferred, or alter-
natively, it may merely represent variation
in the number of hydrospires in Penta-
blastus. The examination of a large num-
ber of individuals of all ages is required
to answer this question.

DEVELOPMENT AND HYDRODYNAMICS OF BLASTOIDS

By DonaLp B. Macurpa, Jr.

[Museum of Paleontology, University of Michigan]

DEVELOPMENT

The skeleton of living echinoderms is an
endoskeleton, secreted by mesodermal tis-
sue. The microstructure of this skeleton
was likened to the open girderwork of a
modern skyscraper by Nicuors (1962, p.
93). By analogy with Recent echinoderms,
the calcite of the blastoid skeleton was also
formed by the mesoderm. Growth lines
are commonly preserved on outer surfaces
of the principal calyx plates (Fig. 210).
Growth was accretionary and episodic, oc-
curring in a lateral direction, although oc-
casional secondary deposits are found cov-
ering the origins of the plates.

The tissue which secreted the calcite lay
between opposing plate edges. The width

of the calcite laid down during a growth
increment on the plate edge was usually
small, with a multiple number of growth
lines per mm. (Fig. 210). The amount of
calcite deposited on opposing plate edges
within the same series of plates (as along
the interradial suture) was equal, but dif-
ferential rates of growth were the general
rule along radiodeltoid sutures. Commonly,
several times as much calcite would be laid
down on one plate edge (commonly the
radial) as on the other during a growth
increment (Fig. 210).

The microstructure of the calcite in blast-
oid plates is usually destroyed by recrystalli-
zation, but plates belonging to Rhopalo-
blastus from the Permian of Western
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_Australia have a reticulate pattern (Fig.
210) suggestive of the calcite latticework
of modern echinoderms. The calcite of
the external surface has a fenestrate ap-
pearance, with the long axes or ribs very
closely spaced and arrayed perpendicular
to edges of the plates along which growth
occurred. A very sharp divergence of the
long axes is observed at the intersection of
adjacent growth fronts. The cross bars
connecting long axes are as wide as the
axes; the fenestrules or openings are ap-
proximately rectangular and are not as
wide as the ribs of the crossbars. They are
evenly spaced. Internal and lateral edges
have a very fenestrate appearance. Second-
ary calcite has filled in the open spaces in
the lattice and appears as clear blebs of
calcite. :

Growth lines are preserved only on the
external surface. Nissen (1963) has pre-
sented data suggesting that the calcite of
an echinoid plate is a composite of tiny
crystal units, with the c-axes oriented in
the same direction. Each individual plate
of a blastoid behaves optically as one crystal-
lographic unit. The maximum size for one
plate may be several tens of millimeters, a
large size for an individual crystal. The
latticework of the blastoid skeleton may
have consisted of many individual fibers
similar to those found in echinoids, which
were added onto the lattice during each
growth increment, and then subsequently
recrystallized to form an individual crystal.
It is unclear why growth lines are only re-
flected externally,

The growth lines preserved on the ex-
ternal surfaces of the plates record the
complete postmetamorphic development of
the blastoid. The principal plate of the
calyx is the radial, which usually has six
edges. The growth lines converge toward
the origin of the radial which is at the
aboral end of the ambulacrum. The radial
has grown outward in three primary direc-
tions perpendicular to the sutures along
which calcite was added (growth fronts)
(Fig. 211). Each axis and front has a
complement on the opposite side of the
radial. The direction of growth toward
the radiodeltoid suture is designated the
RD axis, that toward the interradial suture
the RR axis, and that toward the radial
basal suture, the RB axis (Fig. 211).
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Growth fronts are designated as the RD
front, etc. Quantitative analysis of the
rates and amounts of growth along these
axes has shown that development of the
radial is orderly, indicating a close genetic
control. Growth curves can be constructed
by ploting growth axes against one an-
other to show the ontogenetic development
of the plate (Fig. 212,2). Most growth curves
are isometric, there being little change in
rates relative to one another. When the
amount of growth along an axis is plotted
against the width of the growth front for
an ontogenetic series, a well-ordered pattern
is found (Fig. 212,7). An ontogenetic study
of Orophocrinus (Macuroa, 1965, 107;
1966, 109) showed that quantitative mea-
surements of growth axes and fronts were
useful and discriminatory taxonomic char-
acters and permitted greater insight into
blastoid development, morphology, and
physiology. ‘

Quantitative analysis of the development
of the radial in genera other than Oropho-
crinus has shown that the development is
almost always isometric as well. The
amount of calcite added along a growth
front during one increment is almost con-
stant throughout the entire ontogenetic his-
tory of the individual from a neanic to a
gerontic stage. The development was thus
under close genetic control. The length
of a growth axis provides a time character
by which the relative level of development
of different individuals can be compared.
The RR axis was used in the study of
Orophocrinus previously cited (Macuroa,
1965, 107; 1966, 109); study of other genera
suggests that the sum of the RD, RR, and
RB axes for an individual is a better time
character.

Analysis to date has treated the growth
axes as two-dimensional parameters, ie.,
as though they were all arrayed in one
plane. The radial plates of blastoids have
many different shapes as a result of growth
along the sutures (Fig. 213,1-3,7). It will be
necessary to array the axes in a three-
dimensional matrix to realize the full po-
tential of ontogenetic analysis and specific
differentiation. The lengths of the axes
of two plates may be very similar, but the
directions of growth of these in a third
dimension may result in a globular form
such as Orbitremites or Globoblastus, or
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G, 210, [Explanation on facing page.)
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produce a very angular form, as Hadro-
blastus or Codaster.

The origin of the radial is commonly ob-
scured by secondary deposits of calcite (Fig.
213,5-6). These secondary deposits may re-
sult from the more intensive physiological
activity which took place at the aboral end
of the ambulacrum where new side plates
were formed. Some blastoids utilized the
ability to secrete this extra calcite to form
a prong on the radial (Fig. 213,4), by which

“the length of the ambulacrum could be
extended and the food-gathering capacity
multiplied without effecting a change in the
shape of the calyx. This evolutionary ex-
periment occurred several times, as in the
Mississippian  genus Dentiblastus and the
Permian Thaumatoblastus.

The basals of a blastoid are usually small
in relation to the radials. Most show two
primary directions of growth, toward the
radial-basal (BR axis) and interbasal su-
tures (BB axis) (Fig. 214,11). The rate of
growth along the BR axis is usually several
times that of the BB axis; the origin of the
basal is located near the distal end .of the
plate.

The rate of growth of the BR axis of the
basal is usually about equal to the RB axis
of the radial, one half of the pelvis being
formed by the basals, one half by the
radials (Fig. 214,1). In a few genera with
a narrow, conical pelvis, the area available
for basal growth is unconfined, not being
restricted by the radials in globose genera
such as Mesoblastus or Cryproblastus, and
the rate of growth on BR may be several
times that of RB as in Belocrinus (Fig. 214,
).
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The stem was attached to the distal ends
of the three basals. The mass and volume
of the calyx increased throughout the onto-
genetic development of the organism. If
the original growth pattern of the basals
was maintained without any modification,
the attachment of the calyx to the stem
would be highly unstable. It would consist
of three points resting on a cylinder (Fig.
212,3). Therefore, the configuration of the
plate had to be modified. In most genera
this was accomplished by the secretion of
a secondary deposit over the origin of the
basal, thus modifying the three points to
a cylinder (Fig. 212,4; 214,3479). The
secondary deposits increased during devel-
opment. An alternative mechanism was
adopted by some genera, as Phaenoschisma
and Rhopaloblastus, with long, narrow
basals. There is a third growth axis (the
BA axis), directed toward the stem attach-
ment area, which maintained the flat cir-
cular attachment area at the base of the
calyx (Fig. 214,10).

The entire calyx and thus the weight of
the blastoid were supported by a cylindri-
cal, jointed stern in its aqueous environ-
ment. As the surface area of the plates
increased, the weight of the organism would
multiply at an increasingly accelerating
rate, since it is a function of the volume
(V®). The cross-sectional area of the stem
attachment in ephebic individuals was ap-
parently insufficient for support of neanic
or gerontic individuals, for the diameter
of the crencllar ring (Fig. 214,7) and thus
the effective cross-sectional area of the stem-
calyx jogpt increased throughout onto-
genetic development of the individual. In

[See facing page]
Fic. 210. Plate growth in blastoids.

1. Growth lines of radials and deltoid in inter-
ambulacral area of Pentremites godoni De-
FRANCE, UMiss.,, USA(IIL), X7.5 (Macurda,
n).

2. Growth lines in interradial and radial-basal sec-
tors of radial of Rhiopaloblastus belfordi
(Crockrorp & Brown), Perm., Australia,
X7.5 (Macurda, n).

3. Growth lines of deltoid, paralleling radial-deltoid
and interdeltoid sutures in Indoblastus granu-
latus WaNNER, Perm., Timor, X6 (Macurda,
n).

4. Growth lines in interambulacral area of Hypero-
blastus  filosus (Wrireaves), reflecting ac-
celerated growth along radial-deltoid axis,

Dev., Can.(Ont.), X7.5 (Macurda, n).

5. Opposing growth lines of radial and deltoid re-
flecting faster growth on radial, in Hypero-
blastus filosus (WHITEAVES), Dev., Can,(Ont,),
X 7.5 (Macurda, n).

6. Growth lines of basals in Timoroblastus corona-
tus WANNER, Perm,, Timor, X2 (Macurda, n).

7. Fenestrate structure of calcite in interradial sec-
tor {7) and radial-basal sector (9) of radial
of Rhopaloblastus belfordi (Crock¥orp &
Brown), plate edge toward bottom of figure,
Perm., Australia, X38 (Macurda, n).

8. Opposing growth lines of radials and basals in
Orophocrinus conicus (WACHSMUTH & SPRING-
er), L.Miss., USA(Towa), X6 (107).
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Fic. 211. Growth axes and fronts of radial plate in Beloorimus cottaldt (Mumier-Craarmas), Dev,, Fr.,
& (Macurda, n).
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Orophocrinus, new stem plates apparently
were added at the junction of the calyx and
stem, starting to form initally in a small
depression of the basals, then being moved
into position and completed. Once formed,
the size of the plate was apparently fixed,
for the height of stem plates is constant
throughout the stem and if the diameter
was to be increased, it would involve re-
sorption of the crenellar ring which is part

of an interlocking projection and depres-’

sion between plates in Orophocrinus (Fig.
214,5-6). The diameter of stem plates de-
creases gradually down the column. By in-
creasing the cross-sectional area of the stem-
attachment area, greater stability would be
provided against fluctuations in wave or cur-
rent energy in the environment. A simi-
lar pattern can be found in other stemmed
echinoderms, as the crinoid Neoplatycrinus
and the cystoid Strobilocystites, as the area
to which the stem was attached increased
during ontogeny. Some genera (eg,
Globoblastus, Orbiblastas, Deltoblastus) de-
veloped a concave base (Fig. 214,8), which
would shield the stem-attachment area and
buffer it against energy fluctuations. Other
genera (e.g., Eleutherocrinus, Dipteroblas-
tus) completely lost their stem and adopted
a free-living life mode (Fig. 214,2). The
growth pattern of the basals and radials has
been altered by adoption of a bilateral
symmetry characteristic of organisms with
a nonattached mode of life.

The deltoids which surrounded the
mouth had complex growth patterns be-
cause of the bordering peristome, entrances
to hydrospires, presence of food grooves,
and the hydrospires themselves (Fig. 215,
23). The adoralmost edge of the deltoid
borders the peristome. The adoral lateral
edges bear the adoral ends of the main food
grooves. The aboral lateral edges are usual-
ly bordered by ambulacra; an entrance to
the hydrospires is usually present on the
median lateral edge of most spiraculate
genera. The aboral edge of the plate abuts
against the adoral edges of two adjacent
radial limbs. When first formed, the ad-
oral portion of the plate is quite large in
relation to the aboral part (Fig. 212,5). After
metamorphosis, the space around the peri-
stome had to be filled by five plates. This
meant rapid development of the adoral
portion of the plate. After an individual
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has reached 3 to 4 mm. in length and
width, most development is directed in an
aboral direction (the DR axis). Calcite is
secreted along the radiodeltoid suture; the
rate of growth of the DR axis is usually
several times less than that of the opposing
RD axis. Each deltoid normally bears the
adoral ends of two groups of hydrospires,
which hang as pendantlike folds into the
visceral cavity. The two groups of hydro-
spires are normally separated at their adoral
ends (Fig. 215,7). This separation may re-
flect the initial size of the plate or reflect
the formation of hydrospires when the
deltoid reached a particular size. When
calcite was added to the radials and delioids
along the radiodeltoid suture, it was also
added to the hydrospires; their length in-
creased throughout the ontogenetic develop-
ment of the individual. Their greatest
height is at the radiodeltoid suture (Fig.
215,5); this increases with age. The radio-
deltoid suture can be traced across the
hydrospires. Once formed, the number of
hydrospires per group was usually constant
throughout the ontogenetic development
of the individual. However, in some fissi-
culate genera, the hydrospires occupy the
entire width of the RD and DR growth
fronts, each hydrospire exiting individually
to the exterior (Fig. 215). As the blastoid
grew, the number of hydrospires in these
genera (e.g., Codaster, Hadroblastus, Noto-
blastus) increased, to a maximum number
of 60 on ok edge of a radial of Hadro-
blastus.

In spiraculate genera there are pores
along the margins of the ambulacra. In
some genera (e.g., Cryptoblastus, Globo-
blastus, Mesoblastus) the pores pierce the
solid calcite of the radials (Fig. 216,3-4).
New pores were formed when new calcite
was added along the radiodeltoid suture. In
other genera (e.g., Cordyloblastus, Lopho-
blastus, Pentremites, Rhopaloblastus, Schizo-
blastus), the pores are formed as a gap
between the edges of the side plates and
adjacent radials and deltoids (Fig. 217,4-5).
These pores were formed at the same time
that new ambulacral plates were added at
the aboral end of the ambulacrum. In
Cordyloblastus and Rhopaloblastus, new
calcite, was eventually added which filled
in the adoral or earliest-formed pores; they
are thus absent along part or all of the
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Fic. 212. Growth of radials, basals, and deltoids.
1. Growth of radial growth axes (RD=radial- 2. Growth of RD and RB axes against RR axis

deltoid, RR—interradial, RB—radial basal) in Phaenoblastus caryophyllatus (pe KoNiNck
against width of growth fronts in Phaenoblastus & Lenon), L.Carb., Tournais., Belg. (Macurda,
caryophyllatus (pr KoniNnck & Lenon), L. n).

Carb., Tournais., Belg. (Macurda, n).
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deltoid. In large specimens of Schizoblastus,
the pores in the middle of the ambulacra
were eventually scaled off.
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New calcite was also added along the
adoral edges of the deltoid in some genera
(DD axis) (Fig. 212,6). As a conscquence,

Fic. 213. Growth patterns of radials and secondary calcite deposits.

1. Orophacrinus stelliformis (Owen & Snvmann),
L.Miss., USA(Towa), X3 (108#).

2. Heteroschisma canadense (Biaawses), Deyv, Can,
(Ont.), X 7.5 (Macurda, n}.

3. Pyramiblastus  fusiformis (WacnsmorH &
Serixcer), L.Miss,, USA(lowa), X3 (104).

4. Dentiblastus sivins (Wearre), L.Miss., USA(Mo.),
=6 (102).

5-6. Ovaphoerinus stelliformiz {Owin & SHUMARD),
LMiss,, USA(Mo.), 5, %2 (109), 6, X7.5
(Macurda, n).

7. Monadoblastus  eremdatns (RorMer),
Tournais,, Belg., X7.5 (Macurda, n}.

I..Carb.,

I, 212, ( Continued.)

34, Growth of basals of Orephocrinus stelliformis
(Owexy & Suumarp) and  secondary  over-
growth (x marks origin) (109).

5-7. Growth of delioids of  Orephocrinus stelli-
Jormis (Owen & Suumarnp) showing growth
of small plate to maturity and growth axes of
plate (109) (34, 7a, youthful phases).
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crenular
ring

Fic. 214, Growth of basal and stem plates. ( Continued on facing page.)
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Fie, 215, Deltoids and hydrospires,

L ]

1. Internal view of hydrospires of Orophocrinus SHumarnp), L.Miss., USA(lowa), X4 (109).
stelliformis (OWEN & Snumarp), LMiss., USA ¢ Tiydrospire slits of Coduster acutus M'Cov, L.
(lowa), X2 (109). Carb., Eng., X6.5 (Macurda, n).

2. Deltoids of Cryproblastus melo (OWEN & SHUM= 5 Fydrospires of Orophocrinas stelliformis (Owen
arp), LMiss, USA(IIL), X7.5 (Macurda, n). & Sumumarn), LMiss, USA(lowa), X7.5

3. Deltoid of Orophocrinus stelliformis (Owin & (109).

the food groove was constantly being re- may migrate, as in Orophocrinus (Fig.

formed. If no calcite was added on the 212,6; 217,6). Spiracles ol Globoblastus are

free edge bordering the peristome, then the  single openings which pierce the caleite

latter’s area increased with age. of the deltoid (sec Fig. 219). They in-
The adoral openings to the hydrospires, ereased in diameter with age, which im-

either as spiracles, or spiracle slits, may plies resorption.

undergo little ontogenetic modification or The development of the anal deltoids

| Continued from facing page)

1. Densiblastues sirins (Winre), L.Miss., USA(Mo.), 7.5 (109).

X6 (102). 7-9. Pemtremites godoni Derrance, UMiss, USA
2. Bleutherocrinus cassedayi SHUMARD & YaspreLL, (IL), % 7.5 (Macurda, n).

Dev., Gan.(Ont.), X3 (Macurda, n). 8. Orbiblustus hoskynae Macurpa, L.Miss,, USA
3. Ovaphacrinus stelliformis (OweN & Suumann), (Ark.), %2 (106).

L.Miss., USA(Ma.), x7.5 (Macurda, n). 10, Rhopaloblastus belford! (Crocrronn & Brown),
4. Pentremites sp., UMiss,, USA(Tenn}. X7.5 Perm., Australia, X 7.5( Macurda, n). [For BR

(Macurda, n). read BB, and for BB read BA.]

5-6. Stem  plates  of Orophocrinus  stellijormis 11, Belocrinus costaldi  (Munier-Cuarsmas), Dev,,
(Owen &  Snunmarp), LMiss,, USACIL). Fr., 34 (Macurda, n).
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Fie. 216. Cover plates, hydrospire pores, and ontogenetic change in calyx shape.

stelliformis

USA(Mo.),

o Anal  pyramid  of  Orophocrinms
(Owen &  Suumarn), L.Miss.
K 7.5 (109).

2. Oral and anal cover plates of O, stelitjormis
(Owen & Suusmarp), LMiss, USA(lowa),
x® 6 (109).

3. Hydrospire pores of Crypioblastie melo (Owen
& Suumarn),  LMiss.  USACIL),  x7.5
{Macurda, n).

parallels that of the regular deltoids. The
presence of multiple anal deltoids allowed
the size of the anal opening to increase with
growth. The development of the adoral
part ol an epideltoid is identical to a regu-
lar deltoid; if hydrospires were present,
their length increased by the addition of
calcite along the epiradial suture, The anus

narwoadl
USA (Mo.),

Globablastus
T Miss.,

4. Hydrospire  pores  of
(OrwEN & SHUMARD),
7.5 {Macurda, n}.

5. Oral, ambulacral, and anal cover plates of Oro-
Phocrinus confens WACHSMUTH & SPRINGER,
L.Miss,, USA(Towa), X6 (107).

-7 Ontogenetic change i calyx shape of Oroplio-
crimues stelliformes (Owen & Suomanp), L.
Miss,, USA(Mo.), X3 (Macurda, n),

embays the aboral edge of the epideltoid
in Orophocrinus; it migrated aborally as
the cpideltoid increased in size (Fig. 212,7).
The hypodeltoid  also migrated aborally
from the mouth, increasing in size by the
addition of caleite along the edges, the
rate being faster along the hyporadial su-
ture. Secondary calcite was deposited on
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the hypodeltoid of Orophocrinus to form
a ramp to guide the anus when it was ex-
tended (Fig. 217,10). Little is known about
the ontogenetic development of other types
of anal deltoids. Cryptodeltoids apparently
increased in length by the addition of cal-
cite along the cryptoradial suture.

The ambulacra are composed of a central
lancet plate which extends the full length
of the ambulacrum, side and outer side
plates which rest upon the lancet and in
many genera completely conceal it, brach-
ioles which were attached to the side and
outer side plates, and cover plates which
roofed the food grooves (Fig. 216,2,5; 217,
8). Commonly an ambulacrum is partially
or completely surrounded by a radial and
two deltoids. The only way it could in-
crease in length was by growth along the
margins of the principal calyx plates; this
created free space into which the ambula-
crum could then grow. New additions of
side plates and outer side plates occurred at
the aboral end of the ambulacrum. Shortly
after its formation, the size of a side plate
and the outer side plate were stabilized. The
brachiolar facet thus had a constant dimen-
sion. No new calcite was added between
side plates insofar as is known, but calcite
may have been added on the admedial edges
of side plates, as in Orophocrinus (Fig. 217,
3). Side plates shifted adorally with respect
to topographic points on the radial during
development.

The growth of the lancet is not fully un-
derstood, apparently varying somewhat be-
tween genera. New calcite was added at
the aboral end in all genera, increasing the
length. In some genera (e.g., Oropho-
crinus), the main food groove is initially
borne by the admedial edges of the side
plates but as development proceeded, the
main food groove migrated to the lancet
(Fig. 217,9). The lancet thus also grew
upward and side plates were shifted lat-
erally. The main food groove on the side
plates was apparently filled in but the ad-
medial edge of these plates did not expand.
In Orophocrinus the lancet also increased
in width, The cross section is rhombic and
new calcite was apparently added to the
rhombic faces. In other genera (e.g., Pentre-
mites) the main food groove is borne by
the lancet from the offset. The plate is
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more rectangular in cross-section. No new
calcite was added to the upper surface but
lateral growth did occur, resulting in the
side plates being laterally displaced; the
side food grooves thus increased in length
(Fig. 217,5). In still other genera where the
lancet is completely concealed by the side
plates, as in Pentremitidea, the lancet must
increase in length but further detail is un-
known. Further investigation of the pat-
terns of development of this plate are
needed.

The side and main food grooves are
roofed by a series of ambulacral cover plates
(Fig. 216,5; 217,2). These are seldom
preserved. In  Orophocrinus, polygonal
plates covering the peristome are the largest
cover plates (Fig. 217,7). When a peristome
increased in size, the cover plates would
also have to increase. The length of the
main foody groove borne by the deltoids
increased in length during the ontogenetic
development of Orophocrinus. In small
specimens, there are usually four cover
plates which roof over the width of the
tood groove. As the groove increased in
length, the plates were reorganized; this
proceeded aborally. They increased in size
and only a pair ultimately covered the food
groove. Thus, by increasing the cover
plates in size and shifting them aborally,
the increasing length of the groove was
accommodated without forming new plates.
New cover plates on the ambulacrum
proper were formed at the same time as
new side plates and brachioles were added
at the aboral end of the ambulacrum. There
was no shifting of these relative to the side
plates in Orophocrinus. Since the length of
the side food grooves increased in Pentre-
mites, the cover plates of these grooves
would either have to undergo reorganiza-
tion or growth (or both) or new ones would
have been added.

The growth of brachioles is poorly un-
derstood. The largest plates are located at
or near the bottom and they decrease in
size upward, as in Pyramiblastus (Fig. 217,
8). The size of the lower plates was stabil-
ized very shortly after the addition of the
brachiole to the ambulacra. This may imply
very rapid initial growth with a constant
length thereafter. Since the brachioles are
biserial and the centers are offset, one edge
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Fic. 217. Ambulacral, anal, and hydrospire structures. { Continued on facing page.)
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of the brachiolar facet was set lower than
the other to permit their attachment to the
side and outer side plates (Fig. 217,1).

The curves of most growth axes are
linear. Only a few instances of nonlinear
development are known, as in Orophocrinus
stelliformis (Fig. 218). In this species, the
RB axis slowed down with growth and
the RD accelerated. As a result, the space
available for ambulacral development in-
creased (and thus the food-gathering capac-
ity) at an increasingly faster rate. This
change is reflected in the change of shape
of the calyx with development (Fig. 216,
6-7).

HYDRODYNAMICS

The visceral mass of a blastoid was com-
pletely isolated and protected from the
outside environment by the calcareous endo-
skeleton. Blastoids were passive feeders
and some kind of propulsive mechanism
was necessary to convey food particles cap-
tured by the brachioles through the tunnels
of the ambulacral system to the peristome.
In Recent echinoderms this is accomplished
by ciliary action. The hydrospires of blast-
oids are apparently rigid structures, as their
shape is constant from specimen to speci-
men in the same species. Their only means
of communication with the exterior is
through a series of pores, slits, or spiracles.
The function of hydrospires is not clear,
but a respiratory or reproductive function,
or both, are those commonly suggested. If
they served a respiratory or reproductive
function, it would be necessary to move a
water mass through the hydrospires. Ciliary
action might provide a mechanism for do-
ing so. Since both the hydrospires and
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food-gathering-ambulacral-alimentary canal-
anal system involve water transport through
enclosed passages, the laws of hydro-
dynamics are involved. Functionally, a
blastoid would probably be better adapted
to its environment if various structures
evolved to an optimum hydrodynamic con-
figuration,

In spiraculate blastoids, the circulation
system in the hydrospires was a two-way
affair. Spiracles provided one entrance or
exit, ambulacral pores the other. The flow
pattern was apparently in through the pores
and out through the spiracles (Fig. 219,7).
Evidence for this is twofold: pore furrows
and spiracle and anispiracle cover plates.
In most spiraculate blastoids, a pore fur-
row (Fig. 219,2) leads to the entrance
of each gore. The function of this struc-
ture is not clear but its troughlike na-
ture, even though usually vertical in a
living animal, is suggestive of a guide for
currents. In some spiraculate blastoids the
anal spiracles are combined with the anus
to form an anispiracle. If water currents
entered the hydrospires through an ani-
spiracle, there would have been a danger
of fecal material fouling the hydrospires.
With water entering the hydrospires
through the pores and exiting from the ani-
spiracle, fecal matter would be carried away
from the calyx. In Pentremites, the spiracles
were closed by a series of toothlike plates
(Fig. 219,3). This is the only genus known
with spiracle cover plates. They may have
been present in other genera but not pre-
served. In some specimens of Globoblastus,
the adoral edge of the spiracle was formed
by oral cover plates, whereas usually it is
formed completely by deltoid material

”

[Explanation of Fig. 217, continued]

1. Brachiolar facets and food grooves, Rhopalo-
blastus belfordi (CRockForp & BrowN), Perm.,
Australia, X5 (Macurda, n).

2. Oral cover plates of Schizoblastus sayi (Smum-
ARD), L.Miss., USA(IlL.), X7.5 (Macurda, n).

3. Growth lines, admedial edge of side plates and
deltoid in Orophocrinus stelliformis (OweN &
SuuMarp), L.Miss,, USA(Mo.), X7.5 (109).

4. Pore furrows and hydrospire pores in Lopho-
blastus neglectus (MEExk & WoORTHEN), L.Miss.,
USA(Mo.), X7.5 (Macurda, n).

5. Lancet and hydrospire pores of Pentremites sp.,
UMiss.,, USA(IL.), X7.5 (Macurda, n).

6. Growth lines bordering spiracle slits in Oropho-
crinus stelliformis (OweN & SHuMARD), L.
Miss., USA(Ill.), X7.5 (Macurda, n).

7. Oral cover plates in O. stelliformis (OwWEN &
SHumAarD), L.Miss.,, USA(Mo.), X7.5 (109).

8. Brachioles in Pyramiblastus fusiformis (Wacn-
sMUTH & SPRINGER), L.Miss., USA(Iowa),

X3 (105).
9. Lancet and side plates in Orophocrinus catactus
(Rowrey), L.Miss.,, USA(N.Mex.), X7.5

(Macurda, n).

10. Secondary secretion and trough for extension
of anus, Orophocrinus stelliformis (OWeEN &
Snumarp), L.Miss.,, USA(Towa), X7.5 (109).
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Fic. 218. Growth of RD (radial-deltoid) and RB
(radial-basal) axes of Orophocrinus stelliformis
(Owen & Saumarp) plotted against growth of RR
(interradial) axis, L.Miss., USA (Iowa-Mo.) (109).

(Fig. 219,6-7). Cover plates of the ani-
spiracle are different from spiracle cover
plates in Pentremites, consisting of rod-
shaped elements (Fig. 219,10). This prob-
ably provided greater ease for anal open-
ing and closing to get rid of fecal wastes.
The circulation in the ambulacral system
was fairly complex. Some genera preserve
brachiolar cover plates. If these plates were
movable, then the brachiolar food groove
could be exposed to capture food particles,
If they were immobile, an additional
brachiolar protoplasmic extension would be
required. Once entrapped, food particles

Echinodermata—Crinozoans—DBlastoids

would be carried downward to the ambula-
crum. The entrance to the side food groove
is very small, thus limiting the maxi-
mum size of food particles. These particles
would then be conducted laterally to the
main food groove. The side food grooves
are offset from one another and inclined
at approximately 45 degrees to the main
food groove (Fig. 219,1). With this offset,
there is a gradual buildup in the volume of
water entering the main food groove tun-
nel, rather than a sudden jump. By having
the side food grooves inclined to the main
food groove, rather than at right angles,
the passage of water from the side to the
main food groove was facilitated. If it was
at a right angle, there would hage been a
sharp drop in water velocity where it had
to enter the main food groove. Less energy
was expended in an inclined configuration.
Similar orientations are found in some cyst-
oids, as Lipsanocystis and Strobilocystites.
Once the food entered the main food
groove, convection was against the force
of gravity in most genera, the ambulacra
lying topographically below the peristome
which is at the top of the calyx (Fig. 219,7).
In Pterotoblastus, however, the ambulacra
are elevated above the mouth (Fig. 219,5).
In Orophocrinus, there are apparently
points of attachment for the alimentary
canal located on the underside of the del-
toids (Fig. 219,8). The flow of water through
the alimentary canal could have been facili-
tated by muscular expansions and contrac-
tions of the canal. The exit for water in
the canal was the anus, which was closed
by a series of small polygonal plates and
roofed by a small dome (Fig. 216,1-2), of
rodlike plates (Fig. 219,10), or elongated in
the form of an anal tube as in Schizoblastus
(Fig. 219,4). Indentations of plates appar-

[Explanation of Fig.

1. Ambulacrum of Timoroblastus  granulatus
WANNER, Perm., Timor, X7.5 (Macurda, n).

2. Brachiolar facets, Pentremites sp., U.Miss,, USA
(1), X7.5 (Macurda, n).

3. Spiracle cover plates of Pentremites sp., U.Miss.,
USA(Tenn.), X7.5 (Macurda, n).

4. Anal tube of Schizoblastus sayi (SHUMARD),
Miss.,, USA(Mo.), X7.5 (Macurda, n).

5. Pterotoblastus gracilis WANNER, Perm., Timor,
X3 (Macurda, n).

6. Oral cover plates and spiracles of Globoblastus
norwoodi (OWEN & SHUMARD), Miss,, USA

219, facing page}

(Iowa), X5.9 (108).

7. Spiracles, G. norwood: (OWEN & SHUMARD),
Miss., USA (Iowa), X6.2.

8. Depressions on undersurface of deltoids around
peristome (attachment for alimentary canal?),
Orophocrinus stelliformis (OWEN & SHUMARD),
L.Miss., USA(Iowa), X6 (107).

9. Facets of anal tube of Deltoblastus sp., Perm.,
Timor, X7.5 (Macurda, n).

10. Anal and spiracle cover plates of Pentremites
sp., UMiss.,, USA(Tenn.), X7.5 (Macurda,
n).
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Fre. 219, Ambulacral, aral cover plates, anal, and alimentary canal structures,
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ently forming an anal tube are preserved ing of the brachioles and indicates that
in Delroblastus (Fig 219,9). The presence the anus was a muscular organ capable of
of an anal tube would further reduce foul- extension and retraction. The cover plates
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Fic. 220. Hydrodynamics of Globoblastus norwoodi (OWEN & Suumarp), L.Miss., USA (lowa), through-
out an ontogenetic series (108).

1. Ambulacral length plotted against number of against volume of viscera.
side plates on side of ambulacrum. 4. Area of one spiracle plotted against input area
2. Area of peristome plotted against cross-sectional of pores associated with two sets of hydro-
input area of side food grooves on all ambula- spires with which former connects.
cra. 5. Area of peristome plotted against cross-sectional

3. Total internal volume of all hydrospires plotted area of anus.
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in Orophocrinus would apparently be car-
ried outward when the anus was extended.

Various quantitative parameters reflect
the conditions of flow in the hydrospire and
ambulacral sytems, and indirectly the physi-
ology of the animal. These characters are
best studied throughout an ontogenetic
series, as their configuration at any one time
is determined by ontogenetic development
and probably reflects the needs of the ani-
mal. The number of pores, volume of the
hydrospires, area of the peristome, number
of arms (and thus food-gathering capacity),
etc., all changed during development. The
only genus on which a complete hydro-
dynamic analysis has been made is Globo-
blastus (MACURDa, 1965, 108).

The input area of the hydrospire system
in Globoblastus is reflected by the cross-
sectional area of the pores, while the output
area is that of the spiracle openings through-
out an ontogenetic series (Fig. 220,4).
Since input area is six times output area,
the outgoing current could have had a
maximum velocity of six times the input
current. In Rhopaloblastus belfordi, how-
ever, the ratio is 1:1. The volume of the
hydrospires in  Globoblastus  increased
sharply (Fig. 221); the increase in entrance
and exit dimensions apparently facilitated
change of the water mass in the hydro-
spires. Assuming an arbitrary input velocity
of 0.1 mm./sec., the entire water mass in
the hydrospires could be changed in 40
seconds in a small specimen and 100 sec-
onds in a large specimen. The internal
volume of the hydrospires compared to the
volume of the viscera is rather large (Fig.
220,3), varying from 1:20 in small speci-
mens to 1:45 in large ones. The surface
area of the hydrospires is also large in
relation to the visceral volume (Fig. 221).
These data reinforce the interpretation of
the hydrospires having a respiratory func-
tion, since the capacity for water replace-
ment and the surface area for CO2/O; ex-
change are large in relation to the volume
of tissue in the viscera. The gases would
have had to diffuse through the hydrospire
wall. The microstructure of this wall is
poorly known but the calcite is thinner
than that of the calyx wall and may have
a filamentous appearance.
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Fic. 221. Hydrodynamics of Globoblastus norwoodi
(OWEN & SHuMaRD), L.Miss., USA (Iowa), through-
out ontogenetic series (108).

1. Total outer surface area of all hydrospires plotted
against volume of viscera.

2. Input area of pores along one side of ambula-
crum and output area for one set of hydro-
spires (one-half spiracle area) plotted against
internal volume of one group of hydrospires.

The hydrodynamics of circulation in
fissiculate blastoids has not been deter-
mined. In forms with exposed hydrospire
slits, each hydrospire would have been an
individual circulation cell, with water en-
tering one part and exiting from the other.
This may have been less efficient than the
two-way system of spiraculate genera. In
the same ecological situation, the number
of hydrospires in a fissiculate genus and
thus the surface area available for respira-
tion may be much greater than in a spiracu-
late, as in the occurrence of Codaster (fissi-
culate—number of hydrospires increases
during ontogeny) and Orbitremites (spira-
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Fic. 222. Hydrodynamics of Globoblastus norwoods
(OWEN & SHUMARD), L.Miss., USA (Towa), through-
out ontogenetic series (108},

1. Number of brachioles plotted against volume

of viscera.
2. Area of peristome and anus plotted against vol-
ume of viscera.

culate, number constant throughout growth,
one hydrospire per group) in the Lower
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Carboniferous of England near Grassing-
ton, Yorkshire. If circulation of an in-
dividual exposed hydrospire slit was less
efficient, a greater number would be needed
to provide a respiratory capacity equal to
that of the spiraculate form. This may ex-
plain the presence of almost 600 hydrospires
in a large specimen of Hadroblastus
(Macurpa, 1965, 106).

As a blastoid grew, the number of arms
and thus the food-gathering capacity, con-
stantly increased (Fig. 220,7). In Globo-
blastus, most of the growth of the radials
was along the RD axis which facilitated a
rapid increase in ambulacral length. An
increasing food-gathering capagyty was
necessary to support the increasing volume
of tissue in the viscera (Fig. 222). In some
Permian genera (e.g., Timoroblastus) the
ambulacral area and thus number of arms
were extremely small in relation to vol-
ume of viscera (see Fig. 226). The vol-
ume of water entering the main food groove
from the more numerous side food grooves
in Globoblastus increased during develop-
ment; the area of the peristome increased
to accommodate the increased water flow
(Fig. 220,2). Area of the anus increased
at the same rate as the peristome to provide
easier egress for greater volumes of water
(Fig. 220,5). Areas of the peristome and
anus increased linearly in relation to the
expanding volume of the viscera (Fig. 222).

The use of hydrodynamic studies in blast-
oids provides a dynamic interpretation of
the organism and should find increasing
utilization in taxonomy, and interpretations
of functional morphology, physiology, and
ecology.

[Explanation of Figure 223]

1-2. Polydeltoidens enodatus REmmann & Fav, Sil,,
USA(Okla.), X2 (Macurda, n).

3. Cryptoschisma schultzit (p’ArcHIAC & DE VERNE-
viL), Dev., Spain, X3 (Macurda, n).

4. Hyperoblastus fllosus (Wrrteaves), Dey., Can.
(Ont.), X2.5 (Macurda, n).

5. Brachyschisma subcrassum REIMANN, Dev., USA
(N.Y.), X3 (Macurda, n}.

6-7. Heteroschisma canadense (BiLLINGs),
Can.(Ont.), X3 (Macurda, n).

8. Belocrinus cottaldi (Munier-Cuarmas), Dev.,
France, X2 (110).

9. Devonoblastus leda (Harr), Dev., USA(N.Y.),
X3 (Macurda, n).

Dev.,

10. Placoblastus chlersi Fay & ReiMann, Dev.,
USA{(Mich.), X2 (Macurda, n).

11, Phaenoschisma laeviculum (RowLEY),
USA(Mo.), X4.5 (104).

12. Cryproblastus melo (OwWeN & SHUMARD), Miss.,
USA(IlL), X3 (Macurda, n).

13. Radial of Pentablastus supracarbonicus Sie-
vErTs-DorEck, L.Carb., Spain, X3 (Macurda,
n).

14, Pentremites elongatus Suumarp, L.Miss.,, USA
(Towa), X2 (Macurda, n).

15, Codaster acutus M'Coy, L.Carb., Eng., X3
(Macurda, n).

Miss.,
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Frc. 223. Growth patterns of Silurian, Devonian, and Mississippian blastoids.
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Fic. 224. Growth patterns of Mississippian blastoids. (Continued on facing page.)
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TEMPORAL DISTRIBUTION OF
GROWTH PATTERNS IN
BLASTOIDS

The first blastoids, as the class is now un-
derstood, appeared in the Middle Silurian.
The number of principal plates and their
basic mode of growth (lateral accretionary
addition) was stable until blastoids became
extinct in the Permian. Growth patterns
are important in any discussion of the
derivation of evolutionary record of blast-
oids. If calyx shape changed from pyra-
midal to globose through time, then visceral
shape, points of origin of the plates rela-
tive to the viscera, and rates of growth
along plate-growth axes must be modified
to produce this change.

The three or four known Silurian fissi-
culate and spiraculate blastoid genera have
an obconical calyx, with a long pelvis and
a short vault (e.g., Polydeltoideus, Fig.
223). Thus the basals had a high rate of
growth, as did the RB axis of the radials.
Growth rates of the RR and RD axes and
the deltoid were small and the aboral
growth of the deltoid was confined to the
ambulacral sinus, since no radiodeltoid
growth occurs outside the sinus (Fig. 223,2).
Reflexed growth lines are lacking by the
ambulacra] sinus, and the aboral portion of
the deltoid is a sharp crest. The ambulacra
are short and confined to the uppermost
part of the calyx. This basic growth pat-
tern may have been present in the ancestor
of Silurian blastoids.

The growth pattern of Silurian forms
carries on into the Devonian, particularly
in the fissiculate genera. It is found in
Deltoschisma, Heteroschisma (Fig. 223),
Pentremitidea, and Pleuroschisma. Crypto-
schisma is similar but has expanded the
ambulacral field; it is one of the few early
blastoids in which the lancet is exposed
(Fig. 223,3). Hyperoblastus has modified
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growth rates of the radial so that the
RD axis is dominant and the ambulacra are
much longer but still narrow, producing
a club-shaped theca. The base is conical.
The deltoid still does not grow outside the
radial sinus (Fig. 223,4). The only Devonian
fissiculate blastoid in which an external
growth sector is found on the deltoid is
Brachyschisma. The growth of the RB
and BR axes is still about equal, produc-
ing a conical pelvis, but the rates and direc-
tions of RD and RR have been modified
to produce a parachute-shaped calyx (Fig.
223,5).

#Much more experimentation is found in
the Devonian spiraculates. Most species of
Cordyloblastus are suggestive of the basic
Silurian growth pattern. Belocrinus is
somewhat similar (Fig. 223). However,
Schizotremites and Devonoblastus (Fig.
223) (particularly the latter) modified the
growth of the radials and deltoids so that
the RD axis became the dominant radial
growth axis, permitting an increase in am-
bulacral length; the deltoid also grew out-
side the ambulacral sinus. The calyx shape
became biconvex to subovoid; the pelvis
of each, however, is still conical. Strongylo-
blastus is similar to these genera but has
more petaloid ambulacra, exposing the
lancet. The most radical change in growth
patterns is found in the closely related gen-
era Elaeacrinus—Nucleocrinus—DPlacoblas-
tus and Eleutherocrinus. In the former
group (Fig. 223,10), rate of growth of the
basals has become quite reduced and they
are confined to a basal concavity. The
growth rates of the radials are also quite
modified, being reduced; they are confined
to the base of the calyx. The rate of growth
of the deltoids has become extremely high,
DR being several times RD, and the delt-
oids extend almost to the base of the
globose calyx. The ambulacra are still
narrow, however. Eleutherocrinus (Fig.

[Explanation of Figure 224, continued]

1. Lophoblastus neglectus (MEEK & WORTHEN),
LMiss., USA(Mo.), X3 (Macurda, n).

2. Schizoblastus sayi (SHumarp), L.Miss.,, USA
(Towa), X3 (Macurda, n).

3. Orophocrinus praelongus BaiLey, L.Carb., Ire.,
X2 (Macurda, n).

4,7. Nymphaeoblastus bancroftensis McKELLAR, L.
Carb., Australia, X3 (Macurda, n).

5. Hadroblastus conicus Fay, L.Miss., USA(N,
Mex.), X3 (Macurda, n).

6. Metablastus lineatus (SHUMARD),
(lowa), X2 (Macurda, n).

8. Astrocrinus benniei (ETHERIDGE), L.Carb., Scot.,

% 8.3 (Macurda, n).

9. Nodoblastus librovitchi (YAKOVLEV),
USSR, X3 (Macurda, n).

Miss.,, USA

L.Carb.,
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Fia, 225. Growth patterns of Pennsylvanian and Permian blastoids (See facing page.)
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214) represents the most radical departure.
The RD axis has become dominant, allow-
ing the ambulacra to expand almost to the
base of the calyx. The deltoids also grew
outside the radial sinus. The most extreme
feature is the adoption of an eleutherozoic
habit. One ambulacrum (D) became quite
shortened so as to allow the animal to lie
free on the ocean floor. The basals lying
in this radius grew halfway up the calyx.

The Lower and Middle Mississippian
saw a great proliferation of globose genera
in which the deltoids are relatively short,
their growth being confined to the top
portion of the calyx. The RD axis of the
radial was dominant and the arcuate am-
bulacra extend almost to or to the base of
the calyx, and the basals are small, being
confined to the very base of the calyx (Fig.
223,12) (genera Auloblastus, Carpentero-
blastus, Cribroblastus, Cryptoblastus, Diplo-
blastus, Doryblastus, Globoblastus, Meso-
blastus, Monadoblastus, and Tanaoblastus).
In a few of these globose blastoids (Ambo-
lostoma, Ellipticoblastus, Granatocrinus,
Lophoblastus, Orbiblastus, Poroblastus, and
Ptychoblastus), the deltoid grew at a faster
rate, extending one-third the length of the
calyx (Fig. 224,1) and in a few (Hetero-
blastus, Monoschizoblastus, Orbitremites,
and Schizoblastus), it grew much faster,
reaching almost to the base (Fig. 224,2).
However, the basic form and extent of the
ambulacra are the same. A few of these
globose genera developed slight or deep
basal concavities (Fig. 214,8) to which the
basals were confined (Cribroblastus, Dory-
blastus, Globoblastus, Granatocrinus, Mono-
schizoblastus, Orbiblastus, Poroblastus, and
Ptychoblastus). A few of the Mississippian
spiraculate genera (Metablastus, Pyrami-
blastus, and Tricoelocrinus) have an ob-
conical or biconical calyx with relatively
short ambulacra (Fig. 224,6), reminiscent of
growth patterns in  Troosticrinus and
Schizotremites. Other genera (Pentremites,
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Pentremoblastus, and Petaloblastus) devel-
oped an obconical or club-shaped theca with
a large exposed lancet and relatively large
ambulacral areas (Fig. 223,14). Pentremites
underwent a great deal of evolutionary ex-
perimentation, persisting into the Lower
Pennsylvanian. Acentrotremites and Nodo-
blastus (Fig. 224) developed dome-shaped
calyces, pentagonal in outline with flat
bases and relatively long ambulacra. One
new evolutionary experiment was attempted
in Dentiblastus, in which the ambulacra
extended out beyond the discoidal theca on
prongs (Fig. 213,4). .

. The growth patterns in some Mississip-
Pian fissiculate genera are little changed
from those of the Devonian. Phaerioblastus
and Phaenoschisma (Fig. 223) have club-
shaped or obconical thecas with conical
pelvises; growth of the deltoid was con-
fined to the ambulacral sinus. In Codaster
(Fig. 223), Hadroblastus (Fig. 224), and
Pentephyllum(?) the theca is still conical,
or biconical, but the deltoid grew outside
of the ambulacral sinus and there was a
proliferation of the number of hydrospire
slits. Orophocrinus (Fig. 224) retained a
conical pelvis but underwent a great deal
of experimentation in growth rates in the
radials, producing thecas ranging from
narrow, conical to flaring, parachute-
shaped (Fig. 216,7). Nymphacobiastus (Fig.
224) is highly unusual, as it is a globose
form with exposed hydrospire slits; the
rate of growth of the deltoid was high.
Pentablastus is unique among the blastoids.
The shape of the calyx (ovoid) with rela-
tively long ambulacra and a rather flat base
is conventional, but the radial is split into
a number of separate plates (Fig. 223).
Astrocrinus is another peculiar eleuthero-
zoic form, the basic growth patterns having
been modified to produce a tetragonal out-
line with one shortened ambulacrum (Fig.
224). As in Eleutherocrinus, the D am-
bulacrum was the modified one,

[Explanation of Figure 225, continued)

1-2. Ambulacral prong and radial of Thaumato-
blastus longiramus WANNER, Perm., Timor,
X3 (Macurda, n).

3. Agmoblastus dotti (MooRE & STRIMPLE), Penn.,
Okla., X3 (Macurda, n).

4,7. Indoblastus granulatus WANNER, Perm., Timor,
X 2.5 (Macurda, n).

5-6. Sagittoblastus wanneri (YARovLEv), Perm.,
USSR, X3 (Macurda, n).

8. Undescribed blastoid, U.Carb., Australia,
(Macurda, n).

9. Notoblastus brevispinus BRown, Perm., Australia,

X2.5 (Macurda, n).

X2
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Fic. 226. Growth patterns of Permian blastoids.

1. Pterotoblastus gracidis Wanwer, Perm., Timor,
3 (Macurda, n).

2-3. Nannoblastus  pyramidatus Wanner, Perm.,
Timear, X3 {Macurda, n}.
4. Rhapaloblastus  timoricus  Wasner, Perm.,

Timor, X3 (Macurda, n).
5. Orbitremites malaianys Wannir, Perm, Timor,

The known record of Pennsylvanian
blastoids is very sketchy. Pemtremites ex-
tended into the lowermost Pennsylvanian,
The growth pattern of a new Pennsylvanian
spiraculate genus (Fig. 225,8) from Queens-
land does not depart extensively from
those found in the Mississippian. The calyx
is clongate ovoid, with large deltoids; the
RD axis is dominant on the radial and
probably slightly greater in rate of growth
than DR, and the pelvis is conical. The only
known Pennsylvanian fissiculate genus,
Agmoblastus (Fig. 225), appears to be
transitional in its form between Codaster
and some of the Permian forms. The calyx
is subcylindrical, the basals being relatively
large in their development, producing a
broad base. RB is the dominant growth
axis of the radial. The ambulacra are short

%3 (Macurda, n),

6-7. Angioblastus  wvariabilis
Timor, %3 (Macurda, n).

A, Dt‘f;Obf(x;!m‘ sp., Perm., Timor, ¥2 (Macurda,
nj.

9-10. Timoroblastus  coronaius
Timor, X3 {Macurda, n).

Wanner, Perm,,

Wanner, Perm.,

and confined to the summit. The deltoids
and RD fronts have exposed hydrospire
slits; the deltoids begin to develop elevated
processes.

The pattern of development of some
Permian fissiculate gencra (Angioblastus,
Fig. 226; Microblastus, Paracodaster, Sagit-
toblastus, Fig, 225; and Sundablastus) is
similar to that of 4gmoblastus; the calyx is
subcylindrical to flattened discoidal. The
ambulacra are quite small in relation to
the calyx and lanceolate. The basals are
relatively large, the deltoids small. One
can expand the basals of Timoroblastus
(Fig. 226) or draw out the peculiar winged
radials of Pterotoblastus (Fig. 226) from
this basic plan, but these two genera are
peculiar in their development. The develop-
ment of a few Permian genera (Neo-
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schisma, Notoblastus, Fig. 225) resembles
that of the discoidal, open fissiculate Hadro-
blastus. Indoblastus (Fig. 225) has the
same general calyx shape as Codaster but
lacks any exposed hydrospire slits. The
ovoid, flattened form of Dipteroblastus with
its two elongate and three shortened am-
bulacra represents another eleutherozoic
experiment. Thaumatoblastus (Fig. 225),
with its elongate, needle-like radial spines
which bore the ambulacra attempted to
extend the food-gathering area, in contrast
to some of the other genera. The ovoid
form of Sphaeroschisma is unusual among
the usually conical fissiculates. Some forms
(Anthoblastus, Ceratoblastus, and Nanno-
blastus, Fig. 226) are highly peculiar and
specialized.

Developmental patterns among the few
Permian spiraculate genera are much more
conventional by comparison. The only glo-
bose form, Deltoblastus (Fig. 226), has
long ambulacra with high rates of growth
on the DR and RD axes. The basals are
indented in the deepest basal concavity of
any genus. The biconvex, ovoid form of
Calycoblastus with its long ambulacra and
greater rate of growth of RD resembles a
Mississippian developmental plan. Rhopalo-
blastus (Fig. 226), a conical form with
much more restricted ambulacra, resembles
some of the early spiraculates in its gen-
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eral form. The species of Orbitremites
(Fig. 226) are apparently congeneric with
Orbitremites from the Mississippian.

The earliest and presumably primitive
developmental pattern in blastoids resulted
in an obconical calyx with a long pelvis.
The RB axis of the radials had the greatest
rate of growth in the radials, the deltoids
grew only in the ambulacral sinus, the
ambulacra were narrow, and the lancet was
concealed. This pattern carried over into
most of the Devonian fissiculate genera,
was partially modified by some spiraculate
forms, and extensively modified by others.
The basic developmental pattern of Missis-
sifpian spiraculate genera produced globu-
lar calices with long ambulacra; the deltoid
was usually short but in some forms ex-
tended well down on the calyx. A few
genera had an obconical or biconical calyx.
Some Mississippian fissiculate genera had
developmental patterns similar to those
of Silurian and Devonian blastoids; others
modified this and faintly suggest things to
come. Knowledge of Pennsylvanian de-
velopmental patterns is limited. Spiraculate
forms in the Permian are not very far re-
moved from their precursors but fissiculates
have many new and different plans of de-
velopment, with the addition of extensive
basal, radial, or deltoid processes, restricted
ambulacra, and new calyx shapes.
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PALEOECOLOGY
By Harorp H. BEaver

Available published information on the
paleoecology of blastoids is largely limited
to three recent articles (ALLEN & LESTER,
1953; Jovsey, 1955; CLINE & BeavEr, 1957).

ALLEN & LEsTER compared the occurrence
of large species of Pentremites in argillace-
ous limestones of Mississippian (Chesteran)
age in Georgia with Pentremites of smaller
size in underlying and overlying relatively
pure crystalline or odlitic limestones. They
interpreted the difference in size as related
to availability of food and inferred that
Pentremites living under silty conditions
of deposition found it necessary to sieve
larger amounts of water for food than those
living in clear water. Conceivably, forms
living in turbid water needed enlargement
of the food-gathering system and a resultant
relatively large theca. GarLoway & Kaska
(1957, p. 70) doubted that the large size
of the species was due to a change from
clear water to a silty depositional environ-
ment. Collections of Pentremites from
rocks of the same age in other areas (e.g.,
southern Illinois) show that large calyces
similar in size and shape to the robust
specimens found in Georgia occur in both
pure and impure limestones in Illinois.

Jovsey (1955, p. 209-220) described the
distribution of Lower Carboniferous blast-
oids in the vicinity of Grassington, York-
shire, England. In this arca three deposi-
tional environments, classed as shelf, shelf
margin, and basin, have been described.
Shelf-limestone deposition occurred on a
relatively stable platform located north of
an area of fault movements in the Craven
fault belt; south of this belt, sandstone and
shale accumulated in a rapidly subsiding
basin. In the latter part of Early Carbonif-
erous time the shelf-basin boundary shifted
northward, and transitional beds of the
shelf margin (Middle Limestone) are found
to be intermediate between the underlying
shelf facies and the overlying basin facies.

Blastoids occur in two facies of the shelf
margin designated as shell banks (called
reef knolls by Bonp, 1950) and crinoid
banks. The “shell banks” are discrete un-
bedded limestone mounds which developed
to heights of several feet above the sea

floor; bryozoans and crinoid remains are an
important part of the fauna contained in
this unbedded limestone. The mounds were
subsequently buried by the crinoidal debris
of the “crinoid banks,” which were located
shoreward of the shell banks. The blastoid
Orbitremites is associated with the crinoid
remains, occurring sparsely in the upper
part of the shell banks, but it is more
abundant in the overlying crinoidal debris.
In some parts of the area the blastoids of
the crinoid banks (Orbitremites,‘ Codaster)
are confined to thin rock layers a few to
several inches in thickness; in other places,
they are distributed in random manner
through strata ranging from 10 to 30 feet
in thickness. Where the blastoids occur in
thin layers, the boundary between barren
and blastoid-bearing layers is sharp. The
blastoid calyces are buried in unsorted crin-
oidal debris. Bryozoan remains may be
common, but invariably are subordinate to
the crinoidal detritus. Basinward the lime-
stone beds containing blastoids grade into
deposits characterized by an abundant
fauna of small brachiopods and the coral
Lonsdaleia.

After an attempt to compile an annotated
bibliography of the paleoecology of blast-
oids, which was unsuccessful owing to the
absence of significant published investiga-
tions, CLINE & BEaver (1957) summarized
their own observations and inferences perti-
nent to the subject. Since blastoids are as-
sociated typically with rugose corals, brachi-
opods, fenestellid bryozoans, and crinoids,
they concluded that blastoids lived in a
normal marine environment which was
characterized by at least some agitated wa-
ter. The nature of their food-gathering
system requires some current action and pos-
sibly a sea bottom with a substratum of
skeletal debris that was most satisfactory for
attachment. Evidence supporting these in-
ferences is found at outcrops of the Paint
Creek Formation (Chesteran), northeast of
Waterloo, Illinois, where strata above red
clay at the base of the formation comprise
a sequence of beds in which specimens of
Pentremites are alternately abundant and
entirely absent. The succession of deposits



Paleocology 5383

Fic. 227. Symbiotic association of blastoids, Déploblustus kirkwoodensis (Smumarn), with coprophagous

gastropads, Platyeeras (Platyceras) sp., Miss. (Meramec., St. Louis Ls.), near St. Louis, Mo I, A-ray
lateral view of specimen D1); 2, D-ray view of specimen C; 3, E-ray view of specimen B; 4ab, B-ray and
adoral views of specimen A; all X 9.5 (Levin & Fay, 1964).
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is cyclic, a typical cycle consisting of a 0.5-
to l-inch layer of uncemented echinoderm
remains overlain by nearly unfossiliferous,
thinly bedded clay layers, 1 or 2 inches
thick. Pentremites, brachiopods, and crinoid
remains are common to abundant in the
lower layer and are found in various states
of preservation. Specimens of Pentremites
with part of the column, brachioles, am-
bulacral covering plates, and summit plates
are commonly preserved in the lower layer
of echinoderm debris. Some specimens are
abraded, however, and indicate agitated
debris. The overlying clay layer has vir-
tally no fossil remains, except for bryo-
zoan fronds found locally. Apparently fine
mud spread over the sea floor and smothered
individual organisms living at the time.
Cycles of this sort are repeated again and
again,

The preservation of the upper Burling-
ton (Osagian) blastoid fauna in the Ash-
grove quarries several miles south of Spring-
field, Missouri, indicates that these speci-
mens accumulated in shallow agitated wa-
ter, probably near the zone of surf action.
The blastoid calyces and the associated
crinoid and brachiopod remains are broken,
much abraded, and worn; preservation of
internal features is poor. The interior of
the calyces of Pentremites elongatus are
filled with clear calcite crystals and prac-
tically none of the hydrospire folds are pre-
served.

The type of food on which blastoids
lived can only be guessed at. Because food
was taken from the water by ciliated fur-
rows lining the brachioles and was trans-
ported along food grooves to the mouth, it
is reasonable to assume that blastoids fed
on planktonic organisms (CLiNE & BEAVER,
1957, p. 959). Living comatulid crinoids,
some of the nearest living relatives of the
blastoids, live primarily on unicellular green
algae (Crarg, 1915, p. 144).

Echinodermata—Crinozoans—Blastoids

The gregarious nature of many echino-
derms frequently has been recorded. In rock
strata their fossil remains may occur in a
particular bed for long distances, or they
may be abundant locally but laterally ab-
sent. As noted previously, sparse occur-
rences of blastoids have been recorded from
the upper portion of some English “shell
banks” termed reef knolls by some workers.
Specimens are most common in the beds of
crinoidal debris overlying the shell banks.
Examination of a large blastoid collection
made by Laupon and Bowsusr from the
Lake Valley Formation (Mississippian) of
New Mexico showed that all th& specimens
had been collected from a nonreef facies
(CrinE & Braver, 1957).

A previously unknown symbiotic rela-
tionship of blastoids and coprophagous
gastropods has been discovered recently by
Levin & Fay (1964), who report nearly a
dozen individuals of Diploblastus kirk-
woodensis {Smumarp) with specimens of
Platyceras (Platyceras) attached to the
calyx (Fig. 227). The gastropods, which
are small, with smooth apertural lip and
constant angle of expansion, are found
perched in various positions over the anal
opening of the blastoids. Apparently they
are mature individuals that fed on fecal
pellets of their host and benefited by the
association. The blastoids seem to have
been neither harmed nor benefited by their
molluscan “fellow travelers.” Coprophagous
gastropods attached to crinoid calyces are
better known, several examples of them
having been described by Bowsuer (1935).
The Platyceras-bearing specimens of Diplo-
blastus occur in shaly layers of the St. Louis
Limestone (Meramecian) near St. Louis,
Missouri; they are associated with many
more blastoids which lack adherent gastro-
pods, suggesting that the association is un-
common.



Distribution

5385

STRATIGRAPHIC AND GEOGRAPHIC DISTRIBUTION

By Do~aLp B. Macurpa, Jz.

The earliest known blastoids are found
in the Silurian, From the United States, 3 or
4 genera are represented by species found in
Mlinois, Ohio, Indiana, Kentucky, Ten-
nessee, and Oklahoma (Fig. 228). One
occurrence has been reported [rom the
Silurian of Bohemia. It is identified as
being congeneric with the Oklahoma genus,
but the anal structure is unknown and the
generic identification must be considered
provisional.

The blastoids had become world-wide in
their distribution by the Devonian (Fig.
228). Most forms are known from the
Middle Devonian of the United States and
Lower and Middle Devonian of western
Europe. Some 11 genera have been de-
scribed from the United States and range
geographically from the Appalachians west-
ward to lowa (West Virginia, New York,
Ontario, Ohio, Michigan, Indiana, lllinois,
Wisconsin, lowa, Kentucky, Tennessee,

Missouri). There are also records from
the Devonian of Oklahoma and New Mex-
ico. In Europe, five or six genera have
been reported from Spain, France, Great
Britain, Belgium, and Germany. They also
have been reported from Manchuria in
China, Victoria in Australia’, northwestern
Africa, and [ragments are known from
South Africa and Bolivia in South America.
These last-mentioned occurrences are poor-
ly known taxonomically and may repre-
sent new genera. Individual Devonian
gencra do not appear to have a intercon-
tinental distribution. There may be onc
that occurs in both the United States and
Spain, and Devonoblastus, a New York
genus, has been reported from China. Some
genera have a fairly wide geographic range,
as Cordyloblastus is found in France, Spain,
and Germany; and Nucleocrinus ranges

UAustralian Ublastoids” now are judped e be inadunate
crinoids ([, Sewimwes, personal commuonication),

Fic. 228, Geographic distribution of Silurian and Devonian blastoids (Macurda, n).
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Fic. 229. Geographic distribution of Mississippian blastoids (Macurda, n).

from New York to lowa and Missouri. A
few of the known occurrences are Lower
Devonian; most are Middle Devonian, Al-
most no Upper Devonian blastoids have
been discovered.

The Mississippian represents the maxi-
mum known development of the blastoids
(Fig. 229). About 45 genera (some un-
described) have been found in rocks of
this period. About 25 of these have been
collected from Mississipplan  deposits  in
states bordering the Mississippi River, all
but a few from the Kinderhookian and
Lower Valmeyeran. The Burlington Lime-
stone has a greater diversity than any other
formation. In the eastern and central
United States, blastoids have been found
in  Alabama, Georgia, Mississippi, Ken-
tucky, Tennessce, Virginia, West Virginia,
Ohio, Indiana, Ilinois, lowa, Missouri,
Arkansas, and Oklahoma. Most of the
easternmost occurrences arc Upper Missis-
sippian; blastoids range throughout the
Mississippian in the other states. Knowl-
edge of blastoid distribution in the western

United States is poorer because less atten-
tion has been given to scarch for them but
they are known from New Mexico, Ari-
zona, Nevada, Utah, Tdaho, Wyoming, and
Montana. Preliminary field work suggests
that a large and varied blastoid fauna is
present. Blastoids arc also known from the
Canadian Rockies and Brooks Range in
Alaska; their description 1s in progress.
The greatest diversity of blastoids occurs in
the Lower Mississippian; the number of
genera becomes sharply restricted after the
Lower Valmeyeran.

Blastoids are also common in the Lower
Carboniferous  ( Mississippian  equivalents)
of western Europe, some 14 gencra being
described from Lire, North Ireland, Eng-
land, Scotland, Germany, Belgium, and
Spain. Most of these occurrences are Tour-
naisian and Viscan. They are also known
from the Lower Carboniferous of the
USSR, China, Japan, Australia, northwest-
ern Africa, and South America (Colom-
bia). Some Mississippian forms are cos-
mopolitan  in  distribution,  Pentremites
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Fic. 230. Geographic distribution of Pennsylvanian and Permian blastoids (Macurda, n}.

ranging from Alaska to Colombia, Oropho-
crings from Arizona to Belgium, Phacno-
schisma from New Mexico to England,
Cryptoblastus from Missourt to Arizona,
Alaska, and possibly to the central USSR,
and Nymphaeoblastus from the USSR to
Japan and Australia. All occurrences other
than those in the castern United States and
western Europe are known only on a re-
connaissance basis.

The record of the blastoids in the Penn-
sylvanian is very sparse (Fig. 230), only
three or four genera being known from a
period approximately in length to the Mis-
sissippian. Whether the paucity of Penn-
sylvanian blastoids represents an  evolu-
tionary crisis or nonpreservation in the
geologic record is speculative. Pentremites
lingered into the Pennsylvanian in Ar-
kansas, Oklahoma, Utah, and Nevada.
Other than this genus the only other known
occurrences are in the mid-Pennsylvanian
of Oklahoma, the Westphalian of Queens-
land, Australia, and the Upper Carbonif-
erous of Spitzbergen.

During the Permian, most blastoids ap-
parently were found in the eastern hemi-
sphere (Fig. 230). The island of Timor in
Indonesia is the most prolific locality, for
16 genera have been found there. Three or
four genera are known from Australia
(Western  Australia, New South Wales,
Tasmania). Some of these are congeneric
with the Indonesian [orms. Two or three
genera are known from the USSR, one of
which is congeneric with an Indonesian
genus. A fragmentary blastoid has been
reported from Sicily. Recently, the first
Permian blastoid in the Western Hemi-
sphere has been found on Melville Island
in the Canadian Arctic.

Existing knowledge of the stratigraphic
distribution and paleogeography of blast-
oids is incomplete. The occurrences de-
scribed above show an obvieus relaton-
ship to centers of research; with further
cxploration, it may change considerably.
At least ten new genera from fairly well-
known areas currently await deseription.
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CLASSIFICATION
ByR.O.Fay

PREVIOUS INVESTIGATIONS

The first descriptions and illustrations of
a blastoid known to me were published by
S. L. Mrrcame (1808) and J. Parkinson
(1808), who referred to an “Asterite” or
“asterial fossil” from Kentucky and illus-
trated specimens of the species subsequently
named Pentremites godoni. The specimens
obtained by Dr. SamueL Browwn in 1805
(Fay, 1961, 55) evidently were collected
from beds now known as the Paint Creek
Formation (U.Miss,. Chester.) of the Mam-
moth Cave or Bowling Green region of
central Kentucky. In 1819, J. L. M. De-
France named this fossil encrina Godonii,
thus applying the first binomial zoological
designation for a blastoid species. In 1825,
Tuomas Say proposed the “family” Blast-
oidea as a separate group of the Echino-
dermata, the name referring to the pre-
dominant budlike form of the theca.

In 1851, the first morphologic study of
blastoids was published by C. F. RoEmer,
who reported the discovery of ambulacral
pores and internal folds that terminate near
the mouth. These folds were termed hydro-
spires by ELkanan BiLLings in 1869. Roe-
Mmer divided the blastoids into four groups,
named Floreales (conical theca, petaloid
ambulacra), Elliptici (globular theca),
Truncati (flat summit), and Clavati (coni-
cal theca, linear ambulacra). Although
these groupings were arbitrary, it is true
that globular and conical blastoids may be
separated into natural lineages.

In 1886, RoserT ETHERIDGE & P. H. Car-
PENTER published a comprehensive study
of the blastoids, based on seven years of
intensive study by them on specimens in
the British Museum (Natural History) and
others obtained by loan. This work has
served as basic reference material for all
subsequent textbooks and treatises con-
cerned with blastoids. Most pre-Permian
genera were illustrated, and the first record
was made of the double circumesophageal
ring, hydrospire plates, and the occurrence
of the abnormal specimens. ETHERIDGE &
CarpenTER divided the Blastoidea into two
orders called Regulares (five normal am-

bulacra) and Irregulares (four normal am-
bulacra and one short ambulacrum). The
Regulares included five families termed
Pentremitidae (pyriform, five spiracles);
Troostoblastidae (conical, ten spiracles);
Nucleoblastidae (globular, ten spiracles);
Granatoblastidae (globular, five spiracles);
and Codasteridae (without hydrospire
pores). The Irregulares comprised one fam-
ily, Astrocrinidae, with three genera (Astro-
crinus, Pentephyllum, Eleutherocrinus).
The classification given by ETHERIDGE &
CarPENTER is unnatural but nevertheless
important, because emphasis was placed
upon profiles and spiracles, in addition to
the presence or absence of pores as funda-
mental taxonomic features. The illustra-
tions are works of art which illustrate ex-
cellently the shapes, sizes, and general plate
relationships of numerous blastoids, even
though they are somewhat inaccurate in
showing details of the anal deltoids and
relative exposure of the lancet plates. Many
internal features were not reported, and
no mention was made of the relative over-
lap of deltoids on radials or of radials on
deltoids. As a result, it will be necessary
to restudy almost all of the blastoid speci-
mens in the British Museum and those in
other collections before attempting to make
a trustworthy classification of the blastoids.

In 1896, CuarLEs Wacnsmurs, who
wrote the blastoid chapter in the first Eng-
lish edition of ZrrreL’s Textbook of Pa-
laeontology, followed ETHERIDGE & CARPEN-
TER in almost every detail. In 1899, F. A.
BaTHER in a short paper gave a new classi-
fication which is as follows.

Classification of Blastoidea by Bather
(1899)

Grade Protoblastoidea
Family Asteroblastidae [now classed with diplo-
pore cystoids]
Family Blastoidocrinidae [now classed as para-
blastoids]
Grade Eublastoidea {same as Blastoidea]
Series A. Codonoblastida
Family Codasteridae (hydrospire slits exposed)
Family Pentremitidae (hydrospire slits covered)
Series B. Troostoblastida
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Family Troostocrinidae (conical forms, with
hydrospire pores)
Family Eleutherocrinidae (one ambulacrum

shorter than others)
Series C. Granatoblastida

Family Nucleocrinidae (lacking hydrospire plate)

Family Orbitremitidae (hydrospire plate present)

Family Pentephyllidae (stemless, large subpenta-
gonal theca)

Family Zygocrinidae (stemless, small depressed
theca)

BarHer expressed the belief thar blastoids
were derived from diplopore cystoids
through a form like Asteroblastus, but in-
termediate forms are lacking to prove this
concept. His classification is a mixture of
unnatural units and the “Series” designated
by him were never defined. The most im-
portant item suggested by BartHEeRr’s classi-
fication is that the Codasteridae and Pentre-
mitidae may be more closely interrelated
than the Orbitremitidae and Pentremitidae.
Evidently Batuer did not believe that the
presence or absence of hydrospire pores was
fundamental.

In 1908, BatHER reported the occurrence
of Permian blastoids on Timor Island in
the Dutch East Indies, and subsequently
similar Permian fossils were found in Rus-
sia, Sicily, and Australia (New South
Wales). Only two or three genera were
named up to 1918 and these finds did not
affect previous classifications.

In 1918, Orro JaekeL defined the Blast-
oidea as a subclass of the Cystoidea, linking
the two by means of Cystoblastus, and he
thus derived the blastoids from pore-rhomb
cystoids. Brirines (1869) and Moore
(1954) have expressed similar views, but
all attempts to find intermediate forms to
trace lineages connecting cystoids with
blastoids have failed. JAEKEL’s classification
is as follows.

Classification of Blastoidea by Jaekel (1918)

Class Cystoidea
Subclass Blastoidea
Order Parablastida (large number of thecal plates)

(Blastocystidae)

Order Radiolata [now termed Blastoidea proper]
Suborder Spiraculata (hydrospire slits hidden,
pores present)

Families Troostoblastidae, Pentremitidae, Nu-
cleoblastidae, Granatoblastidae (as defined by
Etheridge & Carpenter, 1886)

Suborder Fissiculata (hydrospire slits exposed)
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Family Orophocrinidae (spiracular slits present)
Family Codasteridae (hydrospire slits exposed)
Order Coronata [now transferred to the Crinoidea]
(plates like those of blastoids, but lacking hydro-

spires, pores, slits, side plates, and brachioles)

The important contribution of JAEKEL is
partition of the blastoids into groups desig-
nated as Fissiculata and Spiraculata, and the
separation of fissiculate blastoids into those
having spiracular slits from those with ex-
posed hydrospire fields. The Parablastida
are here set apart as the Class Parablast-
oidea, probably not related to the Blastoidea.
The order Coronata is classed under the
Crihoidea because the fossils in this group
have crinoid-type arms, lack hydrospires
and pores, and lack brachioles (Fay, 44,
57, 66). Batuer’s and JAEKEL's stud-
ies indicate that the Blastoidea and Cyst-
oidea are not closely related.

In 1924, J. Wannzr described many new
genera and species of Permian blastoids
from Timor. Subsequently, H. MatsumoTo
(1929) modified Batner’s classification by
dividing the class Blastoidea into three ord-
ers: Protoblastida, Mesoblastida (Fissiculata
plus Astrocrinus), and Eublastida (Spira-
culata minus Astrocrinus), thus arriving at
a classification almost identical with that of
Jaeker. The Eublastida were divided into
three “series,” termed Troostoblastida, Pen-
tremitida, and Granatoblastida.

In the 1930’s, L. M. CrLiNe published on
some Devonian and Mississippian blastoids
of North America, and since 1935, 1. G.
Remvann has described various Devonian
blastoids. New morphological features, such
as ambulacral spines and anal-deltoid plates,
were investigated by these authors and
questions began to be raised about generic
relationships of known blastoid genera.

In 1940, WanNzR described new Permian
genera and species from Timor, in addition
to those of his previous publications (1931,
1932). In all, he described 48 new species
belonging to 16 new genera and provided
morphological information which called for
a revised classification of the blastoids. The
most important part of WANNER’s taxo-
nomic changes was removal of the parablast-
oids, protoblastoids, and coronates from the
Blastoidea, which thus were left with only
two orders (Fissiculata, Spiraculata), and
he concluded that the Fissiculata were in
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need of extensive subdivision. WANNER’s
classification is indicated in the following
outline.

Classtfication of Blastoidea by Wanner
(1940)

Class Blastoidea Say, 1825
Order Fissiculata Jaexer, 1918

Family Codasteridae ETHERIDGE & CARPENTER,
1886 (eight hydrospire groups, anal deltoid
present)

Family Dipteroblastidae WANNER, n. fam. (ten
hydrospire groups, epideltoid and hypodeltoid
present, plates irregular)

Family Zygocrinidae BaTther, 1899 (eight hydro-
spire groups, plates irregular)

Family Angioblastidae WanNERr, n. fam. (eight
hydrospire groups, one to three slits in each,
epideltoid and hypodeltoid present)

Family Phaenoschismidae ETHERIDGE & CARPEN-
TER, 1886 (recte Phaenoschismatidae) (ten
hydrospire groups, many slits, plates irregular,
base pyriform)

Family Nymphaeoblastidae WaNNER, n. fam. (ten
hydrospire groups, many slits, plates regular,
base flat to concave)

Family Anthoblastidae WaNNER, n. fam. (ten
hydrospire groups, one slit in each, plates regu-
lar)

Family Neoschismidae WaNNER, n. fam. (recte
Neoschismatidae) (ten hydrospire groups, in-
terradial areas prolonged)

Incertae sedis, Thaumatoblastus WANNER, 1924
Order Spiraculata JAEKEL, 1918
Suborder Troostoblastida BaTHeRr, 1899

Family Troostocrinidae BATHER,
Troosticrinidae)

Family Eleutherocrinidae BaTHer, 1899

Suborder Granatoblastida BaTHER, 1899

Family Nucleocrinidae BaTHER, 1899

Family Orbitremitidae BATHER, 1899

Family Pentephyllidae Batuer, 1899
Suborder Pentremitida MatsumoTo, 1929

Family Pentremitidae o’OrsicNY, 1851

1899  (recte

Several difficulties are inherent in the
above classification. The Eleutherocrinidae
should belong with the Pentremitidae, the
Pentephyllidae probably belong under the
Fissiculata, and the Orbitremitidae may in-
clude diverse groups of globular blastoids,
of unrelated origin. Several genera (e.g.,
Brachyschisma, Thaumatoblastus) had no
place in the classification, and questions on
morphology of old genera arose, especially
in connection with anal structures. Wan-
NER’s works were a great step forward be-
cause he began to realize the importance
of anal, oral, and internal structures, and
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their bearing on classification. By 1951 it
was apparent that we would have to re-
study all previous blastoid species.

In 1943, R. S. BassLer & M. W, Moopey
prepared a bibliographic index to genera
and species, recognizing approximately 50
genera and 350 species. They recognized
the Protoblastoidea and Eublastoidea as
orders, the latter being the Blastoidea of
most authors. The protoblastoids included
the Asteroblastidae (now removed to the
diplopore cystoids) and the Blastoidocrini-
dae (relegated to the Parablastoidea). The
eublastoids were divided accordjng to Wan-
NER’s classification, rather than as was done
by Basster in the Fossilium Catalogus
(1938). There is present need for a com-
prehensive bibliography, objective index,
and stratigraphic and geographic cross-
index to the Blastoidea. One important
contribution of BassLer & Moobey was
transfer of the Coronata to the crinoids.

In 1945, GeruarRD REecNfLL transferred
the blastoids to the cystoids on the ground
that pores pierce the theca and biserial
brachioles are common to both groups. His
classification is as follows.

Classification of Blastoidea by Regnéll
(1945)

Class Cystoidea von Buch, 1846
Subclass Hydrophoridea von ZitTeL, 1903
Subclass Blastoidea Say, 1825 [now a separate class]
Order Coronata JaekerL, 1918 [now transferred
to Crinoidea}
Order Parablastoidea Hupson, 1907 [now segre-
gated as separate class]
Order Eublastoidea BaTHER, 1899 [now same as
Class Blastoidea]

The Parablastoidea have a type of hydro-
spires unknown in blastoids and contain
many more thecal plates. It would be diffi-
cult to place this group with any known
class of echinoderms and therefore it is best
to raise them to the rank of a class. One
important contribution of ReeNELL’s is that
he removed the diplopore cystoids (e.g.,
Asteroblastus) from the Protoblastoidea,
thus wiping out a separate group known
as protoblastoids.

In 1953, F. M. Bercounioux followed the
classification of BassLEr & Moobey (1943)
for the French Traizé de Paléontologie. In
this work, the genus Asteroblastus was
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FISSICULATA | Sil. | Dev. |Miss. [ Penn. | Perm. SPIRACULATA | Sil. | Dev. | Miss, | Penn.] Perm.

1 Polydeltoideus (P)  --| 36 Troosticrinus (T) -

2 Decaschisma (P) « - == 37 Belocrinus (P) * « « |--

3 Deltoschisma (P) . « - |-~ 38 Schizotremites (T) » . | ===~

4 Pentremitidea (A) « o |~=== 39 Elaeacrinus (N) « « . | -

5 Cryptoschisma (A) -« - |=--- 40 Nucleocrinus (N) . . [ ==

6 Pleuroschisma (P) - - |- -- 41 Placoblastus (N)e « » | -

7 Hyperoblastus (P) « [+ == 42 Cordyloblastus (PY)+ « [ ==

8 Brachyschisma (B) » « |+ == 43 Devonoblastus (P)+ » |» -

9 Heteroschisma (C) « - |- -- 44 Eleutherocrinus (P') « [+ --

10 ?Pentephyllum (A) + - {- - -
11 Phaenoschisma (P) - - |-
12 Phaenoblastus (P) - « |-
13 Hadroblastus (P) - « - |-
14 Nymphaeoblastus (P) - |- ]
15 Orophocrinus (O) « « [+ + « o ==
16 Codaster (C)
17 Astrocrinus (A) « « <[« « « o ==
18 Agmoblastus (C)Y » « os » + o o of w=
19 Pentablastus (O) ¢ + «fs « « o ¢ o o -
20 Dipteroblastus (P) « «[s « « o o o «fs o+
2] Neoschisma (P) - - -1- -« « 4« - |- - -
22 Notoblastus (P) + « «|o o « o « o ofs o &
23 Thaumatoblastus (P) «i+ - - o - «

24 Ceratoblastus (A) - - P .
25 Nannoblastus (C) - -
26 Angioblastus (C) - -
27 Paracodaster (C) - -
28 Pterotoblastus (C) -
29 Sagittoblastus (C) -
30 Anthoblastus (O) PR R
31 Indoblastus (C) « » ode o« o o ¢ o] e o &
32 Microblastus (P} « » ofe o + o o o o|s o
33 Sphaeroschisma (Pye efe o e d e o o]e o
34 Sundablastus (P) « + « |- o » o o o ofo o
35 Timoroblastus (P}e « « [« o « f + o o+ o

P P

T v s s+ s+ e

e e e

FAMILIES

Astrocrinidae ——
Brachyschismatidae -
Codasteridae

Orophocrinidae

Phaenoschismatidae -~

wOoON® >

45 Strongyloblastus (S) « | =~
46 Pentremoblastus (P') « |+ « ¢ «|--
47 Pyramiblastus (G) + < |+ « « +|--
48 Petaloblastus (P') « < |+ ¢ ¢ |-
49 Tanaoblastus (G) » « [ « -

50 Carpenteroblastus (G) |+ « - | - ==
51 Cribroblastus (G} - - [ - - o - --
52 Cryptoblastus (G) + » |- = - | - --
53 ®entiblastus () + « | + « o - -
54 Granatocrinus (G)+ « | « « o - --
55 Heteroblastus (G) » < [ » « <+ ==
56 Lophoblastus (S)e » « fo ¢ ¢ of o ==
57 Mesoblastus (G)« + < | » « o] - ==
58 Monadoblastus (G)e « |- » « ¢ - ==
59 Monoschizoblastus (G)| « + ¢ « ==
60 Orbiblastus (S) < « < | » « o - -
61 Poroblastus (G) « » « | = « | < --
62 Ptychoblastus (G) « + |- + - -
63 Acentrotremites (S) « |+ + - | ¢ ==
64 Auloblastus (S) « + < | =« o ==
65 Schizoblastus (S) » « [« « o + =~
66 Doryblastus (O)» « « |-+ « o - =
67 Ellipticoblastus (O') « |+ « « of » -=
68 Globoblastus (0"« « |« « of ==
69 Orbitremites (O') + .

70 Ambolostoma (P') * -
71 Metablastus (T) = * -«
72 Tricoelocrinus (T) » - C I
73 Diploblastus (D) + + [ = = ¢ « ===
74 Pentremites (P')« » < | + « ¢ -
75 Nodoblastus (D) « =+ [+ » « o « < =<
76 Calycoblastus (P')« « |+« « <}« « ofe »
77 Deltoblastus (S)» = |0« = o[+ = «]o «
78 Rhopaloblastus (P')e =t « « od ¢ o ol o

FAMILIES
Diploblastidae « + + o« o o ¢ ===n|
Granatocrinidae [
Nucleocrinidae = * « |+ -
Orbitremitidae ¢ + * o ¢ ¢ ¢ ¢ ==
Pentremitidae « » -« |
Schizoblastidae « + « |
Troosticrinidae + *

v
1
1

—“veQ0ZOO

Fie. 231. Stratigraphic distribution of blastoid genera. The letter symbols after the generic names refer
to the families in which they are classified, with familial names listed at bottom of chart (Moore & Fay, n).

treated as a protoblastoid and in another
section as a diplopore cystoid.

In 1961, Fay published a comprehensive
study on pre-Permian blastoids, with revi-
sion of many genera and species. The work
was incomplete and approximately 30 short
papers were written from 1960 to 1962 as
supplements to it. A new classification of
the Blastoidea was presented, and sections

were written on morphology, taxonomy,
phylogeny, and bibliography, with the con-
clusion that a great amount of work is
needed before we may begin to understand
the features of blastoids that now exist in
various museums. After these specimens
are studied, we may have a better system of
classification. The classification followed
in the Treatise is essentially that of Fav
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(1961, 60), and should be considered as
tentative.

Currently several persons working on
blastoids include J. A. Arenot (Moscow,
USSR), H. H. Beaver (Houston, Texas),
Avsert BremMer (Amsterdam, Nether-
lands), R. O. Fay (Norman, Oklahoma),
AvLan Horowrrz (Bloomington, Indiana),
K. A. Jovsey (Cambridge, England), R. G.
McKeLLar (Brisbane, Australia); D. B.
Macuroa, Jr. (Ann Arbor, Michigan), L. G.
Remvann (Ann Arbor, Michigan), and J. S.
SerinkLE  (Cambridge, Massachusetts).
Much of their work has been on statistics,
morphology, and taxonomy, with little em-
phasis on bibliographic compilations.

TREATISE CLASSIFICATION

In our present state of knowledge of the
Blastoidea it is premature to present a
definitive arrangement of these fossils. The
primary basis for classification of Blastoidea,
as now understood, is a combination of
characters, especially of deltoid plates on
the anal side. These features include (1)
presence, absence, or reduction of hydro-
spires on the anal side, (2) number, type,
and arrangement of the anal deltoids, (3)
relative exposure of the deltoids, (4) rela-
tive closure of the radial sinuses, (5) num-
ber, type, and arrangement of the spiracles,
(6) number, type, and arrangement of the
hydrospires, (7) number, type, and arrange-
ment of the hydrospire pores, (8) relative
overlap of radials and deltoids along the
radiodeltoid sutures, (9) number, type, and
arrangement of the oral plates, (10) shape
of the theca, and (11) relative exposure of
the lancet plates to the exterior and posi-
tion of the lancet stipe.

Separation of the orders Fissiculata and
Spiraculata is based essentially on relative
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exposure of the hydrospire slits and the de-
velopment of hydrospire pores and spiracles.

Families of the Fissiculata are separated
by features that include formation of spira-
cular slits or reduction of hydrospire fields
(hydrospiralia) on the anal side or both
of these, combined with retention of ex-
posed hydrospire slits, associated with atro-
phy of them on the anal side. The fam-
ilies of the Spiraculata are distinguished by
type and arrangement of the spiracles and
the conical to globular shape of the theca.

Genera of the Blastoidea are differen-
tiated by the above-cited features in a varie-
ty of combinations. Ornamengation, shape,
and statistical measurements are used to
define species.

DISTRIBUTION

Many geographic and stratigraphic gaps
exist in our knowledge of the class. For
instance, a few nominal genera of blastoids
have been recorded from Africa, South
America, China, Japan, and the North
Polar regions, whereas only three genera
are recorded from Pennsylvanian rocks of
the world. Only three Silurian genera are
recorded, all from the United States and
one of them also in Czechoslovakia. Of 78
described genera, it is possible to group a
few in natural families or related categories,
but almost impossible to trace direct line-
ages. It is quite possible that the families
here outlined are polyphyletic and that in
the future these may be raised to suborders
or otherwise changed. There must be two
to three times as many undescribed genera
as now known and until these are de-
scribed, it seems best to retain a simple
classification of the Blastoidea. The strati-
graphic distribution of blastoid genera is
given in Figure 231.

PHYLOGENY AND EVOLUTION
By RoerT O. Fay

The origin of the Blastoidea is unknown.
It has been postulated by Jaexer (1918)
and Moore (1954) that this group of
echinoderms may have been derived from
pore-thomb cystoids by development of
hydrospires through atrophy of the pore-

rhombs although this type of atrophy has
never been demonstrated. ReonELL (1945)
classed the Blastoidea as a subdivision of
the Cystoidea, because both groups possess
biserial brachioles and pores that pierce
the theca. CLiNe (1944) made no attempt
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to compare pore-thombs with hydrospires
and was of the opinion that the hydrospires
represent successive infolds along ambula-
cral margins. WaNNER (1940) declined to
accept homology of pore-rhombs and hydro-
spires. At present I would agree with
Wanner and Cring, and further, would
relate the Blastoidea to the class Edrio-
blastoidea (Fay, 1961) and suggest that the
blastoids were derived from this class.
Baruer (1900) presented the concept that
the Blastoidea were derived from diplopore
cystoids and that each hydrospire fold
represents a pore-pair that has become
elongated along the ambulacral margins
and that hydrospire pores are specialized
pore pairs. At the same time, however,
Batuer thought that poreless blastoids
(Fissiculata) gave rise to pore-bearing
blastoids (Spiraculata), thus opposing his
own postulate.

The class Edrioblastoidea seems to be the
logical group from which the Blastoidea
could have developed. The separate orders
(in part) of the Blastoidea could have been
derived independently from this class, or
the order Fissiculata may have descended
directly and the order Spiraculata indirectly
by development from the Fissiculata. These
suggestions are based upon judgment of
inferred phylogenetic trends within the
Blastoidea, as now understood. A most
primitive blastoid is presumed to be simi-
lar to Polydeltoideus, in which the form
of the calyx is conical, with six anal deltoids,
ten exposed hydrospire fields (hydro-
spiralia), and a moderately long lancet
plate covered by side plates. An advanced
form is one similar to Pentremites, in which
the calyx is rounded-conical, with a single
anideltoid, the sinuses closed to form pores
and spiracles, and the lancet plate dis-
placed outward, pushing aside the side
plates. If Pentremites came from a form
ultimately like Polydeltoideus, and if one
projects this trend backward, he may postu-
late the type of echinoderm best suited to
represent the ancestral stock of the Blast-
oidea. This echinoderm should have at least
six anal deltoids and otherwise possess regu-
lar plate symmetry, with random infolds in
the thecal plates, a deep lancet (or better,
no lancet, since the lancet is interpreted to
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be a plate secreted around the median
canal, having little useful function of pro-
tection where deep—hence probably not
secreted in a primitive form), five regular,
straight ambulacra covered by an alter-
nating biserial set of ambulacral plates, a
primitive stem, and possibly primitive
brachioles.

The class Edrioblastoidea has these fea-
tures, except for primitive brachioles, but
it is reasonable to postulate that brachioles
could have arisen independently when
tube-feet became atrophied, and further,
that the brachioles of cystoids probably were
d&ived in a similar manner from another
class of Echinodermata. One may logically
argue that the Edrioblastoidea have a hydro-
pore and that the Blastoidea do not, but it is
here interpreted that the hydropore has
migrated internally on the anal side in the
Blastoidea, and it is quite possible that it
was atrophied. Fay (1960) has shown that
the radial canal system of blastoids, ending
adorally in the circumesophageal ring, is
adjacent to the hydrospire canals, and thus
it is possible that water entered the radial
canal system by diffusion from the hydro-
spire canals. If this is true, there would
have been little need for a hydropore. The
canal system is now interpreted to be the
main nervous system (because it is a double
ring as in Recent echinoderms); so there
may not have been a radial canal or water-
vascular system in blastoids.

Therefore, the Blastoidea are considered
to be a separate class of Echinodermata,
closely related to the Edrioblastoidea, and
independent of the Parablastoidea. The
coronatids have been shown by Fay (1960,
44; 1961, 57; 1962, 66) to belong to the
Crinoidea. Blastoid-like forms with pore-
rhombs (e.g., Cystoblastus) or with diplo-
pores (e.g., Asteroblastus) are judged to
belong with the Cystoidea, and therefore
the groups formerly classed as Protoblast-
oidea and Asteroblastidae by BaTHER
(1900), followed by BassLer & Moobey
(1943), are not recognized as valid cate-
gories of the Blastoidea.

The Phaenoschismatidae are considered
as the most primitive group of blastoids,
from which most others could have been

derived (Fig. 232). The ten exposed hydro-
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Fic. 232. Phylogenetic diagram showing possible or inferred relationships of blastoid genera and families
of the order Fissiculata (Fay, n).

spire fields could readily have been reduced
to nine, thus forming blastoids classed as
genera of the Brachyschismatidae, or to
eight hydrospire fields, as observed in the
Codasteridae. Another trend is toward
closure of the sinuses to form ten spiracular
slits (as in the Orophocrinidae), or atro-
phy of the hydrospire fields on the anal
side, with formation of eight spiracular slits
(e.g., Astrocrinidae).

The Pentremitidae may be descendants
of the Phaenoschismatidae produced by
complete closure of the sinuses and forma-
tion of gaps (hydrospire pores) between
side plates (Fig. 233). This mode of de-
veloping hydrospire pores is thought to be
probable, and accordingly it seems logical
to derive Devonoblastus from Hyperoblas-
tus and Pentremites from Devonoblastus.
If this is correct, the Troosticrinidae are

possible derivatives of the Phaenoschismati-
dae, though intermediate forms are lacking
to prove this; alternatively, the Troosticrini-
dae may have developed independently
from the same stock that gave rise to the
Phaenoschismatidae. The Granatocrinidae
could have been derived from the Troosti-
crinidae by outward migration of the delt-
oid septa, except on the anal side, where
the deltoid septa migrated inward. The
Schizoblastidae also may have descended
from the Troosticrinidae, with outward
migration of the deltoid septa, including
those of the anal side. The Nucleocrinidae,
likewise, are possible derivatives of the
Troosticrinidae by outward migration of
the deltoid septa and outward-downward
migration of the large cryptodeltoids. The
Pentremitidae may have come from the
Troosticrinidae by internal migration of
deltoid septa.
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Fic. 233. Phylogenetic diagram showing possible or inferred relationships of blastoid genera and families
of the order Spiraculata (Fay, n).

Within each family it is possible to trace
certain lineages involving specific morpho-
logical parts. These trends appear to be
similar in diverse families and therefore are
here grouped. For instance, the lancet plate
is covered by side plates in primitive forms
and the side plates support the main food
groove. In advanced forms, the lancet is
exposed to the outside and supports the
main food groove, or in extremely advanced
forms, supports the side food grooves in
addition. Thus, linear ambulacra are iden-

tified as primitive and petaloid ambulacra
as advanced characters. The lancet stipe is
adjacent to the mouth in a primitive blast-
oid and has migrated away from the mouth
in an advanced form. There are four or
six anal deltoids in a primitive form, and
one may trace lineages whereby fusion must
have taken place between the two crypto-
deltoids to form a subdeltoid and between
a subdeltoid and superdeltoid to form a
single epideltoid, with consequent atrophy
or suppression of the hypodeltoid.
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The hydrospire fields (hydrospiralia) be-
come atrophied or the number of hydro-
spire slits are reduced on the anal side. In
the Spiraculata, which possess hydrospires
in all ambulacra, certain trends are appar-
ent; the number of hydrospires on each
side of an ambulacrum apparently becomes
reduced in number by atrophy, from five,
to four, to three, to two, and to one in
different genera, and the hydrospires on the
anal side may differ in number from those
of the other ambulacral areas within a single
genus. With exception of Pentremites, the
number of hydrospire folds on each side
of an ambulacrum, if less than four, is
apparently a stable criterion for differ-
entiation of genera.

Another stable feature is the overlap of
radials and deltoids along the radiodeltoid
suture, which is constant for each genus
and species. A primitive blastoid has short
deltoids, overlapped by the radials; an ad-
vanced form is one having long deltoids,
overlapping the radials. The pelvis is coni-
cal in a primitive blastoid, whereas it is
rounded or with a concave base in an ad-
vanced form.

A blastoid with paired spiracles is con-
sidered to be primitive, and owing to migra-
tion outward or inward of certain deltoid
septa it is possible to have forms with five,
nine, or 11 openings around the mouth.
Thus, the family Pentremitidae may be
polyphyletic, possibly derived from the
Phaenoschismatidae and Troosticrinidae.

The blastoid stem could have been de-
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rived from fused plates of the base of some
Edrioblastoidea, and through time, the
stem could have atrophied though disuse in
a form like Eleutherocrinus, with conse-
quent formation of bilateral symmetry and
possible adaptation to swimming habits.

The pores, if formed as simple gaps be-
tween side plates, are primitive where one
pore occurs between adjacent side plates
along the deltoid and radial margins. In
advanced forms, the pores evidently mi-
grated laterally into margins of the deltoid
and radial plates, and these plates folded
along each pore to form multiple pores
corresponding to each side plate. In some
forms, the pores became atrophied along
the deltoid margins and were lost, or the
simple pores remained along the deltoid
margins, but multiple pores formed along
the radial margins (e.g., Poroblastus).

The cited features tend to show that al-
though Permian blastoids of Timor and
adjacent areas are fissiculate forms, they
are highly specialized, advanced forms.
Thus, they are not considered to be prod-
ucts of retrogressive evolution, The evolu-
tionary theme in blastoids apparently is
one of atrophy through disuse.

The problem of extinction of the Blast-
oidea is apparently one apart from morpho-
logical considerations because blastoids of
the Permian possess features that war-
ranted their survival into the Triassic and
beyond. Thus, some major external physi-
cal change of a radical nature was the prob-
able cause for extinction of the class.

SYSTEMATIC DESCRIPTIONS

By RoBerT O. Fay' and JoHANNES W ANNER?

[1Oklahoma Geological Survey; 2deceased, formerly University of Bonn]

The present classification is that adopted
by Fay, but many ideas expressed on rela-
tionships and descriptions of Permian blast-
oids and most of the Permian tone illustra-
tions are taken from materials submitted
by Wanner. Various families, as here de-
fined, would be raised to suborders by
WAaNNER on the basis of greater emphasis
given by him to anal and spiracular struc-
tures. Many specimens in museums prob-

ably belong to new genera, but circum-
stances have prevented new study of them.
Until these specimens are correctly illus-
trated and described, it is best to retain a
rather simple classification of the Blastoidea.
The relationships among different genera
of many recently recognized structures
(e.g., inner side plates, paradeltoid plates,
ambulacral spines, double brachiolar cover
plates, accessory oral plates, lateral canals,
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anal cover plates) are not well understood. It polished thin sections of them, and publish
is hoped that paleontologists will re-examine  detailed ~descriptions, ~supplemented by
specimens in their collections, prepare photographs and line drawings at ade-

5

ib B
lE 8 Phaenoschisma 3

Fie. 234. Phaenoschismatidae (p. $400). [Explanation: 4, anal opening, ¢, cryptodeltoid plate; d, deltoid
plate; dl, deltoid lip; ds, deltoid septum; Ad, hypodeltoid; o, oral opening; par, posterior ambulacrum
(right); 7I, radial limb; s&, subdeltoid plate; sp, superdeltoid plate.]
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Phaenoschisma

Fic. 235, Phaenoschismatdae (p. S9007.

quately large scale. In this manner we may
be able to fill in morphologic, stratigraphic,
and geographic gaps in knowledge. A some-
what detailed account of previous classifi-
cations given in the introduction is not re-
peated here,

Eehinodermata—Crinozoans—DBlastoids

Class BLASTOIDEA Say, 1825

[Blastoidea Sav, 1823, p. 313 (type, Pemremites Sav, 1820,

designated by Fav, herein)] [ =Eublastoidea Barnes, 1899,

p. G20 (iype, Pemivemites Say, 1820, designated by Fay,
herein) ]

Hydrospire-bearing, stemmed  echino-
derms; theca composed of 18 to 21 major
plates, which comprise three basals, sur-
mounted by five radials, above which and
alternating with them are five deltoids, in
addition to five lancet plates in radial posi-
tion located within radial sinuses; anal side
may contain one, two, three, four, or six
anal deltoids; hydrospires external or in-
ternal; pores and spiracles present mainly
in forms with internal hydrospires. Am-
bulacra bear numerous biserially  con-

structed brachioles. Sil.-Perm.

Phoenoschisma

Fie, 236, Phaenoschismatidae (p. $400). [Explana-

tion: a, anal opening: ¢, epideltond plate; Ad, hypo-

deltoid; #s, hydrospire slit; fa, lancet plate; #f, radial
limb.]
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Order FISSICULATA Jaekel, 1918 Family PHAENOSCHISMATIDAE

[Fissiculata Jaexer, 1918, p. 108 (type, Phaenoschisma Ethcndge & Ca P nter, 1886
ETHERIDGE & CARPENTER, 1882, designated by Fay, herein)] {nom. correct. Fay, 1961 (60) P
TH . . . , , p. 19 (pro Phaenoschismidae
[=Mesoblastida Marsumoro, 1929, p. 28 "(type, Phaeno- ETHERIDGE & CARPENTER, 1886, p. 258)] [=Dipteroblastidac
schisma ETHERIDGE & CARPENTER, 1882, designated by Fav, WANNER, 1940, p. 234; Neoschismidae (recte Neoschismati-

herein) ] dac) WanNer, 1940, p. 238; Nymphaeoblastidae WANNER,
Theca with exposed hydrospire slits or ) 940, p. 237]
spiracular slits, Sil.-Perm. Theca with ten exposed or partially ex-

posed hydrospire fields. Si.-Perm.

g
i
1
1
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N M @ »
3c
Hyperoblastus 3d

Fic. 237. Phaenoschismatidae (p. $400-S401). [Explanation: @, anal opening; ¢, cryptodeltoid plate;
dl, deltoid lip; Ac, hydrospire canal; 2d, hypodeltoid; la, lancet plate; o, oral opening; r, radial plate; 77,
radial limb; sd, side plate; sp, superdeltoid plate.]
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Phaenoschisma Eruerincr & Careenrir, 1882, p. 0.5 of its width; side plates touching deltoid crests,
226 [emend. Macurpa, 1964 (104), p. 719) forming 5 teardrop-shaped spiracle-like openings
[ *Pentatrematites acuta Sowerny, 1834, p. 456; at adoral end, L.Card.(Miss.), Eu-N.Am. Fic.

SD  Erueripce & CArPENTER, 1886, p. 270] 234,1; 235,1. *P. acurum (Sowersy), Eng.; 234,
| =Conoschisma Fay, 1961 (60), p. 23 (wype, Jab, oral and D-ray views, X4.5 (41): 234,lcd,
Codaster laeviusculus Rowiry, 1900, p. 65)]. aboral view and plate lavour, 4.5 (162); 235,

Theea  biconical  with  hydrospire  fields  mostly Tidoial &Rl Gy vicw:;, 4, A7 (104) —
hidden, but exposed along aboral ends or aleng Fre. 2361, P lieviniculiin ,RO‘WLEY 1. Miss.

outer ambulacral margins; number of hydrospire fBurlingt(;n Ls), USA(Mo.); type s;)ccics oF

slits reduced on anal side; anus between epideltoid Conoschisma, lab, oral and Dixay views, }4:4

and hypodeltoid; lancet exposed along median (60); Ic, oral view, X5.3 ((}l]};‘.‘d, plates ad-
jacent to anal opening, X9 (60).

Decaschisma  Fay, 1961 (60), p. 27 [*Codaster
pentalobus Havy, 1879, p. 13; OD]. Theea ob-
conical, with well-exposed  hydrospire  ficlds;
superdeltoid, subdeltoid, and hypodeltoid present;
lancet covered by side plates. Sil., USA(Ind.).
Fic. 234,3a-e; 235,2. *D. pentalobus (HavLr),
Niagaran; 234,3a, oral view, }2.6; 234,35, CD
interray, X 10.1; 234,3¢c, D-ray view, K2.6; 234,
3d e, aboral view and plate layout, 2.7 (all 60);
235,2a,6, oral and D-ray views, X2.5 (60).—
Fic. 234,3. D. pulchellum (Mitier & Dyer),
Niagaran; plates around anal opening, X 10 (60).
Deltoschisma Fay, 1961 (60), p. 29 [*Phacno-
schisma avehiael ErRERIDGE & CarrenTir, 1882,
p. 229; OD]. Theca conical, with exposed hydro-
spire fields; strongly pentalobate in top view:
with superdeltoid, 2 cryptodeltoids, and  hypo-
deltoid, cryptodeltoids  partly  visible externally,
partly hidden by hypodelwid; number of slits re-
duced on anal side; lancet covered by large side
plates. Dee., Spain. Fic. 234,2; 235,3. *D.
archiaci (Etnermmce & Carrentir); 234.2a-d,
oral, D-ray, aboral views, and plate layour, X4.4;
234.2¢, anal area, X9.9; 235,3¢.5, oral and D-ray
views, 4.7 (all 60}.

Dipteroblastus Wanwver, 1940, p. 249 [emend.
BreEmaEr & Macurpa, 1965, p. 212] [*D. permi-
ctis; OD]. Theca cup-shaped, with well-exposed
hydrospire fields, with 8 to 13 hydrospire slits on
AR, BC, and DE deltoids, but 3 to 6 on epideltoid,
and 5 on Ed deltoid; anus separate, between large
epideltoid and large hypodelwoid: with 3 short
A, €, and E ambulacra and 2 clongate B and D
ambulacra confined to summit; lancet exposed
along food groove. Perm., E.Indies(Timor)——
Fic. 237,1; 238,3. *D. permicus; 237,1a-d, oral,
D-ray, aboral views, and plate layout, X1.7
(178); 238,346, oral and C-ray views, X2.7,
X 1.7 (178).

Hadroblastus Fay, 1962 (72), p. 189 [*H. con-
vexus; OD]. Theea discoidal with rounded sum-
mit and base; hydrospire ficlds each with 11
slits except on anal side where 4 slits occur in
cach field; anal opening between large epideltoid
and equally large hypodeltoid;  lancet  exposed
along middle 0.3 of its width, raised well above
broad flat sinus areas and hydrospire ficlds; am-
bulacra moderately long, linear, with lancet stipes

Fii. 238, Phacnoschismatidae (p. S400-5401). moderately separated from  oral opening: vault

le

Hadroblastus

Dipteroblastus



Systematic Descriptions—Fissiculata

5401

e Q Y Y O
ldQ D ZdQ @
Neoschisma

Fic. 239. Phaenoschismatidae (p. $401-5402).

Microblastus

almost equal to pelvic height; basalia large, com-
posed of 3 basals. L.Miss., USA(N.Mex.-Ark.-
Okla.). Fie. 237,2; 238,1. *H. convexus,
Osag., N.Mex.; 237,2a-d, oral, D-ray, aboral
views, and plate layout, X2 (72); 238,1a-c, oral,
D-ray, and B-ray views, X2.7 (72).

Hyperoblastus Fay, 1961 (60), p. 30 [*Pentremiti-
dea preciosa REmMaNN, 1945, p. 39; OD]. Theca
club-shaped, with aboral ends of outermost hydro-
spire slits exposed; with pores formed as gaps
between side plates; spiracles 5, developed between
deltoid lip, deltoid septum, lancet, and side plates
on each interambulacrum (including anispiracle on
anal side); with superdeltoid, 2 cryptodeltoids,
and hypodeltoid; lancet covered by side plates.
Dey., N.Am. Fic. 237,3a-e; 238,2. *H. pre-
ciosus (REMANN), Can.(Ont); 237.3a-d, oral,
D-ray, aboral views, and plate layout, X3.5; 237,
3e, anal area, X10; 238,226, oral and D-ray
views, X2.9 (all 60).—Fic. 237,3f,g. H. filosus

(WHurTeaves), Can.(Ont.); 3f, cross sec. of
ambulacrum, X8.8; 3g, anal area, X10.2 (all
60).

Microblastus EYKeren, 1942, p. 283 [*M. pocillo-
formis; OD]. Theca small, cup-shaped, with small
restricted hydrospire slits confined to summit; anal
opening separate from slits, between large, wide
epideltoid and radial limbs, possibly with small
Phypodeltoid on aboral border; ambulacra short,
wide, small, well away from mouth, with total
of 2 or 3 side plates on each side. Perm., E.Indies
(Timor). Fic. 239,1; 240,1. *M. pocillo-
formis; 239,la-d, oral, D-ray, aboral views, and
plate layout, X8.8 (42); 240,1a,5, oral and CD-
interray views, X6 (42).

Neoschisma WaNNER, 1924 (173), p. 6 [*N. verru-
cosum; OD]. Theca cup-shaped, with widely
exposed hydrospire fields, each with 5 to 18 slits
except on anal side where 1 to 5 slits occur on
each side of anal opening; anal opening between
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242,1. *N. miljukori, USSR; Ia-d, oral, D-ray,
aboral views, and plate layour, 0.8 (131, 190),
Phaenoblastus Fay, 1961 (60), p. 40 [emend.
Macurpa, 1964 (104), p. 723] [*Pentremites

b i
Nymphaeoblastus

MNeoschisma

Microblastus

Fic. 240. Phaenoschismatidae (p. $401-5402).

large epideltoid and moderately large hypodeltoid;
ambulacra short, wide, small, well away from
mouth, confined tw  summit. Perm., E.lndies
(Timor). Fic. 2392, *N. werrucosum; 2a-d,
oral, D-ray, aboral views, and plate layout, x2.4
(173). Fic. 240,2. N. timorense WANNER,
Perm., Timor; B-ray view, X3.3 (178).
Notoblastus Broww, 1941, p. 98 [*N. brevispinus;
OD]. Theca discoidal, with widely exposed hydro-
spire flelds, each with 12 to 14 hydrospire slits
except on anal side, where slits are few; small
anus separate, between large epideltoid  and
smaller hypodeltoid; ambulacra moderately short,
longer than wide, with lancet stipe well away
from mouth; radials prolonged into small, short,
winglike processes; stem scemingly absent. Perm.,
E.Australia. Fro. 241.4; 242.3. *N. brevi-
spinus; 241,4ab, oral and C-ray views, X1.3;
242.3a-d, oral, D-ray, aboral vicws, and plate
layout, 1.3 (20, 179).

Nymphacoblastas vox Pesrz, 1907, p. 15 [*N.
miljukovi; OD]. Theea ellipsoidal, with widely
exposed hydrospire fields, each containing 10 to
15 slits which extend well down sides of theca;
anal opening between small epideltoid and elon-
gate  hypodeltoid; lancet apparently covered by
side plates; ambulacra long, linear, recurved be-
low; base concave; deltoids almost as long as
radials. L.Carb., Eu.(USSR)-Asia(Japan). Frc.
241,1. N. anessofi Yaxovirv, Tournais, Japan: 4a
Tab, oral and E-ray views, X1.3 (52). Fic. Fic. 241, Phaenoschismatdae (p. §402-5405).

MNotoblastus
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caryophyllatus peKowinck & LeHown, 1854, p.
197; OD]. Theca club-shaped with ventral coronal
processes; hydrospire fields wide, deeply indented,
mostly hidden, each with 7 or 8 slits except on
anal side where 4 occur; anal opening between
large U-shaped epideltoid and small hypodeltoid;
lancet widely exposed throughout its full width,
deeply excavated in sinus; side plates large, cover-

§403

ing most of slits, adorally forming 4 paired
spiracle-like openings and false anispiracle with
deltoid crests; ambulacra moderately long, petaloid;
vault almost equal to pelvic height; basalia mod-
erately large, composed of 3 basals; radials over-
lapping deltoids. L.Carb., Eu. Fic. 241,2;
242,2. *P. caryophyllatus (DEKoninck & LeHon),
Tournais., Belg.; 241,246, oral, D-ray views,

3d

Notoblastus

Fig. 242. Phaenoschismatidae (p. $402-S404). [Explanation: a, anal opening; dl, deltoid lip; e, epideltoid
plate; Ad, hypodeltoid; As, hydrospire slit; la, lancet plate; o, oral opening; 7/, radial limb; sd, side plate.]
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X4; 242,2a-d, oral, D-ray, aboral views, plate
layout, X4; 242,2¢, anal view, X10 (60).
Pleuroschisma REIMANN, 1945, p. 24 [*Pentremites
lycorias Harr, 1862, p. 151; OD]. Theca club-
shaped, with exposed hydrospire fields; super-
deltoid, 2 exposed cryptodeltoids, and hypodeltoid

Echinodermata—Crinozoans—Blastoids

present; ambulacra extending downward along
theca; lancet completely covered by side plates.
Dev., USA(N.Y.)-Can.(Ont.). Fic. 241,3;
243,1e. P. ontario REmMANN, M.Dev., Can.(Ont.);
241,34,b, oral, D-ray views, X6.2; 243,l¢, anal
area, X10.2 (60). Fic. 243,1a-d. *P. lycorias

Fic. 243. Phacnoschismatidae (p. $404-5405). [Explanation: @, anal opening; ¢, cryptodeltoid plate; dJ,
deltoid lip; 4d, hypodeltoid; o, oral opening or oral plate; par, posterior ambulacrum (right); rl, radial
limb; sp, superdeltoid plate.]
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Sphaeroschisma

S§405

Timoroblastus

4c

Frc. 244, Phaenoschismatidae (p. $405-8407).

(Hary), M.Dev., USA(N.Y.); la-d, oral, D-ray,
aboral views, and plate layour, 4.4 (83, 139).

Polydeltoideus Remveanw & Fay, 1961, p. 86 [*Poly-
deltoidens enodatus; OD]. Conical theca with ex-
posed  hydrospire fields; superdeltoid, 2 crypto-
deltoids, 2 paradeltoids, and hypodeltoid present;
ambulacra short, projected laterally, with broad
sinuses; lancet covered by side plates: anal open-
ing between superdeltoid, 2 crvptodeltoids, and
2 paradeltoids. Si., USA(Okla,)-rCzech. Fic.
243.3; 244,3. *P. enodatus, Sil., Okla; 243,3a-d,
oral, D-ray, aboral views, and plate layout, »3
(143); 244,3a,b, oral, D-ray views, x3 (143).

Sphacroschisma  Wanxer, 1929 (174), p. 193
|emend. Bremaer & Macurpa, 1965, p. 212 [ *5.
somoholense; OD]. Theca subglobular, fissiculate
with 10 partally exposed hydrospire fields, with
1 to 3 folds per field, partally formed into
spiracular slits; one fold 15 on both sides of C
ambulacrum and on posterior side of D ambula-

crum; 2 folds are on left side of 4 ambulacrum
and anterior side of B ambulacrum, cach opening
into a spiracular slit; all other hydrospire fields
have 3 folds, opening into single spiracular slit
on radial limb and into 2 slits on deltoid; anal
opening  between  epideltoid  and  fhypodeltoid;
deltoids overlap radials; deltoids and slits visible
in side view; lancet exposed: ambulacra long, re-

curved below. Perm., Elndies(Timor). Fie.
243,2: 2442, *85. somoholense; 243 2a-d, oral,
D-ray, aboral views, and plate layout, X3.0;

243,2¢, cross sec. of E ambulacrum, »(13; 244,
2a.b, oral, A-ray views, 2.7 (174).

Sundablastus Wanner, 1924 (173), p. 32 [*S.
webert; OD]. Theca subglobular, with small re-
stricted  hydrospire  fields  confined to summit;
anal opening between large epideltoid and large
hypodeltoid; ambulacra short, confined to summit,
adjacent to mouth; lancet longer than wide,
short, apparently covered by side plates; basals
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lc

Thaumatoblastus

Timoroblastus

Sundablastus

FiG. 245. Phaenoschismatidae (p. $405-5407).

almost equal in size to radials. Perm., E.Indies
(Timor). Fic. 244,1; 245,3. *S. weberi; 244,1,
oblique C-ray view, X1.3; 245,3a-d, oral, D-ray,
aboral views, and plate layout, X1.18 (173).
Thaumatoblastus WanNer, 1924 (174), p. 201
[*T. longiramus; OD). Theca cup-shaped, with
widely exposed hydrospire fields; anal opening be-
tween large epideltoid and large hypodeltoid; slits
reduced in number on anal side, but 7 or 8 slits
occur in each field of other interambulacra; lancet

plates long, extending into winglike extensions of
radials; lancets almost completely covered by side
plates; base round, summit flat. Perm., E.Indies
(Timor). Fic. 244,5; 245,2. *T. longiramus;
244,5, oral view, X0.4; 2452a-c, oral, D-ray,
aboral views, X0.44 (174).

Timoroblastus WanNer, 1924 (173), p. 14 [*T.
coronatus typus; OD]. Theca star-shaped, with
small constricted hydrospire fields confined to
summit, each with 1 to 3 hydrospire slits open-
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ing into it; one hydrospire slit on each side of
anal opening; anus between wide epideltoid and
long hypodeltoid; ambulacra short, wide, rounded
aborally, well away from mouth; lancet covered
by side plates; deltoids and radial limbs flaring
outwardly into bluntly rounded winglike processes,
in  depressed  arcas  between;
deltoids projected ventrally into coronal processes;
radials projected dorsally into alate processes; base
concave. Perm., E.lndies(Timor}. Fic. 244,
4a,c; 245,10 *T. coronatus typus; 244,4a.c, oral,
A-ray views, X 1.7; 245,1a-d, oral, D-ray, aboral
views, plate layout, X 1.7 (173). Fic, 244,
4b.  T. coronatus tesselatws WanNNER, Perm,,
Timor; oral view, 2 (173).

with ambulacra

Family BRACHYSCHISMATIDAE
Fay, 1961

[Brachyschismatidae Fay, 1961 (60), p. 19]

Theca with nine exposed hydrospire
fields; slits atrophied or absent on left side
of anal opening. Dev.

Brachyschisma Reimanw, 1945, p. 22 [*Codaster
corviegarts REnvany, 1935, p, 25; OD], Theca
conical, with hydrospire fields well exposed; super-
deltoid, subdeltoid, and hypodeltoid present; lancet
covered by side plates. M.Der., USA(N.Y.).
Fra. 246,1. *B. corragatum  (REmmanw); la-c,
plate layout, aboral, D-ray views, x2.3; 14, oral
view, X2.2; le, C-ray view, X2.5; If, oral view,
¥2.3; Ig, anal view, X8.7 (60, 137, 139).

Family CODASTERIDAE
Etheridge & Carpenter, 1886
[Codasteridae Evmerivce & Caneenter, 1880, p. 157]

[ =Angioblastidae Wanwer, 1940, p. 235]

Theca with eight exposed or constricted
hydrospire fields; hydrospire slits lacking
on anal side. Dev.-Perm.

Codaster M'Cov, 1849, p. 250 [*C. acutus; OD].
Theca conical, with flat summit and rounded base;
hydrospire fields well exposed; epideltoid and
thypodeltoid present; lancet stipe away from
mouth; lancet covered by side plates; radials
overlapping deltoids. L.Carb., Eu.(Eng.). Fia.
247.3; 248,1. *C. acutus; 2473a-d, oral, D-ray,
aboral views, plate layout, X2.2; 248,1a,b, oral,
De-ray views, X2.1 (10, 41, 60, 100).

Agmoblastus Fay, 1961 (59), p. 278 [*Paracodaster
dotti Moore & Strimere, 1942, p. 90; OD].
Form subeylindrical; hydrospire fields moderate-
Iy exposed, each with 4 to 8 slits excavated in
radials and deltoids, slits absent on anal side; anal
opening between large U-shaped epideltoid and
adjacent radial limbs, or possibly with small hypo-
deltoid on aboral side ({atrophied or ?washed
away); deltoids high, wide, arrow-shaped; am-
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bulacra short, well away from oral opening; basals
3, large: lancet covered by side plates. Penn.,
N.Am, Fre. 247,1: 248,2. *4. dotti (Moone
& Stwimpri), USA(Okla.); 247, fa-d, oral, C-ray,
aboral views, plate layout, x3.7; 248,246, oral,
Ceray views, X 4.2 (59).

Angioblastus Waxwir, 1931, p. 53 [*4. varabilis;
OD]. Theca subglobular, with small restricted

hydrospire fields confined to summit, with 1 to 4
hydrespire slits in cach field; anal opening scparate
from slits, located between long cpideltoid and
short hypodeltoid; lancet covered by side plates,
with lancet stipe close to mouth; ambulacra short,

o

19/". ol

Fic. 246. Brachyschismatidae (p. 8407). [Explana-
tion: a, anal opening; &, deltowd plate; Ad, hypo-
deltoid: As, hydrospire slit; o, oral opening; par,
posterior ambulacrum (right); #/, radial ]imb; st
subdeltod plate; sp, superdeltoid plate. ]
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Fic. 247. Codasteridae (p. S407-5408).

wide, confined to summit; deltoids elongate, nar-
row. Perm., E.Indies(Timor). Fic. 247,2; 249,
6. *A. variabilis; 247,2a-d, oral, D-ray, aboral
views, plate layout, X 3.6; 249,6a,5, oral, CD-inter-
ray views, X4 (175).

Heteroschisma WacusmuTH, 1883, p. 352 [*H.
gracile; OD) [==Trionoblastus Fay, 1961 (60),
p. 45 (type, Pentremites subtruncatus Harr, 1858,
p. 485)]. Theca obconical with hydrospire fields
well exposed; superdeltoid, subdeltoid, and pre-
sumably small ?hypodeltoid on anal side; hydro-
spire slits absent on anal side; lancet covered by
side plates. Dey., N.Am. Fic. 248,3a,6; 250,
1h. *H. gracile, M.Dev., USA(Mich.); 248,345,
D-ray view, oral view, X3.5; 250,14, anal area,
X9.7 (60).——Fic. 250,la-e. H. subtruncatus

(Harr), USA(lowa); Ia-d, oral, D-ray, aboral
views, plate layout, X4.4; Ie, anal view, X9.7
(60). Fic. 250,1f. H. pyramidatus (SHUMARD),
M.Dev., USA(Ohio); anal area, X7.3 (60).
Fic. 250,1g. H. canadense (BiLriNGs); M.Dev.,
Can.(Ont.); anal area, X9.7 (60).

Indoblastus WanNEer, 1924 (174), p. 28 [emend.
BREIMER & MaAcuRpa, 1965, p. 212] [*I. granula-
tus; OD]. Theca pear- to cup-shaped, with small
restricted hydrospire fields confined to summit;
anal opening between large epideltoid and equally
large raised hypodeltoid; ambulacra moderately
long, mostly confined to summit; lancet covered by
side plates, with lancet stipe well away from mouth.
Perm., E.Indies(Timor). Fic. 249,2; 250,2.
*[, granulatus; 249,2a,b, oral, D-ray views, X2,
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Fic. 248. Codasteridae (p. $407-5408).

w1; 250,2a-d, oral, D-ray, aboral views, plate
layout, X 1.18 (173, 178).

Nannoblastus Waxnrr, 1924 (173), p. 24 [*N.
pyramidatus; OD]. Theca widely conical to cup-
shaped, with small, short, restricted hydrospire
fields confined to flat summit, appearing as 8
small slits; anus separate from slits, located be-
tween large epideltoid and small  hypodeltoid;
lancet covered by 2 or 3 side plates, short, wide,
well away from mouth, confined to summit; with
small, rounded radial wings. Perm., E.Indics
(Timor). Fic. 249,1; 250,3. *N. pyramidatus;
249,1a-¢, oral view, X6, oral, CD-interray views,
% 3.1; 250,3a-d, oral, D-ray, aboral views, plate
layout, ¥5.9 (174, 175).

Paracodaster YaxkoviLev, 1940, p. 887 [*P. milorado-
vitsehi; OD]. Theca subglobular, with moderately
exposed hydrospire ficlds confined to deltoids
proper; hydrospire slits absent in anal area; anal
opening between large epideltold and radial limbs,
with possible small Phypodeltoid present; slits
and ambulacra short, confined to summit; lancet
stipes well away from mouth. L.Perm., Eu.
(USSR). Fic. 2494; 251,3. *P. milorado-

§409

vitschi; 2494, oral view, X2; 251,3a-d, oral, D-
ray, aboral wviews, plate layout, X L.75 (186,
190).
Pterotoblastus Wanxer, 1924 (173), p. 9 [*P.
gracilis; OD], Theca cup-shaped, with moderate-
ly exposed to restricted hydrospire fields, cach with
2 or 3 wide hydrospire slits; large epideltoid with
small anal opening between it and radial limbs,
possibly with small fhypodelwid; ambulacra mod-
erately short, extended on long winglike projec-
tions of radials; lancet well away from oral open-
ing, covered by few large side plates; with 3 basal
plates. Perm., Elndies{Timor). Fic. 249,3;
251,2. *P. gracilis; 249,3a, oral view, }8.2; 249,
3b, CD-interray, %2.5; 251,2a-d, oral, D-ray,
aboral views, plate layout, X 1.1 (173, 175).
Spgittoblastus Yaxovrev, 1937, p. 10 [*Timoro-
blastus wannert Yaroviev, 1926, p. 54; OD].
Theea globular, with small, deep, restricted hydro-
spire fields on summit, each with 2 or 3 hydro-
spire  slitsy  deltoids  arrow-shaped, wide; large
epideltoid, with small anal opening between it
and radial limbs, possibly with small fhypo-
deltoid (missing) on aboral side of anal open-
ing; with extremely short lancet covered by side
plates; lancet well away from mouth, Perm., Fu.
(USSR). Fie,  249,5; 251,10, *S5. wannert
(Yaroviev); 249,5, oral view, X3.5; 251,la-d,
oral, D-ray, aboral views, plate layout, 3.5
(184, 185, 190); 251,1e, anal view, X 10 (60).

Family OROPHOCRINIDAE Jackel,
1918

[Orophocrinidae  Javken, 1918, p, 109] [=Anthoblastidac
Wannen, 1940, p. 237] [=Pentablastidae Steverts Dosnck,
1951, p. 113]

Theca with ten elongate spiracular slits
bordering ambulacra. Miss.-Perm.

Orophocrinus von Serpach, 1864, p. 110 [emend.
Macurpa, 1965 (106), p. 1053] [*Pentremites
stellifermis OweNn & Suumarp, 1850, p. 67; OD]
[=Codonites Meex & WorTHEN, 1869, p. 841
(nec Avvoury, 1826) (type, Pentremites stelli-
formis OweN & SHUMARD); Mitra CUMEBERLAND,
1826, partim, p. 31 (non Mawryn, 1784; nec
Bouren, 1798; Lawarck, 1798; Lesson, 1837;
AvpEers, 1850) (tvpe, Mitra vera CUMBERLAND,
1826)]. Theca conical to club-shaped, with 4 to
11 hydrospire slits opcning into each spiracular
slit; anal opening separate from slits, between
epideltoid and hypodeltoid; lancet exposed along
main food groove, with lenticular outer side plates
between primary side plates, rarely touching ab-
medial ambulacral margins; thickened radials and
deltoids beneath lancet on  admedial side of
spiracular slits, being termed sublancet or fused
hydrospire plate (actually not a scparate plate);
raclials overlap deltoids.  L.Card.(Miss.), FEu.-N.
Am. Fre. 252,2; 2532, *O. stelliformis
(OweN & SHumarp), L.Miss,, lowa; 252,2a,b, oral,
D-ray views, X1.68 (60); 253,2a-d, oral, D-ray,
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Nannoblastus

Paracodaster

Angioblastus

Pterotoblastus

Indeblastus

Fii. 249, Codasteridae (p. S407-5409).

aboral, plate layout, X 1.3; 253,2¢, cross sec, of with spiracular slits confined to summit; anal
ambulacrum, X8.8 {41, 60, 128, 153); 233,2, opening  separate from slits, between small epi-
anal view, 27 (60). deltoid and elongate hypodeltoid; deltoids with
Anthoblastus Wanner, 1924 (174}, p. 205 [*4. coronal processes; lancet exposed widely, forming
brouwers; OD]. Theca conical to club-shaped, petaloid  ambulacra, which  extend  downward
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along theca. Perm., E.Indies(Timor). Fic. 252,  Pentablastus Sieverts-Doreck, 1951, p. 113 [*P.
1; 253,1. *4. brouweri; 252,1a,b, oral, CD-inter- supracarbonicus; OD]. Theca subglobular, with
ray views, X1.68; 253,la-d, oral, D-ray, aboral short spiracular slits confined to summit; anal
views, plate layout, X2.4 (174). opening separate from slits, which appear to

Fic. 250. Codasteridae (p. S408-5409). [Explanation: 4, anal opening; dl, deltoid lip; Ad, hypodeltoid; 4s,
hydrospire slit; o, oral opening; pal, posterior ambulacrum (left); par, posterior ambulacrum (right); 71,
radial limb; s&, subdeltoid plate; sp, superdeltoid plate.]
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terminate in hypodeltoid; anal opening between below; lancet stipe near mouth; deltoids short,
short epideltoid and long hypodeltoid; hydrospire confined to summit; base concave. U.Carb., Spain.
folds 5 or 6 on each side of an ambulacrum; lancet Fic. 252,3; 253,3. *P. supracarbonicus; 252,
covered by side plates, linear, slightly recurved 3a,b, oral, C-ray views, X1.14; 253,3a-d, oral,

Sagittoblastus / @

’\\"

terotoblastus
1 b
1@ \

(o) Agrtd g

Pa rocodoster

2b

Fic. 251. Codasteridae (p. $409). [Explanation: 4, anal opening; d, deltoid plate; e, epideltoid plate; Ad,
hypodeltoid; o, oral opening.}
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D-ray, aboral views, and plate layout, 1.3;
253 3¢, cross sec. of ambulacrum, }4.4 (159).

Family ASTROCRINIDAE
Austin & Austin, 1843

[mam. correct. EtHERIDGE & Canrrentin, 1886, p. 297 (pro
Astracrinidae  Auvstim & Avstin, 1843, p, 205)] [=Pen-
tephyllidae, Zygocrinidae Barien, 1899, p. 620]

Theca with eight spiracular slits along
margins of ambulacra; anal side lacking
slits. Dey.-Perm.

Astrocrinus Morwis, 1843, p. 49 [*A4. tetragonus

Morris, 1843, p. 42 (=Astrocrinites tetragonus
AvstiN & Auvstin, 1843, p. 206, nom. nud.); OD]
[=dAstracrinites Avstin & Avstin, 1842, p. 110
(nom. nud.); Astracvinites AvsTin & AusTIN,
1843, p. 205 (invalid original spelling); Astro-
crinftes Austin & Austiv, 1843, p. 206 (non
Conrap, 1841, mec MartHeR, 1843, #nec bE
Kowivexr, 1854); Zypocrinus Brows, 1848, p.
1381 (1ype, Astracrinites fetragonus)). Theea
flattened  star-shaped, small; epideltoid present,
with possible hypodeltoid; ambulacrum D short,
wide; lancet covered by side plates; single basal
plate; theca spinose. L.Carb., Eu.(Eng.-Scot.).
Fic. 254,3. *A. tetragonus, Eng.; 3a-d, oral, D-
ray, aboral views, and plate layout, x5.3 (41).
Fic. 255,1. A. benniei (Evnerivce), L.Carb.,
Scot.; la, oral view, 13.8; 15, D-ray view,
K14.3; Ie, aboral view, X14.5 (177).
Ceratoblastus  Wanner, 1940, p. 245 [emend.
BremMER & Mactroa, 1965, p. 2147 [*C. nanus;
OD]. Theea steeply conical, with apparently small
spiracular slits confined to summit along ambula-
cral margins; anal opening separate, between a
large epideltoid and small Phypodeltoid; ambula-
cra short, wide; lancet covered by side plates,
with lancet stipe close to mouth. Perm., Elndies
(Timor). Fic, 254,15 255,2. *C. nanus; 254,
Ta-d, oral, D-ray, aboral views, plate layout,
»®13.1; 255,24, oral view, X7.2; 255, 2b, DE
interambulacral view, x2.25 (1748).
Cryptoschisma Eruerince & CarrenTrr, 1886, p.
280 [*Pentremites schultzii DE  VERNEUIL &
p'ArcHiac, 1845, p. 479; OD]. Theca conical
with elongate spiracular slits along  ambulacral
margins, with 9 hydrospire folds opening into
cach slit; epideltoid and hypodeltoid present;
lancet completely exposed, forming petaloid am-
bulacra, Dew., Spain. Fre. 254,2; 256,1. *C.
schultzii (bE VERNEUIL & D'Arciiac); 254,2a-d,
oral, D-ray, aboral views, and plate layout, 3.6
(15, 41, 60); 254, 2e.f, anal views, X 10 (60);
256,1a, oral wview, X4.8; 256,15, D-ray view,
¥ 3.5 (60).

?Pentephyllum  Havcnrow, 1859, p. 512 [*P.
adarense; ODY]. Theca large, cup-shaped or penta-
lobate, doubtfully fissiculate, perhaps with 8 elon-
gate  spiracular slits along  ambulacral margins
with short ambulacrum (D7), and 4 long, linear
ambulacra; thecal plates somewhat irregular, but

b
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Anthoblastus

2b
Orophocrinus

Pentablastus

3b

¥, 252. Orophocrinidae (p. $409-5412).

with 3 large, normally disposed basals, 5 large
radials, and 5 short deltoids; anal structures un-
known |[position uncertain; characters based on
mnterpretations of single cast]. L.Carh., Eire,
Fra, 256,3; 257,2, *P, adarense; 250,3a,b, oral,
AB? interambulacral views, X 0.87; 257,2a-d, oral,
D-ray, aboral views, plate layout, X (L87 (41, 87}.
Pentremitidea p’Orprony, 1850, p. 102 [*Pentie-
mites  pailletti pe Verneuin, 1844, p. 213
[ =Pentetrematites Steavincer, 1849, p. 19 {(nom.
van.); Pentremitidia Quenstepr, 1876, p. 718
(nom. van. ) |. Theca conical, with clongate spiracu-
lar slits, each having approximately 8 hydrospire
folds; superdeltoids, subdeltoid, and hypodeltoid
present; sinuses deep; lancet covered by sude plates,
with possible inner side plate present. Dew., Spain-
INLAfr, Fia. 256,2; 257.1. *P. pailletti (vn
Verveuin); 256,2a, oral view, X3.2; 256,25,
Deray view, x3.5 (60); 257Ja-d, oral, D-ray,
aboral views, plate layout, X3.6 (60, 167, 168);
257,1e,f, cross sec. of ambulacrum, anal area,

% 10 (603,
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O »
Astrocrinus
3d <>

Fic. 254, Astrocrinidae (p. S413). [Explanation: 4, anal opening; e, epideltoid plate; 4/, deltoid lip; Ad,
hypodeltoid; /a, lancet plate; o, oral opening; 7/, radial limb; sd, side plate.]
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Order SPIRACULATA Jaekel, 1918

|Spiraculata  Jaeker, 1918, p, 107] [=Eublastida Marsu-
moro, 1929, p. 28 (type, Troostierinus Suumann, 1866, p.
385, designated by Fay, herein)]

Theca with hidden hydrospire slits that
open into hydrospire canals, with definite
spiracles and hydrospire pores. Sil.-Perm.

Family TROOSTICRINIDAE Bather,

1899
[rom. corrcce. Bassier, 1938, p. 14 (pro Troostocrinidae
Bataer, 1899, p. 9200] [=Troestoblastidae Evngeioce %

Carrentes, 1886, p. 190]

Theca elongate conical or obconical with
five paired spiracles around moyth. Sil-
Miss.

Troosticrinus Suusmarp, 1866, p. 385 [*Pentremites
reinwardti Troost, 1835, p. 224; SD ETHERIDGE
& Camrpenter, 1882, p. 247] [=Troostocrinus
Meek & Wowrnen, 1868, p. 356 (nom. van.);
Clavaeblastus Havmacn, 1903, p. 44 (obj.)].
Theca obconical, with superdeltoid, 2 crypto-
deltoids, and hypodeltoid; edges of cryptodeltoids
slightly exposed; lancet covered by side plates;
one pore between adjacent side plates along
ambulacral margins; radials overlapping deltoids;
ambulacra short, directed outward and slighty
downward; 3 to 5 hydrospire folds on each side
of ambulacrum, with thin thecal plates; pelvis
long; deltoids not visible in side view, but hypo-
deltoid visible in side view. Si., N.Am. Fic.
258,1; 259,1. *T. reinwardti (Troost), Niagaran,
USA(Tenn.); 258,1a, oral view, X4; 258,14, D-
ray view, X2.3; 259,1a-d, oral, D-ray, aboral
views, plate layout, X5.3; 259%7¢f, anal views,

%13, %13 (60, 165).

Metablastus Ernerines & Carvrnter, 1886, p. 196
[ #Pentremites lineatus Suumarp, 1858, p. 241;
OD]. Theca conical, with superdeltoid, 2 crypto-
deltoids, and hypodeltoid; lancet covered by side
plates; one pore between adjacent side plates along
radial and deltoid margins; radials overlapping
deltoids; 4 to 5 hydrospire folds on each side of
an ambulacrum; radial plates thin; pelvis long;
ambulacra extended downward aborally; deltoids
not visible in side view, but large hypodeltoid
visible in side view. Miss., N.Am.(I-Towa-Ind.-
Mo.-Ky.). Frc. 258,2a; 259,2a-f. *M. lincatus
(Suunarp), M.Miss,, Il 258,2¢, €D inter-
ambulacral view, X1.5; 259,2a-d, oral, D-ray,
aboral views, plate layout, X3.6; 259,2¢, cross
sce. of ambulacrum, X7; 239,2f, anal view, X5
(41, 60, 15%). Fic. 238,2b,c. M. wachimuthi
(Gurrey), MMiss., Ind.; 24,c, oral, D-ray views,
1.9, x1.8 (60). Fic. 259,2g. M. wortheni
(Harr), M.Miss., Mo.; anal view, X10 (60).

Fic. 255, Astrocrimdae (p. §413). Schizotremites Reivany, 1945, p. 25 [*S. kopfis
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Pentephyllum

Fra. 256. Astrocrinidae (p. §413).

OD] [=?Pentremitella Lemvasy, 1949, p. 190
(type. Pentremitella osolege; OD)]. Theca conical,
with paired anispiracle located between long
hypodeltoid and short superdeltoid, with 2 hidden
cryptodeltoids; deltoids moderately long, scen in
side view; lancet covered by side plates except
near adoral end; one pore between side plates
along deltoid and radial margins; 4 to 6 hydro-
spires on each side of an ambulacrum; radials
overlapping deltoids. Der., N.Am.-?Ger. Fic.
258.3; 260,2. *S. kopfi, M.Dev.,, USA(N.Y.);
258,3a,6, oral, D-ray views, x3.7; 260,2a-d,
oral, D-ray, aboral views, plate layout, >4.4;
260,2¢, cross scc, of ambulacrum, X 15 (62, 139).
Tricoclocrinus Merx & Worraey, 1868, p. 356
[ #Pentremites ( Troostocrinus? ) woodmani MrEEK
& WorTHEN, 1868, p. 356] [=Saccoblastus Ham-

S$417

Pentremitidea

Pentephyllum

Fie. 257, Astrocrimidace (p. $413). [Explanation: «,

anal opening; &, deltoid lip; Ad, hypodeloid; fa,

lancet plate; o, oral apening; par, posterior ambula-

crum (right); », radial plate; »e, radial canaly #f,

radial limb; s&, subdeltoid plate; sd, side plate; sp,
superdeltond plate.]
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Schizotremites
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Tricoelocrinus

Metablastus

Fic. 258, Troosticrinidae (p. §416-5419).

BacH, 1903, p. 42 (type, Pentremites bipyramid-
alis Havi, 1858, p. 607)]. Theca subpyramidal,
with superdeltoid, 2 cryptodelwids, and  hypo-
deltoid; lancet covered by side plates; one pore
between adjacent side plates along  deltoid and
radial margins; radials overlapping deltoids: with
3 short hydrospire folds on each side of ambula-
crum, extending one-half length of ambulacrum,

ending  within  thick radial plate beneath  each
ambulacrum;  pelvis long, widely  inflated  out-
ward, subrounded below; deltoids not visible in
side view, but large hypodeltoid visible in side
view. Mrgs, NoAm(Ind.-Tenn.-Ky.-Mo.-111,).
Fre, 298.4; 2600a-c. *T. woodmani (MEER &
WortHEN), M.Miss,, Ind.; 258.4adb, aboral, A-
ray wviews, X 1.3; 260,/a-d, oral, D-ray, aboral
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views, plate layout, X0.86; 260,l¢, anal area, Family DIPLOBLASTIDAE Fay, 1964
Fic. 260,1f. T. obli- [Diploblastidac Fay, 1964, p. 84)
Theca globular, with five paired spiracles

or four paired spiracles and an anispiracle.
Miss.

diagram. (50, 60, 116).
quatus (RoEMER), M.Miss., Ind.; cross sec. of
ambulacrum, X4.4 (41).

Troosticrinus

oY
@\

2b 2d

7

Fic. 259. Troosticrinidae (p. $§416). [Explanation: @, anal opening; ¢, cryptodeltoid plate; d, deltoid plate;
dl, deltoid lip; ke, hydrospire canal; Ad, hypodeltoid; la, lancet plate; o, oral opening; par, posterior am-
bulacrum (right); r, radial plate; #J, radial limb; sd, side plate; sp, superdetoid plate.]



2d

Echinodermata—Crinogoans—Blastoids

2b

Fic. 260, Troosticrinidae (p. $416-5419). [Explanation: /e, lancet plate; #, radial plate; sd, side plate.)

Diploblastus Fay, 1961 (60), p. 62 [*Granatocrinus

glaber Meex & WorTtnen, 1869, p. 91; OD}L.
Theca globular, with superdeltoid, 2 crypto-
deltoids, and hypodeltoid; 2 hydrospire folds on
each side of an ambulacrum; lancet covered by
side plates at aboral end and gradually exposed
to 0.3 of its width near adoral end; with one
pore between side plates along deltoid and radial
margins; radials overlapping deltoids. Miss., N.Am.
(1il.-Mo.-Ky.-Ala.). Fie. 261,2; 262,1. *D.
glaber (Meek & WorTHEN), M.Miss.,, Ky. (261,
2), Il (262,1); 261,226, oral, D-ray views,
X75; 262,1a-d, oral, D-ray, aboral views, plate
layout, X6.3; 262,l¢, cross sec. of ambulacrum,
X26.5; 262,1f, anal view, X10 (60).

Nodoblastus Fav, 1963, p. 174 [*Schizoblastus
librovitchi Yaxoviev, 1941, p. 71; OD]. Theca
bell-shaped to elliptical, with anispiracle located
between short epideltoid and long hypodeltoid;
deltoids slightly longer than radials which over-
lap deltoids; one hydrospire fold on each side of
an ambulacrum; hydrospire plate present, with
about twice as many pores as side plates; basalia
small, in slight basal concavity; deltoids nodose,
with medium high deltoid crests. L.Carb., Eu.
(USSR). Fic. 261,1; 262,2. *N. librovitchi
{Yaxkovrev); 261,1a,6, oral, C-ray views, X3.2;
262,2a-d, oral, C-ray, aboral views, plate diagram,
X 3.7; 262,2e, transv. sec. of ambulacrum, X10
(73, 188).
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Family GRANATOCRINIDAE Fay, 1961

[Granatocrinidae Fay, 1961 (80}, p. 20] [=Granatoblastidac
ErHerinGe & CarreNver, 1886, p. 237 (invalid, based on
nonexistent nominal genus) |

Theca with eight spiracles and anispiracle

(or paired anispiracle) around mouth. Miss.

Granatocrinus Havyr, 1862, p. 146 | *Pentatrematites
granulatus Roemer, 1851, p. 363; SD SuumaRp,
1866, p. 375] |=Granatocrinites Troost, 1849,
p. 420 (mom. nud.); Cidaroblastus HaxpacH,
1903, p. 45 (type, Pentatrematites granulatus
Roemer)]. Elliptical theca with anispiracle located
between epideltoid and hypodeltoid; one hydro-
spire fold on each side of an ambulacrum; lancet
covered by side plates; hydrospire plate present;

2 pores to each side plate along radial and deltoid

- margins; radials overlapping  deltoids;  deltoids
Diploblastus ~ 1 2h moderately long. Miss.,, N.Am.(Ky.-Ind.-Tenn.).

Fic. 263,1; 264,la-e. *G. granulatus (Rok-

Fic. 261. Diploblastidae (p. §420). mER), M.Miss.,, USA{Tenn.); 263,1a, oral view,

Nodoblastus

Fic, 262, Diploblastidae (p. §420). |Explanaton: 4, anal opening; ¢, cryptodeltoid plate; 4, hydrospire
plate; Ae, hyvdrospire canal; Ad, hypodeltoid; e, lancet plate; o, oral opening; par, posterior ambulacrum
(right); », radial plate; #, radial limb; sd, side plate; sp, superdeltoid plate.]
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Carpenteroblastus

1

Cribroblastus

Fic. 263, Granatocrinidae (p, $421-5422).

»1; 263,1h, interambulacral view, X0.5; 264,
la-d, oral, D-ray, aboral wviews, plate layour,
% 1.3; 264,1e, cross sec. of ambulacrum, 8.7
(60, 86). Fia. 264,11, G. kentuchyensis (Con-
KN}, M.Miss,, Ky.; anal view, X7.4 (60).

Carpenteroblastus Rowrey, 1901, p. 347 [*Granato-
crinus (Sehizoblastus) magnibasis Rowrey, 1895,
p. 220; OD]. Theca conico-elliptical; anispiracle
located between epideltoid and hypodeltoid; lancet
exposed along food groove proper; with 2 hydro-
spire folds on cach side of an ambulacrum; one
pore between adjacent side plates along  deltoid

Echinodermata—Crinozoans—Blastoids

and radial margins; radials overlapping deltoids;
base convex. Miss, N.Am.(Mo.-?Ky.). Fic.
263,3; 264.2. *C. magnibasis (Rowrey), M.Miss,,
USA(Mo.); 263,3a,b, oral, D-ray views, x2.5;
264,2a-d, oral, D-ray, aboral views, plate layout,
%3.5; 264,2¢, cross sec. of ambulacrum, x35.2;

264,2f, anal view, X 10 (60).

Cribroblastus Hamsach, 1903, p. 39 [*Pentremites
cornutns Mrek & WortHen, 1862, p. 141; 8D
BassLer, 1938, p. 75]. Ellipsoidal theca; anispiracle
located between epideltoid and hypodeltoid; del-
toids short, with high coronal processes; radials
overlapping deltoids; lancet covered by side plates,
with single pore between side plates along radial
and deltoid margins; 2 hydrospire folds on each
side of an ambulacrum; hydrospire plate present.
Miss., N.Am. (111 -Mo.). Fic. 253,4; 265,1.
*C. cornutus (Merk & Wonrnen), M.Miss,, USA
(Mo.); 2634a, oral view of polished summit,
X5: 26345, side view, »2.3; 263,4c, aboral
view, x3.1; 265,1a-d, oral, D-ray, aboral views,
plate layout, X3.6; 265.1¢, cross sec. of ambula-
crum, ¥ 17.9; 265,71, anal view, X 3.8 (60).

Cryptoblastus EtHermce & Careenter, 1886, p.
229 [*Pentremites melo Owen & Snumarn, 1850,
p. 65; OD]. Theca ellipsoidal; anispiracle located
between superdeltoid, 2 deep cryptodeltoids, and
hypodeltoid; lancet exposed along middle 0.3 of
its width except near aboral end; 2 hydrospire
folds on each side of an ambulacrum; hydro-
spire plate  present;  pores absent along  deltoid
margins, with about 2 pores per side plate along
radial margins; interradial  sutures  depressed:
radials overlapping deltoids except at extreme ad-
oral tip of radial limbs where deltoids project
slightly over radials. Miss,, N.Am. (Towa-Mo.}.——
Fiz, 263.2: 265.2. *C. melo (Owew & SHUMARD),
M.Miss., USA(lowa); 263,2a,b, oral, D-ray views,
2.6; 265,2a-d, oral, D-ray, aboral views, plate
layout, X 3.6; 265.2¢, cross sce, of ambulacrum,
% 22: 265.2f, anal view, x3.8 (29, 60, 128).

Dentiblastus Macuroa, 1964 (102), p. 370 [*Pen-
tremites siriws Wiire, 1865, p. 20; OD]. Theca
oblate spheroidal; with anispiracle located be-
tween epideltoid and  hypodeltoid; 2 hydrospire
folds on each side of ambulacrum; hydrospire
plate present; lancet covered by side plates; single
pore between adjacent side plates along radial
and deltoid margins; deltoids overlapping radials;
radials winglike, with ambulacra extending be-
yond theca proper. Miss., USA(Towa-Ma.).
Fie, 266,71, *D. sriws (Warre), M.Muss, Mo
la-f, oral, E-ray, aboral views, plate layout, oral,
F-ray views, X6 (102).

Heteroblastus Evnrrince & Carrenter, 1886, p.
255 [*H. cumberiandi; OD]. Theca elliptical;
anispiracle seemingly  located between  epideltoid
and hypodeltoid; deltoids long, with high coronal
processes; lancet covered by side plates; single
pore between side plates along radial and deltoid
margins; deltoids  overlapping  radials; probably
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Carpenteroblastus

Fic. 264. Granatocrinidae (p. S421-S423). [Explanation: @, anal opening; d, deltoid plate; e, epideltoid
plate; kc, hydrospire canal; Ad, hypodeltoid; la, lancet plate; o, oral opening; par, posterior ambulacrum

(right).]



Cryptoblastus

Echinodermata—Crinozoans—Blastoids

Fic. 265. Granatocrinidae (p. §422). [Explanation: a, anal opening; A4, hydrospire plate; 4d, hypodeltoid;
la, lancet plate; o, oral opening; r, radial; 7/, radial limb; sd, side plate; sp, superdeltoid plate.]

more than one hydrospire fold on each side of
an ambulacrum. L.Carb., Eu.(Eng.). Fic. 267,
1; 268,1. *H. cumberlands; 267,1a,b, oral, radial
views, X3.8; 268,la-d, oral, D-ray, aboral views,
plate layout, X 4.4 (41).

Mesoblastus ETHERIDGE & CARPENTER, 1886, p. 181
[*Pentatrematites crenulatus RoEmEeR, 1851, p.
366; OD]. Theca subglobular; superdeltoid, 2
cryptodeltoids, and hypodeltoid; 3 hydrospire folds
on each side of ambulacra; thick hydrospire plate,
with approximately 5 pores to each side plate in-
folded into double row; lancet covered by side
plates except at adoral end; pores absent along
deltoid margins; radials overlapping deltoids. L.
Carb., Eu.(Belg.-Eng.-Ger.)-?China. Fic. 267,
3; 268,2a-d, 2f. *M. crenulatus (RoEmMeR), Belg.;
267,3a,b, oral, D-ray views, X3.2; 268,2a-d, oral,

D-ray, aboral views, plate layout, X5.8; 268,2f,
anal view, X10 (41, 60). Fic. 268,2¢. M.
angulatus (Sowersy), Eng.; cross sec. of ambula-
crum, X11.8 (41).

Monadoblastus Fay, 1961 (60), p. 82 [*M. granu-
losus; OD]. Theca elliptical, with anispiracle
located between epideltoid and hypodeltoid; hydro-
spire plate present, and approximately 2 pores to
each side plate along radial margins; pores absent
along deltoids; one hydrospire fold on each side
of ambulacra; lancets covered by side plates except
near adoral end; base concave; radials overlapping
deltoids. Miss., N.Am.(N.Mex.). Fic. 267,2;
268,3. *M. granulosus; 267,2a,b, oral, D-ray views,
X 6.4; 268,3a-¢, oral, D-ray, aboral views, plate
layout, cross sec. of ambulacrum, X8.8 (60).




Systematic Descriptions—Spiraculata

&

le

Dentiblastus
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Fic, 266. Granatocrinidae (p. §422).
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Fic. 267. Granatocrinidae (p. $422, 5424).

Monoschizoblastus Crivg, 1936, p. 265 [*Granato-
crinus rofer ETHErRIDGE & CarrenTER, 1882, p.
239; OD]. 'Theca ellipsoidal; anispiracle between
small epideltoid and large hypodeltoid; single
hydrospire fold on each side of ambulacra; lancet
exposed along middle 0.3 of its width; deltoids
long, overlapping radials; base concave; with what
appears to be single pore between side plates along
radial and deltoid margins. L.Carb., Eu.(Eire).

Frc. 269,1; 270,3. *M. rofes (ETHERIDGE &
CARPENTER); 209,0ab, oral, A-ray views, }X+4;
270,3a-d, oral, D-ray, aboral views, plate layout,
% 7.5; 270,3¢, cross sec. of ambulacrum, X13.1
(28, 39, 41, 533).

Poroblastus Fay, 1961 (60), p. 97 [*Pentremires
( Granatocrinus) granulosus Merk & WORTHEN,
1865, p. 165; OD]. Theca ellipsoidal, with

anispiracle between epideltoid and  hypodeltoid;

radials overlapping deltoids; hydrospire plate pres-
ent; onc pore between side plates along deltoid
margins but 2 pores to each side plate along
radial margins; single hydrospire fold on each side
of ambulacra; lancet covered by side plates at
aboral end, gradually exposed to (1.3 of its width
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Mesoblastus

Monadoblastus 3c

Fic. 268. Granatocrinidae (p. $422, $424). [Explanation: a, anal opening; ¢, cryptodeltoid plate; d,
deltoid plate; A, hydrospire plate; ke, hydrospire canal; hd, hypodeltoid; la, lancet plate; o, oral opening;
v, radial plate; sd, side plate; sp, superdeltoid plate.]
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near adoral end; base concave. Miss.,, N.Am.(Ill.-
Iowa-Ma,). 1e, 2692y 270,2. *P. granulosus
(Meex & WortHEn), M.Miss., USA(IIL)}; 269,
2ab, oral, D-ray views, X4; 270,2a-d, oral, D-
ray, aboral views, plate layout, X4.4; 2702,
cross see. of ambulacrum, X26.4; 270,2f, anal
view, ¥ 10 (60},

Ptychoblastus Fav, 1960 (46), p. 1198 [*P. pusiu-
losus; ODY]. Theca ellipsoidal, with anispiracle
between epideltoid and hypodeltoid; radials abut-
ting against deltoids; hydrospire plate present; 2
pores to each side plate along deltoid and radial
margins; single hydrospire fold on each side of
ambulacra; lancets covered at aboral end, grad-
ually exposed to 0.3 of width near adoral end.
Miss., N.AmM.(Ma.). Fre, 269,3; 270,10, *P.
pustulosus, MMiss.; 269,3a-c, oral, AE inter-
ambulacral, D-ray views, X3.8 (60); 270,la-d,
oral, D-ray, aboral views, plate layout, x5.9;
270,1e, cross sec. of ambulacrum, X17.6 (46).

Pyramiblastus  Macunrpa, 1964 (105), p. 106
[*Orophocrines  Jusiformis  WacHsMUTH &
SeriNcer, 1888, p. 14; OD]. Theca bipyramidal,
with paired anispiracle located between super-
deltoid, 2 cryptodeltoids, and hypodeltoid; 6 to
8 hydrospire folds on each side of ambula-
crum; lancet exposed along 0.3 of its width; single
pore between cach side plate along radial and
deltord  margins;  deltoids  overlapping  radials;
deltoids well exposed in side view. Miss., USA
(lowa).——Fic. 271,0. *P. Jusiformis (Wacn-
sMUTH & Sprivcer), L.Miss., lowa; la-f, oral,
D-ray, aboral views, plate lavout, side view of
holotype, D-ray view, X3 (105).

Tanaoblastus Fav, 1961 (60}, p. 101 [*Pentremites
roemeri SHuMaARD { partim), 1855, p. 186, pl. B,
fig. 2a only; ODY]. Theea subelliptical, with
anispiracle located between superdeltoid and hypo-
delwid, with 2 hidden cryptodeltoids; deltoids
meoderately  short; radials  overlapping  deltoids;
pores absent along deltoid margins, but 2 pores
o each side plate along radial margins; 2 hydro-
spire folds on each side of ambulacra; lancet ex-
posed along main food groove: interradial sutures
even; base flat to convex. Miss., N.Am.{Mo.-Mont.-
PAriz.-Alta). Fre,  272,1a-h.  *T. roemeri
(Suunmarn), L.Miss, USA(Mo.y; la, oral view,
¥ 5.9, 1h, oral view, X5.1; le¢, D-ray view,
¥5.9; 1d, D-ray view, X5.1; lef, abaral view,
plate lavout, »5.9; Ig, cross sce, of ambulacrum,
¥ 11.7: 1k, anal view, 10 (60). Fre. 272,
1. T. concinmulus (Rowrry & Hane), M.Miss,
Moo anal view, X 10 (60).

Family SCHIZOBLASTIDAE
Etheridge & Carpenter, 1886
[Schizoblastidae Friermboe & Carrnvon, 1886, p. 220

Theca with ten spiracles and separate
anal opening around mouth; cryptodeltoids
(if present) hidden. Dev.-Perm.

§427

Ptychoblastus

Fic. 269, Granatocrinidae (p. 5425, §427).

Schizoblastus Ertnrmincr & Canpenter, 1882, p.
243 [ *Pentremutes sayi Suumarp, 1855, p. 185;
SI} ErnrrineE & Carrenter, 1886, p. 220].
Theca ellipsoidal; anal opening between epideltoid
and hypodeltoid; lancet exposed along main food
groove; 1 pore between side plates along deltoid
and radial margins; deltoids moderately  long,
overlapping radials; 2 hydrospire folds on cach
side of ambulacrum; base slightly concave, Miss.,
N.Am. (Towa-Mo.-T11) . Fa, 273,2; 2742, *5.
sayi (Smumarp), M.Miss., USA(Mo.); 273,245,
oral, A-ray views, x2; 2741,2a-d, oral, D-ray,
aboral views, plate layout, X2.2; 2742e, cross
sec. of ambulacrum, X 8.9 (28, 60, 154).

Acentrotremites Etnenimce & Carernrin, 1HE3, p,
232 [*Mitra elliptica CumserLann, 1826, p. 33;




§428

OD]. Theca bell-shaped, with spiracles adjacent
to radials; anal opening excavated in Psingle anal
deltoid; hydrospire plate present; pores absent
along deltoids; deltoids overlapping radials; 4 or
5 hydrospire folds on each side of an ambula-

Echinodermata—Crinozoans—Blastoids

crum; lancet covered by side plates; basalia seem-
ingly fused to form single plate. L.Carb., Eu.
(Eng.). Fic. 273,3; 274,1. *A. ellipticus
(CuMmBERLAND); 273,326, oral, CD interambula-
cral views, X1.3, X0.7; 274,1a-d, oral, D-ray, ab-

2c

Poroblastus

Fic. 270. Granatocrinidae (p. $425, $§427). [Explanation: 4, anal opening; e, epideltoid plate; Ad, hypo-
deltoid; Za, lancet plate; o, oral opening; par, posterior ambulacrum (right); #, radial plate; sd, side plate.]
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Fic. 272, Granatocrinidae (p. $427). [Explanation:

a, anal opening; ¢, cryptodeltoid plate; 4, deltwid

plate; 4, hydrospire plate; Ad, hypodeltoid; la, lan-

1d cet plate; o, oral opening; par, posterior ambula-
crum (right); #, radial plate; #f, radial limb; sp,

superdeltoid plate.]
le oral views, plate layout, ¥ 1.3; 274,1¢,f, cross secs.
of ambulacrum, x3.6 (12, 36, 40, 132).

Auloblastus Braver, 1961 (14), p. 1113 [*A4. clinei;
Fic. 271. Granatocrinidae (p. 5427). OD]. Subspherical form with spiracles near sum-
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Fie. 273, Schizoblastidae (p. $427-5432).

mit; anal opening probably separate; basalia small,
in concavity; radials long, overlapping  deltoids;
hydrospire plate absent; single pore between ad-
jacent side plates along ambulacral margins; 4
hydrospire folds on each side of ambulacra; anal
opening bordered adorally by superdeltoid, aborally
by hypodeltoid, and internally on either side by
cryptodeltoids; side plates cover lancets except near
adoral tip; lateral canals present. M. Miss., N.Am,

(Mo.). Fic. 273,1; 274.3. *A. clinei, USA
(Mo.); 273,1a6, oral, interambulacral wviews,
s 1.3; 274,3a-d, oral, interambulacral, aboral

views, plate layout, x1.37 274.3e, cross sec. of
ambulacrum, 10 (14).

Deltoblastus Fay, 1961 (49}, p. 36 [*Schizoblastus
delta elongatus Wanser, 1924 (173), p. 61; OD].
Theeca ellipsoidal; anal opening between epideltoid
and hypodeloid; lancet exposed, forming petaloid
ambulacra; sinus margins raised; radials over-
lapping  deltoids; base concave; single pore be-
tween side plates along radial and deltoid margins;
2 hydrospire folds on cach side of ambulacra.
Perm., E.Indies(Timor)-7Eu. { fSialy). Fic.

75,1. D, permicies (Wanner), Timor; 275,1a-d,
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oral, D-ray, aboral views, plate layout, %X3.2; 275,
le, cross sec. of ambulacrum, X7.7 (49). Fic.
2734. D. iimorensis (BATHER), Perm., Timor;
4a,b, oral, B-ray views, X 1.3 (11).
Lophoblastus Rowrey, 1901, p. 344

[emend.

Macurpa, 1962, p. 13701 [*Codonites inopinatus
RowrLey & Harg, 1891, p. 100; OD]. Theca

3e Auloblastus

U
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ellipsoidal, with anal opening between epideltoid
and hooded hypodeltoid; 3 hydrospire folds on
each side of ambulacra; lancet exposed 0.3 of its
width; with single pore between adjacent side
plates along deltoid and radial margins; deltoids
overlapping radials. Miss., N.Am. Fic. 273,65
276,3. *L. inopinatus (RowLEy & HaRE), M.Miss.,

Schizoblastus

o

%@ N

Fic. 274, Schizoblastidae (p. $427-5430). [Explanation: d, deltoid plate; /e, lancet plate; 7, radial plate;
sd, side plate.]



§432

1d

Deltoblastus

Fie. 275. Schizoblastidae (p. $430). [Explanation:
d, deltoid plate; la, lancet plate; 7, radial plate; sd,
side plate.]

USA(Mo.); 273,6a, oral view, X4.2; 273,65, D-
ray view, X5.6; 276,3a-d, oral, D-ray, aboral
views, plate layout, X5.3; 276,3¢, cross sec. of
ambulacrum, X13.1; 276,3f, anal view, X10
(60).

Orbiblastus Macurpa, 1965 (106), p. 302 [*Orbi-
blastus hoskynae Macurba, 1965 (106), p. 303;
OD]. Theca globular, with anal opening between
epideltoid and hypodeltoid; 3 hydrospire folds on
each side of ambulacra; lancet exposed along main
food groove; one pore between each side plate
along deltoid and radial margins; radials over-
lapping deltoids; basalia in basal concavity, Miss.,
N.Am.(Ark.). Fre. 273,5; 276,2. *0. hosky-
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nae, MMiss.,, Ark.; 273,5a,b, oral, D-ray views,
X1.3; 276,2a-d, oral, D-ray, aboral views, plate
layout, X 1.3 (106).

Strongyloblastus Fay, 1962 (68), p. 132 [*Strongy-
loblastus petalus Fav, 1962, p. 132; OD]. Theca
suboval, with spiracles near oral opening; anal
opening between small epideltoid and moderately
long hypodeltoid; deltoids visible in side view,
overlapped by radials; lancet widely exposed,
with single pore between side plates along radial
and deltoid margins; 5 hydrospire folds on each
side of ambulacra; ambulacra broadly petaloid
and moderately long; periphery at radial lips be-
low mid-height; basalia conical, large; theca sub-
rounded pentagonal in top view. M.Dey., USA
(N.Y.). Fic. 273,7; 276,1. *S. petalus Fay;
273,7a,b, oral, E-ray views, X1.3; ¥6,la-d,
oral, E-ray, aboral views, plate layout, X1.3;
276,1e, cross sec. of D ambulacrum, aboral view,

X 10 (68).

Family NUCLEOCRINIDAE Bather,
1899
[Nucleocrinidae Batmer, 1899, p. 920] [=Nucleoblastidac
ETHERIDGE & CARPENTER, 1886, p. 209 (invalid, based on
nonexistent nominal genus); Olivanidae HamsacH, 1903, p.
48 (invalid, based on nonexistent nominal genus))

Theca with ten spiracles and anal open-
ing separate around mouth, as in Schizo-
blastidae, but with two elongate, exposed
cryptodeltoids. Dev.

Nucleocrinus Conrap, 1842, p. 280 [*N. elegans;

OD]. Theca ellipsoidal; with 5 large oral plates
and 3 exposed anal plates, consisting of 2 crypto-
deltoids and hypodeltoid; superdeltoid hidden;
anal oral abutting against cryptodeltoids; deltoids
long, overlapping radials; 2 hydrospire folds on
each side of ambulacra, with short hydrospire
canal; lancet covered by side plates, with inner
side plate present; one large pore between side
plates along deltoid and radial margins. Dev.,
N.Am.(N.Y.-Iowa-Mich.-Ont.) . Frc. 277,la-d;
278,1. *N. elegans, M.Dev., USA(N.Y.); 277,
la-d, oral, D-ray, aboral views, plate layout,
X2.6 (34, 60, 83); 278,1a,b, oral, D-ray views,
X5 (43). Fic. 277,le-h. N. meloniformis
(Barris), M.Dev., USA(Mich.); le, cross sec. of
ambulacrum, X8.8 (Fay, n); If-4, anal views,
X 10 (60).

Elaeacrinus RoemEer, 1851, p. 379 [*E. verneuili;
OD] [=Olivanites Troost, 1849, p. 419 (nom.
nud.); Olivanites Lyon, 1857, p. 487 (type,
Olivanites verneutli ‘Troost, 1849); Eleacrinus
ETHERIDGE & CARPENTER, 1883, p. 228 (nom.
van.)]. Theca elongate, ellipsoidal; with approxi-
mately 18 to 21 oral plates (one of which, how-
ever, may be superdeltoid); with 2 prominent,
well-exposed cryptodeltoids and hypodeltoid; 1 or
2 anal orals between adoral tips of cryptodeltoids
(if 1 it is superdeltoid, and if 2, the aboral one is
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superdeltoid); deltoids long, overlapping radials;
2 hydrospire folds on each side of ambulacra,
with medium-long hydrospire canal; lancet cov-
ered by side plates, with inner side plate present;

la
Strongyloblastus

Lophoblastus

5433

single large pore between side plates along deltoid
and radial margins. Dev., N.Am.(Ohio-Ind.-Ky.-
Mo.). Fic. 279,la-f; 280,1. *E. verneuili

(Troost), M.Dev., USA(Ind.); 279,la-d, oral,

Orbiblastus

Fic. 276. Schizoblastidae (p. $431-5432). [Explanation: 4, anal opening; 4, deltoid plate; e, epideltoid
plate; Ad, hypodeltoid; la, lancet plate; o, oral opening; r, radial plate; sd, side plate.]



5434 Echinodermata—Crinozoans—Blastoids

plates, one of which is between aboral ends of
cryptodeltoids  and  may be superdeltoid  plate;
lancet covered by side plates, with inner side
plate present; single Jarge pore between side plates
along deltoid and radial margins; deltoids long,
overlapping radials; 2 hydrospire folds on each
side of ambulacra, with long hydrospire canal.
Der., N. Am.(lowa-Mich,-N. Y.-Ind.-Ohin).
e, 280,2; 281,1a-f. *P. ohovatus (Barwms), M.
Dev., USA(Mich.); 280,2a,6, oral, EA inter-
ambulacral views, 1.1; 281,la-d, oral, D-ray,
aboral views, plate lavout, 3 1.3; 281,/¢, cross sec,
of ambulacrum, X 13.1; 281,1f, anal view, 7.5
(60). Vg, 281,04 P angularis (Lyow), M.
Dev., NY.; anal view, X7.8 (60). Fro, 281,
lg. P lucing (Hatp), MDev,, N.Y.; anal view,
> 10 (60).

Family PENTREMITIDAE d'Orbigny,
1851

[nam. correer, Etnermon & Canvintes, 1886, p, 145 (pro

Pentremitidaen » Orsicny, 1851, p. 139)| | =Elcutherocrini-

e Barmen, 1899, po 920 Eleucheroblastidae, p. 505 Pentre-
midae, p. 33, Hameacu, 1903]

Fic. 277. Nucleocrinidae (p. $432). [Explanaticn:

@, anal opening; e, cryptodeltoid plate; o, deltoid

plate; Ad, hypodeltoid; e, lancet plate; o, oral

opening or oral plate; par, posterior ambulacrum

(right); s, spiracle; sd, side plate; p, superdeltoid
plate.]

D-ray, aboral views, plate layvour, X1 (60); 279,
le, cross sec. of ambulacrum, X35 (18); 2791,
anal view, X4 (60); 280,1a,b, oral, D-ray views,
w1 (60}, Fie, 279,1g,h. E. venustis (MiLLER
& Gurrey), MDev., Ohio; Ighk, anal views,
%5.7 (60).
Placoblastus Fay, 1961 (60), p. 92 |*Elacacrinus
obovatus Banris, 1883, p. 358; OD]. Theea Klisleas e

clongate ellipsoidal; with prominent, well-exposed

cryptodeltoids and hypodeltoid; 6 or 7 large oral Fic. 278, Nucleocrinidae (p. §432).
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Theca subconical or subpyriform with
four spiracles and anispiracle around mouth.
Dev.-Perm.

Pentremites Say, 1820, p. 36 [*Encring Godoni
Derravce, 1819, p. 467; SD Evuermce & Car-
PENTER, 1886, p. 157] [mom. correct. SOWERBY,
1825, p. 316 (pro Pemtremite Say, 1820)]
| =stevite, Asterial fossil, Encrina, Encrinites,
Pentatrematites, Pentatremites, averr. (partim)].
Theea club-shaped to subpyriform; anispiracle ex-
cavated in undivided anal deltoid plate; with 3 to
7 or more hydrospire folds on each side of an
ambulacrum; oral and anal arcas covered by
many imbricate plates; one pore between side
plates along radial and deltoid margins; lancet

"

Elasacrinus
par
<

Fre. 279, Nucleacrinidae (p. $432-8434). [Explana-

tiont a, anal opening; ¢, cryptodeltoid plate; 4,
deltond plate; Ad, hypodeloid; la, lancet plate: o,
oral opening or oral plate; pal, posterior ambula-
crum (left); par, posterior ambulacrum (right);
5, spiracle; sd, side plate; sp, superdeltoid plate.]
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b

Elaeacrinus

2b
Placoblastus

Fic. 280, Nucleocrinidae (p. $432-5434).

widely  exposed, forming  petaloid  ambulacra;
radials overlapping deltoids. Miss.-Penn., N.Am.-
S.Am. (Colombia). Fic, 282,1. *P. godoni (DE-
vrance), UMiss, USA(IL); la-d, oral, D-ray,
aboral wviews, plate lavout, X2.6; le, cross scc.
of ambulacrum, x5.3 (Fay, n). e, 283,3.
P.oosulearus (Roemir), UMiss, 1l 326, oral,
side views, > 1 (78).

Ambolostoma Prex, 1930, p. 104 [*4. baleyi:
OD|. Theca ellipsoidal; anispiracle 1 undivided
anal deltoid plate; 5 large oral plates covering
summit; lancet completely  cxposed; one large
pore between adjacent side plates along  deltoid
and radial margins; 3 hydrospire folds on cach
side of an ambulacrum. Mise,, N Am.(Utah-Ala.).
Tie. 282.2; 284,6. *A. baileyl, USA(Utah);
282 2a-d, oral, D-ray, aboral views, plate layout,
SAL8T7: 282 2¢, cross see. of ambulacrum, ¥ 17.6;
284.,6a, oral view, ¥ 1.1; 284,65, interradial view,
0.8 (1307,

Belocrinus Musier-Coarsas, 1881, p. 503 [emend.
Macunpa, 1966 (110), p. 2451 [*Belemnocrinis

cottaldi Muwinr-Caanmas, 1876, p. 103; OD]
| =Belemunocrinus  Mumier-Cuavmas, 1876, p.
105 (nmon Wmrre, 1862)]. Theca club-shaped,

with extremely elongate pelvis; spiracles five, sim-
ple. with anispiracle between epideltoid ? and hypo-
deltoid  (possibly with two deeply hidden ervpto-
deltoids); delwids visible in side view, including
hypodeltoid; lancet covered by side plates, with
one pore between adjacent side plates along radial
and deltoid margins; number of hydrospires un-
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known but in ten groups or fields. L.Des., Eu.  Calycoblastus WannEr, 1924 (173), p. 35 [emend.
(NW.Fr.). Fic. 282,3; 283.4. *B. cottaldi BReEIMER & Macurba, 1965, p. 215] [*C. -
(MuN1ER-CHALMAS), Eu.(NW.Fr.); 282,3¢-d, oral, cavatus; OD]. Theca subpyramidal, with anispir-
A-ray, aboral views, plate layout, X1.3; 28344,5, acle between epideltoid and hypodeltoid; radials
oral, 4-ray views, X2 (110). overlapping deltoids; 5 hydrospire folds on each

la

Placoblastus

Fic. 281. Nucleocrinidae (p. §434). [Explanation: 4, anal opening; ¢, cryptodeltoid plate; d, deltoid plate;
hd, hypodeltoid; /a, lancet plate; o, oral opening or oral plate; par, posterior ambulacrum (right); s,
spiracle; sd, side plate; sp, superdeltoid plate.]
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side of an ambulacrum; sublancet or fused hydro- A-ray view, X1; 2844, oral view, X1.3; 285,
spire plate present; lancet covered by side plates; 2a-d, oral, D-ray, aboral views, plate layout,
deltoids visible in side view. Perm., E.Indies ¥ 1.8; 285,2¢, cross sec. of ambulacrum, X3.8

(Timor)-Australia(New S. Wales). Fic. 283, (173).
1; 2844; 285,2. *C. tricavatus, Timor, 283,1, Cordyloblastus Fay, 1961 (60), p. 52 [*Pentremites

A
&

Belocrinus

Pentremites

1b

2

d

8@@

Fie. 282. Pentremitidae (p. $435-§436). [Explanation: @, anispiracle; d, deltoid plate; la, lancet plate;
7, radial plate; s, spiracle; sd, side plate.]




$438

Calycoblastus

Pentremites

Echinodermata—Crinozoans—DBlastoids

Belocrinus
4b

Fic. 283, Pentremitidae (p. $435-5437, §443).

acutangulis Scuuvtze, 1886, p. 225; OD]. Theca
club-shaped; with anispiracle  between  super-
deltoid and  large  hypodeltoid, with 2 internal
cryptodeltoids; hypodeltoid seen 1n side view but
not other 4 deltoids; radials overlapping deltonds,
lancet covered by side plates; one pore between
adjacent side plates along radial margins; with
4 1o @ hydrospire folds on each side of an ambula-
crum, Dee., Eu, (Ger,-Spain), Fra, 284,3; 285,
la-f. *C. gewtangnlus (Scuvirze), Fifel,, Ger;
284, 3a,l, nral, D-ray views, X 1.7; 285,1a-d, oral,
Deray, aboral views, plate lavout, % 1.8; 285,7e,
cross sec. of ambulacrum, 3 13.1; 285.0/, anal
view, 10 (60}, Fio. 285.1g-. C. eifeiensis
(Roesen), MDev, Ger: g, anal view, X 10;
P, anal wview, X30; f4, anal view, X10 (60).
Devonoblastus Retmann, 1935, p. 30 [*Pentremites
leda T1air, 1862, p. 149 8D Remann, 1942, p,
471, Theca clliptico-conical; anispiracle between
superdeltoid and hypodeltoid, with 2 crvptodeltoids
beneath hypadeltoid; 5 hydrospire folds on each
side of an ambulacrum; lancet covered by side
plates except at adoral end; one pore between side
plates along radial and deltoid margins: deltoids
visible in side wiew, overlopped by radials, Dee.,
N.AmMNY .- Ind.-Ont ) -FAsial #China) . Fic.
286.2a-d. *D. leda (Harr), M.Dev,, USA (N.Y.);
2¢-d, oral, D-ray, aboral views, plate layout,
X2.6 (41, 60, 137).—Fic. 284,5; 286,2e-g. D.
whiteaves: Reivany, M.Dev., Ont.; 284,546, oral,

D-ray wviews, xX2.2; 280,2¢-z, 3 anal vicws,
10 (60).
Eleutherocrinus Suumann & Yawspeon, 1856, p. 73
[*E. cassedayi; OD)| |=Fleutheroblastus Ham-
vach, 1903, p. 50 (obj.}]. Theca ellipsoidal, with
superdeltoid, 2 eryptodeltoids, and hypodelwoid;
short £ ambulacrum; 6 or 7 hvdrospire folds on
each side of an ambulacrum; lancet covered by
side plates; one pore between adjacent side plates
along deltoid and radial margins; radials over-
Lapping deltonds; thecal plates slightly  irregular,
Dee., NAmM(Ky.-Ind.-N.Y.-Ont. . Fie, 284,1;
286,4. *E. cassedayi, M.Dev,, Can{Ont); 284.7q,
oral view, % 3; 28414, D-ray view, 3 2.8; 254,
I, aboral view, }2.9; 284,1d, B-ray view, x2.9;
284Je, Coray view. X34, 286,0q4-f, oral, D-ray,
aboral views, plate lavout, cross sec. of middle
part of ambulacrum, cross sec. of aboral tp of
ambulacrum, X 6.6; 286,1g, anal view, 10 (60,
1583,
Pentremoblastus Fay & Koewig, 1963, p. 267
| *Pentremoblastus conteus; O], Theca conical
to obconical, with clongate split-elliptical spiracles;
anispiracle between superdeltoid, subdeltoid, and
hypodeltoid; elongate radials overlap short deltoids
along an inverted V-shaped suture; deltoids barely
visible in side view; lancet exposed full width,
with one pore between side plates: 2 to 3 hydro-
spire folds on anal side, but 5 hydrospire folds
on each side of other ambulacra; stem round.
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Eleutherocrinus

5b
s

Pentremaoblastus

Fic. 284, Pentremitidae (p. $435-5438, S440-8443).
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L.Miss.,, USA(lll.)——Fic. 284,7; 287,1. *P, views, X11.4; 287,1a-d, oral, C-ray, aboral views,
conicus, Kinderhook., Ill.; 284,74,6, oral, C-ray plate layout, X11.4 (75).

Calycoblastus

2c 2d

Fic. 285. Pentremitidae (p. $436-5438). [Explanation: 4, anal opening; ¢, cryptodeltoid plate; dl, deltoid
lip; Ae, hydrospire canal; Ad, hypodeltoid; la, lancet plate; o, oral opening or oral plate; par, posterior
ambulacrum (right); r, radial plate; 7/, radial limb; sd, side plate; sp, superdeltoid plate.]
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Petaloblastus Fay, 1961 (60), p. 90 [*Pentremites with anispiracle located between epideltoid and
ovalis GoLpruss, 1829, p. 161; OD]. Theca ovoid, hypodeltoid; radials overlapping deltoids, but

Devonoblastus

Ana
@ Iy
w O

2d
—>

Fic. 286. Pentremitidae (p. $438). [Explanation: 4, anal opening; ¢, cryptodeltoid plate; 47, deltoid lip;
ke, hydrospire canal; 4d, hypodeltoid; o, oral opening or oral plate; par, posterior ambulacrum (right);
71, radial lip; sd, side plate; sp, superdeltoid plate.]



§442

radiodeltoid suture inverted V-shaped (opposite
to that seen in Pentremites); at least 4 hydrospire
folds on each side of an ambulacrum; lancet ex-
posed its full width, forming petaloid ambulacra;

Pentremoblastus

<

Echinodermata—Crinozoans—Blastoids

one pore between side plates along radial and
deltoid margins. L.Carb., Eu.(Ger.). Fic. 284,
2. P. boletus (Scumint), LMiss., Ger.; 24,5, oral,
D-ray views, X2.9 (63). Fic. 287,2. *P. ovalis

&
62

Petaloblastus

segpaeitt

s aanrSeRer AT 3

Fic. 287. Pentremitidae (p. $438, $440-5443). [Explanation: /e, lancet plate; 7, radial plate; sd, side plate.]
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mately twice as many pores as side plates along
deltoid and radial margins; one hydrospire fold
on each side of an ambulacrum; deltoids over-
lapping radials; lancet exposed along middle one-
third of its width. L.Curd., Eu.(Eng.). F1c.
289,1; 290,la-g. *O. derbiensis (Sowerny); 289,
la,h, oral, D-ray views, X4.2; 290,1a-d, oral, D-
ray, aboral views, plate layout, X5.9; 290,1e,
cross sec. of ambulacrum, »11.7; 290,1f,¢, 2 anal
views, 10 (3, 41, 60, 161)——Fic. 290,14 O.
ellipticees (Sowrrnsy), L.Carb., Eng.; anal view,
10 (60).
Doryblastus Fay, 1961 (54). p. 194 | *Mesoblastus
melonignus Scamor, 1930, p. 6Y9; OD]. Theca
cllipsoidal, with 4 V-shaped spiracles plus anispir-
acle; anispiracle located between epideltoid and
shypodeltoid, possibly with 2 eryptodeltoids  be-

Fic. 288. Pentremitidae (p. S§443). [Explanation:
la, lancet plate; 7, radial plate; sd, side plate.]

(GoLvruss), Ftroeungt; 2a-d, oral, D-ray, aboral
views, plate lavout, X11.1; 2e, cross sce. of
ambulacrum, % 39.5; 2, anal view, %15 (60).
Rhopaloblastus  Waxwer, 1924 (174), p. 215
[emend, BREDMER & Macurpa, 1965, p. 216] [*R.
timoricus; OD]. Theca obeonical, with 4 spiracles
plus anispiracle; anispiracle between a  super-
deltoid, 2 exposed cryptodeltoids, and a hypo-
deltoid: one pore between side plates along radial
and deltoid margins; ambulacra moderately short,
almost confined to summit, with lancet stipe away
from mouth; lancet covered by side plates: radials
short, basals long; 3 hydrospire folds on cach side
of an ambulacrum. Perm., Elndies (Timor)-
Australia——Fie. 283,2; 288,1. *R. #zimoricus,
Timor; 283,2a, oral view, X4; 283,26, BC inter-
ray view, X2.5; 288,la-d, oral, D-ray, aboral
views, plate layout, X2.6; 288,Je, cross scc. of
ambulacrum, »}13.1 (174, 178).

Family ORBITREMITIDAE Bather, 1899
[Orbitremitidae Barmier, 1899, p. 920]

Theca subglobular with five spiracles (in-
cluding anispiracle) around mouth. Miss.
Orbitremites Awvstin & Auvstiv, 1842, p. 111

[ #Pentremites derbiensis Sowrrpy, 1825, p. 317;
SI3 Batmer, 1899 (9), p. 24| [=Orbitremites
Grav, 1840, p. 12 (noem. nud.)]. Theca ellips-
oidal; with superdeltoid, 2 cryptodeltoids, and
hypodeltoid:  hydrospire plate  present;  approxi- Fie. 289, Orbitremitidae (p. $§443-5445).

Globoblastus Doryblastus -



Doryblastus
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2d 2b

Fic. 290. Orbitremitidae (p. $443-S444). [Explanation: @, anispiracle; ¢, cryptodeltoid plate; 4, deltoid
plate; 4, hydrospire plate; Ac, hydrospire canal; Ad, hypodeltoid; la, lancet plate; o, oral opening; par,
posterior ambulacrum (right); sd, side plate; sp, superdeltoid plate.]

neath hypodeltoid; thick hydrospire plate present
along radial and deltoid margins, with approxi-
mately 2 pores to each side plate; radials over-
lapping deltoids; lancet exposed one-third of its
width; basalia small, in deep basal concavity;
possibly 3 hydrospire folds on each side of an
ambulacrum. M.Miss., Ger. Fic. 289,4; 290,2.
*D. melontanus (Scumint), U.Tournais., Ger.;
289,4a,b, oral, D-ray views, X4.1; 290,24-d, oral,
D-ray, aboral views, plate layout, X4.2 (54).

Ellipticoblastus Fay, 1960 (47), p. 317 [*Pentatre-
matites orbicularis Sowersy, 1834, p. 456; OD].
Theca elliptical; with superdeltoid, 2 crypto-
deltoids, and hypodeltoid; hydrospire plate present;

approximately twice as many pores as side plates
along deltoid and radial margins; one long hydro-
spire fold, curved, on each side of an ambula-
crum; radials overlapping deltoids; lancet exposed
along middle one-third of its width. L.Carb., Eu.
(Eng.). Fic. 289,2; 291,2. *E. orbicularis
(SowerBY); 289,2a,6, oral, D-ray views, X4.1;
291,2a-d, oral, D-ray, aboral views, plate layout,
X4.4; 291,2¢, anal view, X10 (60); 291,2f,
cross sec. of ambulacrum, X6.5 (41).

Globoblastus HameacH, 1903, p. 46 [*Pentremites
norwoodi OWEN & SmHumMarp, 1850, p. 64; OD].
Theca subglobular; with superdeltoid, 2 crypto-
deltoids, and hypodeltoid; lancet covered by side
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Globoblastus

Ellipticoblastus

S$445

Fie. 291. Orbitremitidae (p. $444-S445). [Explanation: @, anispiracle; ¢, cryptodeltoid plate; d, deltoid

plate; dl, deltoid lip; 4, hydrospire plate; Ac, hydrospire canal; 4d, hypodeltoid; la, lancet plate; o, oral

opening or oral plate; par, posterior ambulacrum (right); r, radial plate; rI radial limb; sd, side plate;
sp, superdeltoid plate.]

plates except near adoral end; radials overlapping
short deltoids; hydrospire plate present; 2 hydro-
spire folds on each side of an ambulacrum; ap-
proximately 2 pores to each side plate along radial
margins. Miss,, N.Am.(Ill.-lowa-Mo.). Fic.

289,3; 291,1. *G. norwoodi (OWEN & SHUMARD),
M.Miss., Iowa; 289,34,6, oral, D-ray views, X2.4;
291,1a-d, oral, D-ray, aboral views, plate layout,
X3.6; 291,1e, cross sec. of ambulacrum, X8.8;
291,11, anal view, X11.8 (45, 60, 86, 128).
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REFERENCES

INTRODUCTION

It was Otto JaEkeL (23)? who first pro-
posed, in 1899, to remove from the Cystoidea
several genera (Acanthocystites, Ascocy-

1 Italicized numbers refer to corresponding numbers in
the list of references.

stites, Eocystites, Lichenoides, Macrocystella,
Mimocystites, Palaeocystites) which pre-
viously had been included in this assem-
blage, because he judged them to be classi-
fiable as archaic cladocrinoids (=Crinoidea
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Camerata). Later, in 1918 (25), he intro-
duced for these and a few other genera a
new subclass named Eocrinoidea, which he
assigned to the class Crinoidea, despite its
inclusion with presumed earliest crinoids
forms regarded by him as ancestors of the
rhombiferan cystoids and diverse others hav-
ing aberrant features and ephemeral occur-
rence. Raymonp C. Moore has translated
this chapter and for this aid the author ex-
presses sincere thanks.

The echinoderm group known as eocrin-
oids has been treated quite differently by
authors in publications issued subsequent to
1918. Although Gexker (1938, 1940) and
more recently NicuoLs (1962) adopted
JaExeL’s placement of these forms as a sub-
class of Crinoidea, such arrangement was
rejected by BassLer (1938) and BassLEr &
Moobey (1943), who distributed the so-
called eocrinoid genera among families of
cystoids and did not even cite Eocrinoidea
in synonymy. Cufnor (1953) accepted the
group provisionally as an artificial assem-
blage, mentioned in a chapter on cystoids
in the part devoted to rhombiferans, but
omitted recognition of it in classification.
Zrrrer  (1924) ranked the Eocrinoidea
simply as an appendage of the Hydrophori-
dea (=Cystoidea). Finally, REoNELL (1945)
distinguished the group as an independent
class and in this arrangement has been fol-
lowed by Termier & Termier (1948, 1954),
BassLer (1950), Harker & HurcHinNson
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(1951), Usacnus (1953, 1960, 1963), MooRre
(1954), Gexkxer (1964), and Rosison
(1965).

The essential basis for ReenELL’s differ-
entiation of the eocrinoids as an acceptable
taxonomic group and his advancement of
it in rank was judgment that forms com-
posing the assemblage possess a combination
of such cystoid features as the presence of
brachioles and typical crinoid characters,
such as the absence of thecal pores. As mat-
ter of fact, Usacus (1953, 1963) and Rosr-
son  (1965) subsequently have demon-
strated that some eocrinoids do possess
thecal pores, but of a sort unlikg those of
cystoids.

The Eocrinoidea contain the most ancient
known representatives of the Crinozoa and
together with the Helicoplacoidea and
Edrioasteroidea are the oldest of all known
echinoderms, for remains attributable to
these groups have been found in the lower
half of the Lower Cambrian (Durnawm, 13).
Eocrinoids survived into Silurian time when
they vanished without having given rise to
known descendants. They are relatively
uncommon fossils except in a few favored
localities. Many are very inadequately
known. Their diversity makes it especially
difficult to formulate a satisfactory general
definition of them. They comprise a hetero-
geneous assemblage provisionally treated as
a class which better acquaintance perhaps
will allow to be subdivided.

MORPHOLOGY

GENERAL FEATURES

The skeleton of complete ecocrinoids
typically consists of three parts—column or
stem, theca, and brachioles (Fig. 292)—but
a stem may be lacking.

The column is a hollow structure more
or less differentiated from the theca and
serves for temporary or permanent fixation
of the organism to the sea bottom.

The theca is composed of plates which
enclose the visceral mass and as in cystoids
contains only orifices of the peristome and
periproct, or additionally in some, one to
several pores interpreted as hydropore, gono-
pore, or hydrogonopore openings. Essen-
tially, the plates are solid skeletal elements

composed of crystalline calcite. They are
imperforate, although along sutures between
the plates in numerous genera are aligned
pores which probably served for the pro-
trusion of soft organs functioning for gas
exchange between the body interior and
surrounding sea water.

In many genera no distinct boundary
separates the oral and aboral parts of the
theca, and accordingly, unlike crinoids, a
tegmen and dorsal cup are not recognizable
in eocrinoids. A few forms, however, ex-
hibit a vaulted or plateau-like oral surface
well differentiated from the remainder of
the theca (e.g., Akadocrinus, Ascocystites,
Mimocysutes, Lingulocystis). These some-
what resemble crinoids, but analysis shows
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that the similarity 1s superficial and lacking
real significance.

The brachioles are simple appendages of
the theca which invariably lack branches.
They are attached to the extremity of the
theca opposite to the stem, and being out-
side of the theca (exothecal), they have a
skeletal structure of their own, adapted for
the function of transporting food particles
to the mouth. Whereas the thecal cavity
may be prolonged into the hollow stem, it
does not extend into the brachioles.

Eocrinoids are small to medium in size,
with height of the theca unknown to ex-
ceed 6 or 7 cm.

ORIENTATION AND SYMMETRY

Eocrinoids are radiate, generally penta-
radiate, echinoderms. This symmetry may
affect not only the ambulacra and oral sur-
face of the theca (e.g., Columbocystis') but
extend to the dorsal part as well, although
radial symmetry never 1s complete. Oppo-
sitely, radial symmetry may be lacking, as
in genera with a compressed theca (e.g.,
Batherocystis, Lingulocystis, Rhipidocystis)
in which certain rays have become atrophied
or possibly never existed; one cannot choose
between these alternatives owing to igno-
rance ol the ancestors of these forms.

In a certain number of genera (e.g,
Columbocysiis,  Cryprocrinites, Muimocy-
stites) one of the interrays bears an oral
element composed of two closely associated
plates with a perforated wartlike swelling
located on the suture between them, prob-
ably marking the position of the hydropore.
Furthermore, in relation to this interray the
ambulacra are grouped in a bivium (the
two ambulacra bordering the interray) and
a trivium (the opposite three ambulacra).
This arrangement suffices to define a plane
of bilateral symmetry which may be desig-
nated as the madreporite plane. In genera
lacking an observed hydropore (e.g., Rhopa-
locystis), the presence of a double oral or
occurrence of a bivium and triviom, or
both, allow determination of the same ori-
entation with reasonable confidence. In
order to employ the Carpenter system of
letter designations for the eocrinoid ambula-
cra, the ray opposite to the interray contain-

1 Placement of Columbocysis in the FEocrinoidea must

remain doulaful unnl the exothecal appendages of this form
have been ebserved.

ing the hydropore is indicated as A, and
then, viewing the oral surface of the theca,

brachioles

theca

stem

L
292, Entire

(reconstr.), showing

eacrinoid
threefold division of skeleton., Rhopalocystis des-
fombesi Usacns (Rhopalocystidae), L.Ord., Mar-
occo, X1 (39).

Fia:
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interradials

radials

laterals
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brachioliferous plate

infralaterals

Fic. 293. Morphological features of eocrinoid theca (reconstr.). Rhopalocystis destombesi Usacus (Rhopalo-
cystidae), L.Ord., Morocco; I, oral surface, brachioles lacking, X2.75; 2,3, side views of theca from A-ray
and CD-interray sides, X2 (all Ubaghs, n).

other rays are marked B, C, D, E in clock-
wise succession (Fig. 293,7). Interrays are
designated by the letters for rays bound-
ing them (4B, BC, CD, DE, E4) and thus
the hydropore is located in interray CD.
The anus may occur in interray CD, but in
several genera it is displaced to a location
in BC, so that in these forms an anal plane
is distinct from the madreporite plane.
The terms proximal and distal are used
as in all Crinozoa, for the skeleton as a
whole toward or away from the plane sep-
arating theca and stem, and for elements of

the oral surface toward or away from the
center of this face.

FORM AND COMPOSITION OF
THECA

The shape of the theca of eocrinoids may
be irregularly spheroidal, ovoid, pyriform,
conical, subcylindrical, or combinations of
these. Also, it may be laterally compressed
so as to offer two flat or weakly convex
faces which meet along rounded borders
(e.g., Batherocysiis, Cardiocystites, Lingulo-
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Fic. 294. Entire eocrinoid of rather primitive type (reconstr.), showing dissimilar proximal and distal parts
of theca (latter with prominent sutural pores at borders of plates) and helicoidally twisted brachioles,
side view. Gogia spiralis Rosison (Eocrinidae), M.Cam., Can.(B.C.), X2.3 (31).

cystis, Rhipidocystis). Walls of the theca
may be flexible (e.g., Lingulocystis) but
generally they are rigid. They are com-
posed of polygonal plates which vary in
number from relatively few (e.g., approxi-
mately 20 in Cryptocrinites) to extremely
numerous (e.g., several hundred in Lingulo-
cystis), and in different genera these num-
bers may be fixed or very indeterminate
(e.g., Gogia, Bockia). In arrangement the
plates may be precisely regular or extreme-
ly irregular. Thus several architectural types
may be distinguished, furnishing evidence
of quite different modes of growth.

Among oldest known eocrinoid genera,
such as Acanthocystites and Gogia (Fig.
294), both from the Middle Cambrian, the
theca is formed of ordinarily numerous
polygonal plates arranged irregularly. Their
number, which varies according to species
and even from one individual to another,
may range up to 500 in some species of
Gogia (31). The plates are joined by straight
sutures with aligned pores, but seemingly
these thin skeletal elements, strengthened
in some forms by radial folds, are readily
dissociated after death of the animal. This
type of theca, in which neither the number
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Fic. 295. Entire eocrinoid of type having three circlets of relatively large, regularly arranged thecal plates
and well-developed biserial brachioles borne by lateral and radial plates, prominent epispires along sutures
between plates (reconstr.). Lichenoides priscus Barranpe (Lichenoididae), M.Cam., Boh., X3 (Ubaghs, n).

nor disposition of plates is fixed, may repre-
sent the most primitive evolutionary stage
of the Eocrinoidea.

Another type of thecal structure, which
also makes appearance in the Middle Cam-
brian (e.g., Lichenoides), is characterized
by arrangement of the plates in successive
circlets, as a rule, in alternation. Accord-
ing to their position these plates may be
designated by names borrowed from ter-
minology applied to cystoids, that is, from
aboral pole to summit 1) a circlet of basals,
2) a arclet of laterals, and 3) a circlet of
radials (Fig. 295). In similar manner, a
more complex theca may have circlets desig-
nated in upward order as 1) basals, 2) in-
fralaterals, 3) laterals, 4) radials, and 5)
orals or deltoids (Fig. 296). Theoretically,
each circlet should contain five plates, but
there are many exceptions to this rule, be-
cause some plates may become divided or
new ones come to be inserted, and oppo-
sitely because some plates become joined
together by fusion or some simply disap-
pear. Examples of these variations can be
seen in  Columbocystis, Cryptocrinites,
Mimocystites, and Rhopalocystis, in which
one of the five oral plates is divided by a

suture; in Mimocystites, in which the radial
circlet contains a supplementary plate; in
Cryptocrinites and several other genera, in
which two of the basals are notably enlarged
and modified in shape, seemingly as result
of fusion of antecedent pairs of plates; and
in Batherocystis, in which the two-part base
may have originated from elimination of
plates. Of course, in none of these examples
is the actual mode of plate additions or re-
ductions known.

If the number of plates from circlet to
circlet varies somewhat, so that pentameral
symmetry of the theca is disturbed, the
number of circlets, distribution of plates in
different ones, and alternation of plates in
contiguous circlets, commonly are far from
clearly determinable. As result, a certain
amount of transition must be recognized
between the thecal organization just de-
scribed and the preceding one. Moreover,
in the course of growth, irregularities com-
monly tend to be introduced and accen-
tuated. In juvenile individuals of Bockia,
for instance, plates of the theca comprise
a more or less regular pavement, whereas
in adults the insertion of new plates between
old ones destroys the previous orderly plate
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Fic. 296. Side view of theca showing five plate

circlets and stem with dissimilar proximal and

distal regions, brachioles omitted (reconstr.). Mimo-

cystites azaisi THoraL (Macrocystellidae), L.Ord.,
France, X2 (Ubaghs, n).

arrangement, making distribution of com-
ponent thecal elements quite irregular (19).

A third type of thecal construction is en-
countered in several forms (e.g., Ascocys-
tites, Palaeocystites, Pareocrinus, Rhopalo-
cystis) which exhibit disposition of plates
throughout a more or less considerable part
of the theca no longer in circlets but form-
ing columns or elongate meridional zones.
Thus, in Rhopalocystis (Fig. 293) the theca
is composed of plate circlets from the base
to approximately mid-height and then in
the upper half exhibits a strongly meri-
dional plate arrangement consisting of five
perradial areas (each composed of a radial
followed by two or three supraradials) and
five interradial areas (each composed of a
much larger number of plates called inter-
radials, arranged in four or five successive
rows of alternating plates). One of the
interradial areas, defined as posterior be-
cause of containing the anus, is distin-
guished from others by its greater expanse,
by the presence of two plates (instead of
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one) at its proximal end, and especially by
a more or less vertical row of supplementary
plates (termed anals) distinguished by their
large size and conspicuous relief. Such

anus

central

marginal

Fi1c. 297. Eocrinoid with strongly compressed elon-

gate theca rimmed by stout marginal plates and

extremely numerous, mostly very minute central

plates (reconstr.). Lingulocystis elongata THORAL

(Lingulocystidae), L.Ord., France; 1, side view of

theca with parts of stem and brachioles, X4 (38);
2, oblique view of base, X6 (38).
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organization of the theca in some way re-
sembles that of crinoids, especially that of
the Camerata.

Unquestionably, a special place must be
reserved for the type of thecal organization
seen in compressed forms which rightly or
wrongly are included among eocrinoids. A
more or less well-differentiated frame ac-
centuates outlines of their theca. It is formed
of thick marginal plates (marginalia). In
Lingulocystis (Fig. 297), such plates are
elongated, well individualized, and not ex-
tended into the pavement of lateral surfaces
of the theca. The latter, probably flexible,
is composed of innumerable irregular poly-
gonal elements of diminutive size called
centrals (centralia). In Rhipidocystis and
Batherocystis (see Fig. 318, 319)—perhaps
also in Cardiocystites (see Fig. 321)—the
outer edge of the marginal plates is thick-
ened so as to stand in relief, whereas the
remainder of these plates, combined with
several central plates, forms a thin but
doubtless rigid cover on lateral faces of the
theca.

ORAL SURFACE

The region surrounding the peristome in
different genera is varyingly distinct from
the remainder of the theca. In the Middle
Cambrian Acanthocystites, Gogia, and es-
pecially Akadocrinus, it consists of a mod-
erately broad, flat or gently arched area at
edges of which the brachioles are attached in
bundles, but nothing is known of the
structure of this area. In some Ordovician
genera (Fig. 298,1-3) the peristomial region
is formed only by a circlet of orals, gen-
erally six—each interray having one, except
CD, which has two, the extra plate con-
sidered by YakovLEv (39) as homologous to
the anal plate of crinoids, although this is
by no means proved. The brachioles are
attached directly to outer edges of the orals
(e.g., Columbocystis, Fig. 298,1) or to pairs
of special small plates between the orals
which join together beneath them (e.g.,
Cryprocrinites, Fig. 298,2).

The oral surface of Palaeocystites, from
the Middle Ordovician, composed of five
orals and five subcircular plates, each serv-
ing to support one brachiole, is very little
broader than that of the genera previously
considered (Fig. 298,3). The brachiolar
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support plates are located along the periph-
ery of the orals and alternate with them,
It is unknown whether they rest on other
thecal plates or are inserted between them.

In Rhopalocystis, from the Lower Ordo-
vician, the oral surface has the form of a
slightly raised five-pointed star (Fig. 298,4).
The interradial areas extend into angles be-
tween the perradial branches of the oral sur-
face in such manner that no sharp distinc-
tion between oral and aboral parts of the
theca exists. Whereas the central disc of
the star is composed of six orals grouped
around the peristome, each of the Ryanches
consists of three to six so-called brachiolifer-
ous plates, one brachiole being attached to
each such plate. The brachioliferous plates
are inserted in walls of the theca and take
part in forming its inner surface (endo-
thecal condition).

The oral surface attains highest degree
of differentiation in Mimocystites and
Ascocystites, both from the Ordovician (Fig.
299,1,2). Since the brachioles are attached
around its border, a certain analogy with
the tegmen of crinoids appears to be offered,
but as we shall see later, this resemblance
is superficial in nature. The oral surface
in these two genera consists of five oral
plates (Ascocystites) or six (Mimocystites),
and in addition, a certain number of per-
radial plates, at outer edges of which the
brachioles are attached. The origin of these
last plates is unknown. They may be analog-
ous to the brachioliferous plates of RAopalo-
cystis. YAkovLEV (43) called them adorals.
According to BaTher (5), identical plates
in Cheirocrinus might arise from prolifera-
tion of orals themselves, but this is only an
hypothesis. The adoral plates of Mimo-
cystites rest partly on the orals and partly
on the radials, which form a slotlike sup-
port to receive them. They do not take part
in making the inner surface of the theca.
The perradial plates of Ascocystites lie on
the upper edge of lateral walls of the theca
but larger ones may be endothecal in part.

In Lingulocystis, finally, the only eocrin-
oid with compressed theca in which the
oral surface is known, this has an elliptical
outline with long axis coinciding with the
extension plane of the theca (Fig. 299,3).
At extremities of this axis are concentrated
the plates which bear the brachioles, these
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plates forming part of the frame of mar- pear to be modified marginal plates, since
ginals bordering the oral surface; they ap-  sporadically these support isolated brachioles.

brachioliferous plates

A oral

brachiolar facet
Aﬁ«/\
’ B

oral
food groove

hydropore
1

cover-plate
sockets
brachioliferous plates

<.

anus

?gonopore

hydropore brachiolar facet brachioliferous plate

2

brachioliferous plate

cover-plate
sockets

3 hydropore

Fic. 298. Morphological features of oral surface of eocrinoid theca.
1. Columbocystis BassLEr (?Springerocystidae), M. 3. Palaeocystites BiLriNes (Palacocystitidae), M.

Ord., N.Am., showing brachiolar facets borne Ord., N.Am., showing short, simple or bifur-
by adjoining pairs of oral plates, X6 (Ubaghs, c(ating food grooves along interoral sutures, X7
n). 22).

2. Cryptocrinites von Bucu (Cryptocrinitidae), M. 4. Rhopalocystis Usacus (Rhopalocystidae), L.Ord.,
Ord., E.Baltic, with isotomously branched food Morocco, showing heterotomous branching of
grooves leading to pairs of brachioliferous plates, food grooves leading to clustered brachioliferous
X4 (Ubaghs, n). plates (4a4) and cover plates over food grooves

(46), X10 (39).
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brachiole facet

brachiole facet .
food groove marginal brachioliferous

plates

cover plates

brachiole facet

3a
Fi1c. 299. Morphological features of oral surface of eocrinoid theca.
1. Mimocystites BarranDE (Macrocystellidae), L. X5; 1b, single ambulacrum, X7.5 (both
Ord.-M.Ord., Eu.-N.Afr., bifurcations of food Ubaghs, n).

grooves distally bunched; Ia, entire oral surface, 2. Ascocystites BARRANDE (Ascocystitidae), M.Ord.,
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A pavement of irregular platelets extends
between the groups of brachioliferous plates,
this pavement being limited on the outer
side by the marginal plates. The food
grooves and peristome (not observed but
probably median) are protected by more
or less strongly elevated cover plates.

ORIFICES

In addition to sutural pores, if present,
the theca of eocrinoids possesses four orifices
at most—mouth, anus, probable hydropore,
and small opening of indeterminate func-
tion (?gonopore).

The mouth, which marks the oral pole,
generally is surrounded by a moderately
large oval or subpentagonal peristome,
which tends to be elongated transversely to
the madreporite plane. In Lichenoides
(see Fig. 301,I¢) its inner margin exhibits
a rim formed by the thickened adoral edge
of the “radials,” which in this genus seems
directly to bound the peristome, whereas
generally the orals have such position. As
sometimes seen in fossils and probably in-
variably present in living eocrinoids, the
peristome is covered by plates (peristomial
cover plates) of the same sort that protect
the food grooves (Fig. 298,4b; 299,2).

The anus may be located on the oral sur-
face not far from the peristome (e.g.,
Rhopalocystis, Fig. 293,1) but more com-
monly it occupies a lateral position. As pre-
viously stated, it opens in interray CD (e.g.,
Rhopalocystis) or BC (e.g., Columbocystis,
Cryptocrinites, Mimocystites, Palacocystites)
but rarely may be found almost on the
meridian of ambulacrum B (e.g., Crypto-
crinites). It is covered by an operculum of
small triangular plates (anal pyramid) (e.g.,
Cryptocrinites, Columbocystis), in some
forms (e.g., Bockia) enclosed by very
diminutive skeletal elements, or it ends as
a small cone formed by elongate plates and
probably provided with a terminal sphincter
(e.g., Lingulocystis, Mimocystites, Rhopalo-
cystis). The anus may be surrounded by a
large periproct, that of Mimocystites being
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developed mainly on flanks of the theca
and covered by an integument reinforced
by minute plates; the location and other
characters of the periproct are identical with
those of the cystoid Cheirocrinus.

The orifice considered to be a hydropore
has been observed in only a few genera. In
Columbocystis (Fig. 298,1), Cryptocrinites
(Fig. 298,2), and Mimocystites (Fig. 299,
1a) it consists of a narrow slit or a perfora-
tion opening in a small protuberance set
astride of the suture between two plates
occupying the place of an oral in interray
CD. In Ascocystites (Fig. 299,2) 1 interpret
ag hydropore a perforated wart borne by a
peristomial cover plate in interray CD. A
plate adjacent to the CD oral and brachioli-
ferous plate C in Palaeocystites (Fig. 298,3)
shows a large central pore which may be the
hydropore or gonopore (22) or these two
combined. Calling for notice further is the
occurrence in Cryptocrinites (Fig. 298,2) of
a second orifice that pierces oral DE, inter-
preted by BaTHER (5) as a possible excretory
pore and by others (12,42) as a gonopore.

SUTURAL PORES AND EPISPIRES

Many eocrinoids (e.g., Acanthocystites,
Akadocrinus, Cigara, Gogia, Rhopalocystis,
Lichenoides, and others) exhibit the pres-
ence of sutural pores, generally very nu-
merous, distributed along the sutures be-
tween nearly all thecal plates. In simplest
and probably most primitive examples (e.g.,
Gogia, Akadocrinus) these pores are small
in dimensions (greatest diameter 0.15 to 0.5
mm.) and have the form of ellipses dis-
posed transversely with respect to the
sutures along which they open. Externally,
they are surrounded by a slightly projecting
rim (Fig. 300,1).

In Rhopalocystis, characterized by rela-
tively thick thecal plates, each pore com-
municates with the thecal cavity by a gen-
erally simple canal excavated in walls of
the juxtaposed plates, but such conduits may
be double, as in the diplopores of cystoids
(Fig. 300,2a-c). The inner opening of these

Fic. 299. [Explanation continued from facing page.]

Boh., showing exotomous branching of food
grooves with cover plates flanked by outer cover
plates, brachioles sectioned slightly above level
og their attachment to oral surface, X5 (Ubaghs,
n).

3. Lingulocystis TuoraL (Lingulocystidae), L.Ord.,
France, showing brachioliferous plates chiefly
bunched at opposite extremities of the com-
pressed theca; 34, entire oral surface, X10; 35,
single ambulacrum, X20 (38).
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Akadocrinus
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Fic. 300. Morphological features of eocrinoid sutural pores.

1. Akadocrinus jani Prokop (Eocrinidae), M.Cam.,
Boh., showing moderately large sutural pores
surrounded by narrow slightly raised rims, X25
(Ubaghs, n).

2. Rhopalocystis destombesi Usachs (Rhopalocysti-
dae), L.Ord., Morocco, showing sutural pores
bordering several thecal plates; 24, exterior of
thecal plates with rimmed sutural pores, some

canals lacks a rim (Fig. 300,25), whereas
the outer opening is located at the bottom of
a relatively minute oval basin (maximum
diameter 025 to 0.35 mm.) which is
bounded by a slightly raised edge (Fig. 300,
2e).

A more complex type of pore apparatus
is encountered in Lickenoides (Fig. 301,
la-¢). Here, each sutural pore is prolonged
on the outer surface of two juxtaposed thecal
plates as an elongated groove bounded by
a slightly raised rim, aproximately one-half
of the groove being located on one plate
and the opposite half in continuation of it

penetrating parts of plates at slight distance from
sutures and some closed by minute platelets,
X 10; 24, interior of thecal plate, conduits of
pores along sutural faces and inner terminations
lacking rims, X10; 2c, lateral thecal plate show-
ing sutural pores, X10; 2d-f, exterior of sutural
pores with more or less numerous cover plates,

%50 (all 39).

on the other plate. Collectively, the grooves
tend to produce more or less lozenge-shaped
patterns divided by the suture into subequal
and symmetrical parts. These occupy nearly
the entire surface of the plates, leaving free
only median stereomic bosses on the basals
and laterals and the brachiolar facets on
laterals and radials.

In Acanthocystites (Fig. 301,24 b) repre-
sented by a single known specimen in which
the preservation is much poorer than de-
sirable, the grooves just described appear
to have been protected externally by a thin
sheet of stereom which covered them com-
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food groove

brachiole facet

Acanthocystites

W%W

brachiole facet

food groove

peristomial {

Palaeocystites

%?,CM

Fic. 301. Morphological features of epispires.

1. Lichenoides BarranDE (Lichenoididae), M.Cam.,
Boh.; Ia, two lateral plates with epispires along
sutural margins, also showing brachiolar facets
and food grooves, X 9; 1,c, exterior and interior
of radial plate, X9; 1d, oblique view of basal
plate, X9; le, section of epispire transverse to
suture, enl. (la-d, Ubaghs, n; le, 37).

2. Acanthocystites BARRaNDE (Eocrinidae), M.Cam.,
Boh.; 24, two thecal plates, exterior side, X10;

2b, section of epispire transverse to suture, enl.
(both Ubaghs, n).

. Palacocystites dawsoni BiLLiNes (Palaeocystiti-

dae), M.Ord., Canada; 34, thecal plates showing
radially disposed ridges on exterior, X5 (22);
3b, thecal plates with hollow folds opening to
exterior, X5 (22); 3¢, section of epispire trans-
verse to suture, enl. (Ubaghs, n).
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pletely except for extremities of each where
an opening appears to have been main-
tained. Accordingly, the grooves are inter-
preted to have been replaced by hollow
wrinkles of the plates, communicating with
the thecal cavity by pores along the sutures
and with the exterior by pores opening at
extremities of the wrinkles.

A comparable arrangement is seen in
Palacocystites (Fig. 301,3a-c), in which the
exterior of the theca bears a complex sys-
tem of radiating hollow ridges and the in-
terior shows numerous sutural pores. How-
ever, external openings of the canals lodged
within thickness of the plates have dis-
appeared, so that exchanges between sea
water and organic structures within the
canals could have been effected only through
the thin sheet of stereom which covered
them (Fig. 301,3¢).

Finally, it is proper to ask whether the
ridges borne by the thecae of Ascocystites
and Mimocystites may not have the same
morphological and functional significance
as the lozenge-grouped grooves of Lichen-
oides (Fig. 301,14, 302,14,6) and the canals
of Palacocystites. Undoubtedly the ridges
constitute stiffening ribs that reinforce
solidity of the plates (Fig. 302,32). At the
same time, along part of their length—pre-
cisely that immediately adjacent to the su-
tures—they are hollow and thus differ from
the structures observed in Palacocystites only
in lack of a floor interposed between their
cavity and the thecal cavity (Fig. 302,2,3%).

Despite their diversity, the structures just
described have two common features—all
are epithecal and all communicate with the
thecal cavity by means of sutural pores,
conduits hollowed in sutural faces of thecal
plates, or internal grooves cut transversely
across the sutures. The structures which
opened to the exterior possibly were sur-
mounted by vesicles analogous to the papu-
lae of asteroids. Those which were closed
must have contained membranous tubules.
The hollow ridges on plates of Ascocystites
and Mimocystites could have contained
evaginations of coelom or a stroma per-
meable to organic fluids. At any rate, these
structures must have provided circulation
that allowed exchange of gases between
parts of the animal enclosed by the theca
and sea water. The presumed respiratory
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function and exterior localization of these
organs in relation to the theca make appro-
priate adoption of the name epispires for
them, as proposed by Hupson (22).

Reported to occur in Rhopalocystis are
extremely minute platelets which tend to
close off the external orifice of numerous
sutural pores (Fig. 300,24,f). These min-
uscule elements may have formed part of
the normal equipment of the pores and
they could have served to protect papulae.
It is possible also, however, that they were
secreted as a seal over pores that for one
reason or another had ceased tg be func-
tional. As matter of fact, all transitions are
observed between largely open pores, par-
tially closed pores, completely blocked pores,
and nearly effaced pores (39).

It is not uncommon to find that some
pores have lost all contact with the suture
along which they originated. They pene-
trate the stereom of a plate in manner sug-
gesting that in the course of growth they
had become completely surrounded (Fig.
300,24). Already stated is observation that
in Rhopalocystis two sutural canals, instead
of one, may open into the bottom of an
individual external fossette (Fig. 300,2c).
Such arrangement is reminiscent of the
diplopores of the Diploporita among cyst-
oids and perhaps suggests a certain com-
munity of origin, or at least a functional
analogy between epispires and diplopores.
Likewise, the extremely numerous hollow
folds crowded together on the plates of
some species of Mimocystites suggest the
striate rhombs of such cystoids as Cheiro-
crinus. Here again, similarity of structures
indicative of comparable functions allows
us to entertain the possibility of genetic re-
lationships which only future discoveries
can verify.

AMBULACRA

The ambulacra of only a few eocrinoids
yet have been observed. They number five
wherever known, except that in Lingulo-
cystis (and probably Batherocystis and
Rhipidocystis) only two ambulacra occur.

Food grooves either run on the surface of
thecal plates (Fig. 301,18) or more com-
monly follow sutures between these plates,
the edges of which then are beveled to form
the groove (Fig. 298,144, 299, 1a,b). All of
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Fic., 302, Morphological features of epispires.

1. Lichenoides Barrannr (Lichenoididae), M.Cam.,
Boh. la, external surface of lateral plate show-
ing median boss surrounded by elongate narrow
parts ol epispires, X35 18, part of interior of
theca showing inner sutural openings, X3 (both
Ubaghs, n}.

2. Ascocystites Bannanpe (Ascocystitidae), M.Ord.,

these grooves are short and confined to the
oral surface of the theca except in Lichen-
oides where they cross the circlet of radials
and descend onto the laterals. They are
borne by ordinary thecal plates (orals, ra-
dials, laterals, marginals) or by special ad-
oral plates (e.g., Mimocystites, Ascocystites,

Boh., internal surface of part of theeal wall, >3
(Ubaghs, n).

3. Mimoeystites azaisi Tuorar  (Macrocystellidae).
L.Ord., France; 3w, lateral view of theca and
part of attached stem, X35 36, internal surface
of proximal part of theca, X3 (both Ubaghs,

n}.

Fig. 299.1,2), including the brachioliferous
plates of Rhopalocystis and  Lingalocysiss
(Fig. 298 4a,b; 299,3a,b).

In general, five food grooves extend di-
rectly to edges of the peristome (Fig, 298,2
but in some forms two pairs of them next
to right and left sides of the madreporite
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plane came together at a short distance from
the peristome border so that only three
grooves arrive at this border (Fig. 298,1 4a).
Exceptionally, four grooves, one of which
is bifurcated, reach the peristome (Fig. 298,
3). The food grooves may be simple un-
branched furrows leading directly from a
brachiole to the peristome or short secondary
furrows may join main ones in treelike
manner (Fig. 298,44) or in a bunched pat-
tern at outer extremities of principal grooves
(Fig. 299,15). It should be noted that the
manner in which secondary food grooves
come together or join main ones differs from
genus to genus, giving rise to bifurcation
patterns which are respectively classifiable
as isotomous (branches equal, Fig. 298,2),
heterotomous (unequal branches alternately
meeting from right and left, Fig. 29844;
299,36), and  exotomous  (secondary
branches all on one side of main groove,
this side being interpreted as outer, Fig.
299,2). These food-groove patterns provide
basis for grouping brachioles in pairs or in
larger numbers distributed along branches
of a V in each ambulacrum or arranged in
a circle around the oral face.

The food grooves were protected by cover
plates attached on either side generally in
alternation, the cover-plate sockets appear-
ing as narrow platforms along margins of
the grooves (Fig. 298,45). In some forms
outer cover plates may be interposed be-
tween main (or inner) cover plates and
edges of the food grooves. In Ascocystites,
which exhibits very well-developed cover
plates of both types, the outer cover plates
form a varyingly wide border around the
orals with the cover plates raised almost ver-

tically between them (Fig. 299,2).

BRACHIOLES

The brachioles of eocrinoids are simple
exothecal appendages of the theca provided
with their own skeleton and excavated on
their oral surface are brachiolar food grooves
which constitute distal extensions of the
food grooves on the theca, just discussed.
The brachioles are long and narrow—ex-
ceptionally slender in some, judging from
the size of their facet for attachment. They
invariably taper distally and never are
branched. They are typically biserial in
structure, that is, composed of two rows of
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alternating diminutive skeletal elements
termed brachiolars, but a single ossicle may
form their proximal extremity and in Rhipi-
docystis the brachioles are uniserial through-
out their entire length. Gogia spiralis has
biserial brachioles twisted on themselves in
helicoid spirals (Fig. 294).

The brachiolar food grooves were pro-
tected by cover plates, which undoubtedly
were capable of being raised. In some the
cover plates are so lengthened and so
strongly projected above the oral face of the
brachioles that they have been misinter-
preted as pinnules (40) or as gtructures
which could have developed into the pin-
nules of camerate crinoids (25).

Each brachiole is articulated at its base
on a brachiolar facet which generally bears
weak (probably ligamentary) impressions
consisting either of shallow right and left
hollows or an aboral depression separated
from one or two adoral ones by a faintly
marked transverse ridge (Fig. 299,35).
However ill-defined the relief of this facet
may be, it implies the possibility of at least
feeble movements of the brachioles. On the
other hand, the great number of sutures
between brachiolars must have compen-
sated in some degree the absence of more
strongly marked articulations on the facets
and it must have rendered the brachioles
moderately flexible. On the whole, how-
ever, the brachioles of eocrinoids appear to
have been rather rigid structures, raised
like long spines around the oral pole of
the theca (Fig. 295).

It is appropriate to make special mention
of the brachioles of Ascocystites, in view of
their considerable evolutionary modification
(Fig. 303). The brachioles of this genus
are relatively stout. Each displays a slightly
swollen proximal region and a distinctly
narrowed distal portion. Their attachments
to thecal plates (orals and adorals) are char-
acterized by the presence of deep muscular
or ligamentary sockets. Large excavations,
especially well developed in the proximal
portion of the brachioles, open out between
the brachiolars both on aboral and adoral
sides. Consequently, each articular face
(proximal and distal) of the brachiolars
bears two well-marked depressions separ-
ated by a transverse fulcral ridge. The de-
pressions evidently served for attachment
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Fic. 303. Brachioles of Ascocystites BARRANDE
(Ascocystitidae), M.Ord., Boh. (all Ubaghs, n).

1. Dorsal (outer) side of part of brachiole clearly
showing biserial arrangement of brachiolars and
large excavations between those of each series,

X 10,

2. Oral (inner) side of specimen shown in I,
showing excavations between brachiolars of
series on opposite sides of median food groove,

% 10.

3. Lateral view of part of brachioles, oral side up,
dorsal side down, showing interbrachiolar ex-
cavations on each, X10.

4. Sutural surfaces of pair of brachiolars, oral side

up, X10.

of powerful bundles of contractile or elastic
fibers, antagonistic action of which would
have produced extension and flexion of the
brachioles. Distributed around the circum-
ference of the oral surface of the theca, they
must have been able to spread apart and
pull toward one another (Fig. 299,2).

The number of brachioles varies in dif-
ferent genera and probably also in individ-
uals of different age, as well as in different
rays of the same individual. Five brachioles
are observed in Columbocystis, ten in Cryp-
tocrinites, about 15 in Lingulocystis, 15 to
30 in Rhopalocystis, approximately 23 in
Ascocystites, and 8 to 22 (or even 44) in
Gogia.

The brachioles of eocrinoids are attached
to the theca in various ways; 1) attachment
of each to an individual plate, which may
be an ordinary one (radial, lateral, mar-
ginal) (Fig. 299,34) or special (adoral,
brachioliferous plate) (Fig. 298,2,3; 299,
15,3b); 2) attachment of two or even three
brachioles to a single plate (e.g., laterals of
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Lichenoides with one to three brachioles)
(Fig. 295); 3) attachment of each brachiole
to a pair of adjoining plates (e.g., two orals,
two adorals, an oral and adoral) (Fig. 298,
1; 299,15,2). To be noted in the third type
is the fact that the brachioles are attached
to the outer lateral edge of thecal plates and
not to their adoral part.

COLUMN

All known eocrinoids possess a column,
with exception of Lichenoides, which lacks
one. Also, the more or less atrophied stem
of Rhipidocystis and Batherocystis appears

) .
to be on the way to disappearance.

The most archaic sort of eocrinoid stem
appears to be that seen in Gogia (Fig. 294),
from the Middle Cambrian, in which it is
a more or less elongated hollow organ con-
sisting actually of an aboral evagination of
the theca. The walls are formed by many
irregularly arranged small polygonal plates
joined rather loosely together. The most
proximal ones may be transitional with
plates of the theca, or oppositely, may be
very dissimilar in size. The distal extremity
of the column may be a narrowly rounded
point composed of minuscule platelets or
it may become enlarged into a flattened sole.

The structure of the column of Gogia
possibly explains the: origin of the varying-
ly numerous small plates at the aboral pole
of Lichenoides, for these correspond rather
closely to the skeletal elements of the Gogia
stem. Indeed, if this indicates their morph-
ological significance, the proximally located
small plates of Lichenoides may represent
a rudimentary stem which never developed.
Other hypotheses have postulated that these
plates are remnants of an atrophied circlet
of thecal plates (44) or secondary skeletal
elements produced for closure of the axial
canal when a supposed peduncle was lost
in the course of ontogenetic development
(37).

The column of Akadocrinus (Fig. 304),
another Middle Cambrian genus, exhibits
structure unlike that of the stem of Gogia.
Its length is five or six times the height of
the theca. Equal to the theca in diameter
at its proximal extremity, it progressively
diminishes distally to a termination in a
probably hollow holdfast disc with upper
surface paved by irregular small polygonal



Freo 304, Moarphologic features of cocrinoid stem
illustrated by Akadocrinus nuntins Progor (Eocrini-
dae), M.Cam., Boh. (Ubaghs, n). I. Proximal
part of theca and attached stem composed of wide,
very short cireular columnals, 3. 2. Similar
view of specimen showing large hollow  interior
of stem continuous with theeal cavity, X5.

plates (Fig. 305) and lower surface un-
known. The thin walls of the column are
formed by short ossicles unevenly joined
together, They enclose a large space which
without restriction is continuous with the
thecal cavity (Fig. 304,2). This broad com-
munication between the stem and thecal
cavities is doubtless a primitive character-
istic, for it is found also in other eocrinoids,
as well as cystoids and archaie crinoids.
Where eocrinoid columns are known in
genera not already discussed, they are [ound
to be composed of cylindrical columnals di-
verse in height (length) and pierced by an
axial canal of large diameter, especially in
the proximal region. Whether short or
moderately long, the stem generally dimin-
ishes in diameter distally, terminating or
apparently terminating in a point (Fig.
292). Its proximal extremity, attached to
the aboral pole of the theca, is well sep-
arated from it both by smaller diameter of
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the column and by nature of the columnals.
Commonly, near the theca very short col-
umnals alternate with longer ones but prog-
ressively toward the free end of the stem
the columnals become elongated and they
tend to resemble one another closely, Their
articulations, in so far as observed, are indi-
cated by little or no differentiated features
of the columnal facets and sutures between
columnals are not crenulate.

Longitudinal differentiation of the col-
umn in genera of the Macrocystellidac al-
lows distinction of two quite dissimilar re-
gions, joined by a short transitional zone
(Fig. 296; see also Fig. 313). 4 The ex-
panded proximal region is characterized by
a relatively very large axial cavity which
opens broadly into the thecal cavity. It is
composed of regularly alternating annular
columnals of two different types, one hay-
ing a strongly salient peripheral flange ac-
companied internally by a narrow depressed
zone which becomes enlarged at two dia-
metrically oppesite points where a small pro-
tuberance appears (see Fig. 313,3), and the
other fitting exactly into the depressed zoncs
of the just-described columnals and bearing
also a pointed enlargement with small de-
pression corresponding to the small pro-
tuberance on the inner side of the first-type
columnals (32). The distal part of the col-
umn, greatly reduced in diameter, is uni-
formly built of cylindrical columnals which
increase in length while decreasing in width

Fia, 305, Holdfast disc at distal extremity of stem
of  Akadocrinus wmuntivs Proxor, M.Cam., Boh.,
9 (Ubaghs, n).
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Fie. 306, Bocrimidae (p. S478).

in direction away [rom the theca (see Fig.
313,1).

In the Rhipidocystidae the column ap-
pears to be tending toward reduction. That
of Batherocystis is composed of a few ab-
normally developed columnals having ovoid
or somewhat irregular shape and trans-
versely clliptical section (see Fig. 319,3).
Perhaps these eocrinoids liv ed in prone p031—
tion on the sea floor, like most “carpoids”
(18), although sumlarrty of the two oppo-
site flattened faces of the theca does not
favor this hypothesis.

In no eocrinoid, other than Akadocrinus,
has the presence of differentiated anchorage
structurcs been ascertained. Without doubt,
the column, implanted in mud or attached
to some foreign body by its attenuated and
recurved extremity, served to moor the ani-
mal at least temporarily. The relatively
large hollow stem of Gogiz may have func-
tioned as ballast to orient the organism in
a vertical position; in some individuals the
stem is enlarged distally and terminates in
a plane surface that may have aided fixa-
tion ([Fig. 306,3). The manner of preserva-

tion of several specimens of Lichenoides
suggests that this stemless form lived in
sea-bottom mud implanted by its aboral
extremity; also, this extremity, made heavier
by its very thick walls, perhaps was utilized
as ballast. We may recall that Jasken (23)
considered Cigara dusli, Lapillocystis frag-
ilis, and Pilocystites primitivus as bulbous
radicular fragments belonging to eocrinoids
(possibly Acanthocystites) and interpreted
as a hollow root (Hohlwurzel) a curious
structure found in Middle Ordovician beds
containing Ascocystites (25). In fact, Cigara
comprises the remains of a ftheca prolonged
toward the base by a hollow extension
(Fstem); Lapidlocystis is an  enigmatic,
poorly preserved fossil; Pilocystites scem-
ingly is not an echinoderm; the presumed
Hohlwurzel of Ascocystites is an  object
(?Conularia shell) to which conical shells
(probably brachiopods, perhaps Craniacea)
are attached; consequently, the postulate
advanced by Jarker and supported by
Enreneere  that the Hohlwurzel repre-
sents the most primitive type of echinoderm
attachment root scems to lack any basis.
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GLOSSARY OF MORPHOLOGICAL TERMS APPLIED TO EOCRINOIDEA

adoral. Any plate associated with orals, supporting
food grooves on their beveled common edges and
carrying brachioles on their outer margin.

ambulacrum. All food grooves, including brachiolar
food grooves, of any single ray.

anal. Supplementary plate in CD interray.

anal pyramid. Valvular structure of triangular
plates serving to close anus.

basal. Any plate of proximal circlet.

brachiolar. Any ossicle of brachiole (exclusive of
cover plates).

brachiolar facet. Scarlike area on thecal plate to
which brachiole was attached.

brachiolar food groove. Furrow running along oral
surface of brachiolar ossicles.

brachiole. Exothecal structure supported by its own
endoskeleton and bearing food groove along
oral surface.

brachioliferous plate. Special thecal plate bearing
brachiole.

column. Stalklike structure attached to aboral pole
of theca and presumably used for supporting and
anchoring organism.

columnal. Individual ossicle of column.

central. Any plate located in area surrounded by
marginal framework on flattened faces of theca
in compressed genera.

cover plate, Small plate covering part of food
groove.

cover plate socket. Any place of attachment for
cover plates.

deltoid. See oral.

epispire. Epithecal structure, open or covered, as-
sociated with sutural pore or slit, and pre-
sumably serving for respiration.

food groove. Furrow running along adoral surface
of brachioles (brachiolar food groove) and on

surface of theca to mouth; used for conveying
food.

gonopore, Presumed outlet of genital products.

hydropore. Presumed orifice of water-vascular sys-
tem,

infralateral. Any plate of circlet between basals and
laterals.

interradial. Any interray plate above laterals (ex-
clusive of orals).

lateral. Any plate of circlet between infralaterals
(or basals, if infralaterals are lacking) and
radials.

marginal. Any plate forming framework in com-
pressed genera such as Lingulocystis and® Rhipido-
cystis.

oral. Any of interradially disposed plates around
peristome.

outer cover plate. Any small plate present along
food grooves just outside of cover plates,

periproct. Area surrounding anus, covered with
anal pyramid or finely plated integument.

peristome. Area surrounding mouth, protected by
cover plates continuous with those covering food
grooves.

peristomial cover plate. Any small plate participating
to covering of peristome.

radial. Any plate of circlet next distal to laterals.

stem. See column.

supraradial. Any plate of meridionally disposed
column resting on radial, exclusive of brachiolif-
erous plate.

sutural pore. Any diminutive opening in theca, gen-
erally very numerous, distributed along sutures
in many eocrinoids.

theca. Plated investment of visceral mass; body ex-
clusive of column and brachiole.

TAXONOMIC POSITION

The problem of the taxonomic position
of the Eocrinoidea is made difficult by their
diversity, probable heterogeneity of their re-
lationships, and insufficience of knowledge
concerning the organization of numerous
genera. In order to discuss genetic connec-
tions with other echinoderms it is desirable
to confine initial consideration to forms in
which structural features are reasonably well
known and among these chiefly ones judged
most suitable to serve as morphological
types, later grouping others around them.

The first point that seems to be well
established is appurtenance of the Eocrin-
oidea to the Crinozoa, all diagnostic char-
acters of which are found in eocrinoids—

visceral mass enclosed by a calcified theca
formed of plates, oral surface typically
directed upward, aboral surface resting on
the substrate or attached to it permanently
or temporarily generally by means of a stem,
presence of exothecal processes along which
ambulacral grooves designed for collection
and transport of food particles to the mouth
are developed, and anus located on the
adoral half of the theca.

Among crinozoans, the eocrinoids appear
to be related most closely to the cystoids.
This is true not only of such forms as
Mimocystites but it applies to the whole
eocrinoid assemblage, in which essential
features of organization clearly are cystoid-
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like. Such characters include 1) theca in
form of a completely enclosed capsule ex-
cept for a few openings, 2) absence gen-
erally of a true tegmen comparable to that
of crinoids, 3) construction of theca similar
or identical to that of cystoids, 4) organi-
zation of ambulacra as in cystoid ambulacra,
5) presence of true brachioles instead of
arms, Only the absence of thecal pores or
distinction between the sutural pores of
eocrinoids and the diplopores or pore
rhombs of typical cystoids allows separa-
tion of these echinoderm assemblages, even
though morphological intermediates be-
tween sutural pores and diplopores are seen
(39) and though the hollow trans-sutural
folds of such eocrinoids as Mimocystites un-
deniably show resemblance to cystoid pore
rhombs. Indeed, maximum similarity of
the two classes is found in comparing the
genus just mentioned with the rhombiferan
cystoid Cheirocrinus. These forms differ
essentially neither in structure of the stem
nor in construction of the theca, which has
the same number of plates arranged in the
same manner, nor in organization of the
ambulacra nor in nature and position of the
thecal orifices, especially the anus, in both
forms located in a wide elliptical finely
plated area. Except for the complete lack of
thecal pores in one and the presence of pore
rhombs in the other, the two genera could
easily be confused. Such great similarity in
so many characters hardly can be fortuitous.
It denotes close relationship in parentage
between at least certain eocrinoids, (e.g.,
Macrocystellidae), and certain cystoids (e.g.,
Cheirocrinidae), as JaekeL (23) recog-
nized long ago when he interpreted Mimo-
cystites  (probable synonym of Macro-
cystella) as the immediate ancestor of
Cheirocrinus. When the general organiza-
tion of the compared forms is thus nearly
identical, one may well ask if the diagnostic
importance of the presence or absence of a
certain type of thecal pores has not been
exaggerated.

Another form particularly cited in con-
sidering the relationships of eocrinoids and
cystoids is Cryptocrinites. As represented
by this genus, they are ambiguous, how-
ever. If the nature of its ambulacral grooves,
the presence of brachioles, the ventrolateral
location of the anus, and the discovery by
Yaxoviev (42) in a normal specimen of

§475

supernumerary plates including one with
traces of pore rhombs provide support for
arguments favoring genetic relationship
with rhombiferan cystoids—indeed, deriva-
tion of Cryptocrinites from them (5,42)—
other characters, such as the tricyclic con-
struction of the theca, the lack of thecal
pores, and the morphologic significance
attributed by Yakoviev (42) to plates im-
mediately surrounding the peristome, have
suggested to some authors a possible con-
nection with crinoids.
The hypothesis of
though dependent on

crinoid affinities,
very superficial

Janalogies, accords with often expressed

opinion that the eocrinoids contain the
source of crinoids. JAEkeL (25) tested this
by study of Middle Cambrian forms such
as Acanthocystites, in which the still-un-
differentiated theca is composed of nu-
merous irregularly arranged plates, with
“arms” grouped in five bundles, as if at
their level a tendency toward pentamerous
division of the body already is manifest.
These five arm groups, according to JAEKEL,
by influence exerted on the theca, would
have led to its progressive differentiation
and especially the formation of median col-
umns of thick plates as a kind of vertical
ribs suited for support of the arm groups
as well as the anal region. A stage illus-
trated by Ascocystites would have preceded
appearance of true crinoids, including es-
pecially the Camerata. Moore (26) con-
tributed to the problem in undertaking to
demonstrate by diagrams that “the respec-
tive dorsal-cup patterns of all types of
camerate crinoids are directly derivable
from eocrinoids, or conceivably from regu-
lar rhombiferan cystoids of sorts that belong
either to the Cheirocrinidae or Caryocriniti-
dae; this calls merely for longitudinal shift-
ing of thecal plates in a manner clearly
shown within the cystoid assemblage.”

It is appropriate to inquire whether these
theoretical considerations are confirmed by
any facts. Assuredly, many analogies, some
of which are very striking, associate the
theca of certain eocrinoids, such as Asco-
cystites, Palacocystites, Rhopalocystis, and
Lichenoides (termed a “cystocrinoid” by
BernarD, 1895), with that of crinoids. These
analogies, never all manifested in a single
genus, include 1) division of the theca into
a dorsal cup and “tegmen,” 2) tricyclic ar-
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rangement of dorsal-cup plates in several
genera and division of the plates into alter-
nating perradial and interradial meridional
zones, 3) presence of supplemental plates
interpreted as anals in the posterior interray,
4) more or less pronounced pentameral
symmetry, 5) massive and imperforate na-
ture of the plates, and 6) presence of sutural
pores and epispires recalling comparable
structures in some archaic crinoids.

Analysis indicates that a majority of these
resemblances of eocrinoids and crinoids are
essentially superficial. Thus, among eocrin-
oids one cannot find a true tegmen in the
crinoid sense of the term, for in crinoids
the tegmen is circumscribed by a circle
passing through bases of the arms which
are supported by plates of the dorsal cup.
The brachioles of eocrinoids, which perform
the function of the arms of crinoids, are
attached to plates that comprise an integral
part of the “tegmen” (except in Lichen-
oides) and even in Ascocystites, with
brachioles distributed in a circle around the
“tegmen,” these depend entirely on plates
(orals, adorals) belonging to it and none
on plates belonging to the aboral part of
the theca. Accordingly, the “tegmen” of
eocrinoids is indicated by its organization,
nature of its constituent elements, and rela-
tionship with the brachioles to be much
more cystoid-like than crinoid-like.

The tricyclic arrangement of thecal plates
in a few eocrinoid genera proves nothing
as to genetic affinities with crinoids, for
such grouping of plates around the visceral
mass recurs frequently in the evolutionary
history of echinoderms. For the same rea-
son, partition of the theca into alternating
perradial and interradial meridional zones
lacks significance. Furthermore, the per-
radial plate columns of eocrinoids are not
homologous with those formed by radials
and fixed brachials in crinoids, because true
arms are nonexistent in eocrinoids. Also,
quite unproved is the assumption that sup-
plemental plates of the CD interray ob-
served in some eocrinoid genera correspond
to anal plates of crinoids. As previously
observed, neither in organization of the
theca nor in the nature of its component
elements is any sure indication found of
relationship between eocrinoids and crin-
oids, and still less of descent of the latter
from the former. Finally, the best sugges-
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tion of a possible genetic link between the
two classes perhaps lies in the absence of
thecal pores or the presence of sutural pores
and epispires similar to those of archaic
crinoids (37), although this is far from
decisive.

In my view, a main objection to the
hypothesis of descent of crinoids from
eocrinoids or forms similar to them is the
fundamentally different nature of crinoid
arms and eocrinoid brachioles. The latter
are distinguished from the former 1) in
being exothecal appendages, that is,
occurring outside of the thecal wall instead
of comprising evaginations of it, 2} in lack-
ing any continuity of their skeletal support
with plates of the aboral part of the theca,
3) in not being attached to plates homol-
ogous with crinoid radials but generally
instead to plates of the oral region of the
theca, 4) in providing for intercommunica-
tion which their soft parts could have with
organs and cavities enclosed by the theca
by way of the peristome and the epithecal
part of the food grooves instead of through
an orifice at the base of each brachiole, and
5) in having biserial structure in contrast
to the probable initial uniserial nature of
crinoid arms. These many profound differ-
ences deter guesswork in the present state
of knowledge concerning the manner in
which one type of appendage could have
given rise to the other.

When account is taken of the fact that
the eocrinoids most similar to crinoids are
contemporaneous with genera of the latter
which already exhibit all attributes of this
class, it is necessary to admit that the ob-
served resemblances can only signify con-
vergence or evolutionary parallelism, ac-
cording to judgment that the forms con-
sidered are descendants of different or com-
mon ancestors. No presently available
paleontological evidence allows choice be-
tween these alternatives. On the other hand,
nothing firmly opposes  phyletic relation-
ship between certain cystoids and certain
eocrinoids, even though the nature of these
relationships cannot yet be specified.

Finally, we may note that some authors
(e.g., FeLL, 14; Jaeker, 25; NicHos, 27)
have assigned to eocrinoids the role of
common source of all echinoderms. This
entirely speculative concept is denied by the
fact that in lowest Cambrian strata such
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complex forms as Helicoplacus and Strom-
atocystites are associated with plates prob-
ably attributable to eocrinoids. Also, it is
self-evident that no known eocrinoid can
represent the ancestral type of all echino-
derms (13). In addition, how could an
echinoderm that had attained the stage of
radial symmetry give rise to such forms as
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the “carpoids,” which in all likelihood be-
long to a preradial-symmetry stage of the
phylum? How also could the eocrinoids,
already well advanced along the path of the
Crinozoa, possibly be ancestors of the
Echinozoa? The simple asking of these
questions suffices to show the inanity of
such suppositions.

CLASSIFICATION

A majority of the genera brought to-
gether in the class Eocrinoidea previously
have been considered to belong to the
Cystoidea (sensu lato) and generally classed
partly in the Amphoridea and partly in the
Aporita. JakeL (23) was first to with-
draw this assemblage from the cystoids,
later (25) grouping them as a subclass of
the Crinoidea. Still later, ReonELL (29)
elevated the subclass to the rank of class.

Again it is Jaexev (25) who must be
credited for the only published classifica-
tion of the group, a classification which
recognizes four orders, seven families, and
15 genera, with Amygdalocysutes and
Comarocystites (now assigned to the Para-
crinoidea) provisionally included as an
appendix.

JAEKEL’s first order, named Atava, con-
tained the two families Eocrinidae and Asco-
cystidae (recte Ascocystitidae), intended for
inclusion of such forms as Acanthocystites
and Ascocystites, characterized by a theca
containing very numerous plates not ar-
ranged in circlets and having a flattened up-
per surface with five attached groups of
brachioles. The genus Eocrinus, which is a
junior subjective synonym of Gogia (31),
contained in the order, is the type not only
of the family Eocrinidae but of the class
Eocrinoidea.

The second order, named Reducta by
JarkEeL, was composed of the families Lich-
enoidae (recte Lichenoididae), Cryptocrini-
dae (recte Cryptocrinitidae), and with reser-
vation, Paractocrinidae. Representatives of
the first two families are characterized by
a theca composed of only a few circlets,
generally with five plates in each, without
sharp separation of oral and aboral parts,
and with a variable number of brachioles
unevenly distributed around the summit.
‘The Paractocrinidae was proposed for three

new, rather poorly known genera from
Ordovician rocks of the Leningrad region.
Since they seem to show greater affinities
With crinoids than eocrinoids (2), they are
omitted from consideration here.

The third order, called Plicata, was
erected for the single family Macrocystelli-
dae, in which the theca contains more nu-
merous plate circlets than in the preceding
order and five groups of brachioles are sup-
ported by plates designated as radials. As
indicated by the name of the order, thecal
plates are ornamented by a number of folds.
The Macrocystellidae were considered as
intermediate forms leading directly to the
regular cystoids, especially Chesrocrinus,
which differs from the macrocystellids only
in the possession of pore rhombs.

The fourth order, Deviata, was grouped
in the Eocrinoidea doubtfully, and JAEKEL
placed in it the Malocystidae (recte Malo-
cystitidae), containing the single genus
Malocystites. 'This form now is classed in
the Paracrinoidea.

Subsequently to the time of JAEKEL’s
work, several families and numerous genera
have been assigned to the Eocrinoidea (3,
16-18, 28, 38, 39, 46). Some of these genera
(e.g., Lingulocystis, Rhipidocystis) origin-
ally were thought to be “carpoids” (17,18),
but they differ essentially from these echino-
derms in having typical brachioles and a
stem that is markedly different from the
stele of the Homostelea and Homoiostelea.
Usachs (38) recognized that both should
be transferred to the Eocrinoidea. Lepido-
cystis, on the other hand, provisionally classi-
fied as an eocrinoid by Foerste (16), has
an organization radically unlike that of this
class; since it cannot be attributed to some
other known class, perhaps it merits a class
of its own. Some genera (e.g., Columbo-
cystis, Foerstecystis, Springerocystis), in
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which the nature of exothecal appendages
is unknown, may ultimately prove to belong
outside of the Eocrinoidea, though they are
included here in the class provisionally.

As delimited in the Treatise, the Eocrin-
oidea contain approximately a score of gen-
era, to which are added a few forms too
poorly known for definite classification. In
comparing these genera with one another,
it is possible to set forth characters found
to be present in common and on this basis
to recognize families. It is difficult to de-
termine the relative importance of these
characters, because their phylogenetic sig-
nificance is unknown. At any rate, the prin-
cipal features used in classification of the
cocrinoids are 1) number and mode of
arrangement of thecal plates, 2) presence
or absence of sutural pores (or structures
associated with them), 3) symmetry of the
theca, and 4) disposition of the brachioles.
To be noticed is the relatively large num-
ber of monotypic families, though this

SYSTEMATIC
Class EOCRINOIDEA Jaekel, 1918

[mom. transl. RecNfLL, 1945 (ex subclass Eocrinoidea JAEKEL,

1918)] [The term Eocrinites, created but not defined by

JAEkeL in 1899 (23, p. 174), has no taxonomic status; it

served apparently to designate collectively such genera as

Acanthocystites, Eocystites or Lichenoides, which were re-

garded by him as primitive Cladocrinoidea (=Crinoidea
Camerata) ]

Extinct, stalked or rarely stemless Crino-
zoa, with theca closed up to peristome, and
with or without tegminal region differ-
entiated from aboral part. Radial (generally
pentamerous) symmetry affecting food
grooves and (in several families) thecal
plates, which are solid, without pores (ex-
cept tiny pores of stereom meshwork). Su-
tural pores present in many genera, opening
directly to exterior or accompanied by epi-
thecal grooves or covered passageways (i.e.,
epispires) at right angles to sutures of thecal
plates. No true arms, but food grooves ex-
tended on exothecal skeletal, unbranched,
typically biserial, processes (brachioles),
which are inserted either on ordinary thecal
plates or on special brachioliferous plates
lying outside or between thecal plates. L.
Cam.-Sil.

Family EOCRINIDAE Jaekel, 1918

[=subfamily Acanthocystida Haecker, 1896 (invalid family-
group name)]

Echinodermata—Crinozoans—Eocrinoidea

should not be surprising in view of the
probable numerous genera and lineages
which are unrepresented in the small frac-
tion of once-living forms now available in
fossil collections,

The difficulty in constructing a hierarchy
of familial morphological characters indi-
cates that the establishment of systematic
categories of superfamilial rank would be
highly precarious. They could not be based
on criteria other than those having fairly
well-established phylogenetic signification.
One might, indeed, undertake to distinguish
two main groups of eocrinoids dc?ned by
possession or lack of possession of sutural
pores. Since nothing would prove common
origin of families that come to be placed on
this basis in either group, it is better not
to arrange families in this way. Accord-
ingly, they are here presented in a sequence
that takes maximum account of degree of
similarities,

DESCRIPTIONS

Thecal plates numerous, polygonal, in-
definite in number, without any regular
arrangement or in many alternating trans-
verse rows, but never in well-defined circ-
lets. Brachioles long, slender, biserial, orig-
inating in probably five clusters located at
periphery of oral face. Stem enclosing wide
central cavity. M.Cam.
WaLcort, 1917 [*G. prolifica; OD]
[=Eocrinus JaexeL, 1918, type, Eocystites??
longidactylus Wavrcorr, 1886]. Theca conical,
subspherical or subcylindrical. Plates numerous,
polygonal, without any definite arrangement,
smooth or ornamented with granules or radiating
ridges. Sutural pores rimmed by slightly raised
ridges. Brachioles 8 to about 22 and probably as
many as 44, twisted in G. spiralis, originating in
clusters. Stem covered by numerous small irregu-
larly arranged polygonal plates that may be
gradational with those of theca or of distinctly
different size; distal end of stem characterized by
cluster of relatively small plates, which may or
may not form an expanded flat-based process.
M.Cam., N.Am. Frc. 306,1-3. *G. prolifica,
Can.(B.C.); 1, lectotype, X1; 2, theca of same,
X4; 3, distal end of stem with expanded, flat-
based process, X6 (31). [See also Fig. 294.]
Acanthocystites BARRANDE, 1887 [*A4. briareus;
OD] [=dcanthocystis Bartaer, 1889 (nom.
van.)]. Theca elongate, apparently conical. Thecal

Gogia
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b e Acanthocystites

Fre. 307, Bocrinidae {p. S478, S480%.



S480

b Lichenoides
Fie. 308, Lichenoididae (p. S481).

plates thin, irregularly arranged, flat or slightly
tumid, ornamented with minute granules; size of
plates regularly diminishing  in distal  dircction.
Sutural pores leading into covered epispires with
seemingly exterior openings at both ends. Cover
plates of brachioles relatively large, obliquely pro-
triuding, one to cach brachiolar ossicle, | Proximal
regon of theca and stem lacking in single known
specimen. ] M.Cam.,  Boh. Fic. 3070, *d.
fidarens, Jince beds; Ja, holotvpe, %23 16, thecal
plates showing covered epispires, X5 Ted, brach-
toles, lat, view, 310 (Ubaghs, n).

Akadocrinus  Proxor, 1962 [*A4.  jani; OD]
| =Compsocrinus® Zriiexo, 1911 (nom. nwd.)

P Name dntroduced by Prrwer o typeseripr, seemingly
first published by Zeviaxo in 1901 as women nudan,

Echinodermata—Crinozoans—Eocrinoidea

(won MirLir, 1883)]. Theeca relatively small,
clongate. bottle-shaped. Oral arca between brachi-
ole ansertions rather large and Hat, Thecal plates
irregularly pentagonal or hexagonal, arranged in
more or less alternating transverse rows, becom-
ing smaller and more rregular in distal direction.
Sutural pores fairly large, rimmed by slightly
ratsed, narrow ridges. Brachioles numerous, Stem
long, with proximal diameter as wide as proximal
diameter of theea, tapering distally, composed of
very low columnals which may meet along irregu-
lar zigzag sutures in proximal region, M.Cam.,
Boh. 6. 307,20, #4. jani, Jince beds; in-
complete theca, x5 (Ubaghs, n). Fra, 307,
26,0, Ao mumitins Prokore, Jince beds: 25, holo-
tvpes 2o, another specimen, both %2 (Ubaghs, n).

Fic, 309, Palacocystitidae (p, S981-5482).

Reinghe

Palaeocystites
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Rhopalocystis

Fic, 310. Rhopalocystidae (p. $§481-5482).

Family LICHENOIDIDAE Jaekel, 1918

[nom. correct. UsacHs, herein (pro Lichenoidae JAExEL,
1918)]

Theca composed of three alternating circ-
lets of typically five plates each, plus vari-
able number of small ossicles at aboral pole.
Sutural pores numerous, each one passing
into an open, well-developed epispire. No
“tegmen,” but peristome directly surrounded
by third circlet of plates (radials). Food
grooves epithecal, simple or branching.
Brachioles long, biserial, apparently rigid,
inserted on second (lateral) and third (ra-
dial) circlet of thecal plates. No stem. M.
Cam.

Lichenoides Barranpe, 1846 [L. priscus; OD]

[=Lichenocystis HaeckeL, 1896 (nom. van.)].
Theca ovoid. Base forming thick-walled cup of
large unequal basal plates with their aboral ends
partially separated by variable number of small
thick ossicles. Middle circlet comprising sub-
pentagonal or subhexagonal lateral plates, largest
elements of theca. Upper circlet composed of sub-
pentagonal, rather small radial plates, with thick-
ened inner adoral margin. Epispires rimmed by
slightly raised narrow ridges and covering whole
surface of plates except brachiole insertions and
median stereomic protuberances on basal and lat-
eral plates. Brachioles single or in clusters of 2
or 3 on lateral and radial plates. M.Cam., Boh.
Fic. 308,1. *L. priscus, Jince beds; two speci-
mens; Ia, X2; 15, X3 (1). [See also Fig. 295.]

Family RHOPALOCYSTIDAE Ubaghs,
new family

Theca divided into 1) proximal part made

of single basal ossicle and two alternating
circlets of infralateral and lateral plates, 2)
middle part composed of five meridional
perradial series of plates separated from
each other by five interradial plated areas,
and 3) oral part comprising circlet of six
oral plates and five endothecal ambulacra.
Sutural pores numerous, each one opening
exteriorly into small depression that 1is
rimmed by narrow ridge. Anus located at
adoral end of CD interray. Brachioles at-
tached to special plates inserted between
other thecal plates. Stem round, progressive-
ly tapering distally, composed of low cyl-
indrical columnals. L.Ord.

Rhopalocystis Usachs, 1963 [*R. destombesi; OD].
Theca club-shaped, thick-walled. Basal ossicle very
thick, cup-shaped; infralaterals 4, pentagonal or
hexagonal, largest plates of theca; laterals 6,
hexagonal or heptagonal; perradial scrics of 4 or
5 plates each (one radial and 2 or gencrally 3
supraradials) ; interradial areas typically resting on
laterals, composed of 4 or 5 rows of intcrradials;
CD interray larger than others, asymmectrically
divided by a column of extra plates (anals). Peri-
stome central, subpentagonal. Periproct with small
anal pyramid. Ambulacra occupying a small stel-
late area around oral pole, each onc composed of
3 to 6 brachioliferous endothecal plates. Brachioles
20 to 30. L.Ord., Morocco. Fic. 310,1. *R.
destombesi, U.Tremadoc, S.Morocco; diagram of
theca (39). [See also Fig. 293.]

Family PALAEOCYSTITIDAE Ubaghs,
new name (1896)

[=family Palaeocystida Haecker, 1896 (invalid family-group
name)]
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Ascocystites

G, 311L Ascocystitidae {p. S983).

Theca comprising 1) proximal part of two
alternating circlets of five plates cach, 2)
middle lateral part of ten meridional series
of plates, 3) small oral arca made of
doubled circlet of five orals and hve brachio-
lilerous plates, surrounded by more or less
complete belt of small irregular plates.
Sutural pores opening into covered epispires
which externally form claborate system of
strongly raised, radiating ridges. Anus be-
tween oral and middle lateral part of theca,
in BC interray. Pore (fhydropore) in small
plate close to oral circlet. Brachioles and
stem unknown, M.Ord., N.Am.

Palacocystites Bivines, 1838 [ *derinocrinus fenui-
radigins Havr, 1847; SD S0 AL Mk, 1889
| =Palaeocystis 1890 (wom. van |,
Theca elongate, somewhat eyvlindeieal in upper
half, conical and  proximally tapering in lower
hall, with oral Peristome:
central,

Ilaroree,

henspherical face.

rather small. Food grooves along inter-
aral sutures, short, simple or biturcating into 2
short  branches,  M.Ord., N Am, Fi, 3097,
P renuiradiatus (Tavn), Chagvan, USA(NY.):
dad, outer and inner sides of thecal plates, enl,
(47). 309.2. P dawsoni Dilnixos,
Chazyvan, Can; 2a, oral arca, 33; 24, pant of
1)1'{1.\1'211;1] and miuddle lateral walls of til:'t':l. dia-
gram,, X3 (22).
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Mimocystites

I'ra. 312, Macrocystellidae (p, 5984-5486).

Family ASCOCYSTITIDAE Ubaghs,
new name (1896)
[=family Ascocystida Hazemen, 1896 (invalid famaly group

name);  Ascocvstidac  Jax 1918 {aovalid  family-group
nel |

s

Theca divided into flat tegmen and clon-
gate aboral part, hexagonal in cross section;
aboral part comprising very numerous poly-
gonal plates with subquadrate platelets be-
tween them, distributed in six vertical col-
umns and six intermediate fields. No sutural
pores, but partially hollew radiating ridges
cross sutures. Tegmen composed of five
large orals and variable number of adorals.
Food grooves exotomously branching. Peri-
stome and food grooves protected by cover
plates and outer cover plates. Hydropore?
in outer cover plate of CD interray. Brachi-
oles 20 to 30, biserial, with deep ventral and
dorsal muscle or ligamentary insertions be-
tween  successive ossicles, forming  circle
around tegmen; each brachiole mserted on
outer edge of an oral and adoeral or of two
adorals. Anus unknown. Stem round, taper-
ing distally, composed of alternating very
thin and thicker columnals. M.Ord.
Ascocystites  Banravor, 1887 [*4.  drabowensis;

OD] [=dAscocrinus Barranve, 1847 (o Trone-

iy & Lusesconts, 1876) (wom. wud.); Asco-
cystis Barmer, 1889 (nom. paw.)]. Thecal plates
united radiating  ridges
perpendicular o plate sutures and by & power-
ful wertical ridges, running
winns of plates froon proxinal end o distal sar-
gin. M.Ord., Boh,
sigy I, theca, 1y 2,
portion of theca, 5:
ture fgured by Jaegi |25, fig, YD1, o 17] as

a hollow root ol dseoepstiies o0 Toreign bady

by elaborate system of

along wertical  col-
P, 311,04, #0. drafosen-
s

4, stem, X5, [The struc-

Cee e, el

(shell of 2Canalared coverad by epivoans {prob-
ably brachiopods) | (Ubaghs, n}.

Family MACROCYSTELLIDAL Bather,
1899

Theca divided into clongate aboral cup
and tegminal poruon, and composed of
strongly radiately ridged or folded plates,
displaying more or less regular pentamer-
ism. Brachioles in five groups. No sutural
pores, but radiating hollow ridges cross
sutures of thecal plates. Stem round, com-
prising rapidly tapering  proximal region
composed of low columnals with  wide
flange, and gradually tapering distal region
composed of long narrow columnals with
narrower lumen. L.Ord -M.Ord.



Macrocystella

Fra. 313. Mucrocystellidae (p. S484).

Macrocystella Cavvaway, 1877 [*M. marae; OD].
Aboral cup showing 4 circlets of plates; those of
aboral circlet low, those of Znd and 3rd circlets
relatively large, and of 4th circlet about half size
of those in 3rd carclet. Drachioles long, slender,
buserial and unbranched, probably inserted on small
tegminal elements borne by plates of 4th circlet;
cover plates distinet.  Aboral thecal plates strongly
marked by radiating ridges, which divide surface
into triangles, inside of which are smaller folds.
[This genus, based on crushed material, is in-
adequately known; neither the tegmen nor anal

Echinodermata—Crinozoans—Eocrinoidea

side of theeca has been observed. The statement by
Baraer (5) that cach plate of the 4th circlet bears
a brachiole, which almost immediately bifurcates,
s probably erroncous. 8o far as  determinable
fronn available t]:ltn, .-'l-)'(a'c'a"or.'_v;‘fc‘ft'a does not differ
fram Mamocystives, which 1s kept apart only pro-
visionally.] L. Ord.,  Eng.-Ger. {(Bavaria)-? Fr.-
PGreenl——Fiu, 313,04, "M, mariae, Tremadoc,
Shineton Shales, Eng.; 1, almost complete stem,
% 3; 2. proximal and medin stem region, X3,
3, proximal columns, 310 4, theea, X3 (1,2,4,
Ubaghs, n; 3, 32 ).

Mimocystites  Bawpanpn, 1887 [*M. bSolemieus;
OD] I =Mimacyatis Cawersrir, 1891 (nom.,
:'rm.j|. Theca illg;;llE:n']}.’ fJ\-'rJ']d, divided into elon-
gate aboral cup and shightly convex oral face,
theca composedl of 5 circlets of genemlly alter-
nating plates.  Basal circlet of 3 relatively small
pentagonal  plates and  dth one probably formed
by fusion of 2 somewhat larger hexagonal plates.
Each of next 2 circlets (‘.Ulal]\.fmcd of 5 p]"llcb,
which are large, theoretically hexagonal or pentag-
onal, but some variously modified in shape for
accommadation of anal arca. Plates of Ath earclet
relatively  smally  generally hexagonal, somewhat
unegual in size, and distally notched  (exeepr one
in €0 interray) for reception of ambulacra, Fifth
circlet of 6 orals (2 in €D interray), relatively

Bockia

I'ie, 314, Springerocystidae (p. S486-5487).
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small, lozenge-shaped or subpentagonal in out-
line, bordering  peristome; ambulacra Ve-shaped,
composed of small adorals, bearing brachioles on
their outer edge (each brachiole inserted on 2 con-
tguous adorals), Peristome and food grooves pro-
tected by alternating cover plates. Hydropore on

85485

suture between orals of €D interray. Periproctal
area large, oval, lateral, between 2Znd and 3rd
circlets, filled with small plates and comprising
small anal pyramid in BC interray. Theeal sur-
face divided 1nto triangles by strongly marked
radliating ridges, between which are smaller folds.

5,

3b

Foerstecystis

Springerocystis

Fic. 315, Springerocystidae (p. S486-5487).
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hydropore

anus : ;

1
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Cryptocrinites

Fic. 316. Cryptocrinitidae (p. $487-5488).

L.0Ord.-M.Ord., Boh.-Fr.-Morocco. Fic. 312,1.
*M. bohemicus, M.Ord., Letni beds, Boh.; I,
restoration by JaEkeL (23), X4. Fie. 312,2.

M. azaisi TuoraL, L.Ord.(U.Tremadoc), Hérault,
Fr.; diagram of theca (36). [See also Fig. 296
and Fig. 299,1 (oral face).]

Family SPRINGEROCYSTIDAE Bassler,
1950

Thecal plates polygonal, indefinite in
number and irregular in shape, size, and
arrangement. Basals three, unequal. Theca
distally elevated into short protuberance on
which are located peristome, food grooves,
and brachiole insertions. Anus lateral, with
valvular pyramid. Stem facet circular. L.
Ord.-M.Ord.

Springerocystis BassLer, 1950 [*S. longicollis; OD].
Theca ovoid or pyriform, proximally produced
into short point, distally elevated into tubelike,

oral protuberance, upper margin of which is
formed by 5 thin oral plates arranged in small
circlet. M.Ord., N.Am. Fic. 315,2a. *S. longi-
collis, Blackriv., USA(Tenn.); side view of holo-
type, X2 (3). Fic. 315,256, S. sp., Blackriv.,
USA(Tenn.); part of lat. view. and base, X3
(Ubaghs, n).

Bockia GEKKER, 1938 [*B. neglecta; SD GEKKER,
1940]. Theca elongate, cucumber- or sac-shaped,
round in cross section, terminating distally in
proboscis-like protuberance, which must have
borne oral opening and ambulacral structures.
Thecal plates numerous, generally slightly con-
vex, with central umbo and radiating flat ridges,
smooth or covered by granules. Anus on upper
3rd of theca, with valvular pyramid. Stem not
preserved in connection with theca; discoidal roots
found associated with genus may belong to it.
L.Ord.-M.Ord., USSR-?Sweden. Fic. 314,1-4.
*B. neglecta, M.Ord., E. Baltic region; 1, recon-
struction, X1; 2, distal part of theca, X1.5; 3,
periproctal area, X3; 4, aboral face, X1.5 (18).
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S487

2

Fic. 317. Cryptocrinitidae (p. $488-5489}.

#Columbocystis BassLrr, 1950 |*C. sypica; OD].
Theeca ovoid or subglobose, somewhat asym-
metric, with conspicuous oral flattencd protuber-
ance composed of 6 thick oral plates (2 in CD
interray) centering about small peristome. Food
grooves on apposed edges of orals, Brachiole facets
very large, on outer edge of protuberance, cach
carried by 2 adjoined orals. Hydropore on suture
between 2 orals of €D interray. Anus in B
interray, protected by anal pyramid. Stem facet
sinall, |Assignment of this genus to
Foerinoidea will be uncertain as long as the
“arms” remain unknown.] M.Ord, NAmM——
Fre, 315,0a. *C. typiea, Blackriv., USA(Va.);
slightly oblique lat view, X2 (3). Fia. 315,
1he. €. sp., Blackriv,, USA(Tenn.); side view
(€ interray) and aboral face, »}2 (Ubaghs, n).
| Sce also Fig. 298,1.]

fFoerstecystis Bassuenr, 1950 [*F. obligua; OD].
Theca irregularly rotund in cutline, with anal
side very gibbous, especially toward lower end of
theea, where it is angularly protuberant in nearly
horizontal direction. Theeal plates fow, Oral end
supporting 5 relatively broad “arms" recumbent
on top of theca. [This poorly known genus (no

circular.

specimen available for study by the present writer}
may turn out to belong to another class.|] M.Ord.,
N.Am. Fie. 315.3. *F. obligua, DBlacknv.,
USA(Tenn.); 3ab, abanal and adanal sides, x4
{3).

Family CRYPTOCRINITIDAE Bassler,
1938 (1895)

[ =Cryprocrinidas Zerrer, 1895 (invalid woily-group name) |

Theca regularly composed of four circlets
of plates and more or less completely af-
fected by pentamerous symmoetry. Thecal
plates in definite number, shape, size, and
arrangement; three in basal circlet, unequal,
probably produced from five by fusion; five
in second circlet; five or six (according to
genus) in third circlet; five or six (accord-
ing to genus) in fourth circlet, which occu-
pies very restricted area around oral pole.
No sutural pores. Peristome small. Anus
lateral. Brachiole insertions tiny. Stem
facet circular. M.Ord.-Stl.

Cryptocrinites  vov 1840 regularis

Bueh, [*C.



5488

Rhipidocystis
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Fic. 318. Rhipidocystidae (p. $489).

—*Echinosphaerites laevis PanpEr, 1830); SD
von Bucn, 1841] [=Cryptocrinus GeiNiTZ, 1846
(nom. van.)]. Theca small, irregularly spheroidal.
Plates of 2nd circlet large, unequal in size and
shape; plates of 3rd circlet 5, smaller, subpenta-
gonal, most of them alternating with plates of
preceding circlet; large supplementary plate be-
tween 2nd and 3rd circlet; contiguous to peri-
proct; 4th circlet irregularly pentagonal, composed
of 6 small oral plates (2 in CD interray) sur-
rounding peristome. Food grooves 5, epithecal,
very short, on sutures between orals, bifurcating
and leading to 10 minute paired brachiole-bearing
platelets, which rest on apposed edges of orals.
Peristome pentagonal, protected by double series
of cover plates (rarely preserved). Periproct hexa-
gonal, with valvular pyramid of 6 plates, located
in BC interray between 2nd and 3rd circlets of
plates. Hydropore on suture between paired orals
in CD interray; another pore (gonopore?) pierc-
ing oral of DE interray. M.Ord., USSR-Sweden.

Fic. 316,1-5. *C. laevis (Panper), E.Baltic
region; 1-3, lat, aboral, and oral faces, X4
(Ubaghs, n); 4, peristome area, cover plates pre-
served, enl. (42); 5, diagram of theca, orals ex-
cluded (Ubaghs, n).

Lysocystites S. A. MiLLER, 1889 [nom. subst. pro
Echinocystites HaLr, 1864 (non WyviLLE THom-
soN, 1861)] [*Echinocystites nodosus HaLv, 1864;
OD] [=dethocystites S. A. MiLLER, 1892; Echino-
cystis HaEcker, 1896 (mom. van.); Lysocystis
BaTHER, 1897 (nom. van.); Scolocystis GREGORY,
1897 (nom. subst. pro Echinocystites HaLv, 1864);
Aethocystis Batuer, 1900 (nom. van.)]. Theca
subspheroidal or ovoid. Plates of 2nd circlet very
large, elongate, hexagonal; plates of 3rd circlet 6,
smaller, pentagonal or quadrate, converging ad-
orally; 4th circlet of 5 very small subtriangular
elements enclosing small central peristome, from
which shallow and short food grooves extend out-
ward. Anus located near apex of plates of 3rd
circlet. Ornamentation consisting of tubular thin-
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Batherocystis

Fie, 319. Rhipidocystidae (p. S489-5490),

walled folds surrounding diamond-shaped striated
areas, Sid., N.Am. Fic. 317,1-3. L. seulptus
(5. A, Mitrer), Sil.(Niagaran), USA(Ind.); 7,
lat, face showing striation and tubular folds, lat-
ter broken in several places, % 1.7 (33); 2, oral
face, }2.25 (33); 3, diagram of theca (15).

Family RHIPIDOCYSTIDAE Jaekel,
1901

[ =Batherocystidae Bassies, 1950]

Theca elongate, strongly depressed, pre-
senting two flat faces [ramed by limited
number of marginals surrounding relatively
large polygonal central plates. Marginals
with thickened outer margins and partic-
ipating more or less in pavement of flat
faces. Brachioles on oral margin of both
faces. Stem more or less reduced. L.Ord.-
M.Ord.

Rhipidocystis Jarxsr, 1900, p. 672 [*R. gigas; SD

Baruer, 1913, p. 369]. Theca subelliptical in
outline, with blunt oral and tapering aboral ends,
Outer edge of marginals massive and  raised,
forming framework usually quite distince from
flat and relatively thin pavement of 2 main faces.
Basal marginals 3, with proximal ends thickened.
Central plates large and few. One or 2 tiny
apertures (hydropore?}) on adoral marginals and
single supplementary one or pit in some on one
of lateral marginals. Brachioles long, uniserial,
unbranched, inserted in 2 series between or upon
adoral marginals.  Brachiole ossicles long  and
massive, with alternating cover plates, Stem facet
small, circular, borne by generally single and
rarely 2 basal marginals. Stem apparently re-

duced. Axial canal round and narrow. [Riipido-
cyitis, as originally  conceived by Japxkrn (24,
comprised remains of four genera, belonging to
three different classes, Tt was  demonstrated by
Grrrer (7,18} that the “cup-plates” of this
“genus” partally belong to the ophiccistioid Vol-
chopia and partially to the eocrinoid Bockia: the
“stem-plates™  belong o Deadrocystites kucker-
stana  (now Heckerieystis huchersiana), of the
Homolostelea; the flat “appendages of the stem™
refer to the genus for which Grkker retained the
name Khipidoeystis; the “saclike roots” are the
thecae of the eocrinoid Bockia. Rhipidocystis as
emended by Gesker was regarded by bim as a
“carpoid,” for which he proposed the new order
Digitata.  Later, Upacus (34) placed it among
the eocrinoids.] L.Ord-M.Ord., USSR, Fic.
318.1-3. R. baltica Jarxen, L.Ord., Leningrad
arca; I, “upper” face (reconstr.), X0.7; 2, theca,
“lower™ face, X2; 3, proximal end of theca and
stem facet, X3 (24). Fic. 3184, K. dpiki
Gerrer, M.Ord, Estonia; distal part of theca,
“lower™ face, with (2} opening in one marginal
(17). Fic, 318,5-7, R. sp. GERRER, M.Ord.,
Estonia; 5, distal part of theca, “upper” face, with
pores on adoral margin, X2; 6,7, oral [ace of a
few brachinlars and cross section, X 10 (74).

Batherocystis BassLer, 1950 [*B. appressa; OD].
Theea oblong. Basal marginals 2, with common
sutures along middle of flat faces. Central plates
more numerous than in Rhipidecystis, but prob-
ably no more than 7 to 10. Anal? opening rela-
tively large, located slightly below distal end of
lateral margins, and surrounded by 3 marginals,
Prominent pit on one plate of aderal margin,
Brachioles unknown, probably inserted on or be-
tween  adoral marginals,  Stem facet elliptical,
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relatively large, borne by both basal marginals;
columnals  apparently  very few, inflated, ovoid
or somewhat rregularly shaped, elliptical in cross
seetion, abnormally  large and  massive, [1 am
greatly indebted 1o R. L. Parsury for information
concerning  this genus.] M.Ord.,, N.Am. Iig,

anus

Fic. 320. Lingulocystidac (p. S490-59%1}.
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Fic. 321, Unclassified gencra { Cardiocystites)
(p. S491-8492).

319,0. *B. appressa, Chazyan, USA{Tenn.}); holo-
type X2 (Parsley. nj. Fie. 3192, B, gp., USA
(Ky.); proximal porton of theca, «a. X3
(Uhaghs, n). fla. 319,38, B, gp., Blackriv,, USA
{(Va.): proximal portion of theca and 2 columnals,
¥4 (Parsley, n).

Family LINGULOCYSTIDAE Ubaghs,
1960

Theea clongate, depressed, clearly divided
into elongate aboral part and low convex
oral surface. Marginals numcrous, not par-
ticipating in pavement of fattened faces,
which are covered by fincly plated integu-
ments.  Basals [our, equal. Anus lateral.
Brachioles carried on special plates inserted
in marginal framework at both ends of oral
face and in some specimens on ordinary
oral marginals. Stem long, round, distally
tapering. L.Ord.

Lingulocystis Tuhorar, 1935 [*L. elongare, OD].
Theea paddle-shaped, probably elliptieal in cross
section during life. Marginals numerous, clongate,
thick and narrow, surrounding both aboral part
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Fra. 322, Unclassificd genera { Cigara) (p. $492-5493).

and oral surface. Flattened faces apparently pliant,
cach unequally divided by longitudinal series of
relatively large, clongate, slightly convex  plates.
Anus protected by pyramid of numerous needle-
like platelets, located at distal 3rd of theea, near
margin.  Oral face covered by small plates, with
probably subcentral peristome and 2 food grooves
leading 1o clusters of brachioles located at both
ends; peristome and food grooves concealed under
rsed cover plates. [.Owd., France, Fre, 320,
1. #h elongata, Ul'Tremadoc-M Arenig., Tlérault;
Jad, lectotype, X3 (37). [See also e, 297
209,31

UNCLASSIFIED GENERA

?Archaeocystites Barnanpy, 1857 |=drchucocystis
Taecken, 896 (nom. van.)].

Cardiocystites  Barraxoe, 1887 [*C. bolemicos,
OD] [=Cardiveysiis Barner, 1900 (mom. van.j|.
Theca depressed, moderately elongate, with taper-

ing proximal end and convex  lateral marginss
distal margin abruptly narrowing and provided on
one side with distinet rounded protuberance. Mar-
gins strongly thickened and bearing longiudinal
groove on lirge pnrl']tm of their external Tace.
Theea (only one side known) composed apparently
of 2 transverse rows of plates, proximal row of 2
basal marginals and dhstal row of 2 marginals and
probably 2 centrals; admedian parts of marginals
and centrals thin,  Starting [rom near proximal
endl of one of thickencd marging 2 narrow diverg-
ing ridges forming V-shaped fgure open 1o distal
direction.  “Arms” at least 3, apparently  short
and  possibly  recumbent,  biserial,  with sutural
faces of successive brachials deeply excavated. Stem
long, cvlindrical, tapering distallys proximal col-
umnals of unegual Teieht, wranged inmore or
less regular alernation, each provided  with dis-
tinct [lange: distal colummnals higher, all of nearly
sane size,  barrel-shaped and  spinose. M.Ord.,



Polyptychella

Pilocystites

Fic, 323, Unclassified genera ( Eocystites, Pilocystites,
Polypryehella) (p. 5492-5493),

Boh, Fig. 321,1-3. *C. bohemicus; 1,2, speci-
mens figured by Barwawpe, 1887 (pl. 31, fig. 10-
123, »x2; 3, "arms” of speamen I, %3 (Ubaghs,
nj.
Cigara Barnawpr, 1887 [*C. dusli; OD]. Body
elongate, composed of 3 regions; [st or proximal
region conical, strongly tapering, covered by thin,
polvgonal, irregular, and apparently imbricating
plates, with delicate radiate ornamentation; middle
region characterized by lattice-work of rodlike
and  Xeshaped,  exteriorly  coarsely  ornamented
ossicles that enclose diamond shaped, apparently
uncalcified or poorly calcified areas; 3rd or distal
region  slightly  tapering  distally, composed  of
numerous, small, siellate plates joining by their
ray ends; some plates of distal region distinguished
from others by their strongly convex and coarsely

Echinodermata—Crinozoans—~Eocrinoidea

pitted outer surface, linked together in such man-
ner as to form irregular, more or less continuous
meshwork of ridges, which probably prolong lat-
tice-work of middle region; numerous  sutural
pores present between all plates of distal region,
except most distal ones, which are larger, more
convex, and maore closely set than others and dis-
posed 1n oblique, perhaps helicoidal, series. [ This
enigmatic fossil is represented only by two incom-
plete specimens on a small slab of shale. Barmer
{5} thought that it resembles the stem of Dendro-
eystites, in which genus it was placed by Bassier

] Pareocrinus

Fic. 324, Unclassihed genera { Pareocrinus)
(p. $493).
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(2) and by BassLer & MoopEY (4) as a synonym.
JaExeL (23, 25) interpreted the proximal region
as a stem passing into a saclike hollow root (distal
region) and possibly belonging to Acanthocystites.
These interpretations are unacceptable. The main
region (as indicated by the nature of its plates)
probably represents a theca prolonged downward
by a many-plated extension; such a theca is
structurally distinct from that of Acanthocystites.
No connection with this genus or Homoiostelea are
suggested.] M.Cam., Boh. Fie. 322,1-3. *C.
dusli, Jince beds; I, specimens figured by Bar-
RaNDE (1887, pl. 2. fig. 34), X2; 2, middle region
and proximal part of distal region, showing lat-
tice-work and platelets in outer and inner aspects,
X5; 3, distal part of distal region, X5 (Ubaghs,
n).

Eocystites BiLLiNGs, 1868 [*E. primaevus; OD]
[=Eocystis BatHERr, 1900 (nom. van.)]. Genus
founded on isolated stellate, probably thecal, plates,
having central umbo and variable number of folds
which radiate like wheel spokes, most prominent
folds reaching umbo and directed toward plate
angles. [Discovery of similar plates has been re-
ported from the Middle Cambrian of France,
Spain, Morocco, and elsewhere but their assign-
ment to Eocystites is uncertain.] M.Cam., N.Am.

Fic. 323,1. *E. primaevus; la,, internal, and
16,d, external imprints of plates, X4 (6).

Lapillocystites BARRANDE, 1887 [*L. fragilis; OD]
[=Lapillocystis BATHER, 1889 (nom. van.)]. Body
ovoid in outline, composed of many small, irregu-
lar, polygonal plates; inadequately known. [Ac-
cording to JAEKEL (23), this fossil comprises the
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hollow root of an eocrinoid, possibly Acantho-
cystites.] M.Cam., Boh.

Pareocrinus Yaxkoviev, 1956 [*P. ljubzovi; OD].
Theca small, proximally conical, medially cylindri-
cal, distally truncated by flat oral surface. Cylindri-
cal part composed of 5 or 6 vertical alternating
columns of very thin plates, each centrally elevated
into conical protuberance. Small circular opening
(anus?, hydropore?) at top of one vertical column.
Brachioles about 10, slightly longer than theca,
attached to elevated processes on margin of oral
face. Stem cylindrical, narrow, distally tapering.
M.Cam. or U.Cam., USSR(Sib.). Fic. 324,1.
*P, liubzovi, up. M. Cam. or low. U. Cam., E.Sib.;
holotype, X3 (46). )
Pilocystites BARRANDE, 1887 [*P. primitivus; OD].

®Body elongate, rounded at one end, obliquely

truncated at other, divided into polygonal areas
by slightly raised limits. [This genus, generally
assigned to cystoids, was regarded by JaEkEeL (23)
as a doubtful root fragment of a cladocrinoid but
probably it is not even an echinoderm.] M.Cam.,
Boh. Fic. 323,2. *P. primitivus; holotype, X1
(Ubaghs, n).
Polyptychella JaekeL, 1918 [*P. esthona; OD].
Genus based on isolated polygonal plates char-
acterized by many radial folds set at right angles
to plate sutures. [Placed by JAEKEL (25) among
Macrocystellidae.] M.Ord., Est. Fic. 323,3. *P.
esthona, Brandschiefer; holotype, enlarged (25).
?Protocystites Hicks, 1872 [non SaLTer, 1865
(nom. nud.); =—Protocystis BATHER, 1900 (nom.
van.), non WaLLIcH, 1862].
?Trachelocrinus ULricH, 1929,
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HOMALOZOANS
By Georges Usachs and K. E. CasTer

Included in this assemblage are the sented in Cambrian strata but none in post-
“carpoid” classes Stylophora, Homostelea, Devonian deposits.
and Homoiostelea, all of which are repre-

STYLOPHORA
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INTRODUCTION

The class Stylophora corresponds to the
superorder Stylophora (class Carpoidea)
proposed by GiLL & Caster (1960, 43) and
embraces the orders Mitrata and Cornuta of
JaekeL (1918,55). Forms belonging to these
two orders possess the same basic organiza-
tion, which differs profoundly from that of
both Homostelea and Homuoiostelea.

Like other “carpoid” echinoderms, stylo-
phorans are asymmetrical flattened organ-
isms which lack any trace of radial sym-
metry. Their body is composed of a theca
made of plates, attached to which is a high-
ly characteristic jointed appendage known
as the aulacophore, here interpreted as a
brachial process. Until recently, it was con-
sidered erroneously to be homologous to the
stele (peduncle) of other “carpoids” (88).
The mouth, probably intrathecal, was lo-
cated at the base of the aulacophore and
the anus at or near the opposite extremity
of the theca. The placement of these ori-

fices at opposite poles of the theca, com-
bined with presence of an aulacophore, ab-
sence of a stele or other sort of peduncular
process, and lack of marginal external
grooves clearly distinguish the Stylophora
from the Homostelea. Stylophorans differ
from the Homoiostelea in lacking a stele
and in having a brachial process (aula-
cophore) differentiated into three distinct
regions, instead of an arm with the same
composition throughout.

In contrast to other “carpoids” so far
known, the Stylophora comprise a great
diversity of forms. These range from the
very peculiar, quite asymmetrical Cothurno-
cystis to genera like Placocystites with nearly
developed bilateral symmetry. In the Old
World stylophorans are known from Middle
Cambrian to Middle Devonian, and in the
New World from Upper Cambrian to
Lower Devonian.

MORPHOLOGY AND FUNCTION

GENERAL CHARACTERS

The skeleton of Stylophora is composed
of two parts—a theca that incloses the body,
and a unique brachial process termed the
aulacophore (Fig. 325). No stele or pe-
duncle is observed. As in other “carpoids,”
organization of the theca is fundamentally
asymmetrical, but several groups, especially

within the Mitrata, exhibit a tendency to
acquire bilateral symmetry. This is never
perfect, however, and must be considered as
secondary, since it appears late in the his-
tory of the groups.

A stylophoran theca lying flat on a hori-
zontal surface invariably slants downward
away from the aulacophore. In the Mitrata
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Fic. 325. General features of Stylophora. 1. Mitrocystites mitra BarranDE, M.Ord., Boh; I, superior
and inferior faces, X2.2 (Ubaghs, n). 2. Phyllocystis blayaci Tuorar, L.Ord., Fr.; 2a,b, superior and
inferior faces, X 1.5 (Ubaghs, n) (M-Ms, right marginalia; M’;-M’;, left marginalia; centralia stippled).

the theca generally is oval or subrectangular  narily is much more asymmetrical and less
in outline (Fig. 325,1); it is somewhat elon- regular in shape (Fig. 325,2), for instance,
gate and more or less symmetrical. As a  with outline resembling that of a pointed
rule, at least one of the faces is covered by boot (e.g., Cothurnocystis) or a playing-
large plates. In the Cornuta the theca ordi- card heart (e.g., Phyllocystis). It may be
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Fic. 326. Orientation of Stylophora. Ceratocystis perneri JAEKEL, M.Cam., Boh.; superior face, X 1.8
(Ubaghs, n).

entirely composed of large plates, but more
commonly a framework of marginal pieces
is sharply set off from sheets of pavement
platelets which occupy the two faces. In
both groups articulated or fixed appendages
may extend outward from the framework,
adding to the strange appearance of these
creatures.

The two faces of the depressed theca
differ in form and composition. The lower
one (inferior face), upon which the animal
presumably reposed in life, is flat or con-
cave, and the upper one (superior face) is
convex. The border of the theca consists
of a framework of marginal pieces (mar-
ginalia) which surround a variably large
number of plates or platelets (centralia) on
faces of the theca, those of the lower face
being called infracentrals (infracentralia)

1 Jaexket (55) termed these plates hypocentrals and epi-

centrals, which are hybrid Greek-Latin designations; here
all-Latin names are substituted.

and those of the upper face supracentrals
(supracentralia)® (Fig. 325).

The insertion of the aulacophore is sur-
rounded typically by four or five plates—
two marginal plates below and two or three
adorals (adoralia) above (Fig. 325,1a,22).
Some authors have designated these plates
erroneously as basals. The adorals form
part of the border framework of the theca
in Cornuta and generally do not participate
appreciably in the covering pavement of
the upper face. In the Mitrata, on the other
hand, the adorals always occupy part of
the upper face and in a few genera (e.g.,
Balanocystites) all of it. According to my
interpretation, the two main apertures
(mouth, anus) of the body were situated
respectively at or near the base of the aula-
cophore and at the opposite extremity of the
theca or in its immediate vicinity. The
mouth cannot be observed, however; it is
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judged to have been intrathecal, as in the
Homoiostelea.

An orifice called the right adoral open-
ing, presumed to be a hydropore (possibly
combined with gonopore), is seen in some
genera, notching or piercing one of the
adoralia (Fig. 325,1a,2a). The role of other
orifices (e.g., lateripores, paripores, cothurn-
opores, Fig. 325,15,2a) remains conjectural.

The aulacophore of stylophorans invari-
ably is divisible into three distinct parts
(Fig. 325,2b). Next to the theca is an in-
flated hollow proximal region, the cavity
of which communicates with that of the
theca. An intermediate solid piece is termed
the stylocone. A distal region consists of a
single series of ossicles placed end to end.
The upper face of the stylocone and distal
ossicles bears a groove which is interpreted
here as an ambulacral furrow. It is pro-
tected by a double series of cover plates
which may open and close (Fig. 325,14,2a).

ORIENTATION AND
TERMINOLOGY

The major plane of the depressed stylo-
phoran theca has been called the extension
plane by BattEer (1913,13) and the extensi-
plane by GrL & Caster (1960,43). The
two faces of the theca, as previously noted,
are the upper or superior (=obverse of
Batuer, 1913,13) and lower or inferior
(=reverse of BaTneg, 1913,13); this termin-
ology is based on the inferred natural posi-
tion of the living animals. In the Mitrata
Caster (1925,25) has employed carapace
for the upper surface of the theca and
plastron for the lower one, terms which are
very descriptive for this group but ill-suited
for application to the Cornuta. Designa-
tions such as ventral, dorsal, oral, and ab-
oral have been employed diversely by au-
thors in referring to the two faces of the
depressed theca, but use of them is in-
advisable because of uncertainty of the
implied morphological interpretation. The
upper and lower sides of the aulacophore,
however, could be differentiated appropri-
ately in this way.

The aulacophore, with the mouth prob-
ably located near its base, marks the anterior
extremity of the body, and opposite to it the
margin of the theca adjacent to the anus
marks the posterior extremity (Fig. 326).
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By placing the skeleton on its inferior face
with the aulacophore directed away from
an observer (upward on figures), one can
make the conventional distinction between
right and left sides.

The aulacophore is bilaterally symmetri-
cal, and the intersection of its plane of sym-
metry with the extension plane of the theca
defines the main axis of the body (Fig. 326).
The plane through this axis perpendicular to
the extension plane is here called the
median plane, instead of symmetry plane
(BartnEr, 1913,13), inasmuch as the never
perfectly symmetrical theca is generally very

» %symmetrical with reference to this plane.

The straight line from the aulacophore in-
sertion center, marking the presumed loca-
tion of the mouth, to the anus defines the
oro-anal axis. In the mitrates this line
approximates or may coincide with the
main axis, whereas in the cornutes the two
axes generally are quite distinct (Fig. 326).
The terms proximal and distal are not use-
ful in describing parts of the theca but
may be employed for parts of appendages,
then respectively denoting directions toward
and away from the insertion. Directions to-
ward and away from the main axis are
termed adaxial and abaxial (Fig. 326).

Length of the aulacophore is measured
along the main axis and width perpendi-
cular to this axis in the extension plane;
height (or thickness) is determined by
measurements perpendicular to the other
two lines. Length of the theca is defined
as the distance between two lines normal
to the median plane and respectively tan-
gent to the most anterior and posterior
points (Fig. 326). Width of the theca is the
distance between two lines parallel to the
median axis and respectively tangent to the
right and left sides. Height (or thickness)
of the theca is the distance between two
planes parallel to the extension plane and
respectively tangent to the lower and upper
faces.

Individual plates of the marginal frame-
work are distinguished by a conventional
system of symbols (Fig. 325,2a,6). Mar-
ginals on the right side of the oro-anal axis,
viewing the superior face of the theca, are
indicated from front to back by the sym-
bols M;, Ms, M, etc., and those on the left
side similarly by M’;, M’5, M’s, etc. The
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Fic. 327. Reversed asymmetry. Peltocystis cornuta Trorar, L.Ord., Fr.; 1,2, inferior face, of normal and
abnormal specimens, X 4.1 (Ubaghs, n).

posterior marginal traversed by the oro-
anal axis is arbitrarily attributed to the
right-hand series. This method of notation
was introduced by Jaeker (1918,55) but
here is modified by accepting as anterior
what that author considered to be posterior
and vice versa.

A few other symbols have been found
useful, especially for designations of plates

shown in figures. Thus, among centralia, -

A identifies the “anomalocystid plate” and
P the “placocystid plate; the right, median,
and left adoralia are respectively marked
by rad., m.d. and lad. Infracentrals
(=hypocentrals of JakeL) of the Mitrata
are individually designated by H;, He, Hs,
etc.,, according to a plan introduced by
Cuauver (1941,30). These notations are
preferred rather than more elaborate sys-
tems such as have been proposed for the
Mitrocystitida by GisLén (1930,45) and for
the Anomalocystitida by Caster (1952,25).

ASYMMETRY

All  stylophorans are asymmetrical,
though varying in degree. Their asymmetry,
more evident in the Cornuta than in the
Mitrata, is manifested by (1) outlines of
the theca, except in some Anomalocystitida,
(2) distribution, form, and dimensions of
thecal plates, especially those of the inferior
face, (3) almost invariable divergence of
the oro-anal axis from the main axis, even

though this may be slight, and (4) the
presence and location of numerous struc-
tures such as the zygal and accessory orifices
of the Cornuta, the septum of the Mitrata,
and the infundibulum and right adoral
orifice of both Cornuta and Mitrata, all of
which are placed laterally from the median
plane without symmetrical counterparts on
the other side of this plane.

The prevalence and diversity of these
characteristics indicate that asymmetry is
a fundamental attribute of the Stylophora.
It is true that the asymmetry often has been
considered to be secondary and derived from
a perfect bilateral symmetry that is most
completely expressed by the aulacophore,
erroneously regarded as a stem. The valid-
ity of this interpretation is denied by factual
observations and especially by the chron-
ologic succession of genera and families. Not
only has no fossil trace of a stage with
perfect bilateral symmetry been discovered,
but the oldest known representatives of the
group (e.g., Ceratocystis, Nevadaecystis,
Chinianocarpos, Peltocystis) are some of the
most asymmetrical. Further, genera in
which the theca is most nearly symmetrical
(e.g., Australocystis, Basslerocystis, Placo-
cystites, Rhenocystis) are confined to rela-
tively high stratigraphic levels. They seem
to be very specialized forms in which bi-
lateral symmetry, though imperfect, almost
surely is a secondary adaptation to some
particular mode of life. The bilateral sym-
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metry of the aulacophore probably has no Finally, the occurrence of inverted asym-
more morphologic and phylogenetic sig- metry should be mentioned, although ex-
nificance than a single crinoid arm or star-  amples of it are rare (Fig. 327). Some ab-
fish ray. normal individuals show all characters

o
- f“ N s
S PATREN

Mitrocystites Tc

Fic. 328. Stereom and ornament among Stylophora. 1. Cothurnocystis elizae Barvimr, U.0Ord., Scol;
longitudinal section through a marginal, }35 (Ubaghs, n). 2, Cornuta, genus and species indet,, M.
Ord., Boh.; external surface of supracentralia, 315 (Ubaghs, n). 3. Cornuta, genus and species indet.,
L.Ord,, Fr., ornamentation of supracentralia, %15 (Ubaghs, n). 4. Ernoplowra popel Casvir, U.Ord,,
Ohio; ornamentation of part of lower face, X 8.3 (25). 5. Phyllocystie sp., L.Ord., Fr.: proximal region
of aulacophore, inferior face, X 15 (Ubaghs, n}.——6. Placocystites forbesianus vy Koxixer, Sil., Enp.:
ornamentation of part of supcrior face, X8 (Ubaghs, n). 7. Mitracystizes mritra Barraxor, M.Ord.,
Boh.; 7a, striated cdge of a marginal, inferior face, X14: 76, ornamentation of supracentralia, %15
(Ubaghs, n); 7e, special reticulated subcentral area on infracentral (holotype of M, latus Jaekey, con-
sidered as syn. of M. mitra), %12 (Ubaghs, n).
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Fic. 329. Marginal frame of a cornute Stylophora.
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1-3, Scotiaecystis curvata (Batuer), U.Ord., Scot.;

inferior, anterior, and right lateral faces, X3 (M:-M;, right marginalia; M’;-M’s, left marginalia) (Ubaghs, n).

transposed to the opposite side of the me-
dian plane, as compared with normal in-
dividuals.

STEREOM AND ORNAMENT

Little is known as to histology of the
stylophoran skeleton, for most commonly
fossil specimens consist of natural molds. It
is certain, however, that their hard parts
were composed, as in other echinoderms, of
calcareous stereom with included organic
stroma. The characteristic reticulation of
echinodermal skeletal elements often is
clearly recognizable in stylophoran fossils
(Fig. 328,1,2). The stroma occupied meshes
of the calcareous network. In some speci-
mens (e.g., Paranacystis) it appears to have
filled a labyrinth of minute canals extend-
ing from one plate to another and opening
externally in microscopic pores (CasTErR &
EaTton, 1956,28).

Ornament of the stylophoran skeleton is
varied (Fig. 328). A particularly character-
istic pattern on the surface of thecal plates
consists of equidistant fine wrinkles, sinu-
ous and parallel, disposed transversely or
obliquely to plate margins (Fig. 328,6).
This type of ornament strikingly resembles
the terrace lines of trilobites or markings

on machaeridian plates (e.g., Turrilepas).
It is commonly seen in genera of the
Anomalocystitida, rarely in other Mitrata,
and never in Cornuta. ,

Various types of spines have been ob-
served in Stylophora, articulated with mar-
ginals or central plates. Some are incon-
spicuous, being carried probably by tiny
tubercles (89). Others, of hairlike appear-
ance, form a sort of brush along margins
of an undescribed Lower Ordovician repre-
sentative of the Scotiaecystidae. In new
Lower Ordovician Cornuta, club-shaped
spines cover the entire upper surface of the
theca in one species and flattened elongate
spines are aligned on the marginal frame-
work of two others.

MARGINALIA

The plates which form the marginal
framework of the theca are termed mar-
ginals (or marginalia) (Fig. 325). In all
representatives of the Cornuta, save Cerato-
cystis, they are clearly distinct from plates
of the pavements which cover the two
thecal faces and they barely participate as
skeletal elements of these faces (Fig. 325,
2a,b). They are elongate, relatively narrow
and thick pieces which typically are con-
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stant in number and position within a given
species but may vary somewhat within a
genus. Generally they are U-shaped in
cross section and have a rounded lower
external edge. Some genera (e.g., Cerato-
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Fic. 330. Adoralia among cornute Stylophora.
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cystis, Phyllocystis, Scotiaecystis, Bohemiae-
cystis) have ten marginals; in Cothurno-
cystis their number is ten or 11 (excep-
tionally 12).

Certain marginals of the cornute Stylo-

right adoral left adoral

right adoral

)

right adoral opening

reflected lip

internal concavity

Cothurnocystis 3b

1. Ceratocystis perneri JAEKEL, M.Cam., Boh.; 1a,5,
superior and inferior faces, X2.2; I¢, adaxial part of right adoral, inferior face, X 8.3 (Ubaghs, n).

2. Phyllocystis crassimarginata THoraL, L.Ord., Fr.; 24,6, superior and anterior faces, X5; 2¢, right adoral,

anterior face, X 12 (Ubaghs, n).

My, M. .

3. Cothurnocystis elizae Batner, U.Ord., Scot.; 3,6, anterior and
superior faces, X5; 3c, right adoral, anterior face, X10 (Ubaghs, n). (Ms, M,, . .
., left marginalia).

., right marginalia;
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phora generally bear protuberances on their
lower side (Fig. 329). These project more
or less obliquely or at right angle to the
extension plane. Some are simple or denti-
culated knobs. Others consist of rather long
spines which are pointed, truncated, or
spatulate in form, depending on the species,
nature of the immediate environment, or
location on the frame. Typically, the pro-
tuberances occur at main angles of the
frame on the anterior half of the theca,
probably serving for its support and main-
tenance of balance of the whole body. Also
they doubtless prevented displacement of
the theca by currents and by movements of
the aulacophore. In species provided with
flexible integuments, they raised the theca
above the sea floor enough to allow the
inferior face to take advantage of its flexi-
bility (13, 14).

The two median anterior marginals of
the Cornuta (M; M’;) call for special
notice in that (1) they form part of the
thecal frame only on the inferior face (Fig.
325,2), being covered by adorals on the
superior face (Fig. 325,2a); (2) the inner
side of each bears a powerful apophysis on
which proximal muscles of the aulacophore
were inserted (Fig. 330,26,34); and (3)
the left marginal (M’;) sends off a back-
wardly directed long process which is fused
to a similar process generally borne by a
marginal on the opposite side of the oro-
anal axis.! This last-mentioned structure,
termed the zygal by Usacus (1963,89)
(=strut, BatHEr, 13), is restricted to the
inferior face of the theca and divides it into
two unequal fields (Fig. 325,25; 329,1). It
is observed in all cornute stylophorans ex-
cept Ceratocystis and apparently Nevadae-
cystis. Probably the zygal served to brace

11n a new undescribed genus from the Lower Ordovician
of France, the posterior part of the zygal is not a process
borne by a marginal but an independent ossicle united to
the marginal framework by a distinct suture.
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the theca, impeding distention or rupture
of the inferior face integument resulting
from pressures exerted by thecal contents
and providing a place for attachment of
internal organs (13,14). In several Lower
Ordovician species of Cothurnocystis the
marginal that furnished the posterior branch
of the zygal is formed by two superposed
pieces which join along a horizontal suture,
suggesting a possible double origin for the
marginal. The zygal process originates en-
tirely from the lower piece (Fig. 331,2a).
The marginals form a less obvious frame
in the Mitrata than in the Cornuta. On the
upper side of the mitrate theca they typically
form only a narrow border which is inter-
rupted for insertion of the aulacophore and
generally also for the area around the anus
(Fig. 325,1a). In Chinianocarpos, however,
the two most posterior marginals are ex-
tended on the upper face enough to cover
the entire posterior area. On the lower side
of the theca the marginals generally cover
a relatively large part of the surface (Fig.
332) and in some genera (e.g., Lagyno-
cystis) almost the whole area (Fig. 332,10).
The plates are generally V- or J-shaped in
cross section and in some genera are more
or less thickened along their lower external
edge, which may be either sharp or blunt.
As in the Cornuta, the two median anterior
marginals carry a powerful apophysis on
their inner side for attachment of the proxi-
mal muscles of the aulacophore; manifestly
the mitrate M; and M’; are homologous to
similarly ~designated marginals of the
Cornuta. Mitrocystites and Mitrocystella
(Fig. 332,2,3) have 12 or 13 marginals,
most Anomalocystitida (Fig. 332,4-7) 11,
Australocystis (Fig. 332,8) ten, Chiniano-
carpos (Fig. 332,1) nine, Peltocystis (Fig.
332,9) eight, Lagynocystis (Fig. 332,10)
seven, and Balanocystites and Anatifero-
cystis (Fig. 332,11,12) only two. If only

Fic. 331. Marginal appendages among Stylophora.
2. Cothurnocystis primaeva THorAL, L.Ord., Fr.; 2a, superior face

superior face, X1.6 (Ubaghs, n).

of whole frame, X3.4; 2b, proximal part of glossal, superior face, enl. (Ubaghs, n).

1. Ceratocystis perneri JAEXEL, M.Cam., Boh.;

3. Scotiaecystis

curvata (BaTHER), U.Ord., Scot.; superior face, X2.5 (Ubaghs, n).——4. Placocystites forbesianus DE

KoNINCK, Sil., Eng.; 4a, superior face of theca, X2; 45, left half of posterior face of theca, X4; 4¢, pos-

terior spine, superior face, X4 (Ubaghs, n). 5. Peltocystis cornuta Tuorar, L.Ord., Fr.; superior face,

% 3.8 (Ubaghs, n).——6. Lagynocystis pyramidalis (BaRRaNDE), M.Ord., Boh; posterior appendage, 64,5,

lower and upper side; 6¢, longitudinal section, X5.4 (Ubaghs, n) (M, Ms . . . right marginalia; M’;, M’s
. . . left marginalia).
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two marginals are present, these are M,
and M’;, identified by their location and
role for insertion of the aulacophore.

Marginals of the Mitrata never develop
protuberances analogous to those of the
Cornuta, although their lateral inferior bor-
ders may be produced downward as promi-
nent rounded edges which support the theca
on flat surfaces (e.g., Enoploura, Basslero-
cystis). A similar ridge occurs along the
posterior margin of Australocystis. The
theca of Lagynocystis and Placocystites was
partially raised above the bottom by a me-
dian longitudinal keel extending rearward
from the front margin. The marginals, of
some Mitrata (e.g., Chinianocarpos, Mitro-
cystites) may have a lower denticulated ex-
ternal edge (Fig. 325,14,6) or a narrow
striated border (Fig. 328,72) or a flat thin
flange stretched out in the extension plane,
serving apparently to prevent sinking of
the theca into a particularly soft bottom
(CuauvEL, 30).

MARGINAL APPENDAGES

Stylophoran marginalia commonly bear
fixed or articulated appendages. As pre-
viously noted, the marginals of many Cor-
nuta carry knoblike or spinose processes on
their lower side. The exaggerated growth
of such a protuberance on the “toe” of the
boot-shaped theca of Cothurnocystis and
Scotiaecystis produces the long point or
blade termed spinal (Jaeker, 55) (=toe
spine, Batuer, 13) (Fig. 329,1; 331,24,3).
The spinal of Ceratocystis is a triangu-
lar projection extending from the mid-
dle of the right lateral margin and from
its summit a short transverse ridge runs
onto the upper surface (Fig. 331,7). The
two posterolateral marginals (M;, M';) in
this genus have the form of horns,
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which are fixed and partly hollow. In
Cothurnocystis  corresponding horns are
massive spines of unequal size and dis-
similar form, designated by JAEkeL (55)
respectively as digital (=tag, BaTher, I3)
and glossal (=tongue, Baruer, 13) (Fig.
331,24). The glossal is joined to the mar-
ginals by two sutures, one at a distinct
angle to the other, indicating that the spine
possibly could be lifted or lowered but not
displaced laterally. The digital seems to
have been more freely articulated on the
framework of the marginals and probably
movable in almost any direction. ‘Instead
Jf these two appendages, Scorzaecystis has
a single long process joined by sutures to
the posterior left truncated corner of the
theca (Fig. 329; 331,3). The presence of
longitudinal grooves on its upper and
lower sides suggests that the process was
formed by union of two pieces.

Among the Mitrata, a single posterior
appendage characterizes the Lagynocystida.
It is short, somewhat inflated, and partially
hollow in Lagynocystis, with cavity appar-
ently communicating with the interior of
the theca (Fig. 331,6a-c). In Peltocystis it
is long, narrow, seemingly massive, and
probably articulated on a posterior thecal
prominence (Fig. 331,5). The process was
rather long and variously shaped in Balano-
cystites and  Anatiferocystis, articulating
with the lower side of the posterior corner
of the theca. All Anomalocystitida possess
two movable spines (variously called arms,
brachial arms, buccal arms, brachioles, ten-
tacles, etc.), symmetrically placed at the
two ends of the posterior margin, with at-
tachment by highly differentiated articula-
tions (Fig. 331,4a-c). Bases of the spines
are constricted and proximally rounded; in
Placocystites their evenly convex lower face
and asymmetrically angulated upper face

Fic. 332. Marginalia, infracentralia and subanal among mitrate Stylophora. [All figures show inferior faces.)

M.Ord., Boh.; X 1.6 (Ubaghs, n).

~——4. Basslerocystis disparilis (HaLrL), L.Dev., N.Y.;
6. Rhenocystis latipedunculata DErM, L.Dev., Ger.; X 1.4 (25).
forbesianus pE KoNINck, Sil., Eng.; X1.6 (Ubaghs, n).
9. Peltocystis cornuta Tuorar, L.Ord., Fr; X2.6 (Ubaghs, n).
pyramidalis (BarranpE), M.Ord., Boh.; X1.8 (Ubaghs, n).
12, Anatiferocystis barrandei CHauviL, M.Ord., Boh.; X2.4
(Ubaghs, n) (M1, M. ... right marginalia; M’;, M’s . .

Ohio; X 1.4 (25).

Brazil; X2.6 (27).

M.Ord., Boh.; X2.5 (Ubaghs, n).

1. Chinianocarpos thorali Usacns, L.Ord., Fr.; X3.5 (Ubaghs, n).
3. Mitrocystella barrandei JaexeL, M.Ord., Boh.; X 1.5 (Ubaghs, n).

2. Mitrocystites mitra BARRANDE,

X2.3 (25). 5. Enoploura popei Caster, U.Ord.,
7. Placocystites
8. Australocystis langei CasTer, L.Dev.,
10. Lagyno-

11. Balanocystites lagenula BARRANDE,

left marginalia).
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meet in a rather sharp edge (Fig. 3314c,
cross sections). They have no communica-
tion with the thecal cavity and musculature
controlling their movements was external.

Spines of this sort in Eneploara were sup-
posed by Pore (70) to be enveloped by
“cover plates” identical to the scales of the
machaeridian Lepidocolens, but this has not
been confirmed by examination of other
anomalocystids. In Paranacystis and the
Mitrocystitidae no exothecal process of any
sort is scen, but the posterior thecal plates
of Paranacystis form a subtriangular pro-
jection interpreted as an ostial cover by

Castir (26).

right adoral

left adoral

b

Mitrocystites

Fic. 333, Adoralia among mitrate Stylophora.
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All stylophoran  thecal appendages are
directly related to the marginals, or even
considered to be modified marginal plates
themselves (Kirg, 56). Certainly, this ap-
plies to the two posterior “horns™ of Cerato-
cystis. Probably the processes evolved in-
dependently in different lincages and, in
view of the diversity of their shapes, it is
very likely that they served diverse func-
tions. All of them probably contributed to
anchoring the animal and their localization
at the posterior extremity of the body sug-
gests that they were a counterweight to the

aulacophore. .

right adoral

left adoral

right adoral

left adoral

right adoral

2

Anatiferocystis

1. Mitrocystites mitra Barranoe, M.Ord,, Boh.; Ja,

superior face of theca, X2.2; 14, right adoral, %6 (Ubaghs, n). 2. Lagynocystis pyramidalis (Bar-
RaNDE), M.Ord., Boh.; superior face of theca, %3 (Ubaghs, n).
Fr., superior face of theca, X 4.1 (Ubaghs, n)——. Anatiferocystis punctata (BassLer), M.Ord,, Tenn.;

superior face of theca, X7 (Ubaghs, n).

3. Peltocystis cornuta Thorar, L.Ord,,
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ADORALIA

Plates here designated as adorals are those
which in combination with the median
anterior marginals (M;, M’;) frame the in-
sertion of the aulacophore! They corre-
spond to the épibasales of CuauveL (30)
and adcolumnals of Caster (25). In Cerato-
cystis (Fig. 330,la,6) they are represented
by three plates, those at right and left con-
tributing to formation of the anterior thecal
border on upper and lower faces equally
and the middle one pertaining only to the
upper face. The lower surface of the right
adoral bears a narrow slit which is a dis-
tinct aperture (see right adoral orifice, p.
§515). The median plate, which is relatively
large, has a V-shaped re-entrant bordered
by an elevated lip on its anterior margin.
The adorals of all other Cornuta, where
known, form part of the frame and are
restricted to the superior face of the theca
(Fig. 330,2,3). Whether two or three in
number, they form a broad arc with ends
resting on the two median anterior mar-
ginals (M;,M’;). The lower edge of the
right adoral is notched by an orifice (Fig.
330,2b,c, 3a,c). The middle plate seems to
be regressive, being present (though small)
in Lower Ordovician forms but unknown
in the Upper Ordovician. In Phyllocystis
(Fig. 330,22) this plate shows a median
depression provided with a slightly project-
ing rim, probably homologous with the
notch that is seen in the median adoral of
Ceratocystis.

At first glance, adorals of the Mitrata
seem quite unlike the similarly designated
plates in the Cornuta (Fig. 333). Invari-
ably they are much more developed and
either partly or completely cover the
superior face. Even so, they are held to be
homologous to the adorals of Cornuta, since

1The aulacophore insertion typically is surrounded by
four or five plates—M, and M’, below and two or three ad-
orals above. In Rkenocystis and possibly some specimens of
Placocystites additional marginals (M,, M’,) may form part
of this anterior ring, bringing to six the number of plates
around the base of the aulacophore. Also, the presence of
two deltoid “‘interbasal” plates between the marginals and
adorals has been recorded in Mitrocystella by Cuauvir (30)
and in Enoploura by Caster (25). Carefully made latex
casts of Mitrocystella, however, demonstrate that the pre-
sumed extra plates are merely reflected downward margins
of adorals separated from other adorals by a ridge (see
Fig. 340,3). The so-called interbasals of Enoploura, which
admittedly are very small, may be sutural wrinkles. In any
case, the ‘‘hexabasal’’ pattern of the anterior ring of plates
is no more significant than the ‘‘tetrabasal’’ scheme postu-
lated by Jaeker {55) as a diagnostic feature of his class
Carpoidea.
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they have the same relationship to the
M, and M’; plates and the aulacophore and
since the right adoral (e.g., in Mitrocystites)
may be pierced by an unpaired orifice, as
in the Cornuta (Fig. 333,/4,6). They are
two or three in number (Fig. 333,1,2).
The median plate does not attain the an-
terior upper margin in some genera (e.g.,
Placocystites, Fig. 331,4a), and in others it
creases to be distinct from adjacent supra-
centrals (Fig. 333,3) or disappears al-
together. The adorals may be small (e.g.,
Mizrocystites, Fig. 333,1), intermediate in
size (e.g., Placocystites), or very large (e.g.,
Eglrocystis, Fig. 333,3). They completely
cover the superior face of Balanocystites and
Anatiferocystis (Fig. 333,4) and folding
over the lateral borders, they occupy most
of the inferior face as well (Fig. 332,11,12).

EPISTOMALIA

In Phyllocystis the triangular space be-
tween the adorals and the first skeletal ring
segment of the aulacophore is occupied by
two small plates which (as they are inter-
preted as protecting the mouth) are here
called epistomalia (epistomals) (Fig. 330,
2a). They are apparently attached to the
left and right adorals by their abaxial edges
and sutured (or at least contiguous) to the
median adoral by their posterior edge, with
other margins free. Rarely they join one
another along the median plane but more
commonly are separated, their adaxial edges
prolonging the U-shaped ridge that sur-
rounds the axial depression of the median
adoral, this depression thus seeming to be
confluent with an empty space between the
epistomals. The origin of these plates is ob-
scure, since no equivalents of them have
been observed with certainty in other gen-
era. In broad aspect they closely resemble
plates which protect the upper face of the
proximal region of the aulacophore, but
these are parts of skeletal rings, whereas
the epistomals are not. Seemingly they
could open at least slightly, unlike proximal
upper plates of the aulacophore, which al-
ways are closed.

CENTRALIA

The variably large number of plates or
platelets on the superior and inferior faces
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of the theca, inclosed by the marginal frame,
composes the centrals (centralia). In Cerato-
cystis, which is the most ancient known
representative (Middle Cambrian) of the
Stylophora, centrals are separable from
marginals with difficulty, for all are large
plates which contribute subequally to for-
mation of the rigid box that surrounded
soft parts of the animal (Fig. 334,1). On
the inferior face are five infracentrals (in-
fracentralia) and on the superior face are
cight supracentrals (supracentralia) (see
Fig. 345,1,2). The upper face of the theca
is crossed by a tripartite crest, with branches
that meet near the middle. )

Morphologically intermediate in some
respects between Ceratocystis and Cothurno-
cystis is Nevadaecystis (Upper Cambrian),
which stll has large plates on the lower
face but numerous stelliform supracentrals
on the upper face, joined to one another
only at points of their rays so as to leave
large oval orifices which doubtless repre-
sent uncalcified areas of the integument that
served for gaseous exchange between fluids
inside and outside of the theca. As in
Ceratocystis, an apparently triradiate crest
(one branch lacking in the only known
specimen) may be seen on the upper thecal
surface.

The two thecal faces of all other known
representatives of the Cornuta are pro-
tected by a finely plated, probably flexible
integument attached to inner borders of the
marginals. Generally the plates are tessel-
lated but in some forms (e.g., Scotiaecystis)
they appear to be imbricate in many places,
possibly owing to defective preservation.

Supracentrals of Cornuta invariably dif-
fer from infracentrals in size and commonly
also in ornament. The supracentrals may
be slightly the larger (e.g., Phyllocystis) but
in most genera they are ordinarily the
smaller. Also, the plating is not the same
all over. As a rule, the size of plates de-
creases toward the periphery and around
openings in the integument (Fig. 334,3),
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thus providing greater flexibility of the
theca in these regions. The infracentrals
next to the zygal in Bohemiaecystis and
Phyllocystis are elongated in a direction
parallel to this piece. On the upper face of
several species of Cothurnocystis (e.g., C.
elizae in particular), the plating consists
of relatively large rounded and swollen
plates which in full-grown specimens are
surrounded by smaller ones (Fig. 334,4).
Plates of the left posterior region are more
closely set than in other parts of the same
side and in some individuals an arcuate row
of spines or conical protuberances may be
abserved at some distance from the upper
anterior margin. The supracentrals of
Scotiaecystis are polygonal plates, each
bearing a low, convex-topped spine (see
Fig. 348,2), and where the spines are con-
tiguous they may form a sort of false test
beneath which empty spaces possibly were
maintained.

The infracentralia of most Mitratal are
large to small plates which are essentially
constant in number according to genera
and species—four to six in Mizrocystites
(Fig. 332,2), three in Mutrocystella (Fig.
332,3), two in Peltocystis (Fig. 332,9), and
one to five in Anomalocystitida (Fig. 332,
4-8). They are entirely lacking in Lagyno-
cystis, Balanocystites, and Anatiferocystis
(Fig. 332,10-12) but in Chinianocarpos
(Fig. 332,1) replaced by some 20 platelets
in a subcentral elliptical area. Their dis-
tribution is almost symmetrical in Allan:-
cytidium and Australocystis (Fig. 332,8)
but is very asymmetrical in all other genera.
Generally, the center of the inferior face is
occupied by a single large plate (two in
Mitrocystites) in contact with M, and M’,
(in Mitrocystella rarely with M': alone). The
large infracentral ordinarily is accompanied
by smaller plates, one of which designated

1 GistEn (1930, 28) designated these according to their
position as hypocentral (large middle plate), dextrolaterals
(plates on right side) and sinistrolaterals (plates on left
side), but orientation used by him is the reverse of that
adopted here,

Fic. 334. Supracentralia among Stylophora.
(Ubaghs, n).
(Ubaghs, 1963).
elizae BaTHER, U.Ord., Scot.; X 10 (Ubaghs, n).

1.

Ceratocystis perneri JaekeL, M.Cam., Boh., X1.5
2. Nevadaecystis americana (Usacus), U.Cam., Nev.; stelliform supracentralia, X6
3. Phyllocystis blayaci Tuorar, L.Ord., Fr.; X3 (Ubaghs, n).——4. Cothurnocystis
5. Mitrocystites mitra BARrRaNDE, M.Ord., Boh.; X3

(Ubaghs, n).-——=6. Mitrocystites mitra hanusi CHAUVEL, M.Ord., Boh.; internal aspect of supracentralia
(center) showing median elevation, X3 (Ubaghs, n) (M. Ms, M, right marginalia, 2, 3, and 5;
M’s, M’;, right marginalia, 2, 4).
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as the “anomalocystid plate” by CasTer
(25) truncates the left posterior corner of
the large plate and seems to characterize
many Anomalocystitida (Fig. 332,4-7). An
anomalocystitid plate is lacking in Australo-
cystis (Fig. 332,8).

Supracentrals of the Mitrata, comple-
mented by adorals, cover the upper thecal
surface except for the generally narrow bor-
der formed by the marginals. In the Mitro-
cystida (Fig. 331,7; 334,5) and some
Lagynocystida (Fig. 333,2,3) they are rather
small, numerous, irregular in outline and
arrangement, imbricated or tessellated, and
diminishing in size in a backward direc-
tion, They are more or less sharply differ-
entiated from the adorals. The integument
which they reinforced seems to have been
somewhat flexible, rather than rigid. Inner
sides of the plates bear median elevations
which probably served for attachment of
muscle or ligament strands used to control
movement of the integument (Fig. 334,6).
The supracentrals of anomalocystid genera
are much larger, fewer, never imbricated,
and constant in very symmetrically ar-
ranged positions (Fig. 331,42). Together
with the adorals, from which they are little
distinguished, the supracentrals contributed
to a rigid thecal covering for which the
term carapace (CasTer, 25) is well suited.
A supracentral called the “placocystid plate”
by CasTer (25), observed in Placocystites
(Fig. 331,4a) and probably present also in
Rhenocystis, is remarkable on account of
its circular to elliptical outline and smooth
(unstriated) outer surface. Earlier (pE
Koninck, 58; Woobwarp, 95) this plate was
thought to be an anal structure. Supracen-
trals are entirely lacking in Balanocystites
and Anatiferocystis (Fig. 333,4), in which
two large adorals completely protect the
upper face.

SUBANALIA

The lower face of the theca in some
stylophoran genera (e.g., Chintanocarpos,
Balanocystites, Anatiferocystis) (Fig. 332,
1,11,12) bears a large subcircular terminal
plate, the morphologic and functional mean-
ing of which is obscure. Possibly it is a
modified marginal, homologous with the
median posterior marginal (M;) that forms

Echinodermata—Homalozoans—Stylophora

the floor of the anal area in Mitrocystites
and Mitrocystella (Fig. 332,2,.3).

A somewhat different element occurs in
Peltocystis (Fig. 332,9). This is a rectangu-
lar plate located beyond the two posterior
marginals and thus outside the normal
limits of the theca, yet seemingly placed
below the anal structures as in the two last-
mentioned genera. For all of these similar-
ly located posterior plates of uncertain
origin, some perhaps different from others,
the designation subanals (subanalia) here

is adopted.

THECAL ORIEICES

The theca of Stylophora may possess
openings of various sorts. For example, four
types are observed in Mitrocystites. The
function of some of these orifices is reason-
ably certain, whereas the physiological sig-
nificance of others is entirely conjectural.
Names without functional implication
should be used for the latter.

MOUTH AND ANUS

The inlet and outlet of the digestive tube
in stylophorans are treated together because
they are interrelated and because separate
consideration of them would be measurably
artificial.

Opinions concerning locations of the
mouth and anus in the strange echinoderms
here discussed are extraordinarily divergent.
For the sake of simplicity and avoidance of
ambiguity, all references to them are con-
verted to the orientation of Stylophora
adopted in the Treatise, which requires that
the usage of most authors for directional
terms (anterior, posterior, right, left) ex-
cept upper (or superior) and lower (or in-
ferior) must be transposed. Given in these
terms, different judgments can be recorded
as follows.

(1) Mouth and anus both placed at pos-
terior extremity of the body—BaTuer (11),
Jarksr (54), Kk (56), Caster (25) in
Enoploura, Cuknor (32) in all Mitrata,
GiLL & Caster (43) in Victoriacystis, Nicn-
oLs (68).

(2) Single orifice serving as mouth-anus
placed at posterior extremity of the body—
JaEkeL (55), GisLEn (45), Spencer (80).
The first two authors postulated that the
morphological anus by reason of a com-
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plete reversal of food currents in the diges-
tive tube functions also as the physiological
mouth. SpENCER thought that the posterior
opening of Corhurnocystis was the aperture
of a vestibule which held both mouth and
anus.

(3) Mouth located in anterior position
adjacent to the aulacophoral insertion and
anus at opposite (posterior) extremity of
the body—Bather (21) in Placocystites,
CuAavuver (30) in Mitrata, TerMmier & TER-
MIER (82) in Mitrata.

(4) Mouth located at or near posterior
pole and anus placed variously—HagrckzL
(49), anus on upper face near right an-
terior corner of theca in Mitrocystites and
on mid-line of lower face at base of the
aulacophore in Anomalocystitidae; JaexsL
(54), anus on right lateral margin of theca
in Ceratocystis; Caster (27), anus close to
the aulacophore insertion in Paranacystis.

(5) Anus located on mid-line of superior
face, position of mouth indeterminate—pE
Koninek (58) in Placocystites, SCHUCHERT
(78) in Anomalocystites and Basslerocystis.

(6) Anus placed at or near posterior ex-
tremity of body and inlets to digestive tube
consisting of elliptical organs or sutural
pores along the upper right anterior margin
of the theca in many Cornuta—BatHEr (13,
14), Cuauvel (30), DeLpey (35), TERMIER
& TERMIER (82), CutNor (32). Also BATHER
(14) considered that pores on the lower face
of Mitrocystites served as food intakes.

The extreme diversity of these opinions
stems mainly from the absence of any
thecal opening in the Stylophora that can
be identified with certainty as the mouth.
This suggests that the mouth did not open
on the outer surface of the theca but prob-
ably, as in Homoiostelea, was located inside
the theca. Its approximate position may be
inferred from the fact that the aulacophore
carries a median groove and lateral depres-
sions which are protected by mobile cover
plates. Such features in echinoderms are
characteristic of ambulacral tracts, and in all
Recent and fossil echinoderms these tracts
lead to the mouth. Accordingly, if the
aulacophoral groove is ambulacral, the
mouth of Stylophora must have been placed
at or near its proximal end. Several features
are possibly related to the presence of this
orifice: 1) the presence in Phyllocystis of
epistomalia which apparently form a pro-
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tective roof over an aperture (Fig. 330,24),
2) the occurrence in Phyllocystis and Cerato-
cystis of a small notch-and-groove on the
anterior edge of the median adoral plate
seemingly related to an opening just be-
neath (Fig. 330,14,2a), and 3) the presence
of an almost complete separation between
the proximal aulacophoral cavity and the
thecal cavity in Lagynocystis, impeding the
passage of a digestive tube (see Fig. 341,
2,3), and 4) the occurrence of comblike
organs on the most anterior part of the
theca in this genus, which must have been
just in front of the mouth if they func-
tipned as a filter (see Fig. 341,3,4).

The anus is placed on the superior face
of the theca at or near its posterior ex-
tremity in all stylophorans where it has
been observed. A radiating arrangement of
small plates in this position in Cothurno-
cysus (see Fig. 346,1), Phyllocystis (Fig.
335,2a,6) and Scotiaecystis (see Fig. 348,4)
suggests the presence of an anal pyramid
during life. The surrounding thecal integu-
ment (periproctal area) is judged to have
been very flexible and extensible, suggest-
ing that the anal orifice could have been
protruded and retracted. The most posterior
marginals of Cothurnocystis (see Fig. 346,1)
form a transverse or oblique bar on the
lower thecal side only and the periproctal
area placed partly on their flattened upper
(internal) surface probably extended be-
yond them into a conical projection. The
extension was framed on the left by the
proximal part of the digital and on the
right by the concave crest of the prolonged
upper edge of the adjacent right marginal
on the glossal. Retractor and protractor
muscles of the anal pyramid could have
been attached to all of these skeletal struc-
tures (Fig. 331,24).

The upper edge of the posterior marginal
of Phyllocystis slopes more or less distinctly
downward to the level of the periproctal
area (Fig. 33524,6) and the upper (in-
ternal) surface of this marginal in some
specimens carries two symmetrically placed
small knobs which probably provided for
insertion of the rectal retractor muscles. In
Scotiaecystis the anal pyramid was not
placed at the apex of the angle formed by
marginals M; and M’; but was shifted to-
ward M’ (see Fig. 338,1a; 348,14).

The periproctal area surrounding the
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anus in Mitrocystites and Mitrocystella 1s
limited by a semicircular row of small supra-
centrals, and the upper edge of the mar-
ginal frame slopes downward at its level
in manner that interrupts the frame and
allows the rectal region to be pushed out
and drawn back (Fig. 335,3,4). The peri-
proctal area is finely plated and the anus
bordered by an arcuate row of toothlike
platelets which diminish in size toward
both extremities. Each platelet of the row
has a somewhat spatulate proximal part in
close contact with adjacent ones and a nar-
rower distal part separate from its neigh-
bors by distinct empty spaces (Fig. 335,4).
The faintly convex proximal regions, made
of finely reticulate stereom, probably were
embedded in the integument, whereas the
more convex distal regions, marked by
tiny superficial wrinkles, doubtless pro-
truded at least partly from it. Presumably,
the platelets were bound together by trans-
verse fibers, short and elastic between proxi-
mal portions, longer and contractile between
distal portions. The anal orifice could be
opened or closed very readily by opposite
action of these fibers. The floor of the peri-
proctal area in these genera, formed by the
three most posterior marginals, also deserves
attention. In some specimens of Mizro-
cystites the median one carries a faint trans-
verse groove disposed parallel to the pos-
terior margin attachment of the plate, prob-
ably marking the attachment of the con-
tractile tissues of the lower lip of the anus
(Fig. 335,3). Both in Mitrocystites and
Mitrocystella, some portions of the internal
surface of the two lateral posterior mar-
ginals may be raised into small shelves
which apparently served for attachment of
muscles or ligaments operating the rectal
part of the digestive tube (Fig. 335,1a,6).

The anus of Lagynocystis is unknown,
but a transverse row of very narrow ?fanal
plates at the posterior end of the supracen-
tral covering abuts against a conical hollow
ossicle that may represent a kind of anal
valve (Fig. 333,2).
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The subanals of Chinianocarpos, Balano-
cystites, and Anatiferocystis may have served
as a floor of the periproctal areas (Fig. 332,
1,11,12).A small gap at the posterior edge
of the subanal should have been sufficient
for ejection of excreta. No other indication
of an anus is found in these genera.

In at least some Anomalocystitida (Buass-
lerocystis, Placocystites) a large transversely
elongate opening is observable on the pos-
terior face of the theca (Fig. 331,45). Ac-
cording to ScrucHert (78) and Kirk (56),
a sort of trapdoor flap hanging from the
upper margin of the aperture apparently

erved to close the terminal orifice of Bass-
?c’rocy.ftis. In Placocystites the orifice is
surrounded by a smooth narrow band (bor-
dered on the upper side by a row of small
denticles); this band probably marks the
attachment of a periproctal membrane. Vic-
toriacystis exhibits small plates (termed
tegminals by GiLL & CasTER, 43) in series
with the supracentrals, geniculated to form
a presumed cover surface probably over the
anus. CasTer (in 43) has reported the oc-
currence of similar platelets in Enoploura.

RIGHT ADORAL ORIFICE

A single thecal opening present in Cerato-
cystis, Phyllocystis, Cothurnocystis, and
Mizrocystites is termed the right adoral
orifice because invariably it is related to the
right adoral plate. It leads more or less
directly into a funnel-shaped depression
known as the infundibulum, which is
hollowed out on the internal face of mar-
ginal M,. In Ceratocystis this orifice, found
on the lower side of the theca, consists of a
narrow slit with reflected right margin,
followed inside by a concavity which forms
a ceiling for the infundibulum (Fig. 330,
1b,¢). The right adoral orifice of Phyllocystis
and Cothurnocystis is located on the an-
terior thecal margin above the aulacophoral
insertion and slightly to the right of it
making a rather deep notch in the lower
edge of the right adoral plate (Fig. 330,
2a-c,3a-c). A somewhat ear-shaped project-

Frc. 335. Anal area among Stylophora.

1. Mitrocystella incipiens miloni CHauvver, M.Ord., Fr.; Ia,

internal side of inferior thecal face, X3 (Ubaghs, n); 15, posterior part of same, details of floor of anal

area, X6 (Ubaghs, n).

2. Phyllocystis crassimarginata TrHorAL, L.Ord., Fr.; 24, superior face of theca,
%3 (Ubaghs, n); 25, anal pyramid, X 15 (Ubaghs, n).

3. Mitrocystites mitra BARRANDE, M.Ord., Boh.;

post. part of superior thecal face, X6 (Ubaghs, n).——4. Mitrocystella barrandei Jaeker, M.Ord., Boh.;
periproctal area, details, X 15 (Ubaghs, n).
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Fic. 336. Sutural pores and cothurnopores among cornute Stylophora.
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Ceratocystis
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] Phyllocystis

1. Ceratocystis perneri JAEKEL,

M.Cam., Boh.; la, right anterior corner of theca, details, X5 (Ubaghs, n); 14, right anterior marginal,

oblique view showing internal grooves leading to sutural pores, X5 (Ubaghs, n).
Triorar, L.Ord., Fr.; cothurnopores, the left one with platelets preserved, X 15 (Ubaghs, n).

2. Phyllocystis blayaci
3. Phyllo-

cystis crassimarginata THORAL, L.Ord., Fr.; sutural pores; X 15 (Ubaghs, n) (M., M,, right marginalia).

ing rim borders it above and laterally in
Phyllocystis but soft tissues must have
adjoined it on the lower side. In Mitro-
cystites the upper surface of both adorals
shows a fold running transversely from
their outer anterior corners to their cen-
ters. A narrow slit in the right adoral near
the inner (adaxial) end of this fold extends
toward the anterior edge of the plate with-
out reaching it (Fig. 333,la,6). As in other
genera mentioned, the orifice lies above
the infundibulum but seems not to open

directly into it, since exfoliated stereomic
projections that conceal its inner edge come
between it and the depression (see Fig. 340,
2¢). A similar orifice has not been dis-
covered in Mitrocystella, although an in-
fundibulum exists, suggesting that the open-
ing was located close to the right adoral
plate rather than in it, probably in soft
tissues.

The constant relationships of the right
adoral orifice to the right adoral plate and
infundibulum in all genera where the open-

Fic. 337. Sutural pores and cothurnopores in Cothurnocystidae.

1. Phyllocystis crassimarginata THORAL,

L.Ord., Fr.; Ia, theca, superior face; 14, upper right anterior area, details, X 10 (Ubaghs, n); I, sutural

pores, internal aspect, X 10 (Ubaghs, n).

2. Phyllocystis blayaci TroraL, L.Ord., Fr.; 2a, theca, superior

face, X2 (Ubaghs, n); 24, cothurnopores, details, X 15 (Ubaghs, n); 2¢, a few cothurnopores, internal
aspect, X 7.5 (Ubaghs, n).
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ing has been observed indicates its homol-
ogy throughout the group. Probably this
means that the aperture migrated from an
original location on the inferior face of the
theca (e.g., Ceratocystis) to an ultimate
placement on the superior face (e.g., Mitro-
cystites). A similar displacement from one
face of the body to the other is seen in the
postmetamorphic development of the hydro-
pore in ophiuroids, which migrates from a
dorsomarginal to adoral position. Of course,
this may be pure analogy, yet it gives hint
that the right adoral orifice in stylophorans
might represent the hydropore, which is an
interpretation supported by its singleness
and asymmetrical location in Ceratocystis
and Miztrocystites, as well as its narrowness.
In particular, its appearance in Mitrocystites
(Fig. 333,Ia,) is very similar to that of
the hydropore groove of some echinoids
(e.g., Cubanaster torrei). In Phyllocystis
and Cothurnocystis soft tissues must have
occupied the triangular space between the
lower edge of the right adoral and the up-
per edge of marginal M, (Fig. 330,26,3a),
and since the hydropore was located in
these soft tissues, we do not know its size
and shape. Another possibility is that the
hydropore was combined with the outlet for
genital products. Close association of hydro-
pore and gonopore in such primitive echino-
derms would not be surprising, since the
primordium of the gonad in developing in-
dividuals of the phylum arises from the
wall of one of the coelomic pouches in con-
tact with the complex of organs invariably
located in the madreporitic interray.

SUTURAL PORES

All cornute Stylophora, except some un-
described forms, possess orifices in the
right anterior part of the superior face of
the theca which probably performed simi-
lar functions despite their large variety of
morphological aspects. One type of these
openings consists of rather simple sutural
pores, first observed in Ceratocystis and
called to attention by Bartuer (13). In this
genus they comprise a series of more or less
even-spaced apertures located along sutures
that join the median and right adorals and
that occur between contiguous supracentrals
and the latter, along with marginals M,
and M; (Fig. 330,14,6). The pores vary in

Echinodermata—Homalozoans—Stylophora

size, have rounded edges bent toward the
thecal cavity, and lack an external pro-
jecting rim (Fig. 336,/a). Ordinarily the
pores are prolonged by grooves on the in-
ner surface of plates next to them (Fig.
336,Ib). A single similar orifice is located
on the suture between the left adoral and
marginal M’; at the left anterior margin
of the theca and another between the left
adoral and M’ on the inferior face of the
theca (Fig. 330,/6). The maximum diam-
eter of the pores is less than 2 mm.

Sutural pores of another sort, in different
specimens ranging from a few to more
than 50, are seen in Phyllocystis crassimar-
ginata Tuorar (Fig. 336,3; 337,1%-c). They
open between small supracentrals which
have convex corrugated surfaces. Each pore
is surrounded by the upturned edges of
two or three, or as many as five of these
plates. Their maximum diameter is 0.3 to
0.6 mm. As viewed from inside the theca,
they appear as subquadrate openings 0.7
in greatest diameter (Fig. 337,I¢).

COTHURNOPORES

Very curious elliptical structures observed
first by Batuer (I13) on the theca of
Cothurnocystis elizae and found later by
TuoraL (85) in Phyllocystis blayaci are
here named cothurnopores, as suggested by
Caster  (personal communication) (Fig.
336,2; 337,2ac). They are present also in
several undescribed species of Cothurno-
cystis and in Nevadaecystis (89), occupying
a tract that extends from the vicinity of the
right adoral to the right lateral margin of
the frame and projecting slightly above
adjacent thecal plates smaller than ordinary
supracentrals. The latter suggest a par-
ticularly flexible thecal wall. The cothurno-
pores lie contiguous to one another or nearly
so and with diminishing size of individuals
toward ends of their tract form a very elon-
gate rhombic figure. They vary in number
according to species and size (’reflecting
age or growth stage)—eight in Nevadae-
cystis, eight or nine in Phyllocystis, and 18
or more in Cothurnocystis elizae.

The long axis of each cothurnopore lies
approximately at right angle to the adjacent
portion of the frame (Fig. 337,2a). The
elliptical structures are surrounded by a
raised rim formed by two unequal U-shaped
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ossicles, an inner short one and outer long
one that meet at their free ends. According
to Barner (13, 14, the short U, which bor-
ders a semicircular orifice without cover
plates, could be bent over on its hinge so
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as to protect the opening like the hoad of
a carriage or perambulator. The long U,
with sides sloping down to a Vashaped slit,
is protected by a double row of alternating
cover plates which are similar in appear-

Tia, 335, Lamellipares in Seotieeysticlie,
superior Taces 2.5 (Ubaghs, nye Joe, Toncllute argan, external and internal aspects, %5 (Ubaghs, n).

2. Bohewmiaeeystis bowcels Casvin, n, genus, n,ospecies, M.Ord,, Boh 2w,

{o Seatiaccvstis corvate (Bavier), UOrd., Scots Ta, thee,

theea, superior face, X2

{(Ubaghs. n)s; 280, lunellate organ, external and internal aspects, 335 (Ubaghs, n).
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Fra. 339, Lateripores and paripores in Mitrocystidue ——1. Mitrocystites mitva Bantaxoe, MOrd., Boh.;
T, theen, inferior face (holotpe of M. latas Jaerer, considered as svn, of M. mitra), X2 (Ubaghs, n);
fh same specimen, detatl, %75 (Ubaghs, n); 7e, another speamen, dewl, 7.5 (Ubaghs, n); Ide,
internal side of inferior thecal face, showing canals connected with, respectively, paripores and lateripores,
as well as various internal structures, K5 (Ubaghs, nyy If, marginal M, inmternal side, showing inner
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ance and probable function to those of
ordinary crinozoan food grooves.

Study of specimens of Phyllocystis blayaci
preserved in matrix finer-grained than that
associated with Cothurnocystis elizae, sup-
plemented by examination of latex casts, in-
dicates that the true structure of the
cothurnopores—at least in P. blayaci—dif-
fers from the interpretation given by
Barner. Neither orifice nor cover plates
exist. Instead, the entire space enclosed by
the cothurnopore rim is occupied by tiny
platelets which are paired to form minute
cones, each with a minute apical pore (Fig.
336,2; 337,2b). Therefore cothurnopores
seem to be a very complex type of porous
organs having no structural relationship
with the subvective system of pelmatozoan
echinoderms.

LAMELLIPORES

An additional type of openings occurs
on the upper thecal face of Scotigecystis and
Bohemiaecystis (Fig. 338). It consists of
narrow slits between vertical calcareous
lamellae, very numerous, closely set, and
grouped to form elongate rhombic struc-
tures similar to the conjunct pore rhombs
of some cystoids. The individual slits here
are named lamellipores and their combined
structure a lamellate organ. The outer sur-
face of the organ is slightly ridged, whereas
its inner surface is apparently concave in
Scotiaecystis and strongly convex in Bo-
hemiaecystis (Fig. 338,1b,c, 2b,c). The in-
ternal face of each lamella is prolonged into
the thecal cavity (Bohemiaecystis) or
marked by a median very shallow groove
that possibly served for attachment of soft
partitions on both lateral edges (Scotiae-
cystis). The entire margin of the lamellate
organ of Scotizecystis on its internal side
bears curious imbricate platelets, not
matched by similar ones in Bokemiaecystis
(Fig. 337,Ic,2c). Batuer (13,14) thought
that minute irregular plates covered the
slits of Scotiaecystis, but study of latex casts
indicates that this is a misinterpretation
probably based on the coarse appearance of
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external edges of the lamellae. In neither
genus have cover plates actually been de-
tected. In an undescribed species from the
Lower Ordovician of France, some lamellae
appear to be divided into two subequal
parts by a very faint suture; this may sug-
gest that originally at least the lamellipores
were sutural pores of some sort.

LATERIPORES

Among accessory orifices in the theca of
mitrate Stylophora are two types that first
were observed by JaekeL (55) on the in-
ferior face of Mitrocystites (Fig. 339,1a).
He termed them Seizenporen and paarige
Gruben, names which here are replaced by
lateripores and paripores, respectively.

Lateripores comprise two symmetrically
placed openings near the anterolateral angles
of the lower thecal face, one striding the
suture between marginals M, and M, and
the other that of the suture between M’
and M’s. Each opens on the floor of de-
pressions which vary in depth and span in
different specimens (Fig. 339,16,¢). The
depressions commonly are extended parallel
to borders of the theca by shallow furrows,
one directed obliquely forward toward the
main axis of the body and the other back-
ward. The first of these quickly vanishes,
but the second may reach as far as M; and
M’;, length varying among individuals, and
they may even be absent. The pores them-
selves indent the edges of the marginals
next to them more or less deeply. Each is
the external orifice of a vertical canal ex-
cavated in the upturned sutural surfaces of
the marginals (Fig. 339,14-f; 340,25). At
the level of the upper edge of these plates
each canal is extended horizontally and ad-
axially by a furrow on the surface of M,
or M’;, that is to say along the border of
these marginals which supports correspond-
ing adorals. The canals terminate close to
special structures (scutulae, infundibulum,
described subsequently) without opening
into them.

The occurrence of lateripores in Mitro-
cystella is uncertain. JakeL (55) figured

F1c. 339, [Explanation continued from facing page.]

canal from left lateripore, X5 (Ubaghs, n).

2. Chinianocarpos thorali Usacus, L.Ord., Fr.; 2a, theca,

inferior face, X5 (Ubaghs, n); 25, inner opening and inner groove of paripore canal on superior edge of
marginal M’s, X7.5 (Ubaghs, n) (M, Ms, right marginals 2 and 3; M’;, M’s, left marginals 1 and 2).
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them in M. barrandei, and CuauveL (30) cations of them or none at ail. On the
thought that probably they were present in  upper edge of marginal M, in two individ-
M. incipiens miloni; but all specimens uals, however, I have observed a furrow
studied by me show only doubtful indi- comparable to that found in the same posi-
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Fic. 340. Internal thecal structures among Stylophora. 1. Phyllocystis blayaci TuoraL, L.Ord., Fr.;

1a,b, aulacophore insertion and adjacent structures, in anterior and superior aspects, X 16 (Ubaghs, n).

2. Mitrocystites mitra BARRANDE, M.Ord., Boh.; 24,4, aulacophore insertion and adjacent structures, in
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forbesianus pE KoNINck, Sil. (Wenlock Ser.), Eng.; anterior face of theca, X1.6 (Ubaghs, n) (M, M’y
median anterior marginals).
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tion in Mitrocystites communicating with
the right lateripore. Perhaps the lateripores
of Mitrocystella, if they existed, did not
open on the inferior face of the theca but
instead opened laterally between the mar-
ginals and adorals.

The marginals M; and M’; of Lagyno-
cystis are extended well upward and for-
ward by an incurved hornlike portion which
laterally encloses the insertion of the aula-

cophore (see Fig. 341,7). The inner side of

this horn is hollowed as a trough and prob-

ably this trough opened to the exterior by
means of a sutural pore located at the front
of the theca (see Fig. 342,2), possibly equi-
valent to a lateripore of Mitrocystites.

PARIPORES

Symmetrically placed on opposite sides of
the main body axis of Mitrocystites and com-
monly somewhat closer to this axis than the
lateripores are two small thecal openings
named paripores. They are not simple ex-
cavations on plates of the inferior face,
as JaexeL’s term Gruben suggests, but
true orifices which pierce marginals M,
and M’; near the posterior sutures of
these plates (Fig. 339,]la-¢,22). Their na-
ture as pores is demonstrated by their
connection with a deeply impressed groove
on the inner surface of each marginal
(Fig. 339,1d,¢). The grooves extend from
the paripores obliquely forward and up-
ward and terminate on the upper edge
of these marginals not far from the sutures
between them and M; and M’;. The in-
ternal grooves vary in length in different
specimens, and in at least a part of their
course they seem to be separated from the
thecal cavity by a thin wall.

The inferior face of the theca of Chinian-
ocarpos shows two pores approximately at
the centers of marginals M, and M’, (Fig.
339,24). They are more or less symmetrical
with respect to the axial plane and seem
undoubtedly to correspond to the paripores
of Mitrocystites, even though the inner side
of the theca shows neither openings nor
grooves associated with these pores. Con-
sequently, the conduits that end in the
pores must have been included entirely
within the thickness of the thecal wall, a
conclusion that seems to be confirmed by
the presence of two other pores on the up-
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per edges of M3 and M’,, each accompanied
by a short forward-trending furrow (Fig.
339,25). The latter pores are presumed
to represent internal (intrathecal) orifices
of conduits leading to the external orifices
identified as paripores.

FUNCTION OF ACCESSORY
ORIFICES IN STYLOPHORA

Interpretations of the possible function
of the several sorts of accessory orifices
seen in the Stylophora differ from one
another approximately as much as cothurno-
pores differ from sutural pores, or lamelli-
pores from lateripores and paripores. Such
apertures in the Cornuta were considered
by Baruer (13,14) to be inhalant orifices
for entrance of food particles which were
carried by ciliary currents to an internal
mouth and his opinion was accepted by
Cuauvver (30), Derpey (35), TerMmIErR &
TerMier (82), and Cuknor (32). They
were judged by JaEkeL (55) to represent
genital apertures and by GisLEN (45) to be
branchial slits formed by intestinal divertic-
ula which coalesced with the surface of the
body and opened upon it, the slits serving
to strain off water and allow food particles
to remain in the digestive tube. Cothurno-
pores were thought by Spencer (80) to be
respiratory pouches which probably lacked
any communication with the alimentary
canal and were imagined by Nicuors (68)
to house respiratory organs which could be
retracted and covered by plates when the
animal was disturbed.

The first of these interpretations is the
most improbable, if one admits that the food-
catching organ of stylophorans is the aula-
cophore, as all evidence indicates. Then,
cothurnopores and analogous orifices were
not needed for collecting nutrient particles.

JaekeL (55) suggested that cothurnopores
were multiple gonopores but furnished no
supporting reasons for such an assumption.
Barner (14) rejected this interpretation be-
cause their structure, in his view, suggested
food-intake organs. GisLEN (45) likewise
denied the possibility that cothurnopores
could be a series of gonopores, for this
would demand a corresponding number of
gonads within the theca and call for an
extremely improbable segmented body.
NicHoLs (68) pointed out that gonopores
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Schematic longitudinal median section through anterior part of theca, X5.3 (Ubaghs, n).——. Ctenoid
organs, posterior face, X8 (Ubaghs, n) (M, Mz, Ms, right marginalia 1, 2, 3; M’s, M's, left marginalia 1, 2).

would not require the complex plate struc-
ture of cothurnopores and that multiple
gonopores surely would not be needed by
Stylophora. Arguments like these do not
lead to a definitive judgment, especially
since secondary metamerism of gonads is
a possibility in archaic echinoderms. It is
known in rather primitive Deuterostomia
(e.g., Enteropneusta).

The possibility that the stylophoran ac-
cessory orifices and structures associated
with them served a respiratory function is
suggested by their analogy with the hydro-
spires, pore rhombs, and sutural pores of
other primitive echinoderms. It seems
hardly conceivable however that in Ne-
vadaecystis they were used as simple respira-
tory pores, for respiratory exchange must
have been readily accomplished through the
many uncalcified areas between the supra-
centrals.  Furthermore their complex
morphology and their narrow location in a
definite part of the body suggest that they
housed specialized structures or were con-
nected with internal organs such as the
alimentary canal. This leads to considera-

tion of the possibility that they were branch-
ial openings related to the pharyngeal part
of the digestive tract (and not to the in-
testinal part, as supposed by GIsLEN), since
they are close to what seems to have been
the mouth region. Other deuterostomian
invertebrates (e.g., Stomochorda) have de-
veloped pharyngotremy. Such a feature
might have arisen as means of securing an
outlet for the water that entered the pharynx
with the food, but it must also have helped
to provide respiratory exchange. The acces-
sory pores of Stylophora, however, could
not have been gill slits opening directly to
the exterior, for the cothurnopores in many
specimens of Cothurnocystis elizae pene-
trate so deeply into the posterolateral
(spinal) corner of the theca that the diges-
tive tube would have been bent at an acute
angle at the end of the branchial region,
which is unlikely. Therefore, if they were
connected with the alimentary canal, they
could only have been external openings of
branchial sacs or diverticles. But in such
case why did they require the complex
plated structure of cothurnopores, why are
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they so different from one genus to another
and even from one species to another species
of the same genus, and how it is possible
that they are entirely lacking in some spe-
cies?

Such questions, which remain without
satisfactory answers, show that the evi-
dence at hand does not permit elucidation
of the real nature of stylophoran accessory
orifices. Among various interpretations that
have been proposed none seem conclusive
and none (except perhaps BATHER’s opinion
that the cothurnopores were part of a sub-
vective system) can be definitively rejected.

The significance of accessory thecal ori-
fices in the mitrate Stylophora is as diffi-
cult to determine as in genera of the Cor-
nuta. For example, both Batuer (14,19,20)
and GisLEN (45) judged that the morpho-
logical attributes and functions of lateri-
pores and paripores in the Mitrata corre-
sponded to cothurnopores and other acces-
sory orifices in the Cornuta. Bataer, how-
ever, viewed the pores as entries leading to
the digestive tube, passageways to the
mouth being invaginated and transformed
into a tunnel. GisLEN interpreted them as
branchial orifices produced by coalescence
of the body wall with intestinal respiratory
diverticula. CuauveL (30) and Caster (26)
have concluded that the small thecal open-
ings in Mitrata cannot be homologized with
the complex pore apparatuses of the Cothur-
nocystidae. Noting that lateripores and
paripores are confined to a small number of
mitrate forms, CHAUVEL has supposed that
they represent organs for optional com-
munication with the exterior or that they
could emit their products in diverse ways
without need for specialized openings. On
the basis of this he developed his hypothesis
that lateripores are gonopores and paripores
are hydropores, an opinion shared by Cas-
TER (26).

The observed placements of accessory
thecal orifices in Lagynocystis possibly
throws light on the morphologic and func-
tional significance of these pores in the
Mitrata generally. On the ceiling of the
anterior part of the thecal cavity in this
genus are comblike structures (ctenoid
organs) so arranged that they could have
served to filter water entering the digestive
tube (Fig. 341,3,4). A sort of entry appears
to have been located just in front of the
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thecal cavity, water entering it by way of
the aulacophore and probably escaping from
it by sutural pores located at the base of
this organ on both sides of its insertion
(Fig. 341,1,2). Although ctenoid organs
have not been found in other genera, it
may be assumed that their general organi-
zation differed in no essential way from that
of Lagynocystis. In genera having a single
pair of pores, these may be exhalant orifices,
as in Lagynocystis. Where two pairs of
pores are present, an exhalant function is
assignable to one of them and a different
(?inhalant, ?genital) function to the other
pair. We must recognize, however, that this
sort of reasoning rests on structural anal-
ogies and that the true significance of pores
in Mitrata, like those of Cornuta, remains
entirely conjectural.

INTERNAL CHARACTERS OF
THECA

INSERTION OF AULACOPHORE

The aulacophore is attached to the mid-
dle of the anterior face of the theca. Among
cornute genera other than Ceratocystis its
proximal lower edge overlaps against the
forward-projecting parts of marginals M,
and M": (e.g., Phyllocystis blayaci) or abuts
against it (e.g., Cothurnocystis elizac). In
Ceratocystis and all Mitrata its base pene-
trates a cavity provided at the front of the
theca. Except for this difference, the mode
of insertion of the aulacophore is prac-
tically the same in the two groups.

On the inner faces of M, and M’; are two
elevations (aulacophore apophyses) which
plainly serve for attachment of proximal
muscles of the aulacophore (Fig. 330,25,3a;
340,1a,22,3,4). These apophyses are some-
what reduced and separated in Ceratocystis
but strongly developed and closely adjoined
in all other genera where they have been
observed. Thick at the base, they become
slender upward and on internal molds their
former presence is shown by a deep incision
which Cuauver (30) named sillon pédon-
culaire. Symmetrical and similar to one
another, the apophyses together form a
small cup that is directed forward and
somewhat upward.

The just-described cup commonly is
divided into four unequal concave fields—
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two adaxial large ones and two abaxial
small ones—separated by a pair of ridges
which are raised from the floor of the
cup and ascend in a curve parallel to its
lateral borders. The upper extremities of
the ridges protrude only a litde in the
Cornuta but are prolonged in the Mitrata
into incurved horns with points convergent
on one another and by twisting of their
axes the horns overhang the cup (Fig. 340,
1a,2a6,34). The upper surfaces of the
horns, which are relatively flat and ex-
panded slightly, furnish attachment and
support for the first plate ring of the aula-
cophore. In the Mitrata the horns divide
the passageway between cavities of the
aulacophore and theca into lower and up-
per orifices which are more or less com-
pletely separated from each other (Fig. 340,
3,4). On the other hand, the passage is not
divided in the Cornuta and is large, for the
adorals above it generally form an elevated
arch (Fig. 340,26,34).

The nature of these features is somewhat
different in Lagynocystis (Fig. 341,1-3).
The apophyses of M; and M’: in this
genus have neither ridges nor horns, and
they are produced upward to form a
wall or diaphragm that separates the aula-
cophoral and thecal cavities almost com-
pletely. The diaphragm is very peculiarly
shaped, since its lower half has a median
convex portion between two moderately
deep concave lateral portions and its upper
half is concave, curving forward and down.
Communication between the aulacophoral
and thecal cavities could have been effected
only over the upper edge of the diphragm.
Indeed, the internal (posterior) surface of
this partition bears an oblique channel
descending toward right from the top,
possibly representing the path along which
water and food particles entered the thecal
cavity, The existence of a similar channel
descending leftward has not been deter-
mined but seems probable.

SCUTULAE

Near the two abaxial extremities of the
upper edges of apophyses belonging to M,
and M’; and symmetrically placed with
respect to the main body axis is a pair of
concave platforms here named scutulae
(sing., scutula), from the Latin for plate
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or saucer. Among cornute stylophorans
they are quite unequal, that on the right
side barely developed. The left scutula com-
prises the floor of a rather large cavity
supported by the upper overhanging edge
of M’; and the adoral above this marginal.
Each scutula is prolonged forward (i.e., to-
ward the aulacophore) by a very narrow
furrow which descends along one of the
two ridges borne by the concave anterior
face of the aulacophore apophyses and be-
comes lost on the floor of these (Fig.
340,1a).

The scutulae of mitrate genera are sub-
equal and well developed (Fig. 840,25).
Their outline is subtrigonal and their floor
rises from a strongly depressed abaxial
corner toward the main body axis, merging
insensibly with the upper surface of the
apophysis horns. It may be noted in passing
that on internal molds each scutular depres-
sion is marked by a nipple-like protuberance,
which Cuauver (30), who was first to ob-
serve it, called “mamelon” and interpreted
as an unpaired feature on the left side of
the theca (Treatise orientation). In fact,
two mamelons are present, one on either
side. Scutulae seem to be lacking in Cerato-
cystis, at least in the form which has been
described. In Lagynocystis a more or less
well-marked depression can be seen at left
near the base of the diaphragm between
the aulacophoral and thecal cavities (Fig.
341,1). This depression, matched on the
other side by a much more vague concavity,
may be the equivalent of a scutula.

CO-OPERCULA

In at least some Mitrata, structures simi-
lar to contour to scutulae, with concave sur-
face bounded by a projecting rim, occur
in the inner surface of adoral plates and
are inferred to correspond to the scutulae.
They are here designated as co-opercula
(sing., co-operculum), from the Latin for
lid or cap. Undoubtedly, these structures
lie above the scutulae and with them con-
tribute to isolating small parts of the thecal
cavity more or less completely (Fig. 340,2¢).
Their described placement and nature have
been observed in Mitrocystites and they
probably occur also in Placocystites (Fig.
340,4). In Mitrocystella incipiens miloni
one may see identically placed slight
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prominences from each of which five
wrinkles radiate in as many directions
(30), and a similar feature occurs in Para-
nacystis (26). Comparable structures are
lacking in Lagynocystis, Balanocystites, and
Anatiferocystis. Their existence in other
genera is unknown, but only in rarest cir-
cumstances can the inner side of adoral
plates be examined.

The role of co-opercula and scutulae is
uncertain. CHAUVEL (30) postulated that
they marked the placement of ganglionic
masses from which nerves extended in
thickened thecal elements, such as the
wrinkles mentioned in Microcystella in-
cipiens miloni and Paranacystis. The pres-
ence of nerve concentrations in this region
of the theca seems reasonable in view of
the large development and apparently con-
siderable importance of the proximal mus-
culature of the aulacophore. Thus, one is
tempted to consider scutulae as possible
sites of nerve centers.

INFUNDIBULUM

A depression excavated between the right
scutula and upper edge of the inner side
of marginal M; is here termed the infundib-
ulum (Latin, funnel). Its topographic re-
lationships to the right adoral orifice have
been noted previously. In Ceratocystis the
infundibulum is shallow and rounded, but
in other Cornuta (e.g., Cothurnocystis,
Phyllocystis) and the Mitrata (e.g., Mitro-
cystites, Mitrocystella) wherever observable
it is deeply impressed in the substance of
the plate (Fig. 340,156,25). A generally well-
marked furrow (transverse anterior groove)
hollowed on inner surfaces of M; and M’,
runs from its base along the posterior face
of the aulacophore apophyses, passes be-
neath the scutulae, and becomes lost either
on the inner surface of the zygal (in Cor-
nuta) or at the origin of the septum (in
Mitrata), described subsequently. Another
furrow (oblique anterior groove), which is
much narrower and weaker than the trans-
verse groove, may be seen in some speci-
mens of Cothurnocystis and Phyllocystis.
This leaves the bottom of the infundibulum,
rises obliquely, and ends at the summit of
the adjacent apophysis just beneath the
adaxial angle of the right scutula (Fig. 340,
16). Seemingly, it connects the infundib-
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Fic. 342. Internal thecal structures of Mirrocystites
mitra BARRANDE, M.Ord., Boh. 1. Left lateral
side of inferior face of theca, slightly oblique view
to show inner marginal groove, X2.2 (Ubaghs, n).
2. Inner side of same, X2.2 (Ubaghs, n).
3. Cross section of theca, X2.2 (Ubaghs, n).

ulum with the aulacophore. Finally, in
Ceratocystis and some specimens of Phyllo-
cystis and Mitrocystella, a third groove,
which generally is very weak, runs from
the infundibulum toward the right and
disappears on the inner face of the anterior
marginals on this side of the theca. Thus
it appears that the infundibulum is a sort
of center toward which a group of struc-
tures converge, and this supports the in-
ference that it exercised a complex role.

If, as previously supposed, the orifice by
which the infundibulum communicated
with the exterior (right adoral orifice)
represents a hydropore, possibly combined
with a gonopore, the infundibulum should
be the seat of a part of what presently con-
stitutes the axial complex of echinoderms.
At any rate, it must have inclosed the hydro-
poric canal, perhaps accompanied by the
small ampulla (remnant of the left axocoel)
which in modern echinoderms is placed at
its junction with the stone canal.

The anterior oblique groove of stylo-
phorans probably inclosed the hydrocoel
branch which penetrated into the aulaco-
phore, and the anterior transverse groove
may have contained another hydrocoel di-
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verticle passing beneath the esophagus and
possibly corresponding to the stone canal
and the periesophageal ring of radially sym-
metrical  echinoderms.  The transverse
groove may also have contained part of the
axial sinus. The faint groove on the inner
surface of the right anterior marginals per-
haps marks the course of the genital rhachis.

SEPTUM

A low wall or ridge observed on the floor
of the thecal cavity of most Mitrata is
termed the septum (Fig. 335,1a; 342,2,3).
It originates on the M’; marginal slightly
below the level of the left scutula and runs
obliquely toward the right posterior corner
of the theca without reaching it. The course
of the septum is slightly irregular and its
height is steadily reduced toward the rear.
It leans toward the left in its anterior
part so as to have an asymmetrical trans-
verse section but straightens up in the
posterior part, providing a more sym-
metrical section. Presence of the septum
is marked on internal molds by a very char-
acteristic strong incision, which was clearly
illustrated by Barranbe (2) and was called
sillon transversal by CmauveL (30), who
was the first to draw attention to its ex-
istence.

A small accessory septum diverges in a
general leftward direction near the anterior
extremity of the septum (Fig. 340,25; 342,
2). Also, a diminutive spur is seen on the
right side of the septum in the posterior
third of its length in some specimens (Fig.
335,1a; 342,2).

ZYGAL

Among the Cornuta a septum is lacking,
but this structure appears to be replaced
by a skeletal bar extending from M, to the
right posterior margin of the lower thecal
face. This bar, named the zygal (89),
is probably equivalent in function to the
septum and perhaps also in morphology.
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The two structures are closely similar in
position and connection with other parts
of the theca—for example, with the mar-
ginal M,, the anterior transverse groove,
and the left scutula—and they show a like
oblique placement with respect to the main
axis of the body. A median crest runs on
the inner surface of the zygal, serving pos-
sibly for attachment of organs or mesen-
teries, as likewise in the case of the sep-
tum. The marginal M’; of the mitrate Ana-
tiferocystis, which is almost identical in
form with that of the equivalent marginal
of Cothurnocystis, is a thin narrow plate
that forms a ridge on the floor of the thecal
cavity. This is curiously simildr to the
zygal of the Cornuta.

Ceratocystis and Nevadaecystis seem to
have neither a zygal nor a septum. Lagyno-
cystis also lacks a septum but has a much
shorter ridge parallel to the left border of
the theca, and possibly this is homologous
to the septum seen in other Mitrata (Fig.
341,1). According to Caster (26), the
superior face of the theca of Paranacystis
has an internal groove that externally is
marked by a rounded ridge, and this struc-
ture may correspond to the normally de-
veloped septum.

FUNCTIONS OF SEPTUM AND
ZYGAL

Cuavver (30) viewed the septum of
Mitrata as the place of attachment for a
mesenteric membrane that supported one
of the loops of the digestive tube. He
thought to have discovered traces of two
other mesenteries, at right and left, running
along the marginals, and assigned to them
a comparable role in fixation of the digestive
canal. Thus he judged that he could de-
termine the approximate course of this
organ, concluding that it turned around
like that of crinoids and holothuroids. This
interpretation lacks the anatomical foun-
dation inferred by Cuauver, for what he

Fic. 343. Morphology of aulacophore in cornute Stylophora.

1-5. Phyllocystis crassimarginata THoRAL,

L.Ord., Fr.; I, proximal region, stylocone, and proximal part of distal region, aboral face (la), oral face

(156), X7 (Ubaghs, n); 2, stylocone, oral face (2a), left lateral face (24), longitudinal median section

(2¢), X30 (Ubaghs, n); 3, ossicles of distal region, oral face (34), left lateral face (35), proximal face

(3c), distal face (3d), X30 (Ubaghs, n); 4, two cover plates, inner or oral face, X30 (Ubaghs, n); 5,

diagrammatic reconstruction of a portion of distal region, with cover plates widely open and water-
vascular organs (in black) (M;, M,, right marginalia 1, 2; M’s, M’s, left marginalia 1, 2).
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considered to be emplacements of lateral
mesenteries in reality represents the pro-
jecting adaxial borders of grooves exca-
vated on the inner surface of the lateral
marginals (Fig. 335,1a). CastEr (26), who
inferred a similar function of the septum,
arrived at a much simpler course for the
digestive tube, almost in a straight line.
Other considerations perhaps allow clari-
fication in some degree of the morphological
significance of the septum. We may recall
first the close relationships which seem to
associate this structure with the anterior
transverse groove. This groove leads to
the point of origin of the septum (in
Mitrata) or to the upper surface of the
zygal (in Cornuta), where it disappears.
On the other hand, the transverse groove
originates from the infundibulum, which,
as discussed previously, could have inclosed
certain structures that in living echinoderms
are narrowly associated with the aboral
part of the axial organ. These anatomical
connections seem to indicate that the sep-
tum also could be related to the axial organ.
It is well known that in larvae the primor-
dium of this organ appears in the accessory
mesenteries and that these play an im-
portant role in organogenesis. Possibly the
septum marks their emplacement in the
Stylophora. Doubtless it is not without
value to recall here that Bartuer (13)
judged one of the possible functions of the
zygal to have been protection of the ex-
tensions of a blood plexus and genital
rhachis, in addition to a prolongation of a
nerve center which he supposed to exist in
the opening of the proximal region of the
aulacophore—that is to say in summation,
a kind of axial complex. Finally, we may
point out that a more or less vertical ridge
suggestive of the septum in Mitrata occurs
on the inner side of the theca in the pos-
terior interray of certain Paleozoic cystoids
and crinoids. JaekeL (55), who drew atten-
tion to the presence of this ridge, judged
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that it had approximately the same trace
as that of the vertical mesenteries—acces-
sory mesenteries—in the larva of Antedon.
For all these reasons we may postulate that
the septum of stylophorans served for the
attachment of mesenteric membranes, with-
in the thickness of which the axial sinus
and axial organ possibly could find lodg-
ment.

INTERNAL MARGINAL GROOVES

In addidon to already described stylo-
phoran grooves or canals, such as the pari-
pore grooves, lateripore canals, and trans-
verse anterior groove, some gepgera of the
Mitrata (and possibly Cornuta) possess a
pair of furrows on the inner side of the
marginals which here are named internal
marginal grooves., They begin at variable
distance from the front of the theca,
follow its lateral borders, and disappear in
the periproctal region (Fig. 335,1a; 342).
One is present on the right side and the
other on the left. They are constant in
Mitrocystites, sporadic in Mitrocystella, and
unknown in other mitrates. [They appear
to exist also in an undescribed cornute.]
Their somewhat projecting adaxial mar--
gins may produce narrow slits on internal
molds, called sillons latéraux by CuauveL
(30), who discovered them and interpreted
them as traces of mesenteric membranes
which with the septum furnished attach-
ment for loops of the digestive tube. In
Mitrocystites the grooves tend to vanish
where they cross intermarginal sutures (Fig.
342,1). In opposite manner, they are clearly
marked in Mitrocystella barrandei only at
these crossings. In M. incipiens miloni fea-
tures of the grooves are unmodified where
they traverse sutures between the marginals
(Fig. 335,1a). At their anterior extremity
the internal marginal grooves appear to
have relationships neither with the lateri-
pores nor the paripores and indeed with no
other structures of the theca. They cannot

Fic. 344. Morphology of aulacophore in mitrate Stylophora.

1. Mitrocystella barrandei JaekeL, M.Ord.,

Boh.; proximal region, stylocone and proximal part of distal region; Ia, oral face; 154, left lateral face,

X 7.5 (Ubaghs, n).

2. Enoploura wetherbyi Caster, U.Ord,, Ind.; X1 (90).

3. Mitrocystites mitra

BarranDE, M.Ord., Boh.; 3a, stylocone and three ossicles of distal region, left lateral face, X 15 (Ubaghs,
n); 3b, stylocone, oral face, X 10 (Ubaghs, n); 3¢, stylocone, distal face, X 15 (Ubaghs, n); 34, ossicles
of distal region, oral face, X 15 (Ubaghs, n).——4. Peltocystis cornuta THoraL, L.Ord., Fr.; ossicle of
distal region in laterodistal (4a), lateroproximal (44), and oral (4c) views, X30 (Ubaghs, n); 4d,
diagrammatic reconstruction of two articulated ossicles to show how they can move.
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be interpreted reasonably as these invagi-
nated subvective grooves which BatHer
(14) supposed to exist in Mitrocystites. Per-
haps they are the passageways of nerves
leading to the rectum or some other pos-
terior organ. Their actual function is un-
known.

CTENOID ORGANS

Structures composed of lamellae in ar-
rangements that resemble the teeth of a
comb are here named ctenoid organs. They
were discovered by CHauveL (30) in Lagy-
nocystis pyramidalis and as yet are un-
known in other stylophoran genera. They
occur in three groups, one median and the
other two placed laterally (Fig. 341,4). Each
ctenoid organ is supported by a ridge on
the inner surface of an adoral and end to
end the three ridges together form an arc
which is thin at its center and extremities
but thickened at crossings of sutures be-
tween the adorals. The lamellae of the
organs converge at the same time in three
directions—downward, forward, and to-
ward the median axis of the body. Thus
they form a sort of grill or filter in the an-
terior part of the theca. Previously evoked
is the possible existence of an atrium in
front of the thecal cavity in which a water
current charged with food particles must
have been induced by the aulacophore, per-
haps emerging through exhalant orifices
at right and left. The function of the
ctenoid organs then would have been to
catch food particles suspended in the wa-
ter, agglutinate them with mucus, and con-
duct them toward the mouth. The possi-
bility that the organs exercised a respiratory
function also is not to be excluded, for they
may have served as support for gill struc-
tures.

AULACOPHORE

The name aulacophore has been intro-
duced by UsacHs (88) for the appendage
of Stylophora that formerly was thought
to be the same as the stele in Homostelea
and Homoiostelea. The designation is
morphologically descriptive in indicating
that the appendage bears a groove (Greek,
aulacos, furrow or groove, +phoros, bearer).
It is in no sense a peduncular process or
stem, but is here interpreted as a brachial
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appendage provided with an ambulacrum.
Its unique nature warrants the adoption of
a special morphological term.

The aulacophore comprises three parts—
(1) a proximal hollow region which is in-
flated, relatively large, and protected by
imbricated plates or by quadripartite rings
generally one inserted within another, (2)
a massive intermediate piece named the
stylocone, and (3) a distal region composed
of a single series of massive ossicles placed
end to end and each provided with a pair
of cover plates (Fig. 325; 343,1a,; 344,
la,b).

PROXIMAL REGION

Next to the theca is part of the aulaco-
phore defined as the proximal region. It
encloses a wide hollow space which com-
municates with the thecal cavity. A cover-
ing composed of numerous imbricated scale-
like plates is seen in Ceratocystis and
Lagynocystis (see Fig. 345, 354), but in
other genera, where known, of a fixed num-
ber of four-piece rings which generally are
telescoped together, but not invariably so.
The ring elements are subequal in the
Mitrata, with sutures between them located
in mid-superior, mid-inferior, and two mid-
lateral positions. The pieces are unequal
in size in the Cornuta but symmetrically
disposed with respect to the aulacophore
plane of symmetry, which coincides with
the sutures between plates on the upper and
lower sides. Each lateral half ring contains
a small plate, above, here called tectal, and
a large one, below, here termed inferolat-
eral, the tectal covering less than half of
the mid-part of the upper surface, whereas
the inferolateral not only covers an entire
half of the lower surface but much of a
side as well (Fig. 343,14,6). Each ring was
joined to its contiguous neighbor or neigh-
bors by muscles and probably also by liga-
ments. In additon, powerful muscles at-
tached them in a proximal direction to the
inner apophyses of marginals M; and M,
and in a distal direction to the stylocone.
Without doubt, the proximal region of the
aulacophore enjoyed great freedom of move-
ment both vertically and laterally and prob-
ably it controlled general movements of

the whole appendage.
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STYLOCONE

The intermediate part of the aulacophore,
interposed between its proximal and distal
regions, is the unique ossicle named stylo-
cone! (Styloconus or Styloid of JaExri,
55). Lengthwise, it is a minor portion of
the appendage, though important in re-
ducing within a very short distance the
broad width of the proximal region to the
narrow diameter of the distal region. Its
constant presence and complex nature prove
that it must have had considerable func-
tional significance. Its structure is essen-
tially the same in cornute and mitrate
Stylophora, thus denying a morphological
basis for JAEKEL’s (55) usage of stylocone
for Cornuta and styloid for Mitrata. Never-
theless, the stylocones of the two groups are
readily distinguished by external characters,
whether viewed from the inferior face or
in profile. It appears smooth and regularly
rounded in the Cornuta (Fig. 343,145,
2a-c), whereas in the Mitrata it bears diverse
excrescences—1) a narrow crest in the plane
of symmetry, 2) a single long spine in-
curved toward the theca (e.g., Mitrocystites,
Chinianocarpos), 3) a series of points (e.g.,
to six in Lagynocystis), or 4) transverse
blades resembling plowshares (e.g., Eno-
ploura) (Fig. 344,1-3). The excrescences
just mentioned doubtless served as fulcra
for lifting the distal region, which normally
was raised at an angle (Fig. 344,2,34).
According to Caster (43), the stylocone
blades of Enoploura contain coarse radial
canals of unknown function and morpho-
logical significance.

The stylocone has the general form of a
funnel with excavated relatively wide proxi-
mal part and narrower semicylindrical distal
part. The obliquely chiseled proximal face
(more so in Mitrata than Cornuta) is oc-
cupied entirely by a deep concavity directed
upward and toward the theca (Fig. 343,
2a,c; 344,3b). It served for insertion of the
distal extremities of muscles occupying a
part of the cavity of aulacophoral proximal
region. The distal face of the stylocone in

1 G & Caster (43) report that the stylocone of Vie-
toriacystis has multiple segments. Probably only the most
proximal of these represents the real stylocone, others be-
longing to the distal region. Also, Caster (43) has de-
scribed the stylocone of Enoploura as composed of several
ossicles which become dissociated upon weathering. If
correct, this suggests that the stylocone originally was a
composite structure resulting from differentiation and fusing
of the most proximal ossicles of the distal region.
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Cornuta is perpendicular to the longitudi-
nal axis of the ossicle, serving for a little or
not at all differentiated sort of ligamentary
articulation with the proximal plate of the
distal region (Fig. 343,26). In the Mitrata
this distal stylocone face is oblique and
directed upward (Fig. 343,34) and is joined
to the first ossicle of the distal region by a
very highly differentiated articulation, like
those uniting the distal ossicles with one
another (Fig. 344,3¢).

In Mitrata the rather short upper face of
the stylocone is framed by steep elevated
walls which give it the appearance of a
rather narrow throat (Fig. 344,356). The
walls are much lower in the Cornuta, being
less elevated even than the axial structures
which they border on each side (Fig. 343,
2a). In both Cornuta and Mitrata a deep
notch, bordered by raised lips, occurs on
the proximal border of the upper face at its
middle. This notch leads to a groove
(median furrow) which extends to the dis-
tal extremity of the stylocone, passing there
onto ossicles of the distal region. The groove
is somewhat raised in the Cornuta and lim-
ited by relatively wide rims (Fig. 343,2).
It is flanked from place to place by lateral
depressions and at two points both margins
of the groove are generally interrupted by a
short transverse channel leading to lateral
depressions on either side. In Mitrata the
median furrow lies in the middle of the
throat, which occupies the entire width of
the upper face (Fig. 344,35). It is not ele-
vated noticeably and is bordered on each side
by a very narrow ridge. The ridges are con-
tinuous in some genera (e.g., Peltocystis)
but interrupted at two points on each
side in others (e.g., Mitrocystites). Where
interrupted, the furrow communicates with
small lateral depressions, two on each side,
which lie slightly lower than the furrow,
but they are not observed in Peltocystis. It
may be noted also that in some Mitrata
(e.g., Mitrocystites, Mitrocystella) a small
pit or fossa occurs in the floor of the groove
at each end, the distal one being divided
by the suture between stylocone and first
ossicle of the distal region (Fig. 344,35).

The upper face of the stylocone was pro-
tected by plates, four pairs of them having
been counted in Cornuta. The two proxi-
mal pairs closely resemble the median up-
per plates in rings of the adjacent aula-
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cophoral proximal region, and they form
the ceiling, probably fixed, of the excavated
proximal part of the stylocone (Fig. 343,
16). The two distal pairs, which overlie the
groove and accompanying structures, are
mobile plates identical to the cover plates
of the aulacophoral distal region (Fig. 343,
4). A large part of the upper face of the
stylocone in Mitrata is covered by rings or
half rings of the adjacent aulacophoral
proximal region, the remainder being pro-
tected by a pair of cover plates (Fig. 344,
16,2). This explains why JaekeL (55)
thought that the stylocone in the Mitrata
was only a half cylinder inserted in the
lower face of the organ, and not a solid
piece that just as in the Cornuta joins the
proximal and distal regions of the aulaco-
phore.

DISTAL REGION

Invariably, the longest and narrowest
part of the aulacophore is found in the
distal region. Its diameter at the extremity
nearest to the theca equals that of the
distal end of the stylocone. Away from this
point it tapers more or less rapidly to its
free end. It is entirely composed of semi-
cylindrical, bilaterally symmetrical, very
short ossicles which abut end to end and
are protected by a pair of cover plates. The
ossicles of this region in the Cornuta have
rounded inferior and lateral faces (Fig. 343,
3a-d), whereas their upper face carries an
elevated median grove or furrow which
generally connects by a short transverse
canal with a lateral depression on each side.
The median groove is an extension of the
similar furrow on the stylocone. The cover
plates were movable and each articulated
with a salient on the outer margin of the
ossicle beneath it. These plates resemble
scales strongly imbricated in the distal direc-
tion (Fig. 343,4).

Ossicles of the aulacophoral distal region
of the Cornuta were closely joined by synos-
tosis or by barely differentiated articulations
(Fig. 343,3¢,d). The distal face of each bears
two lateral salients which fit into hollowed
fossettes on the proximal face of its next-
placed neighbor. Slight movement in a
vertical plane was permitted by this rudi-
mentary sort of hingement. The distal re-
gion must have been relatively rigid and
certainly incapable of enrolling on itself.

Echinodermata—Homalozoans—Stylophora

Construction of the distal-region ossicles
is essentially the same in all stylophorans,
but in the Mitrata some distinctive traits
are seen (Fig. 344,3d, 4ab). Firstly, the
lower side of each ossicle bears a spine,
point, or blade in the plane of symmetry,
ordinarily incurved toward the theca; the
projections are most prominent on proxi-
mal segments, diminishing and disappear-
ing distally.

Secondly, the upper face of the ossicles,
like the upper face of the stylocone, shows
1) a median furrow sunk between high lat-
eral walls and bordered by fine ridges, 2)
a shallow short depression on egch side of
the groove (though seemingly not in all
forms), and 3) presence of a fossa or pit
in the floor of the groove at the level of
each suture, at least in some genera (Fig.
344,3d). Thirdly, the cover plates attached
at outer borders of the ossicles alternate
somewhat with these plates and are not
imbricated when the arm was extended
(Fig. 344,156). Finally, the ossicles are
joined to one another by very well
developed articulations, having on distal
faces a pair of salients slightly below the
median furrow and on proximal faces cor-
responding fossettes to receive these pro-
jections (Fig. 344,4a,6). The salients de-
termine an articulatory axis around which
the ossicle could pivot (Fig. 344,4d) and
above each salient and fossette is a small
triangular area which marks the insertion
of a flexing ventral muscle. A large un-
paired concavity (dorsal fossa) is seen on
both the distal and proximal articular faces
of the ossicles below the articulation axis.
These concavities doubtless served to ac-
commodate an elastic dorsal ligament which
operated in opposition to the flexing mus-
cles. The articulations afforded arm move-
ments in a vertical plane. The aulacophore
of Mitrata frequently is seen to be recurved
toward the superior face of the theca and
it may even be enrolled in a spiral, with
spines of its inferior face turned outward
as though in an attitude of defense.

FUNCTIONS OF AULACOPHORE

How may structures of the aulacophore
just described be interpreted? The median
furrow, short transverse channels, lateral
depressions, and movable cover plates of
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its upper surface comprise an ensemble
nowhere found among echinoderms except
in their ambulacra. In living stylophorans,
the median furrow must have housed an
axial ambulacral canal, and in addition, it
probably carried nerve, blood, and coelomic
structures such as accompany the canal in
living echinoderms. The lateral depres-
sions are presumed to have received ten-
tacles connected to the axial canal by short
branches placed in the transverse channels
(Fig. 343,5). In at least some genera, a
distinct widening of the transverse chan-
nels at their abaxial extremity (Fig. 343,
2a,3a) suggests the possible existence of
ampulla-like expansions at the base of
tentacles such as those present in the podia
of some Recent ophiuroids. The sutural pits
on the floor of the median groove of some
Mitrata could have accommodated saclike
expansions of the axial canal, serving as
reservoirs lodged in similar hollow cavities
of the vertebrae in some living ophiuroids.
The descriptions and discussion which
have been given support the following im-
portant conclusions. 1) The aulacophore
of Stylophora is not a tail, column, or pe-
duncle, for its organization lacks the struc-
tures and indicated functions belonging to
these morphological features—in particular
having nothing in common with the stele
of the Homostelea and Homoiostelea. 2)
The aulacophore is a mobile brachial proc-
ess which bears an ambulacrum, and the
main function of this ambulacrum can
hardly have been other than collection of
food particles and transport of them to the
mouth. 3) The peculiar structure of the
aulacophore and lack of its association with
similar appendages borne by any one stylo-
phoran cannot be homologized with the
multiple radial brachial processes of other
echinoderms. 4) The aulacophore differs
structurally from the single arm of the
Homoiostelea. 5) The aulacophores of
Cornuta and Mitrata are very similar and
entirely homologous to one another.

GENERAL ORGANIZATION OF
BODY

Information concerning the anatomy of
stylophorans derived from study of their
skeletal remains evidently is insufficient for
reconstruction in detail of the soft parts
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of these animals. Even so, it may not be
too ambitious an undertaking to seek de-
termination of the main divisions of the
body and recognition of their morphological
significance.

In order to attain these goals, it would
be fruitless to depend heavily on compari-
sons with living adult echinoderms, which
by acquisition of radial symmetry have
been transformed profoundly and seem to
be utterly different. It is permissible, how-
ever, to refer to the ontogenetic stages which
precede the appearance of this symmetry
among them and which, as apparently in
«the Stylophora, are characterized by pro-
nounced asymmetry in development of their
structures.

The skeleton of stylophorans encloses two
clearly distinct cavities—that of the theca
and that of the proximal region of the aula-
cophore. It is probable that the first com-
prised the general body cavity produced
by the somatocoels and the second perhaps
corresponded to the axocoels and hydrocoel,
which in echinoderms always are closely
associated. Data supporting this hypothesis
are presented in the following paragraphs.

The structure of the aulacophore indi-
cates that this organ served to support a
tentacle-bearing diverticle such as only the
hydrocoel produces in echinoderms. If this
interpretation is correct, the aulacophore
diverticle could only depend from the left
hydrocoel, for the right one never plays
any role in the organogenesis of echino-
derms. The aulacophore is fixed to the
middle of the front border of the theca,
however, and not to its left half. This re-
quires us to suppose that it has migrated,
along with the hydrocoel diverticle en-
closed by it, so as to become placed in the
main axis of the body. Such a movement
doubtless represents a phenomenon of sec-
ondary symmetrization, comparable to that
shown by larvae of modern echinoderms,
which, following a stage of asymmetry, tend
to develop bilateral symmetry (sekundir
symmetrische Stufe of Hemer). It is note-
worthy that this tendency toward acquisi-
tion of bilateral symmetry with respect to
the principal body axis, invariably discern-
ible in the Stylophora, may be very con-
spicuous (e.g., Anomalocystitida).

Furthermore, the inferred stylophoran
hydrocoel appears to have opened outward



5536

through an orifice in the right adoral plate.
This coelomic compartment, from which
the aulacophoral diverticle extended, must
have been localized, then, in the im-
mediate vicinity of the attachment of the
aulacophore to the theca. In larvae, the
hydrocoel lies behind the axocoel and is
more or less distinct from it. In adults, the
axocoel produces structures (e.g., ampulla
at junction of stone canal and hydropore
canal, madreporic vesicle, axial sinus) that
remain closely associated with unpaired
organs (e.g., madreporite, stone canal) of
the hydrocoel apparatus. Thus is developed
a complex of organs that originates in the
anterior and median coelomic compart-
ments of the larva. Perhaps, then, it is not
a pure coincidence that the part of the body
of stylophorans located in the immediate
proximity of the aulacophore attachment is
also characterized by a large complex of
internal skeletal structures (e.g., infundi-
bulum, anterior transverse groove, origin
of septum, scutulae, co-opercula, diverse
canals and grooves leading to external ori-
fices or toward posterior regions of the
body). This complex, suggestive of that
found in the mesosomal region of enterop-
neusts and pterobranchs, may include (for
reasons given in previous chapters) a di-
versity of organs derived from the two
axocoels and left hydrocoel, as well as
ganglionic masses needed in particular for
control of the aulacophore muscles.

The remaining part of the thecal interior
undoubtedly was occupied by the digestive
tube, which can be localized with some
degree of certainty by the principal thecal
orifices, by the gonads, and by the general
cavity derived from the larval somatocoels.
This cavity must have been divided asym-
metrically in diagonal manner, as shown
by the course of the septum or zygal, which
doubtless furnished attachment for mesen-
teric membranes and which may have
marked, as suggested previously, the posi-
tion of some elongate unpaired structure
such as the axial sinus and axial organ.

We may see, then, that several diverse
lines of evidence seem to support the hy-
pothesis initially offered in this discussion.
Thus, the two main parts of the body in
Stylophora would be axohydrocoelian (in
front) and somatocoelian (behind). The
first would include the proximal region of
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the aulacophore and part of the thecal
cavity closely adjacent to the aulacophoral
attachment, and the second would include
the large remaining part of the thecal cav-
ity.
This interpretation allows the funda-
mental organization of Stylophora to be
correlated easily with that of the presumed
ancestral echinoderm suggested by embryol-
ogy. Derived from this ancestor (a least
distorted picture of which possibly is of-
fered by the pterobranch Cephalodiscus)
would be the unattached stylophoran mode
of life, the division of the body into two
or three successive coelomic regions—sep-
aration of the axocoel and hydrocoel is far
from well defined in all echinoderms—and
the presence of one of an antecedent pair
of lophophorian arms, an arm (represented
by the aulacophore) which from the outset
must have assured nutrition and respiration
for the animal. The main transformations
marking the passage from this hypothetical
ancestor to the Stylophora would be con-
nected with the appearance and accentua-
tion of an asymmetry which would be the
same as that demonstrated in the ontogeny
of living echinoderms from the beginning
of larval development or even from the egg.

Finally, what was the morphological ori-
entation of the body of Stylophora? If at-
tention is directed to the natural position
of these organisms during life, distinctions
can be made between a superior and inferior
face, between an anterior extremity marked
by the mouth and a posterior extremity
marked by the anus, and between a right
side and a left side. These terms evidently
have only topographic significance. Orienta-
tion in terms of morphology may be very
different. If the principal orifices of the
theca are adopted for reference, the loca-
tion of the anus may be considered as pos-
terior, that of the mouth (directed forward
and upward) as both anterior and ventral,
and that of the hydropore—its most primi-
tive position seemingly observed in Cerato-
cystis—as indicating the dorsal face and
left side. From this viewpoint, the conclu-
sion may be reached that the Stylophora
reposed on their morphologically dorsal face
and that their morphologically ventral sur-
face was directed upward. This conclusion
would be permissible if these organisms
had maintained the orientation of the
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bilaterally symmetrical form supposed to
exist in echinoderms at their beginning. In
fact, the stylophorans are asymmetrical,
which proves that their ancestors, like those
of other echinoderms, had undergone trans-
formations that could have been accom-
panied by more or less considerable dis-
placements of the orifices toward faces of
the body originally defined as lateral. It
follows that their median plane may very
well have been newly acquired, not ceinci-
dent with the ancestral median plane byt
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cutting across it at an indeterminable angle.
Likewise, the upper face of stylophorans
does not coincide necessarily with the ven-
tral surface of the antecedent primitive
form, or the lower face with its dorsal sur-
face. In sum, the problems of morphologi-
cal orientation of the Stylophora are the
same as for other echinoderms and it would
be vain to seek in their complex and trans-
formed organization axes of symmetry be-
longing to the source of the phylum.

GLOSSARY OF MORPHOLOGICAL TERMS USED FOR STYLOPHORA

[Terms considered as synonyms or terms
of lesser importance are printed in italics]
abaxial. Directed away from main axis.
aboral. Applied to surface (or structure) of aulaco-

phore situated on face opposite that bearing me-

dian groove (syn. dorsal, lower, or inferior face
of aulacophore).

accessory septum. Small left branch of septum near
its anterior extremity.

adaxial. Directed toward main axis.

adcolumnal. See adoral.

adoral (pl., adorals, adoralia). One of two or three
upper thecal plates which frame "aulacophore in-
sertion.

anomalocystid plate. Special infracentral plate trun-
cating left posterior corner of largest infracentral,
distinguished by its rather great constancy among

Mitrata,
anterior. Applied to part of theca (or thecal struc-

ture) located at or adjacent to aulacophore in-

sertion; front of theca; directed toward anterior
margin; opposite to posterior.

anterior margin. Part of margin in middle of which
aulacophore is inserted.

anus. Vent of alimentary canal.

apophysis (apophyses). See aulacophore apophysis

(apophyses).
aulacophore. Single jointed exothecal appendage,

here interpreted as brachial process carrying am-

bulacrum.

aulacophore apophysis. Inner projection for attach-
ment of aulacophore proximal muscles, carried
by each of two median anterior marginals.

carapace. Upper face of theca in Mitrata.

central (centralia). Plate(s) located inside marginal
framework either on lower or upper face of
theca (see supracentral and infracentral),

co-operculum (pl., co-opercula). Endoskeletal struc-
ture on internal face of adoral plate, serving as
partial lid to corresponding scutula; observed in

a few mitrates.
cothurnopore. Specialized porous organ in right

anterior upper thecal area of Cothurnocystis and

other Cornuta.
cover plate. One of many small plates which pro-

tect oral face of stylocone and ossicles of distal
region in aulacophore.

ctenoid organ. Comblike calcareous structure at-
tached to inner side of adorals and protruding
into thecal cavity in Lagynocystis.

dextrolateral. Infracentral located on right side.

digital. Spine attached to marginal framework di-
rectly on left of anal opening of Cothurnocystis.

distal. Direction away from insertion in aulacophore
or any appendage; opposite of proximal,

dorsal. See aboral.

épibasale. See adoral.

epicentral (epicentralia). See supracentral (supra-
centralia).

epistomal (epistomalia). Seemingly movable plate(s)
in small triangular space between adorals and
proximal ring segment of aulacophore.

extension plane. Plane in which theca is depressed
(syn., extensiplane).

extensiplane. See extension plane.

frame (framework). Series of plates which con-
stitute margin of theca, i.e., marginals and (in
Cornuta) adorals.

glossal. Spine attached to marginal frame directly
on right of anal opening in Cothurnocystis.

hypocentral (hypocentralia). See infracentral (in-
fracentralia).

inferior. Directed toward inferior face of theca.

inferior face. Flat or concave side of theca, pre-
sumably toward sea bottom in life position (syn.,
lower, reverse).

inferolateral. Lower plate of half ring in proximal
region of aulacophore.

infracentral (infracentralia). Plate(s) located inside
marginal framework on lower face of theca.

infundibulum. Distinct depression between right
scutula and inner upper edge of marginal M,
located just below and probably related to right
adoral opening.

internal marginal groove. Furrow on inner side of
lateral marginals in some Mitrata.

lamellate organ. All lamellipores taken together.

lamellipore. Elongated very narrow slit in right
anterior upper thecal area in Scotiaecystidae.
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lateral depression. Elongate depression on oral face
of stylocone and ossicles of distal region of aula-
cophore in which ambulacral tentacle is presumed
to have been located.

lateripore. One of two openings in Mitrocystites,
symmetrically located on lower thecal face near
anterolateral corners, on sutures uniting two first
right or left marginals (syn., Seitenpore).

left. Referring to side corresponding with left of
observer, when theca is placed on its lower face,
with aulacophore away; opposite of right.

lower face. See inferior face.

main axis. Straight line which corresponds to inter-
section of extension plane with plane of bilateral
symmetry of aulacophore and which is prolonged
across theca.

marginal (marginalia). Ossicle(s) of a series fram-
ing theca (except adoral).

median groove. Axial furrow along oral surface of
stylocone and ossicles of distal region of aulaco-
phore, presumably housing axial ambulacral struc-
tures.

median plane. Plane passing through main axis and
perpendicular to extension plane (syn., symmetry
plane).

mouth. Entrance to alimentary canal, presumably
located at or near proximal end of aulacophore
inside theca.

oblique anterior groove. Faint groove uniting in-
fundibulum to aulacophore insertion.

obuverse. See superior,

oral. Applied to face of aulacophore which carries
median groove (syn., ventral, upper or superior
face of aulacophore).

oro-anal axis. Straight line from anus to center
of aulacophore insertion (presumed mouth posi-
tion).

paarige Gruben. See paripore.

paripore. One of two openings through marginals
M. and M’s in Mitrocystites or marginals Ms and
M’s in Chinianocarpos symmetrically placed on
lower face of theca (syn., paarige Gruben).

periproct (periproctal area). Presumed flexible and
extensible thecal integument surrounding anus.

placocystid plate. Special supracentral located on
mid-line of theca and generally surrounded by
its two neighbors, distinguished by its smooth
surface and its rounded (rather than polygonal)
outline; present in a few Anomalocystitidae
( Placocystites, Rhenocystis).

plastron. Lower face of theca in Mitrata.

posterior. Applied to part (or structures) of theca
located at or adjacent to anal area; direction op-
posite to anterior; backward.
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posterior margin. Opposite to anterior margin.

proximal. Referring to direction toward insertion
in aulacophore or any appendage; opposite of
distal.

reverse. See inferior.

right. Side of theca corresponding with right of
observer when it is placed on its lower face with
aulacophore away; opposite of left.

right adoral orifice. Thecal opening which notches
or pierces right adoral plates

scutula (pl., scutulae). One of two concave cal-
careous platforms on internal face of marginals
M; and M’;, near abaxial ends of aulacophore
apophysis.

Seitenpore. See lateripore.

septum. Calcareous wall on floor of thecal cavity
running obliquely from abaxial end of left aula-
cophore apophysis toward right posterior thecal
margin in most Mitrata.

sinistrolateral. Infracentral located on left side.

spinal. Point or fixed spine prolonging right pos-
terior corner of theca in some Cornuta.

strut. See zygal.

stylocone. Cone-shaped ossicle forming middle re-
gion of aulacophore (syn., styloid).

styloid. See stylocone.

subanal (subanalia). Special thecal plate(s) in some
mitrates located below anal structures.

superior face. Convex side of theca presumably
directed upward in life position; opposite of in-
ferior face (syn., upper face, obverse face).

supracentral (supracentralia). Plate(s) located in-
side marginal framework on superior face of
theca.

sutural pore. Pore located on suture between two
or several thecal plates.

symmetry plane. See median plane.

tectal. Upper small plate in lateral half ring of
proximal part of aulacophore.

tegminal. Supracentral close to posterior margin,
possibly serving as cover to posterior opening in
some genera.

theca. Body skeleton exclusive of aulacophore.

toe spine. See spinal.

transverse anterior groove. Shallow transverse fur-
row on internal face of marginals M, and M’y
running from infundibulum to zygal (Cornuta)
or septum (Mitrata).

transverse channel. Short groove connecting median
furrow with lateral depression on aulacophore.

upper face. See superior face.

ventral. See oral.

zygal. Skeletal bar uniting marginal M’; with right
posterior margin on lower face of most Cornuta.

ONTOGENY

Knowledge of the ontogenetic develop-
ment of the Stylophora, decidedly meager
at best, rests on three sorts of evidence—I1)

observation of young individuals, 2) study
of growth series, and 3) examination of
growth lines. All relate to fairly advanced
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stages, which invariably are subsequent to
the metamorphosis.

CuauveL (30) has shown that in many
species of Mitrocystitidae young individuals
differ little from adults, at least in organi-
zation of their inferior face, nothing ex-
actly being known about development of
the superior face. Growth of the theca is
effected not by introduction of new plates
but simply by enlargement of existing plates
which are constant in number and place-
ment from early youth. Only the propor-
tions and outlines of the theca may be
modified.

The number of plates in the frame of the
theca in Cornuta likewise seems to have
been established at an early growth stage,
but the shape and proportions of these
plates tend to be altered in the course of
development. In a general way, among
diminutive individuals the frame seems to
be relatively larger than in adults. It seems
also that the size of the centralia rather than
their number increase with age; if new ele-
ments were introduced during growth, it
must have been at the periphery where very
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small plates are generally crowded. The
number of cothurnopores or comparable
orifices varies among individuals, possibly
being greater with age, and their decreas-
ing size toward the two extremities of each
series suggests that new pores were intro-
duced in these terminal regions.

Occasionally, striae parallel to edges of
plates can be observed on the inner surface
of the stylophoran theca. This is especially
true of Lagynocystis and genera of the
Kirkocystidae, in which the inner side of
the marginals or adorals bear numerous
striae that may be considered as growth
lines (Fig. 341,1). They show that these
plates have undergone changes in propor-
tion in the course of their development.

The mode of growth of the aulacophore
is not known. Probably the number and
arrangement of plate rings in the proximal
region were fixed at a very early age in in-
dividuals, but it is very likely that new
ossicles were added to the distal extremity
of the appendage throughout growth, as in
the arms of crinoids.

MODE OF LIFE

LIVING POSITION

Stylophorans lived resting on the sea bot-
tom, as proved by 1) absence of a stem,
2) flattened form of the theca and its lat-
eral extension, 3) marked dissimilarity of
the two faces of the theca inferred to be
upper and lower, and 4) the presence of
one of the thecal faces (lower) in many
species of spines or longitudinal ridges
which doubtless served to elevate the body
and assure equilibrium, as well as eventual-
ly for anchoring it.

With respect to the face just referred to,
the organism can be oriented unequivocally,
for the face that in life was directed upward
and accordingly designated as the superior
face is evidently the one toward which the
ambulacral furrow opened. It is also the
more convex face and that which generally
bears the mouth and anus. It never shows
the presence of protuberances and other ex-
crescences of the sort just mentioned as
characteristic of the other face.

LOCOMOTION

The absence of a stem and organs com-
parable to a root indicates that the Stylo-
phora were not sessile animals but rested
free on the sea floor or other support. The
aulacophore, considered as stem, peduncle,
or tail, often has been supposed to be a
means of anchorage, operating like the
cirrus of a crinoid (25), sinking into clefts
or between roots on the substrata (14), or
standing vertically on its tapered extremity
with the theca extended horizontally in the
water (82). The stylocone, especially in
the Mitrata, has commonly been considered
to be a device for clinging, and BaTmer
(17) judged it to be “a support on which
the internal muscles could raise the theca
as on an elbow, or swivel it round to meet
the food-currents.” Among other functions
which have been assigned to the aulacophore
is that of a rudder (13,25) and that of a
propeller (49). Referring to mitrocystids,
GisLin (45) thought “that the animal
moved itself forward [backward in terms
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of Treatise-adopted orientation] with jerks
to the right and left of the strongly muscu-
lar proximal part of the stem.” Thus the
so-called stem would become “a swim tail”
(46). Even Cothurnocystis—despite its ex-
treme asymmetry, its protuberances, and its
long marginal processes—was judged
capable of swimming by pirouetting about
on itself (45).

Other authors have imagined that stylo-
phorans crawled, using the aulacophore to
push themselves backward or pull them
forward. Kirk (56) described in some de-
tail how the mitrate Basslerocystis glided
over the sea floor by movement of its aula-
cophore with the aid of its two posterior
spines and Caster (25) explained how Eno-
ploura traveled on the sea bottom by *“up-
flexings” of the body at junction of the aula-
cophore with the theca, in manner recalling
the mode of progression of measuring
worms.

If, as here interpreted, the aulacophore is
not a stem or peduncle but rather a brachial
process serving to carry the single ambula-
crum of the stylophoran and therefore func-
tioning essentially for capture of food, most
of the hypotheses which have been outlined
evidently lose all significance. It remains
conceivable, however, that the aulacophore,
in addition to its function as an organ for
obtaining nourishment, could have acted
to keep the animal favorably oriented in
water currents or to shift them somewhat
in case of need. Just as the arms of coma-
tulids enable them to swim or craw! on the
sea bottom, the aulacophore of stylophorans,
with its powerful proximal musculature,
might conceivably have been capable of per-
forming similarly.

Opposed to unqualified adoption of the
hypothesis just stated are several anatomical
considerations which apply to the Stylo-
phora. 1) The high degree of asymmetry
seen in the theca of most Cornuta, and the
not uncommon considerable development of
their protuberances, spines, and marginal
processes make a judgment that these “carp-
oids” crawled or swam improbable. 2) The
rearward thinning down of the theca which
is observed in all Stylophora provides a
hydrodynamic condition unfavorable for
displacement of the body in a backward
direction, for very generally aquatic ani-
mals move with their big end forward. 3)

Echinodermata—Homalozoans—Stylophora

Similarly the rearward imbrication of the
supracentrals of some genera (Mitrocystella,
Lagynocystis) or of the scalelike covering of
the lower face of Allanicytidium makes un-
likely a backward progression of the organ-
isms. 4) In Mitrocystites and Chinianocarpos
the spines borne by the lateral anterior
marginals point obliquely backward and
downward in such a way as to impede
sliding of the theca sideward and toward
the rear. Projections on the lower surface
of the stylocone and distal ossicles of the
aulacophore in Mitrata have their points
generally directed toward the theca—an
arrangement that would hinder any pro-
pulsive force that movements of this organ
could have generated in a posterior direc-
tion. Such considerations suggest that the
Stylophora either led an essentially static
existence, reposing in the same place as long
as conditions were favorable, or, if they
moved, progressed forward. For moving,
they could use their aulacophore to pull
them in a manner described by Caster
(14) or expel water from the anus, making
a jet which served to propel the animal
forward. One may here call attention on
the occurrence of projections apparently
serving for attachment of muscles or liga-
ments on the inner side of the supracentrals
of some Mitrata, suggesting that rhythmical
contraction and expansion could have re-
sulted in a bellows-like action of the body
wall. In very asymmetrical forms (e.g.,
Cothurnocystis) a forcible expulsion of
water from the anus should have induced
gyration of the theca, which was probably
checked by the protuberances on the lower
side of marginals, the spinal and the aula-
cophore (13). In more symmetrical forms,
however, an effective leap forward could
probably have been realized in this way. On
the other hand, this does not mean that the
Stylophora were active swimmers. It seems
more likely that they used such possibility
occasionally, when, for instance, it was
necessary to shift their position. Doubtless
JaEkeL (55) was right in comparing their
behavior to that of holothuroids. One may
well imagine that stylophorans lived most
of the time in the manner of certain psolid
dendrochirotes, which have depressed bodies
and cling to the substrate by their flattened
ventral sides.
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NUTRITION

Interpretation of the aulacophore which
has been given indicates that this organ
served principally for the collection of nour-
ishment. The nature of the articulations
between distal segments of the aulacophore
in Mitrata shows that this region was held
in a position directed more or less upward.
It was inflected or formed an elbow at the
level of the stylocone, which served it for
support and as a sort of hinge. Many fos-
sils (e.g., Lagynocystis, Enoploura, Rheno-
cystis) show the aulacophore preserved in
this bent position. It is not to be doubted
that in at least some circumstances this ap-
pendage could partially enroll on itself so
as to protect soft structures lodged in the
furrow of its oral face.

Capability of enrollment assuredly was
lacking in the aulacophore of the Cornuta,
which was much more rigid, with principal
movements, if not only ones, controlled by
the proximal region. Even so, it is probable
that the aulacophore of these stylophorans
did not lie flat on the sea floor, since its
aboral surface never is depressed. With
little doubt it moved in the water with
equilibrium of the body maintained by dis-
position of the protuberances that served
for support of the theca and by the presence
of appendages (glossal, digital) or posterior
marginal expansions designed to provide
a counterweight.

The nature of the median groove and
other structures which characterize the oral
surface of the stylophoran aulacophore sug-
gest, by analogy with the endoskeletal am-
bulacral structures of living echinoderms,
that these animals were microphagous, cap-
turing minute particles suspended in the
sea water or catching tiny prey by play of
their tentacles and mucociliary mechan-
isms. In summation, the nature of the
aulacophore furnishes no confirmation at
all of hypotheses postulating that these
“carpoids” were 1) scavengers (26), 2) sea-
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bottom mud-swallowers (56), 3) nourished
by pumping water inward through the anus
(34,45,46,55), and 4) fed through inhal-
ant pores such as cothurnopores, sutural
pores of Ceratocystis, and lamellipores (13,
14,32).

Among other morphological features that
may have been concerned with nutrition are
the ctenoid organs of Lagynocystis. Seem-
ingly located at the back of an entrance-way
atrium, they appear to be adapted for strain-
ing out food particles suspended in water
currents, embedding them in mucus, and
conducting them to the mouth. '

RESPIRATION

Respiration of the Stylophora may have
been accomplished in various ways—1) di-
rectly through the thecal integument when
covered by a thin pavement or provided
with uncalcified spaces (e.g., Nevadaecystis;
and according to Caster (26), very abund-
ant stroma in the plates of Paranacystis
must have allowed gas exchanges within the
skeleton); 2) by extensions of the hydro-
coelian apparatus (e.g., tentacles of the
aulacophore); 3) through walls of the di-
gestive tube; 4) by introduction and expul-
sion of water through the anus as in living
crinoids and holothuroids (45, 55), pos-
sibly controlled by pulsations of the upper
thecal face when, as seems to have been
common in many, it had sufficient flexi-
bility; 5) perhaps by means of specialized
organs such as the cothurnopores and lamel-
lipores, if these organs, which in some
stylophorans are closely analogous to hydro-
spires and pore rhombs, actually had a
respiratory function; and 6) possibly also
through the agency of ctenoid organs (e.g.,
Lagynocystis), which in addition to filter-
ing water from the atrial chamber could
have aided aeration of fluids filling the gills
that perhaps they supported. It is probable
then that, as in other echinoderms, respira-
tion was effected by various means.

ECOLOGY

Little precise information is available as
to the environment of living Stylophora.
A majority of them appear to have existed
in the places where their fossil remains are
found, or very close to these places. In view

of their relatively large size and delicacy
of their complex organization, they could
hardly have been transported very far from
sites occupied in life to places of burial.
Remains of these animals are found most
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commonly in clayey sediments, either on
bedding planes of shale or enclosed by
siliceous or sand-carbonate concretions oc-
curring in essentially pelitic deposits. Only
rarely have they been collected from strong-
ly arenaceous or calcareous formations. This
common association of the fossils with
argillaceous sediments indicates that most
known stylophorans lived in marine en-
vironments sufficiently calm to have al-
lowed predominant deposition of clay par-
ticles and mica flakes. Although generally
true, the stated rule is not universal—for
example, dissociated plates of Enoploura
are found in large numbers in coquinites
and calcarenites of the Cincinnati-arch re-
gion in Ohio and Indiana, indicating that
this mitrate preferred a habitat in which
the water was so agitated by waves and cur-
rents that clay-size particles could not be
deposited but were swept away (25). The
diversity in morphology of stylophoran
genera and species suggests a corresponding
diversity of ecologic niches adapted to each.

Stylophora are rare as fossils. Their rarity
may reflect modest size of populations, pos-
sibly associated with special ecologic ex-
igencies, but it may mean that they have
been neglected by collectors or that condi-
tions of fossilization render finding of them
exceptional. Thus, in the Lower Ordo-
vician of southern France (Hérault) in
strata which have furnished the most diver-
sified assemblage of stylophorans yet known,
only specimens contained in small quartzitic
concretions distributed through the shaly
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mass have a chance of being collected;
others which might be found in the shale
are entirely irretrievable owing to fracture
of the rock into tiny pieces. This may ex-
plain why a majority of the species recorded
from this region—approximately a dozen—
are represented by a single specimen or a
small number at most. On the other hand,
deposits elsewhere which seem to indicate
conditions of fossilization closely similar
to those just noted have furnished very
numerous stylophoran fossils. Thus, the
B4rka Shale, in the Middle Ordovician of
Bohemia, has yielded several hundred speci-
mens of Lagynocystis pyramidalis, all pre-
served in siliceous concretions. That this
species was especially abundant can hardly
be doubted. Another example from the
same region is seen in the Ceratocystis per-
neri Zone of the Skryje Shale, Middle Cam-
brian, which contains heaps of specimens
piled together pell-mell. Like many other
echinoderms, some stylophoran species must
have led a gregarious existence.

It is difficult to determine in what type
of sea and under what special conditions a
majority of stylophoran species lived, for
critical paleoecologic investigations have not
been made of any of the deposits that con-
tain these fossils. The few published dis-
cussions on this subject relate only to
Cothurnocystis  elizae (13), Paranacystis
petrii (26), Victoriacystis wilkinsi (43),
Dalejocystis casteri (71), and the genus
Enoploura (25). No worthwhile synthesis
can be offered.

PHYLOGENY

ORIGIN AND RELATIONSHIP
OF STYLOPHORA

From the outset of their appearance in
Middle Cambrian time the Stylophora dis-
play all attributes of their class. Conse-
quently, their source is unknown.

Like other “carpoids,” they have long
been interpreted and by many still are con-
sidered to be modified Pelmatozoa (Crino-
zoa) which abandoned a fixed mode of life
and erect position to assume a partially
eleutherozoic habit and a horizontally re-
clining attitude. No evidence supports this
hypothesis, however. On the contrary, the

Stylophora display an ensemble of features
that oppose them to pelmatozoans. These
are: 1) the fundamental asymmetry of their
organization and entire absence of radial
symmetry; 2) the lack of a peduncle or
homologous organ or any means of fixa-
tion at all; 3) the presence of a single
ambulacrum and hence the probable ab-
sence of a hydrocoelian ring and the five
primary tentacles which form origins of
the rays in other echinoderms; 4) the struc-
ture of their aulacophore, which resembles
neither a crinoid arm nor a cystoid brach-
iole; 5) localization of the mouth at the
front of the body and the anus at the rear.
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All these characters contribute to definition
of an organization peculiar to itself, sug-
gesting an independent origin and evolu-
tionary trends unlike those seen in crinoids,
cystoids, and sessile echinoderms generally.
Moreover, the Crinozoa and pelmatozoic
Echinozoa already were represented when
the Stylophora first appeared in the Mid-
dle Cambrian and no convergence toward
a common source is definable among these
archaic forms.

Likewise, the stylophorans cannot be
placed close to radiate free echinoderms,
despite the seeming fact that they never
were attached, at least as adults. Indeed,
their asymmetrical construction and lack
of any mark of radial symmetry, accom-
panied by their single ambulacrum and
morphologic peculiarities of their aula-
cophore, definitely remove them from echi-
noderm types such as the Asterozoa and
Echinozoa.

What origin is suitable for assignment to
this group? In various discussions BATHER
(14,15,20,21) has outlined an hypothesis
according to which the Stylophora could
have been derived from a dipleurula at-
tached by its ventral surface rather than by
the preoral lobe, in this way acquiring the
shape of a Y with the lower part of the
letter represented by a stem and the upper
part by the body with its mouth at the ex-
tremity of one branch of the Y and its anus
at the extremity of the other branch. The
different types of “carpoids” would have
been produced from the Y-shaped form
by divergent evolution. CHauveL (30) ac-
cepted the Y plan as fundamental but in-
stead of deriving it from the primitive di-
pleurula, postulated that it came from a
modified one which already had arrived
at the generalized sort of pelmatozoic stage
approximately represented by the cystoid
Aristocystites. His concept has a twofold
advantage over BaTHER’s hypothesis in con-
necting the Stylophora with an ancestor
that would be common to all echinoderms
and in explaining the asymmetry of stylo-
phorans. It is mistaken, however, in ac-
cepting the aulacophore as a stem, which
otherwise is unknown in these organisms,
and in deriving the Stylophora from an an-
cestor that already is too far advanced on the
path leading to the Crinozoa.

Is it advisable, consequently, to choose
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BatHer’s (21) opposed view in affirming
that the Stylophora, like other “carpoids,”
“have never traversed the evolutionary roads
followed by the other classes and [that
they] do not possess the most familiar char-
acters of the Phylum”? In my opinion,
this would be going too far. We have seen
that the general organization of stylo-
phorans can be explained in some measure
by comparison with the ontogenetic stages
which precede the appearance of radial
symmetry. Phylogenetically, this indicates
that the group must have separated from
the remainder of the phylum before radial
symmetry was acquired but after asymmetry
had become a main echinodermal charac-
teristic. In other words, if they cannot be
connected directly with some ancestral
dipleurula—any more than can the radial
classes—nothing prevents considering them,
along with the Homostelea and Homoio-
stelea, as records of preradial divergences
of the echinoderm stock the origin of which
doubtless occurred long before the dawn
of Cambrian time. In this perspective, the
Stylophora and other “carpoids” merit rec-
ognition with the Helicoplacoidea as the
most primitive echinoderms.

Despite their fundamental archaic na-
ture, the Stylophora exhibit such morpho-
logic and functional specializations that they
cannot be considered as possible ancestors
of other echinoderms. They became extinct
without leaving known descendants.

The hypothesis sometimes has been ad-
vanced that the chordates might have been
derived from echinoderms similar to the
Stylophora. According to GisLén (45), the
asymmetry of the theca of Cothurnocystis
and its unique row of cothurnopores may
recall a development stage of Amphioxus,
and the mitrocystids in some respects may
resemble the tunicate appendicularians.
Grecory (48) has called attention to the
astonishing, though possibly superficial,
similarity of the theca of Mitrocystella or
that of Placocystites to the cephalothorax of
the cyclostome fish Drepanaspis. Caster
(25) and Caster & Eaton (28) have em-
phasized the analogy which in their eyes
exists between the ornament and micro-
structure of certain stylophoran plates and
plates in the exoskeleton of ostracoderms.
Such resemblances, however, may be purely
accidental and surely do not prove that the
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Stylophora had an organization close to that
of ancestors of the chordates. At any rate,
we know that during the time of their
existence vertebrates of already highly
organized type lived. If echinoderms are
related to chordates, the connection between
them must date back so remotely that the
fossil record can hardly preserve a trace
of it.

In common with the other “carpoids,”
stylophorans display a depressed body form,
presence of a single ambulacrum (bifur-
cated in the Homostelea), and asymmetry
without trace of radial symmetry. As pre-
viously suggested, all may belong to an ex-
tremely ancient preradial echinoderm radia-
tion, and if this is true, the Stylophora rep-
resent an independent branch without
known relations to other branches of the
radiation. Supposition that Microcystites
was derived from a form not distant from
Trochocystites (13,20) or that the Mitrata
and Cincta constitute a morphological series
characterized by reduction of ambulacral
grooves (45,55) is without foundation.
Every comparison between the Stylophora
and Homostelea (Cincta) brings essential
differences to light. The former are dis-
tinguished from the latter by: 1) absence
of a stele and in general any peduncular
prolongation of the body; 2) presence of
the highly organized brachial process termed
aulacophore; 3) position of the mouth and
anus at opposite poles of the theca; and 4)
presence of accessory orifices and such in-
ternal structures as the septum, infundi-
bulum, scutulae, and marginal grooves,
without known equivalent in Trochocystites
and its allies.

In equal degree the Stylophora differ
from the Homoiostelea, and to some extent
in the same ways as from the Homostelea,
as shown by: 1) absence of a stele; 2) spe-
cialized structure of their aulacophore; 3)
constant presence of a framework of mar-
ginal plates around the theca; 4) much
more pronounced differentiation of the two
thecal faces; and 5) presence of internal
structures and accessory orifices peculiar
to themselves.

These are profound differences and sug-
gest dissimilar general organization. For a
given feature, homology cannot be demon-
strated. No proof can be found, for ex-
ample, that the marginal plates of the Stylo-
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phora are homologous with those of the
Homostelea, since they may have been ac-
quired independently, and likewise the
marginals observed in some representatives
of other echinoderm classes. In any event
they do not correspond exactly either in
number, or position, or in relation to the
orifices or to other parts of the theca. Fur-
ther, no form having characters morpho-
logically intermediate between Stylophora,
on one hand, and Homostelea and Homoio-
stelea, on the other is known. For these
reasons I concur with Cuénor (32), Gek-
KER (41), and others in judgment that the
“carpoids” comprise a heterogenecous as-
semblage which needs to be separated into
three distinct classes.

EVOLUTION WITHIN
STYLOPHORA

The Stylophora include two orders, which
are named Cornuta and Mitrata. If these
orders at first glance seem to be very dif-
ferent, actually they exhibit many strong
resemblances, quite in contrast to that
shown by comparison of the stylophorans
with other “carpoids.” Obviously, their
fundamental organization is the same, since
their body comprises the same parts, dis-
posed in the same way and it has such
similarity of plan or identity of connections
that homologies cannot be doubted. Partic-
ular attention may be directed to the fol-
lowing points: 1) the body is composed in
one as in the other of a theca and an aula-
cophore; 2) it bears no stem or peduncular
prolongation; 3) the principal orifices have
the same emplacement; 4) the theca and
aulacophore possess the same structural ele-
ments; 5) attachment of the aulacophore
to the theca is effected in the same way;
and 6) many internal structures (e.g., mus-
cular apophyses, scutulae, infundibulum)
are seen in representatives of both orders.
This structural unity seems incontestable
and supports the conclusion that the Cor-
nuta and Mitrata are orders derived from
a common source.

When they first appear in the strati-
graphic records, however, both the Cornuta
and Mitrata are seen to be already highly
specialized. Their oldest known representa-
tives—Ceratocystis, from the Middle Cam-
brian of Bohemia, of the Cornuta, and
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Chinianocarpos and Peltocystis, from the
Lower Ordovician of Hérault, France, of
the Mitrata—are so greatly advanced along
lines peculiar to each that it is impossible
to ascertain any interrelationships or to
determine which of the two groups is the
more primitive. Possibly the weak differ-
entiation of the marginals from central
plates in Ceratocystis, in combination with
some other characters, may be identified as
archaic traits, but this genus is established
as an authentic cornute by the form and
composition of its theca, the nature of its
orifices, and the structure of its aulacophore.
Ceratocystis cannot possibly be an ancestor
of the Mitrata. On the basis of well-estab-
lished observations, the Cornuta and Mitrata
are recognized as groups having equal phy-
logenetic values, closely related to one an-
other without doubt but with unknown in-
terrelationships. Their common source must
antedate considerably the time represented
by the oldest fossils.

The fossil record is much too incomplete
to allow steps in the evolution of either
order to be followed, though some general
trends are discernible by examining the
stratigraphic succession of genera. The evo-
lution indicated is difficult to prove, since
neither genera nor species are connected by
trustworthy lines of descent. However,
comparison of Ceratocystis with Nevadae-
cysus and other cornute genera suggests
that the following changes occurred during
history of the group: 1) differentiation of
marginal plates in relation to the centrals;
2) appearance of a zygal as reinforcement
of the thecal frame and development of
various appendages (spinal, glossal, digital)
joined to it; 3) fragmentation of the thecal
faces into a multitude of platelets, thus
providing suppleness to the originally rigid
pavements; 4) restriction of the adoral plates
to the upper thecal face and gradual inte-
gration of them into the marginal frame-
work; 5) regression of the median adoral to
its ultimate disappearance; 6) migration of
the right adoral orifice from a location on
the inferior face to the right anterior edge
of the theca; 7) substitution of sutural pores
by generally more complex types of open-
ings which retain narrowly localized place-
ment in the upper right anterior area; 8)
strengthening of internal structures of the
theca, especially the aulacophore apophyses;
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9) replacement of imbricated scales, which
in Ceratocystis enclose the cavity of the
aulacophoral proximal region, by a number
of quadripartite rings articulating on one
another; and 10) enlargement and thicken-
ing of the ridges along borders of the me-
dian groove of the aulacophore, with asso-
ciated differentiation of transverse chan-
nels and lateral depressions. These altera-
tions, already in progress at the end of
Cambrian time (e.g., Nevadaecystis), were
mostly completed in the Early Ordovician.
During this epoch two assemblages became
clearly differentiated—the Cothurnocysti-
dae, characterized by the presence of co-
thurnopores or simple sutural pores, and
the Scotiaecystidae, distinguished by the
occurrence of lamellipores. They followed
parallel lines of evolution until their ap-
parent extinction in the Late Ordovician,
for no post-Ordovician cornutes are known.

The Mitrata are represented in the Lower
Ordovician by the suborders Mitrocystitida
and Lagynocystida. In addition to these,
the Middle Ordovician contains representa-
tives of the Anomalocystitida. The Mitro-
cystitida appear to be the least specialized
of the three groups, for they display char-
acters (e.g., arrangement of infracentrals)
found to be more or less modified in the
other suborders. This does not prove that
mitrocystids are the source of other mitrates
classed as lagynocystids or anomalocystids
or both of them, for all three groups could
have been derived from a common trunk
or separately descended from different an-
cestors. Questions of their origin are answer-
able neither by chronologic nor compara-
tive morphologic evidence.

The Mitrocystitida and Anomalocystitida
appear to be homogeneous assemblages, for
their most typical representatives, at least,
differ from one another respectively only in
unimportant ways. The anomalocystids dif-
fer from the mitrocystids in having a pair
of posterior movable spines and in being
much more symmetrically organized with
respect to the main axis of the body. As
previously emphasized, this bilateral sym-
metry is superposed on a fundamental asym-
metry. It is incomplete and probably de-
notes a secondary adaptation.

The Lagynocystida, by way of contrast,
appear to be more diversified, with con-
stituents modified by several different evolu-
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tionary trends. Among these are: 1) ap-
pearance of a unique calcareous process at
the posterior extremity of the body; 2) re-
tention of thecal asymmetry, or rather an
increase of it; 3) reduction in the number
of thecal plates; and 4) increase of the ad-
oral plates to the point of hypertrophy. The
first three of the cited trends affect all
known genera, but in varying degree, and
thus indicate the homogeneity of the sub-
order. The fourth trend is seen only in
Anatiferocystis and Balanocystites, showing
that the assemblage as a whole contains
some diversification. On this basis two
lineages which make appearance in the
Middle Ordovician can be distinguished—
the Lagynocystidae, containing Lagynocystis
as its single genus, and the Kirkocystidae,
containing  Anatiferocystis and  Balano-
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cystites (=Kirkocystis). These two fam-
ilies are possibly related to the Peltocystidae,
which are less specialized and are already
present in the Lower Ordovician.,

Finally, a resemblance that seems to re-
late Paranacystis to the Lagynocystida may
be noted, though it may be the product of
convergent evolution. According to CASTER
(26), Paranacysts, as well as the Lagyno-
cystida, would have been derived inde-
pendently from Cambrian or Ordovician
Mitrocystitida, considered to be the prin-
cipal source of the Mitrata. This is agreed
to at least provisionally by assigning this
genus to the Mitrocystitida because, like
representatives of this suborder and unlike
the Lagynocystida, Paranacystis lacks a
posterior exothecal process.

STRATIGRAPHIC AND GEOGRAPHIC DISTRIBUTION

The oldest known stylophoran is the
cornute Ceratocystis perneri JAEKEL (54)
from the Skryje Shale, Middle Cambrian,
of Bohemia (Baruer, 1913). To find the
next representatives of the Cornuta one
must go to the uppermost Cambrian of the
New World, for Trempealeauan rocks of
Nevada contain Cothurnocystis americana
Usacus (=Nevadaecystis) and Phyllocystis
sp. (89).

The Lower Ordovician (upper Tremadoc
and lower Arenig) of southern France
(Hérault) has yielded a highly varied stylo-
phoran fauna (85) characterized by: 1)
great development of Cothurnocystidae,
possibly representing the peak of this fam-
ily, containing numerous species of Cothur-
nocystis—mostly undescribed—and Phylio-
cystis; 2) first appearance of the Scotiaecysti-
dae, represented by an undescribed species;
and 3) first appearance of the Mitrata, repre-
sented by two of its three suborders—the
Mitrocystitida, with Chinianocarpos, and
the Lagynocystida, with Peltocystis. Fossils
identical or closely related to constituents
of this fauna have been discovered in the
Lower Ordovician of Morocco (42) (Cuau-
vEL, personal communication).

In the Middle Ordovician the Cornuta
appear to become more rare, whereas the
Mitrata are multiplied in number. The
84rka Shale (Llanvirnian) of Bohemia has

yielded many species of Mitrocystites, two
species of Mitrocystella, and one each of
Anatiferocystis, Balanocystites, Lagynocystis,
and Spermacystis (new name for Anomo-
cystis JaEker, 1918, non Harcker, 1896)
(2,30,54,55). Llandeilian strata of Brit-
tany, in France, contain a comparable fauna
but less rich (30). From the Middle Ordo-
vician of the United States, Anazuferocystis
papillata BassLer has been recorded in
Oklahoma and Enoploura punctata Bass-
LER in Tennessee. In Canada Ateleocystites
huxleyi BiLLings is the oldest known repre-
sentative of the Anomalocystitidae. As for
the Cornuta, only Bokemiaecystis, of the
Scotiaecystidae and two undescribed genera
are found in the 34rka Shale and Sv. Dobro-
tivd Shale of Bohemia.

Only a small number of Stylophora are
known from the Upper Ordovician. From
Bohemia, Barranpe (2) has described an
anomalocystid of uncertain generic affini-
ties, named by him Anomalocystites bohemi-
cus (25,30). In Brittany Mitrocystites 1i-
adanensis CuauviL (30) has been recorded.
The celebrated Starfish Bed (Ashgillian)
of Lady Burn, in the Girvan region of
Scotland, is the source of two species de-
scribed by Baruer (13), named by him
Cothurnocystis elizae and C. curvata, the
latter now designated as the type species of
Scotiaecystis. These are the last known
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representatives of the Cornuta. From Ash-
gillian beds in Yorkshire, England, Marr
(1913) has called attention to the occur-
rence of an undescribed mitrate by him
attributed to Ateleocystites. Finally, Cin-
cinnatian strata in Ohio and Indiana have
yielded five species of Enoploura (25).

From the Silurian onward, only genera
of the Anomalocystitidae, Allanicytidiidae,
and Paranacystidae are found, with the pos-
sible exception of a doubtful form referred
to the Mitrocystitidae. From Australia, in
beds identified as Lower Silurian, GiLL &
CasTER (43) have reported Victoriacystis sp.
aff. V. wilkinsi and from Upper Silurian
rocks of the same region they have described
V. wilkinsi. The Upper Silurian (Wenlock)
of England has furnished Placocystites
forbesianus bE Koninek (1869) (95). These
species belong to the Anomalocystitidae.

In the Lower Devonian, the Anomalo-
cystitidae are represented by: 1) Rhenocystis
latipedunculata Denm (33,34) in Germany;
2) Anomalocystites disparilis HaLL (1859)
(25,56,78) in Maryland (=Basslerocystis);
3) Anomalocystites cornutus HaLL (1859)
(25,78) in New York; 4) “Placocystites”
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africanus Reep (72) in South Africa; and
5) Victoriacystis sp. aff. V. wilkinsi GILL &
CasTER (43) in Victoria, Australia. The
Australocystidae  contain  Australocystis
langei Caster (27) from Parand, Brazil,
and Placocystella capensis Rennie (1936,
77) from South Africa, both from the Lower
Devonian. Allanicytidiidae are represented
by one genus Allanicytidium (herein de-
scribed) from the Lower Devonian of New
Zealand. The Paranacystidae contain the
single form named Paranacystis petrii Cas-
TER (26) from the Lower Devonian of
Parana, in Brazil. The stylophoran species
doubtfully assigned to the Mitrocystitidae
is Mitrocystites? styloideus DEnum (34) from
the Bundenbach Shale (Hunsriickian) in
Germany.

The geologically latest known member
of the Stylophora is the Middle Devonian
Dalejocystis  casteri Prokor (71) from
Bohemia. Possibly it belongs to the Lagyno-
cystida but here is classified as suborder and
family uncertain.

Although the taxonomic diversity of the
stylophorans seems to be modest, their
geographic range is surprisingly extensive.

SYSTEMATIC DESCRIPTIONS

Class STYLOPHORA
Gill & Caster, 1960

transl. Caster & UsacHs, herein, ex superorder
Stylophora GiLL & CASTER, 1960]

Homalozoa in which the body comprises
theca and brachial appendage (aulacophore)
but no stele, stem, or peduncle; theca de-
pressed, thickening forward, with very dis-
tinct upper and lower faces framed by mar-
ginals; mouth intrathecal, at or near proxi-
mal end of aulacophore; anus at opposite
thecal extremity; aulacophore comprising
three parts—a wide hollow proximal region,
covered by imbricating scalelike platelets or
more generally by tetramerous rings, a me-
dian region consisting of a conical reducing
piece (stylocone), and a distal region com-
posed of a single series of ossicles; stylocone
and ossicles of the distal region carrying a
median groove, typically flanked by lateral
depressions, groove and depressions being
both protected by movable cover plates. M.
Cam.-M.Dev.

[nom.

Order CORNUTA Jaekel, 1901

[rom. transl. JAEkEL, 1918 (ex suborder Cornuta JAEKEL,
1901))

Stylophora with asymmetrical outlines;
oro-anal axis ordinarily making quite dis-
tinct angle with main axis; exothecal proc-
esses or some protruding marginals gen-
erally present; marginals typically thick
and narrow, ordinarily well differentiated
from centrals, some of them commonly
carrying knobs or spines on lower side;
adoralia generally forming part of frame
and not markedly participating to covering
of both faces; right adoral notched by open-
ing situated on lower face or more typically
on anterior margin of theca; pores of various
types ordinarily present in upper right an-
terior area; stylocone with rounded aboral
face, without any knob or spine; median
furrow of aulacophore raised on median
ridge that is flanked by lateral depressions;
transverse channels generally connecting
median furrow with lateral depressions;
cover plates imbricate. M.Cam.-U.Ord.
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Ceratocystis
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right adoral  “>{
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5.
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spinal

Fic. 345. Ceratocystidae (p. $548).

Family CERATOCYSTIDAE Jaekel, 1901

Theca with outlines not unlike those of
pointed shoe; anterolateral corners protrud-
ing and thickened; right lateral margin
divided by median triangular spinal pro-
jection; posterolateral marginals horn-
shaped; frame slightly differentiated from
central covering; knobs on lower face of
M,, M’y and M’s, M; with downward-
produced external edge; centrals few and
not markedly smaller than marginals; upper
thecal face characterized by triradiate ridge
and short transverse ridge connected with
spinal projection; adoralia 3, left and right,
forming anterior thecal margin on both
sides of aulacophore insertion and extend-
ing on both lower and upper thecal faces
into narrow rim; median adoral located on
upper thecal face only, its anterior edge
with triangular median notch; slitlike
opening emarginating lower margin of
right adoral; anus unknown, probably lo-
cated between two posterior horns; pores
along sutures joining median adoral with
right adoral, and right adoral and marginals

M, and M; with contiguous supracentrals;
single similar pore on anterior left thecal
margin between M’y and left adoral, and
on lower face between left adoral and M’y;
proximal region of aulacophore covered by
imbricating scalelike platelets; median aula-
cophore furrow limited by narrow ridge;
transverse channels indistinct and lateral
depressions slightly marked. M.Cam.
Ceratocystis JaExer, 1901 [*C. perneri; OD].
Characters of family. M.Cam., Boh. Fic. 345,
1,2. *C. perneri, Skryje Sh.; I, upper face, X1.8;
2, lower face, X 1.8 (Ubaghs, n).

Family COTHURNOCYSTIDAE Bather,
1913

Theca very depressed, boot-shaped or
heart-shaped in outline, framed by narrow
elongate marginals between which stretch
either a pavement of large plates or, more
generally, finely plated integuments; lower
face typically divided into two unequal parts
by a zygal; adorals 2 or 3, resting on M,
and M’;, confined to upper thecal side;
lower anterior edge of right adoral notched
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S$549

Cothurnocystis

Phyllocystis

Fic. 346. Cothurnocystidae (p. $549-5550).

by distinct opening; anus terminal at pos-
terior upper end of theca; cothurnopores ar-
ranged in row or simple pores scattered be-
tween supracentrals in upper right anterior
area; proximal region of aulacophore pro-
tected by rings, each composed of four un-
equal plates, two smallest covering mid-part
of superior face; median furrow limited by
relatively wide rims; transverse channels
and lateral depressions well marked. U.
Cam.-U.Ord.

Cothurnocystis BatHer, 1913 [*C. elizae; OD].
Theca very asymmetrical, transversely elongate,
having boot-shaped outlines; left posterior area
forming long narrow protrusion; spinal, glossal,
digital, and generally marginal knobs or spines
well developed; infracentralia flattened and tes-

sellate; supracentralia generally rounded and
slightly swollen; upper integument stretching over
2 most posterior marginals which close frame on
its lower side only; cothurnopores arranged in row
running from left adoral to spinal corner. L.Ord.-
U.0rd., Scot., Fr. Fic. 346,1. *C. elizae, U.
Ord., Ashgill Ser., Girvan, Scot.; la, upper face,
X 1.2; 15, lower face, X 1.2 (Ubaghs, n).
Nevadaecystis UBaGHs, new genus herein [*Cozhur-
nocystis americana Usacus, 1963]. Similar to
Cothurnocystis but having lower face covered by
few large plates and upper face by numerous
stellate ossicles with uncalcified areas between
their joining rays; no zygal; marginal spine promi-
nent; ridge, probably triradiate, on upper side as
in Ceratocystis. U.Cam., USA(Nev.). Fi¢. 347,
1. *N. americana (Usachs), Trempealeau; upper
face, X3 (89).




8550

Nevadaecystis

Fic. 347. Cothurnocystidae (p. $549).

Phyllocystis TaoraL, 1935 [*P. blayaci; OD]. Dif-
fers from Cothurnocystis in having heart-shaped
outlines, marginals completely framing theca on
both faces, supracentrals as well as infracentrals
tessellate, and no exothecal process; simple or
denticulate knobs but no spines on lower side of
marginals; adorals 3, median one with anterior
median notch (as in Ceratocystis); row of
cothurnopores or numerous scattered openings in
upper right anterior area according to species.
U. Cam.-L. Ord., USA (Nev.)-Eu.(France)-N. Afr,
(Morocco). Fic. 346,2. *P. blayaci, L.Ord.,
France; 2a, upper face, X3; 25, lower face, X3
(Ubaghs, n).

Family SCOTIAECYSTIDAE
Caster & Ubaghs, new family

Theca very depressed and asymmetrical,
with complicated outlines; frame well dis-
tinct from central covering, completely sur-
rounding theca on both sides; marginals
narrow and elongate; lower and upper inte-
gument finely plated; lamellipores numer-
ous, occupying curved tract between right
adoral to near right posterior corner; aula-
cophore similar to that in Cothurnocystidae.

Echinodermata—Homalozoans—Stylophora

[An undescribed species is known from
the Lower Ordovician of France.] L.Ord.-
U.Ord.

Scotiaecystis CasTER & UsacHs, new genus, herein
[*Cothurnocystis curvata Barmer, 1913; OD].
Theca junk-shaped, transversely elongate; left pos-
terior area not markedly protruding and end-
ing in truncated angle that carries single long
posterior spine; spinal short and thick; promi-
nent knobs on lower side of some anterior and
lateral marginals; zygal sloping in direction of
left posterior corner; infracentrals flattened and
tessellate; supracentrals with low convex-topped
spines; anus not terminal, but near left posterior
margin; lamellae between lamellipores not pro-
longed into thecal cavity; lower face of ossicles
of distal aulacophore region angulate. U.Ord.,
Scot. Fic. 348,1-4. *S. curvata (BATHER),
Ashgill Ser., Girvan; Ia,b, upper and lower faces,
% 3.3; 2, supracentrals, X9; 3, infracentrals, X9;
4, anal area, X 10 (all Ubaghs, n).
Bohemiaecystis CASTER, new genus, herein [*B.
bouceki CasTER, new species, herein; OD]. Theca
sabot-shaped, moderately wide; left posterior end
rounded, ?Pwithout posterior spine; fno spinal;
simple low knobs on some anterior and lateral
marginals; zygal slightly oblique to main axis;
supracentrals as well as infracentrals flattened and
tessellate; lamellae between lamellipores protrud-
ing into thecal cavity. M.Ord., Boh. Fic. 349,
1,2. *B. bouceki, M.Ord., Sv. Dobrotivd and Sirka
Shales, Boh.; 1,2, upper and lower faces, X1.5
(Caster, n).

Order MITRATA Jaekel, 1918

Stylophora with asymmetrical to bilateral-
ly symmetrical outlines; oro-anal axis ap-
proximating or coinciding with main axis;
lower thecal face plane or slightly concave; -
upper thecal face invariably convex; both
thecal faces covered by relatively large
plates; marginals generally not very distinct
from centrals, never carrying knobs or pro-
tuberances on their lower side; no zygal,
but generally an intrathecal septum in
corresponding position on floor of thecal
cavity; adorals covering more or less large
area on upper surface; right adoral pierced
(in Mitrocystites only) by slitlike opening;
one or two pairs of pores present in some
genera on lower or anterior thecal face;
stylocone with aboral knob or spine; median
furrow in deep groove, with lateral de-
pressions slightly marked, if at all; cover
plates not imbricating in extended position
of aulacophore. L.Ord.-M.Dev.



Scotiaecystis

Fic. 348, Scotiaecystidae (p. $550).

Suborder MITROCYSTITIDA
Caster, 1952

|wam. correct, Usagus, herein {pro Mitrocwstidn Casrer,
19321 ]

Theeal outlines slightly to  moderately
asymmetrical; no exothecal posterior proc-
ess; adorals two. L.Ord -L.Dev.

Family MITROCYSTITIDAE Ubaghs,

fuomuly-proup nome
Code o1le)|

=Mitrocysricae Ta

sl on masn, ean,,

Posterior margin evenly arcuate or slight-
ly notched; infracentrals numerous, either
small and nearly equal in size, or few and

very unequal; adorals moderately developed;
supracentrals rather small and more or less
numerous; proximal region of aulacophore
covered by imbricating quadripartite rings;
aboral face of stylocone and [ollowing distal
ossicles each with strong median curved
spine. L.Ord -U.Ord.

Mitrocystites Barnawpe, 1887 [*M. mirg; O
[=Mirocystis Bavmer, 1889], Thecal outlines
subtrapezoidal or subrectangular, somewhat asym-
metrical, slightly notched at both ends; marginals
12 or more, generally 13 (5 or 6 on left side,
7 oon right side), relatively thick and folded up-
ward at an acute angle; M distinetly larger than
My lower outer cdge of My and M, dentculate;
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Bohemiaecystis

Fic. 349. Scotiaecystidae (p. $550).

infracentrals 4 to 6, largest one subcentral and
separated from M; by median-sized plate; adorals
bearing transverse fold, right one pierced by
slitlike opening; supracentrals not imbricate or
only slightly so, if at all; periproct semicircular,
on upper side, covered by granular integument
surrounding perianal row of elongate toothlike
platelets; paripores on M; and M’; lateripores
near outer extremity of sutures Mi M; and M’;,
M's. M.Ord.-U.Ord., Boh.-Fr. [A very doubtful
species has been recorded by Denm (1934) in the
Lower Devonian (Hunsriick Sh.) of Germany].
Fic. 350,1. *M. mitra M.Ord. (84rka Shale),
Boh.; la-c, lower, upper, lat. faces; Id, cross
section of theca, X2 (Ubaghs, n).
Chinianocarpos Usacus, 1961 (*C. thorali; OD].
Thecal outlines asymmetrical; posterior margin
evenly arcuate, anterior margin hardly notched
on lower side, moderately so on upper side; no
anterolateral lobes; marginals 9 (4 on left side,
5 on right side), relatively thick, folded upward
at acute angle, all of them more extended on
lower than on upper side, except M’y and M;
which cover whole upper posterior area; lower
external border of M., Ms and M’s denticulate; M’;
larger than M;; M, separating Mi, M, and M,
from 1nfracentrals, which are numerous, small,
polygonal, subequal, and tessellate, occupying
median elliptical area; one large subanal between
infracentral area and marginals M;, M;, and M’;;
adorals without transverse fold and opening;
supracentrals moderately numerous, tessellate;
paripores on Ms and M’s; periproct unknown,
L.Ord., Fr. Fic. 351,1-4. *C. thorali; 1,24,
upper, lower, and lat, faces; 3, cross section of
theca, X4 (Ubaghs, n).

Mitrocystella Jaexker, 1901 [*Anomalocystites in-
cipiens BARRaNDE, 1887; OD]. Similar to Mitro-
cystites, but theca relatively more elongate and
more asymmetrical, rounded or barely notched

at posterior end, and with rather deep median
embayment between 2 distinct lobes at anterior
end; marginals 13 (6 on left side, 7 on right
side), relatively thin, folded upward almost at
right angle; M: and M’; about equal in size; infra-
centrals 2, one of them very large, always in
contact with M’;, and generally also with Mjy;
adorals without transverse fold and opening,
transversely striated in some species; supracentrals
apparently imbricate; paripores and lateripores
unknown. M.Ord., Boh.-Fr. Fic. 350,2. M.
barrandei Jaexer, 1901, Sdrka Sh., Boh.; 2a-c,
lower, upper and lat. faces; 2d, cross section of
theca, X2 (Ubaghs, n).

Family PARANACYSTIDAE Caster, 1954

Posterior margin acute and prominent;
infracentrals few, about equal in size, elon-
gate and roughly hexagonal; adorals very
large, covering half or more of upper sur-
face; infracentrals few and rather large.

L.Dev.

For this monotypic family alone, CasTer
(1954) proposed the new suborder Parana-
cystida. It does not seem that our present
knowledge is sufficient to justify recognition
of a higher category than family for this
rather admittedly aberrant assemblage of
Mitrata.

Paranacystis CasTer, 1954 [*P. petrii; OD]. Theca
lancet-shaped to ovate, with nearly vertical lateral
surfaces; anterior corners of upper side moderate-
ly inflated, produced subangularly; anterior mar-
gin more excavated for aulacophore insertion on
lower than on upper face; posterior thecal plates
seemingly imbricated and prolonged into beak-
shaped structure; 2 (possibly 3) marginals on each
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lateral surface, taking no part in covering of upper
side; infracentrals 2 (possibly 3); supracentrals 3
or 4, rather large; anteromedian supracentral
quadrangular; aulacophore considerably longer
than theca; stylocone 2-bladed, ossicles of aulaco-
phoral distal region with strong median aboral
spines. L.Dev., S.Am.(Parand, Brazil). Fic.
352,1-3. *P. petrii; 1, paratype, cxternal mold,
upper side, X10; 22,5, holotype, external molds,
upper and lower faces, X5.3; 3, paratype, ex-
ternal mold, lower face, X5 (26).

Suborder LAGYNOCYSTIDA
Caster, 1952

Thecal outlines moderately to very asym-
metrical; a single exothecal posterior proc-
ess. M.Ord.

$553

Family PELTOCYSTIDAE Ubaghs,
new family

Thecal outlines moderately asymmetrical,
irregularly pentagonal, slightly excavated
for aulacophore insertion on both sides;
posterior margin unequally divided by mar-
ginal protuberance bearing elongate sigmoid
spine; marginals eight (three on left side,
five on right side), taking almost no part
in covering of upper face; lower external
edge of M, and M’; denticulate; infra-
centrals two, small, not in contact; subanal
subquadrangular, outside marginal frame;
adorals two, large, extending to mid-length
of theca; supracentrals numerous and small,
seemingly tessellate; proximal region of

Mitrocystites

Fic. 350. Mitrocystitidae (p. $551-8552).
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aulacophore covered by imbricating tetram-

erous ring; stylocone and following distal

ossicles with strong curved aboral spines.

L.Ord.

Peltocystis THorRAL, 1935 [*P. cornuta; OD]. Char-
acters of family. L.Ord., Fr. Fic, 353,1-4. *P.
cornuta; 1,3, interior and exterior of lower face;
2, upper face; 4, anterior face; X3 (Ubaghs, n).

Family LAGYNOCYSTIDAE Jaekel, 1918

Theca elongate, pyramidal, subquadrate
in cross section, very asymmetrical; posterior
end obliquely truncated, with short hollow
calcareous process attached to left posterior
corner; left lateral surface higher than right

Fic. 351. Mitrocystitidae (p. $552).

Echinodermata—Homalozoans—Stylophora

Fic. 352, Paranacystidae (p. §552-5553).

one; lower left lateral edge sharper than
right one; no infracentrals, whole inferior
face being covered by seven marginals (three
on left side, four on right side) and few
scalelike platelets in lateral connection with
supracentrals; adorals three, moderately
large; supracentrals numerous, imbricating;
posterior hollow conical piece (Panal valve)
terminating upper face; sutural pore’ on
each side of aulacophore insertion; proximal
part of aulacophore protected by spinous
scalelike imbricated platelets; stylocone
clongate, very shallow, with median aboral
row of four or five spines; distal region of
aulacophore composed of elongate ossicles,
cach with short. distal triangular aboral
projection. M.Ord.
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Lagynocystis JAEKEL, 1918 [*Anomalocystites pyra-
midalis BARRANDE, 1887; OD]. Characters of fam-
ily. M.Ord., Boh. 354,1-5. *L. pyramidalis
(BarRANDE), Sirka Sh.; 1-4, lower, upper, right
lateral and ant. faces; 5, cross section of theca,
X3 (Ubaghs, n).

Family KIRKOCYSTIDAE Caster, 1952

{mom. transl. UsacHs, herein (ex Kirkocystinae CASTER,
1952)]

Theca plano-convex, asymmetrical, com-
posed of only two adorals, two marginals
(My, M’y) and one subanal, and with cal-
careous posterior process; adorals convex,
elongate, subequal, very large, covering en-
tire upper face and large part of lower face
as well; M; and M’; more or less reduced,
M, smaller than M’;, which touches large

subanal inserted between posterior and ad--

axial lower margins of adorals; proximal
region of aulacophore protected by quadri-

partite rings; stylocone and following distal

ossicles each with aboral spine. M.Ord.

Balanocystites Barranpe, 1887 [*B. lagenula; OD].
M’; relatively large, widening in posterior direc-
tion and broadly in contact with subanal; M;
triangular, extending for some distance along side
of M’:; subanal suparallel to extension plane.
M.Ord., Boh.-?Fr, Fic. 355,1. *B. lagenula,
84rka Sh.; Ia-c, lower, anterior, upper faces of
theca, X3 (Ubaghs, n).

Anatiferocystis CHauveL, 1941 [*4. barrandei;
OD] [=Kirkocystis BassLer, 1950 (type, Eno-
ploura? papillaza BassLer, 1943)]. M’; narrow,
in contact with subanal by short suture; M; sub-
quadrate, not extending along side of M’;; subanal
oblique to extension plane. M.Ord., Boh.-Fr.-USA
(Okla.). Fic. 355,2. *4. barrandei, S4rka Sh.,
Boh.; 2a,b, lower, upper faces, X3 (Ubaghs, n).

Fic. 355,3. A. papillata (BassLERr), Blackriv.,

USA(Okla.); 3a-e, lower, posterior, upper, right

and left lateral faces of theca, X6 (Ubaghs, n).

Suborder ANOMALOCYSTITIDA
Caster, 1952

[nom. correct. UsacHs, herein (pro Anomalocystida CASTER,
1952)] [==suborder Placocystida CastEr, 1952}

Thecal outlines nearly bilaterally sym-
metrical, with two exothecal posterior
spinous processes articulated at base. M.
Ord.-L.Dev.

The genera classified herein under this
suborder were placed by Caster (1952)
under two new monotypic suborders—Ano-
malocystida and Placocystida—under the
erroneous assumption that the Anomalo-
cystitida are provided with segmented

S$555

brachia and the Placocystida with unseg-
mented rodlike processes. In fact, as demon-
strated by Caster (see under Anomalo-
cystites), the Anomalocystitida have no
jointed brachia at the posterior end of the
body. Therefore they do not differ in any
essential way from the placocystid genera.

Family ANOMALOCYSTITIDAE
Bassler, 1938

[—=Anomalocystidae MeEx, 1872 (invalid family-group name
based on mom. wan., Code, Art. 1l,e); fam. Anomocystida
HaeckeL, 1896 (invalid) (partim); subfam. Placocystida
Haecker, 1896 (invalid) (partim); fam. Atelocystida
Haeckir, 1896 (invalid) (partim)}; Placocystidae CasTer,
1952 (invalid); Placocystinae Caster, 1952 (invalid); Eno-
CASTER, 1952; Basslerocystinae CasteEr, 1952;
Placocystitidae GiLL & Caster, 1960]

Theca achieving high degree of bilateral
symmetry in general outlines, as well as in

plourinae

Fic. 353. Peltocystidae (p. $554).
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shape and arrangement of plates, particu-
larly on upper face; marginals 11 (two on
anterior face, three on each lateral face,
and three on posterior face; infracentrals
few, including one large plate usually in
median position accompanied by small
“anomalocystid” plate at its left posterior
corner and possibly by one to four addi-
tional posteriorly placed small plates; supra-
centrals tessellate, forming apparently solid
pavement; thecal orpament typically con-
sisting of transverse wavy lines, M.Ord.-

L.Dev.

Partition of the anomalocystitid genera
into subfamilies, secems inadvisable to me,
at least until better understanding of phy-
letic relationships has been obtained.
Anomalocystites Havrr, 1859 [*4. cormutus; SD
5. A. Mirer, 1889] [=dnomalocystis BATHER,
1889 (nom. wvan.); Anomocystis Haecksr, 1896
{nom. van.)] [Diagnosis furnished by K. E. Cas-

Lagynocystis

Echinodermata—Homalozoans—Stylophora

TeR alter study by him of Harr's types.]. Theca
subovoid in outline, upper face convex and lower
one concave, with lateral rim; lateral faces longi-
tudinally arcuate, posterior and anterior upper
margins transversely arcuate, inferior face deeply
arcuate for reception of aulacophore. Upper thecal
surface composed of 12 laterals, 3 large adorals
(median one touching marginy, 3 large adproc-
teals, and 14 supracentrals arranged in 4 trans-
verse rows (3 in proximal row, 5 in 2nd, 4 in
3rd, 2 in 4th). Lower thecal face composed of 6
marginals, 2 large adaulacophorals deeply exca-
vated proximally, 3 adprocteals, and 2 infracen-
trals. Theca partially ornamented by transverse
wavy lines, at distal lateral extremities bearing 2
articulated spines. Aulacophore broad proximally,
formed of 8 ar 9 telescoping rings which imbri-
cate axially on lower side; styloid with 3 axial
clements, short blades; distal part of aulacephore
long and narrow, apparently biserial. [According
to ScHucHerT (1904), 2 segmented brachia bear-
ing exothecal ambulacra were inserted on the
posterior thecal margin, This conclusion is er-

Fic. 354. Lagynocystidae (p. $§355).



Systematic Descriptions—Mitrata—Anomalocystitida

roneous, for it was based on the distal stele of an
adjacent specimen on the same slab {USNM no.
35078)., Harp's types preserve the bases of
articulated spines in the position of ScHuUcHERT'S
inferred ambulacra.] L.Der., USA(N.Y.). I1c.
356,1: 357,1. *4. cornutus; 356,1a-d, four of
Harp's type specimens (AMNH no. 2288); 356,
Ia (holotype), 15 (previously unfigured para-
type), showing superior face; 356,7e.d, paratypes
showing inferior face (356,1¢, figured by Hawr,

Anatiferocystis

8557

356,id, previously unfigured); all X3 (Caster,
n); 357 1a,b, plate arrangements of superior face
(holotype) and inferior face (paratype, X4.5
(Caster, n).

Ateleocystites Binvrives, 1838 [*A4. Awuxleyi; OD]
[=dAteleocystis Linpstrom, 1888 (nom. van.);
Atelecystis Baruer, 1889 (nom. wan.); Atelo-
cystis Havexrn, 1898 (nom. van.)| [Diagnoesis
furnished by K. E, Caster after study by him of
Biuives' types]. Small anomalocystitid mitrates

Anatiferocystis

Fra. 335. Kirkocystidae (p. 8555).
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Ateleocystites
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with inferior (plastron) surface composed of 14 face poorly known, but with more numerous
plates, of which 3 are somatic and others mar- somatic plates and considerably narrower adaula-
ginal, as in Enoploura; superior (carapace) sur- cophore axial plate than in Enoploura, superior

it
2 W "

Australocystis Placocystella

Fic. 357. Anomalocystitidae (1-3); Australocystidae (4-5) (p. §556-8557, §559-5560).

Fi1c. 356. Anomalocystitidae (p. $556-8557, $559-S560) [On facing page].
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Victoriacystis

Enoploura
Fic. 358. Anomalocystitidae (p. $560-5561).

face extending posteriorly well beyond inferior
margin, this part apparently formed by single
thick posterior marginal plate that served as hood
over large posterior orifice (?anus), interior sur-
face of this hood bearing prominent rounded
longitudinal carinae nodosely expanded distally.
Two distal-lateral articulated “arm” spines known
mainly from thecal articulatory surface. Aulaco-
phore 3-zonmed, proximal region composed of
thin-walled smooth tetrameres which imbricate
deeply, styloid part massive and bearing 2 short
stout blades, distal region apparently dimerous,
inferiorly carinate, and probably long and narrow;
surface of inferior adaulacophore plates with
prominent pseudoimbricating transverse ridges
which grade into seemingly imbricated squamae
adaxially; ornament apparently overlapping away
from aulacophore. M.Ord.(Trenton.), Canada
(Ottawa Valley). Fic. 356,2; 357,2. *4. hux-
leyi; 356,2a,b, inferior face of two syntypes (Geol.
Survey Canada, nos. 1392A,H) showing longi-

Echinodermata—Homalozoans—Stylophora

tudinal ridges on posterior, interior of superior
(carapace) cover, X4 (Caster, n); 357,2, lower
face, X 3.8 (25, mod.).

Basslerocystis CasTer, 1952 [*Anomalocystites dis-
parilis Havrr, 1859; OD]. Theca egg-shaped; lat-
eral faces longitudinally arcuate, more or less
steep; lower face concave, with downward pro-
duced lateral margins; upper face rather strongly
convex; posterior face invaginated for length of
quadrate, transverse opening, which apparently
could be closed by single, hinged, Popercular plate;
anterior side rather deeply emarginated for aula-
cophore insertion; infracentrals 5, comprising large
central plate and 4 small ones in 1éft posterior and
posterior positions; adorals 3; supracentrals nu-
merous. L.Dev., USA(Md.). Fic. 357,3. *B.
disparilis (HaLr), Oriskany; 3a-e, ant., upper,
lower, post.,, and right lat. faces, X1.4 (3ad.e,
Kirk, 1911; 35,c, Caster, 1952).

Enoploura WEeTHERBY, 1879 [*Anomalocystites
(Ateleocystites? ) balanoides MeEexr, 1872; OD].
Theca subrectangular, larger than wide; lateral
faces axially arcuate and nearly vertical, making
almost right angle with upper side; anterior mar-
gin deeply emarginated for aulacophore insertion,
posterior margin slightly arcuate; lower face con-
cave; theca resting on downward-produced edges
of lateral marginals; infracentrals 3, one large
central plate and two small ones in left posterior
and submedian posterior positions; adorals 3, one
large median reaching about mid-length of theca
and two smaller lateral ones; supracentrals 11;
thecal ornament finely granular, coarsely pitted,
labyrinthine, or transversely striated. U.Ord.,
USA (Ohio-Ind.). F1c. 358,1. E. popei CASTER,
Ohio; 1a,b, upper and lower faces, X 1.4 (Caster,
1952).

Placocystites pE KoNINck, 1869 [*P. forbesianus;
OD] [=Placocystis HAECKEL, 1896 (nom. van.)].
Theca flattened subquadrate, somewhat longer
than wide; lateral margins slightly arcuate longi-
tudinally; anterior margin deeply emarginated by
aulacophore insertion; posterior margin almost
straight; lower face slightly concave, upper face
moderately convex, both faces joined at acute
angle; infracentrals 2, one large central plate
and one small one at left posterior corner; adorals
2, moderately developed, almost completely sep-
arated by subpentago