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Preface

My aimin writing this book is to offer acomprehensive synthesis
of the low temperature (sedimentary) realm of evaporite evolu-
tion. It’s now more fifteen years since the last comprehensive
book on evaporite sedimentology was published; an excellent
piece, edited by Judy Melvin (1991). There are also the earlier
efforts of yours truly in 1989 and the volume edited by Charlotte
Schreiber back in 1988. The present volume follows on from
my previous book on evaporites (Warren, 1999). That book at-
tempted to address the diversity of evaporites from deposition
into the igneous and metamorphic realms. To achieve this in
a single volume without destroying large areas of rainforest
meant I had to brush over substantial parts of our wealth of
knowledge in evaporite sedimentology, especially in terms of
modern depositional studies. In this volume I have attempted
to redress this, while also attempting to publish for the first
time a comprehensive discussion of the role of evaporites in
hydrocarbon generation and trapping. The pulling together of
diverse sources of knowledge on exploitable salts, along with
a summary of evaporite karst hazards as well as a summary of
exploitation methods and pitfalls in dealing with evaporites in
conventional and solution mining has not, to my knowledge,
been done before.

Afteranintroduction to evaporite textures and depositional brine
chemistries (Chapters 1 and 2) this book goes on to present
detailed discussions of; Quaternary environments (Chapters
3, 4), ancient salts (Chapter 5), salt tectonics (Chapter 6),
evaporite karst and its indicators (Chapter 7), burial hydrol-
ogy (Chapter 8), life in evaporitic settings and their potential
for sourcing hydrocarbons (Chapter 9), the role of evaporites
and seals as instigators of hydrocarbon reservoirs and traps in
many sedimentary settings (Chapter 10). The last two chapters
deal with the characteristics of exploitable salts (Chapter 11)
and the methods for their exploitation and utilisation as waste
storage receptacles via solution mining (Chapter 12). Chapter
12 also discusses some of the environmental problems that
overzealous exploitation or ignorance has created. Parts of
this book are updated and expanded versions of some of the
chapters in my 1999 book (Chapters 1, 2, 5, 6, 7 and 11), the
other chapters are completely new.

I would like to thank the following individuals and companies
who allow me to work at the things I enjoy most; geological
research and training. First and foremost my thanks to his
Majesty, Sultan Haji Hassanal Bolkiah Mu'izzadin Waddaulah
Sultan Yang Di-Pertuan of Brunei Darussalam for allowing me
to live and work in Brunei. Thanks to the Universiti Brunei
Darussalam, which has generously allowed me the time to
write this book and also through the UBD research facility
funded some of the trips to various libraries to facilitate the
gathering of the reference material so necessary in compiling
a comprehensive text. Thanks to Brunei Shell (BSP) and to
Total Brunei for their foresight in funding the Department of
Petroleum Geoscience at UBD and so allow a centre of excel-
lence to grow in this part of the world. My thanks to my fellow
faculty and staff in Petroleum Geosciences at Universiti Brunei
- Chris, Joe, Angus, Martin, Igbal, Farrah and Lim. Thanks also
to Schlumberger, Earth Sciences at Flinders University, King
Fahd University of Petroleum and Minerals, to lan Cartwright's
Group at Monash University in Melbourne and to the former
National Centre of Petroleum Geology at Adelaide University
for allowing the use of their library facilities in compiling this
book. Thanks to Chess at the DMR in Thailand and to Mahbub
at King Fahd University, Saudi Arabia, and to all the other
groups and individuals who over the years have challenged
and changed my ideas on evaporites.

Most importantly and most completely, my thanks to my wife
Jennifer, who even after more than 30 years of marriage still
manages to live with her at times abstracted other half.

Lastly, I would like to acknowledge NASA. The numerous
Landsat images used throughout this book to illustrate modern
depositional patterns were cut from larger scenes downloaded
from the GeoCover Orthorectified Landsat Thematic Mapper
Mosaics site (https://zulu.ssc.nasa.gov/mrsid/). The data set
was produced by the Earth Satellite Corporation for NASA and
came from satellite imagery acquired by Landsat 5 & 7, circa
1990 & 2000. It is an excellent scientific resource published
on the internet for free use by the world community but now
perhaps superceded by Google Earth.

John K. Warren, November, 2005
Department of Petroleum Geoscience
Universiti Brunei Darussalam
<jkwarren@ozemail.com.au>



To MY WIFE, JENNIFER
AND MY SONS,
MATTHEW AND TRISTAN

Eppur si muove
(And yet, it does move)

Galileo Galilei after recanting Copernican beliefs



Contents

Chapter 1: Interpreting evaporite texture.........uueeeeeeeeeccccccccsscnnnneee 1
Evaporites defined?......... 2
Primary evaporites........... 5

Evaporitic carbonates. 5
Carbonate laminites (Subaqueous SEAIMENT?)......c..couereririreeeeierieieneneereee ettt seesee e eseeneens
Strandzone associations: Microbialites, pisolites and tEPEES .........cocevererererieierienierreneeeeeeeeeeeenne 6

Stromatolites and microbialites
Vadose pisolites, 00ids and other coated Grains...........coeeerererereeieieniereneneereereeeeeereresrenaenee 16
Tepees ............
Carbonates - PreSent ANd PAST .....c.eeverrerterereririeieetetet et sbe ettt ste ettt e te st e stesaesbeebe e enee st tennennes

Primary @VAapOIIte SALLS......cceeiiiiiiierieriericrt ettt ettt b e bttt ettt nae e
Gypsum beds .......
Halite beds (Chevrons and CIUSES) .........cccuiiiiieiiiiiiiie et ctee ettt ere e e eareesreeeaee e raeeeareeas
Halite cumulates, rafts and coated grains ...
Pedogenic and wind reWorked SAlLS..........coireririeiiiiiriinineer e
Laminites from settling of pelagic SAlLS........coeeieiiiiriiriinirineeeeeeeesee s

Can growth-aligned evaporite crystals, interlayered with laminites, be deep? ..........cccccceeenencne 35
Salt reefs, are they TEALT......coviiiiiriiie ettt
Secondary (diagenetiC) EVAPOTILES ......cc.eeueeurerierierierierierieeiteitet ettt eb bt ese ettt estesaesbesbesbeebeeseesneneenaennens

Intrasediment salts ...
Sabkha nodules and CIYSTALS ......c..couiririririreeeee ettt

Syndepositional karst in Crusts ..........cccceeeuene
Nearsurface crystal and crust dissolution ...

Coming and going of salt crusts ............
Lenticular MUACIACKS........ccoiiuiiiiiiiiiicc e
Haloturbated and chaotic halite ..............cccoiiiiiiiiii e

Shallow mineralogic re-eqUILTDIAION ........ccuevuiriiriririnirietete ettt
Porosity loss........
Deeper burial - MOSaIC halIte? .......cc.coiriiriririiicietetceee et 45

Limpid dolomite in MOSAIC NALIE ....c..covertierieiieiieieieieerererer ettt 46

Burial of SUIPhate @VAPOTILES .....c..couitiriiriiriiririieiieeet ettt ettt ettt eene 47
Nodular anhydrite and Water LOSS .......cceeerirereririiieicteenteeeetee ettt eeeene 47

Burial Salts: Nodules and StyIOLEES ........coevererireriiiiiiieieteeeseeteee ettt 50
Evaporites as uplift indicators .
Fibrous gypsum and halite (SANSPAT) .......ceveuteiirierienirienirceeetetetestee ettt ettt eens 52
Saline clay authigenesis 54
Textural Synthesis......... 56

9}

Chapter 2: Depositional chemistry and hydrology ....................... 59

Quaternary climatic RYAIOIOZY .....cccoeriiiiiiiiiiiitir ettt 59
Chemical evolution of surface and nearsurface brines ..........ccccoceeeverininininiiiiiencnenn e 67
Marine brines............ 67
Chemical composition and phase ChemMISIIY........ccccouiriiriiririnininir et 67

Brine mixing drives precipitation or diSSOIUtION ........ccccoeriereririririeiiieiereneseee st 74
Nonmarine brines..... 76
Trona- nahcolite chemistry (Path I Brine)........ccccoceeoieviiniinininininiiiiccccceneeeeeeeeee e 78

Are most continental salt lakes hydrologically closed?...... 79
Separating marine from NONIMAIINE ........ccevverueriiriririnireet ettt ettt ettt sbe b sbeebeeseeenenennenaenne 83
Back reactions..... 83

Marine aerosols supply continental IaKes ...........coceeoverieriirinininininieiee et 86



viii

Acid groundwater in continental SAline SYSIEMS.......coveruerueririiririeieietcreneere et 88
Contributions from evaporite bedrock
Indicators of brine parentho0od..........coccveriririiiiieieeee ettt
Bromine profiles - brine genesis or Stability? ........ccccocerereririririeieieeeeeeeee e 92
Sulphur and OXYZEN ISOTOPES .....cuvevirrirrirririiriieitet ettt ettt ettt b e bbbt se et eneesaessenneas 94
Boron Isotopes..... 96
Chlorine isotopes 98
Fluid Inclusions and brine teMPETATUIES ..........ccueruerrerierererereetetetetenresresreeseeseeseesesensessesaesaessenne 100
Seawater evolution. 101
A Phanerozoic dilemma: marine versus nonmarine potash? ..........c.ccoceeevereninieieiienienenenenenenne 101
Precambrian 0Ceanic CHEMISIIY ....cc.couieirieieieierienereneni ettt ettt eb ettt n et i e b ene 105
Hydrology is depositional style ...............
Active phreatic/vadose regime........
Hydrologies in saline basins .
Mudflat aggradation mirrors water table Changes ...........cecceveeieieiiriininineneeeeeeeere e 117
Indicators of fluctuating Water tables............ccuecuerieriririniriiececceeee et 118
Stokes surfaces..........coeceeveiveeicciecnnns ... 119
Stokes surfaces and palaecohydrology........ .. 121
Degrading hydrology and playa capture.... ... 124
Salinity Stratification and LEXIUTES. ......ceeeeeteieiertertertertest ettt ettt be bbbttt a et saeseesneeneenees 126
Brine stability and eVapOTite LEXIUIES ........ccueueriertererererierieeieeiteteteeessesresre bt ese et esesnessestesaesaesseene 129
Brine reflux drives substrate alteration

Can reflux 18ALLY WOTK7.....oouiiiiiiiiiee ettt ettt 136

Chapter 3: Sabkhas, saline mudflats and pans............ccceeeeeeceeeee. 139

Introduction................. 139
What is a Sabkha? ...... 139
Marine COastal SADKNAS ...........coiuiiiiiiiiiic ettt ettt et e e s e te e eaaeesnbeeebae e araesnaeaans 141
Carbonate-hosted coastal sabkhas in the southern Arabian Gulf..............cccooevviieiiiiiiiiiiicceeee, 143
Abu Dhabi facies aSSOCIAtIONS ........cccuieiviieiiiiiiiiecieeeieeeeieeesteeeteeeaeeessaeesseesbeeessseesaseeesesesseessneas 145
Island shoal and bank facies ..... ... 145

Subtidal Facies.......c.ccccoeeeveercveeennnns ... 145
Intertidal facies (strandline sands)............. ... 148

Intertidal Facies (Lagoon-edge muds) ........cccccerireninienininieieicienieneseeeeeeeeee e 149
SUPratidal FACIES .....cc.viiiiiiiiiiiniiecccte ettt 151
Sabkha hydrology and hydrogeochemistry.........cc.cocceverereriiicncncncnnene ... 152
Siliciclastic-hosted coastal sabkhas, western and northern Arabian Gulf .... ....159
Coastal sabkhas of eastern Saudi Arabia .........cc.ccceevevenerenceencncncnenene ....160
Sabkhas of coastal KUWaIL......c..cccoiririiiiiiiicinene ettt 161
Sabkhas of Kadmah Bay........cc.cccviiiiiiiiiiiiiicccccse ettt 161
Al-Khiran Sabkha ... 164
Other €0astal SADKNAS. .......ccueiuiiiiriiiiiie ettt 166
Gulf of Suez...... 167
Beach-dune and fluvial sabkhat on deltas...........ccccoceverininiiiiiiniiiiiecrcene e 168
Western Nile delta coast, Mediterranean EQYPt......c..cocooeviriiiiiiniiniinininininicicrcecneeneneniene 168
Eastern Mediterranean Coast of the Nile Delta and Northern Sinai........ccccocceveeveieniinincnennenne. 170

Shatt el Arab estuarine sabkha, Iraq ........ccccoeviininininininicc e 172
Interpretive limitations of models based on Holocene sabkhas .. ..173
Lacustrine sabkhas and Pans.......c..coccoeviriiiiiiiiiiiiiccncneseeeetetet ettt sa e st 176
Depositional ChATACIETISHICS .....cvertiriiririiriiiitetetetetetest ettt ettt ettt ettt sbe s bbb eas 176
The saline MUAIAL.......cciiiiiiiiii ettt sttt 178
Groundwater transport and fractionation in saline mudflats...........c.ccocevvivniinniinininnnnene. 178
Saline pan.......... 179

Styles of continental SADKNAS ........ccceiririiiiiiiiiiir e 181

CONTENTS



CONTENTS

Alluvial fan—ephemeral saling 1ake...........coceeieiiiiiiiiiiniinneee e 181
Sabkha Yotvata, Israel
Basin and Range playas, USA ......cooiiiiiiiieeeeneneeeeet ettt 182
Salars of SOUth AMETICA ..c..eeuviuiiiiiiriiiiree ettt 187

Ephemeral stream floodplain - dune field—ephemeral saline lake ............cccoceveriniiiincncncncnennen. 201
Lake EYre, AUSITAIA ..c..coeruieiiieiiienienesi ettt sttt 202
Lake Frome, Australia ....... ..208

Lake Callabonna, Australia... ...210
Perennial stream floodplain—perennial saline 1ake..........coccocevereiiiniiniininininieeeecceneneee 210
Eolian sabkhas ............ 211
Sea-margins with elongate eolian SabKhat..........c..cocvirininininiiieeceee e 212
Sheets of eolian sabkhat..........c.ccoccrereenee

Salt pans (marshes) and diapirs

Chapter 4: Subaqueous salts: salinas and perennial lakes......... 221

Introduction................. 221
Sea-margin SUDAQUEOUS SALES ....cc.evuieuiriiiiiiieniinteeteee ettt ettt bbbttt saesae e et 222
Coastal Salinas Of AUSIIALIA..........cccviiiiiiiiiie ettt et e et eereeebeeeaaeesareeebeeesaeessseeesseeensseenns 222
CarbONALE SALINAS .....vviiieiiieiieeiie ettt eeie e et ettt eete e et e e eteeeetaeeebee e aseeesseesssseensseessseessseeasseessseessseeannes 223
Gypsum salinas. 227
Halite salinas..... 230
Coastal salinas of the Middle East...........cccoeciiiiiiiiiiiicie et eaae e 231
Solar Lake, GUIE Of ELAt.........ooiiiiiiiiieeeieee ettt ee et e e e et e e s eenaaeeeseraeeeeeennees 231
Ras Muhammad Pool, SOUthErn SINaAi..........coooviiiiiiiiiieeceeie e e eeaaeeeeeeaes 232
Late Pleistocene salinas on the Egyptian Red Sea Coast..........cccecveeveieniininieneniniiiccicncnenenens 234
South American coastal salinas.............cccceeeevvreeviieeeeeeeneeennen.
Continental subaqueous basins .....
Perennial saline lakes............

Great Salt LaKe, ULAN.........oooiouiiiiiieieie ettt e et e e e eaaee e e e eaaeeeeeesaaeeeeeanneeeeenes
Mono Lake, CalifOornia........c..ccouiiiiiiiiiiiieie ettt ettt ae e et eessaeeeaeeesaneesnseeennes
Lake levels and conditions....

Tufa mound and pinnacles..........ccccceevevcnenienenne
Hydrological and hydrogeochemical evolution...

Saline 1aKes Of TUTKEY ..c.eeueiiiiiriiiitiiieeeec ettt sae e
Lake Van, TUIKEY ....cc.coeririiiiiiiteieeses ettt sttt
Salda Lake, Turkey ...............

Lake Tuz, Turkey (Tuz Golii) ...
Lake Aci, Turkey .......cccocevuenene
Lake Urmia, NW ITaN .....oooiiiiiiiiiceeec et e et e et e e eeaae e e e e eaaeeeseesaeeeeeeaneeeeeenes

Lake Natron and Lake Magadi, East Africa
Brine chemistry ......c..coceveecvevicncncnicncncnnens
Holocene sediments...............

Late Pleistocene sediments...........c.ccccceveeuennnne.
Diagenesis - magadiite and evaporitic chert

Dead Sea, Middle East
GEOlOZICAL SETNG ..ttt sttt ettt sttt ettt n b b eaes
Water 18VEl ChANZES ....c..eouiiuiiiiiiiiiiceeee ettt sttt sae et
Density stratification: Holomixis versus meromixis
Deep Water HAlIte ...c..ooueruiiiieiiiiiiciiiir ettt s
Deep Water JAMINIIES ....eouerueeuieiiiiiieriertieteeeete ettt sttt ettt sttt ettt en b sreeaes
Basin margin sediments

Lake Lisan, Jordan Valley .........cccccoiririniniiiiiiiciceneneetceeett ettt sttt sae s

Lake Asal, Republic of Djibouti ....

Are all modern saline lakes ShalloW? .....c..cocioiiiiiiiiiiiiice s 282



Chapter 5: Ancient basins and stratigraphic evolution............... 287

Linking present to past aridity 288
Varying extent Of anCIent EVAPOTILES .......cc.evuiriririririeieterterte sttt ste ettt ettt sresbe s b eae e s esaestesaesaesaeene 293
Building blocks of ancient Salt DEAS ..........cccecveieiiiriirininini e 296
Evaporites: broad scale MOAEIS........cc.ooiriiiiiiiiiiiniirern e 300
LaCUSIIINE EVAPOTIES ....eveueeutentitintietieteeteetteit et et e st st st st eseest et et et et e bt ebeebe e st eaeesnesnetestesaesaesaeene 301
Eocene Lake GOSUILE, USA .....ooo ittt eete e et e e eeaate e e eeaaeeeeeenaaneeeennnaeeeas 304
Oligo-Miocene lake, Calatayud Basin, SPain .......cc.coccecevveriiieienienenininineceeeceeeeeee e 306
Permian lacustrine redbeds , Kansas ............... ..308
Other Lacustrine Red Bed Associations .... .310
Platform evaporites on epeiric shelves ........... ...310
Evaporitic epeiric ramps..........c.ccocue.. .312
Evaporites atop rimmed epeiric shelves .................... ..318
Marine versus nonmarine stages in €PEeiriC SCAWAYS ...c..ceueeueeureierrerueruerereneeeeeeeentensensesressennes 323
BaSINWIA@ EVAPOTILES .....veuveiiriiriirieriinieeitetet ettt ettt ettt ettt s sbe ettt et et aesae b b saeeas
DEPOSIIONAL STYIES ....euveeiiiiiiriiitirierierieet ettt ettt ettt et sa e e enees
TRCLOMNIC SEYIES. . eutiutieiiieiieiiet ettt ettt b e s bt ettt sae st saesae b ene
Importance of hydrographic iSOIAtION...........ccvivuiriiriiririnirie et
Problems in correlation sans hydrology
Dolomite aprons in a drawdown basin ......

Sequence stratigraphy in evaporite basins?
Does sealevel control salt sequences? ...

Icehouse and ZreenhOUSE GUSTACY .......cceeueeueeuiiiiriiriirienierieettei ettt enees
Marine-margin platform €VAPOTIIES .........cccveierierierirerireneetetetetetenreere bttt et steste e saesaeene
Platform evaporites in a greenhouse €arth?...........coccvereririiiiieniinininieeeeeeeeer ettt 346

BasinWide EVAPOTIES ....c.eeviiiriiriintietietieieeit ettt ettt ettt b ettt bbbt s b s bt bttt e st et enaesbeeneeneenees 347
Basinwide sequence Strati@raphy 7 ........cccceouerueriiriniinininineee ettt sttt 348

BasinWide €XAMPIES .....cc.eeiiriiriiriiniintieieee ettt ettt sttt ettt ne s 351
Messinian evaporites Of the Mediterran@an........c..coccverereriiiiienieniinintceeereereeeeeerer et 351
Sequence stratigraphy in the ZeChSteIn .........c.coeviriririininiiiiiecceeeeee e 362
Sequence stratigraphy in the Silurian Salina Group of the Michigan Basin ...........ccccecvvevvenicncncne 368

Summary.....c..coceveenene 372

Chapter 6: Salt teCtOniCs .........ueueeeeeeeeeieecccscsscccnnnnnnssssssscccccsssssccee 375

Introduction ................ 375
Physics of salt systems— 376
Density, viscosity, Strength & BUOYANCY .......cccueviiiriiriinininiiieicicct ettt 376
Pressure effects ...... 382
Thermal effects ...... 384
FIOW teXtUIES ANd TALES .....eouveuriiiiitiniinieiteeiteit ettt ettt ettt ettt sa e sa e sa e sae ettt a e sbe s bbb eaes 384
Triggers, drivers and outcomes Of Salt lOW ......c..cceiiiiiiiiiiniiiiiiiiicc e 389
Diapirs and EXIENSION. .....c.ceveiiiiriertirtirierieeitet ettt ettt ettt et ettt st sr e sa sttt t bbb eas 389
Diapirism and differential loading..........coccecvevieriiriiniiniinininiiiccceeree et 391
Sedimentation rate controls diapir SHAPE .........cccoeriririniniiiii e 394
Extension, falling diapirs and tUILIEs ............cccuevuirieriiniininininieie ettt 396
Falling diapirs and raft teCtOMICS. ......coeviririiiiiiieiciet ettt 396
Salt allochthons (Salt BIEaKOUL).........ccuiiiiiieiiieiiiceie ettt ettt eabeeebeeestaeesabeesnsneenene 398
Sheets, welds and basal (subsalt) shear zones . ...401
Near-diapir suprasalt shear (drag zones)...........c..c..... ...404

Welds, loading detachments and growth faults .... .
Minibasins floors beCOmME WEIAS.......c.ccieuiriiiiiiiiiininnercttctetcc ettt 408
Fault families in alloChthONS .......cc.ciiiiiiiiiiiiic e 410
Linking allochthons at the basin scale.............ccccoooiiiiiiiiiii 413

CONTENTS



CONTENTS

ComPressional SAIL LECTOMICS .......eveveriirirtirtieteeitetetet ettt ettt ettt et e st b e b e bt e st e see s etenaesaenaenee
Shortening with gravity gliding
Thin-skinned fold and thrust BeIts .............ccoooiiiiiiieee s 419
Inverted basins........ 422

Mild shortening in tectonically confined basins ........c..cocceerereeirieieiinieninenesereeeeeeeeeese e 423
Can extrusion indicate extreme ShOTtENING? .......cccueveriiririririerieieieieteterte sttt seeas 425
Distinguishing downbuilt and reactivated (mildly squeezed) diapirs. ....428

Sediments and flowing Salt ........c.cccceeeriririenirieiiiecereeceee ....430

Sediments and evolving salt structures.. ....432
SILICICIASTIC PALLETTIS ..evveveeeeiieiieietet ettt ettt ettt ettt et ettt et sb e s bt eb e bt eseeee e s e s enaesaenaenee 435
CaArDONALE PALLEITIS «..uveuvierierieiieiteitetetenter st sttt et e e e te st st eb e e bt ebtesee st et e tesbesbesbesseeseessentensensenaenneas 436

Sediments tied to salt basin evolution. ..440
Suprasalt clastic sedimentation...... ..440
Suprasalt carbonate SEdIMENTATION. ........eeueeririeuieieieierenenere ettt ettt nesae e e e 441

Subsalt sections...... 446

Caprock FOrmation (dIa@ENESIS) .......coererueririiriieieieientestenteeseetesie et eet et stestesaesbeese e e et eseestenaesnesnesnes 447

Complications Of shale dIAPITISIN .....coveviereriririiieieeceee ettt 450

Summary........coccecenene 452

Chapter 7: Karst, breccia, nodules and cement: Pointers to vanished

evaporites ©0000000000000000000000000000000000000000000000000000000000000000000000000000000000 455

Introduction................. 455
Evaporite landforms.... 458
Local scale karst..... 458
Dolines or sinkholes 458
Suffosion dolines ... ....459
Collapse dolines....... ....459

Solution Dolines 459

Breccia Chimneys and PIPes......c..coioioiiiiiiiiieiiicinenenienectctetcctetesr ettt 460
Landscape residuals; karst domes and castiles ...... ....460

Expansion morphotypes at outcrop... ..462
Regional scale karst.......cc.cceevevenennnne. ..463
Subsidence basing O trOUZNS .....c..couiruirtiririeieieieeerere ettt saesae e saeeae 463
HutchiSon Salt, KANSAS ......ccuvviiiiiiiiieceeieie et eeee et e e eetare e e et e e e e eareeeeeeraeeeeeenssaeeeeenreeeeas 464
Delaware Basin, West TEXAS ...c..coueviririririiieicicieceese ettt 466
Holbrook Anticling, ATIZONA......c..coueruiririririeieietenieeeste ettt sttt ettt sne b eaes 468
Black Hills, South Dakota .
Subsidence and landscape in diapiriC TEZIONS. ....cc.coueririririririeieieietcteereete ettt 469
Five Islands, GUIE Of MEXICO .....couiriiriririniiieieicieiesese ettt 470
Zagros/Hormuz region, Arabian (Persian) Gulf ..........cocociiiiiiiiiniiiinininnneecceccnenienee 471
Salt Dissolution: Solution breccias and reSIAUES ..........ccueveriiriiriririirireeieteceeseee et 472
Defining evaporite dissolution breccia .
Bedded solution COLlApSE DIECCIAS ....c..evverieruiriieiiiieieietctcetee ettt
Breccia extent ........
Stratiform breccias.
Hydrology and tEXIUTIE ......c.ceteiiriiriintirtietiettettet ettt sttt ettt et et b e bbbt s s snesaesaesaeene
Diapiric solution breccias ........cccocevverereeecvencncncnennens
Diapiric breccia versus salt ablation (retreat) breccia....
Salt-cored thrust breccias, rauhwacke and orogeny......... ....486
Partial salt dissolution: residues of 1ess-S0luble SALLS .........cccceveriririiiiiiiniininieeccene e 493
Focused rapid dissolution - EVapOrite Clasts........c.cocvuiriririnininiiieicicieneneseseeceeeeeeeee e 493

Diffuse dissolution- Markers and residue beds....
Gentle diSSOlution at the TOP .....ecviiiiiiiririeect ettt 495

xi



Xii

Maha Sarakham salt, Thailand............ccocueiiiiiiiiiiiieec et e e e esaree e 495

Palo Duro Basin, west Texas ....
Dissolution at the DOtIOM.........ccueiiririririicteeeee ettt be e 498
Basal anhydrite, Thailand ..........c..coooiiiiiiiiiii et 498
Caves in salt karst ....... 500
Gypsum caves........ 501
PRIreatic GYPSUIN CAVES......c.uiiiiiiiiitietietiettet ettt ettt ettt b s bbbttt e st stesaesaesbeene 502
Vadose gypsum caves ...... ..504
Miocene karst in the Madrid Basin, Spain.... ..504
Modern karst in Cretaceous Zypsum, TEXAS .......ccuevverereriririeieiererenereeeeeeeeee e 506
Modern gypsum karst in Saudi Arabia .........cccceeierinininiiiicee e 508
Halite Caves........... 509
Modern halite karst in the Dead Sea depression..........coeeeeeeieienienieneneneneeeeeeeeeeseereeneereeees 510
Modern halite karst in crests of diapiric Hormuz salt (Precambrian) in the Arabian Gulf.......... 512
Evaporite speleothems in carbonate Karst.........c.coueveriririninirinieietenenenesiesieeeeee et 514
Karst hazards N @VAPOTILES ......cc.evuererieriririeteteteteteetes sttt ettt s bbbt et st e e et e saestesaesaesneene 515
Problems in the Ripon area, UK ............ 2517
Problems with Miocene gypsum, Spain ... ....519
Gypsum karst beneath Mosul, Iraq........... ....520
SOIVING the PrODIEIMY ....c..eiiiiiiiiiiieteeee ettt sttt sae s st ene v 521
Sulphuric aCid SPEIEOZENESIS .....cveeueeuiiuiiiiiirtintieieeie ettt ettt b e s bt saestesaesaesaeene 521
Mineralised breccias ...528
Filled vugs and nodules 531
Silicified evaporites 532
Calcitisation and dedOlOMItISALION. ...c..co.eruerieieiiieieertest ettt ettt saesne b b eas 539
CalCitiSAiON Of EVAPOTILES .....veuviririietietietieiieitetetet ettt ettt ettt eb e bbbttt e st e saesaesaesaeene 539
DedolomitiSation Of MALIIX .....coueruiriririeieieteietert ettt ettt ettt ebe bt bt nesnestesaesaesbeene 545
Celestite as an INAICAIOT? ......c..eouiriiriririerieritetete ettt ettt ettt e ae st see st sbe bt ese et et et ebesnesbesneeaes 548
Fluorite as an indicator?..... ...553
Baryte as an iNdICAOT?..........cueviiriiririrereeeetetete ettt ettt ettt sttt ettt be s b b 555
Authigenic anhydrite as @ burial Salt..........ccccocveviiiiiiiiiiininincce e 559
Enigmatic outlines in pSeUdOMOTIPRS ......co.eivtiiiiiiiiiiitirteeteeee ettt 564
Summary.....c..cocevvevnene 565

Chapter 8: Burial hydrology and chemistry...........cccccccuueeeecccccenee. 567

Burial hydrology ......... 567
Fluids in subsiding sedimentary basins ....569
Compactional fluids .......ccceccverenene ...570
Thermobaric flUidS ..o 571

Deep flow in pull-apart BaSINS ......c..coeeieieieiiieieenenenet ettt 573

Flow in and adjacent to Collision Belts............c........ ...574

Flow in post-orogenic hydrologically-mature basins .. 375
Alteration, pressure cells and salinity-driven convection...... ...581
Haloes, convection and SAItOUL ............coeeiueiiiiiiiiie e ettt e et e eeee e e e etae e e e eeaaeeeeeeeaaeeeesesneeeeennaeeeeas 581
EVapOTites @S PIESSUIE SEALS .....ceertirtiriiriiriiitieiteitetetetest ettt ettt ettt sbesb ettt et bbb b b eaes 583
Salt-Maintained OVEIPIESSUIE. ....c.couirrietierietreiieiteteterte st sttt eet ettt et estesseebe bt eseeseesnessenestesaesaesseene 585

Pressure changes and drilling 591

Salt-generated Underpressure ...592
Temperature anomalies and brine flOW .........cccuevuiriiriirininininicecceeeee s 593
Fluid flow in haloKinetic basins ..........c.ccoiuiiiiiiiiiiiiiiiiiic e 596
Suprasalt fluid low and alteration ...........cceceeeiiiiiriininiinin e 596
Burial dewatering of hydrated SALLS ........cocceiiiiiiriiriiriniree et 601

Brine-rock burial evolution ....604
Brine chemistry at depthi.......cc.cooiiiiiiiiiiii et 604

CONTENTS



CONTENTS Xiii

Effects and indications of water-salt interaCtions .............ccceeivueeeiiieeiieeeitieeeeeeereeeeeeeeteeeereeereeesreeeas 610
Crustal CYCHNG Of DIINEST .....oouiiiiiiiiriireri ettt ettt sn e 612

Chapter 9: Halotolerant life in feast or famine (a source of hydrocarbons
and a fixer of metals)......eeieccnnneneeccciirnneeecccsssnnneeecccssnnneeccccess 617

Introduction................. 617
EVaPOTItiC SOUICE TOCKS ....eviiiiiiiiiiietirtertert ettt st sttt 619
Halobiota: adaptations and bio-markers ..........ccccecueviiiiiriirininininirccce ettt 628
Metabolic pathways in producers and CONSUIMETS ...........cceeeeririririereniententeneneneeieeeeeeeeseesnessesnennes 629
Salinity tolerance in the halobiota .
Primary PrOQUCETS .....couevuiruiiiiiiiiiiititieteettette ettt sttt ettt b e bbbt enesaesaenae et
The ingesters, grazers and PEllEtiZETS ........coceeieiiiiriiniininirieeeet ettt
The vertebrates..
Bacterial decomposers and chemoSyNtRESISETS ........coeveririririiieiiiiiiieneeteeeeeee e
Bacterial sulphate reducers.........ccocceevenenennenne.
Bacterial chemosynthesisers (sulphur oxidizers)
Extremophiles (mostly Archaea) .........c.cccccecevenuenene
Cellular adaptations to hyPerSalinity.......cccceereririeierieriintinienenene ettt ettt saesae et
Life in a layered microbial Mat?..........cocooiriiiiiiiiiiiiiieecetetetet ettt 650
Biomarkers and microbial responses to changing salinities..... ....652
Do biomarkers indicate hypersalinity? ..........cccceouerereneninininieieeeeeteeeree ettt 655
Organic enrichment..... 658
Biological responses to variably layered brines: Cycles of “feast or famine”.........c..cccccovevvevencnencne. 660
Salinity change influences organic productivity: The flamingo connection in East Africa lakes.....661
“Feast or Famine” in the Dead Sea............cccociiiiiiiiiiiiiiiiicce e 666

Feast or Famine in the Messinian ...668

The where and when of productivity ...670
Predicting preservation of benthiC OrganiCs.........c.ueoueriririnirinirieieieceesene et 672

Life, brine seeps and dissolving salt allochthOnsS..........cc.cocoiririniniiiiiiiiciceeee e 676
Subsurface organic-sulphate reactions.........c..cecceu... ....685
Bacterial sulphate reduction (BSR) .............. ....686
Thermochemical sulphate reduction (TSR).. ....689
H,S, natural gas and metallogeny ..........coovrueiiiiiiieiiiiiiieii s 692
Importance of mesohaline organics and sulphate reduction in stratiform base metal ores .............. 694
Hydrothermal cracking in saline rift laKes..........ccouevuiviiniinininininiiicccce e 699
Summary........coccecenene 701

Chapter 10: Oil and gas assocCiations ..........ccccvueeeeecccsscnneeeccccceeee. 705

Introduction................. 705
Seal CAPACILY OF EVAPOTILES .....veruiiriieriieriietieteete ettt ettt ettt et st e st e satesa e e et e bt ebeenseenseensesaeeeneas 708
So why do evaporites seal?.........cccceeueneen. ... 708
Environments favouring S€al CONINUILY .......cc.eeruieriirrieriiinieniesee ettt st esaeeneeens 711
Reservoirs and traps.... 713
Bedded salt seals.... 713
“Peritidal” muddy carbonate with evaporitic mudflat seals ............. ... 716
Ordovician Red River Fm., Williston Basin, USA and Canada .. .. 716

Platform carbonates with Saltern SEAlS ........cccevierieriiiiiiieieee et 720
Jurassic Arab Formation, Arabian GuIf ...........cccoviiiiiiiiniiiieeceeeee e 721
Slaughter-Levelland Trend, west Texas and New Mexico ....... ... 733

Dolomitised limestones Central Basin Platform, west Texas... .. 137
Reservoirs in the Jurassic Smackover Fm., Gulf of Mexico .... .. 137
Middle East reservoirs sealed by bedded basinwide evVaporites..........ccevveveereenieenieriienienieseenens 742



Xiv

Eocene and Miocene associations, Middle East...........ccoovviiioiiiiiiiiiieeeceee e 742
Silurian pinnacle reef fields, Michigan Basin ... 746
Evaporite-sealed platform and reefs, Devonian, Canada..........c.ccccceererinenennceeeniencnencncnnene 748
Reservoir quality tied to bedded SEaLS ........cceuiuirieriririnireeeeteeeee ettt 752
Yates FIeld, WSt TEXAS ....ciiereieiieeriiee et eeteee e et e e et e e e et e e eeeateeeeseesaeeeeeenaaeeseeessaeeesennreeeeas 752
North Ward-Estes FIeld, TEXAS ......uvviiieiiiiieecieiee ettt eete e e e eeaaee e eeaaee e e eentaeeeeenneeeeas 754
Rotliegende sands of Northern Netherlands and North Sea................ ... 758
Personalised ramblings on the bedded-evaporite hydrocarbon association ... 759
The importance of recognising depositional differences......................... ... 159
The importance of recognising diSSOIULION. ......c..erveruiruiriiririeieiieietctere ettt 761
Changing directions of brine flux in an evaporite-sealed SYStem .........cocevereririeieiecierienenenenene 762
Halokinetic salt traps .. 763
Supradiapiric traps 765
Allochthon plays in the deepWater TEAIM ......ceeviriiriiriiririreeeee ettt 769
Regional plays in the GUIE Of MEXICO.....coeriiiiiiriiiinirireeeeee ettt 771
How suprasalt beCOmMES SUDSALL ........co.ereririiiiiiiiiceeeeee ettt 775
Intrasalt halokinetic plays........cccocevvcrerereneenne ... 776
Subsalt reservoirs in compressional provinces..... ... 780
Zagros Fold belt, Iran...........cccceveeenencnennne. ... 780
Alpine fold belt in Albania and ROMANIA .........c.cceviriririniiiiiciceeseeeeeeercese e 784
Rocky Mountain fold belt, USA ....c..coiririiiiieee ettt 784
Evaporite Solution ..... 786

Chapter 11: Evaporites as exploited mineral resources.............. 791

A history of salt usage. 791
Potash salts.................. 793
Quaternary potash.. 796
Playas of the Qaidam Basin.......c.ccociiiiiiiiiiiiiiiiiicecc et 796

Danakil Depression, EthIOPIa .......cccoieieieiiiiiiiiinnenccctctctcteeteere ettt 799
Inland chotts and coastal sabkhas in North Africa.......c..coceeiiiiiiiiininininiecccecceee 801
Sylvite in the Amadeus Basin, Australia................ ....804

Potash from brine pumping .........ccceeneeee. ....805
Ancient (Pre-Quaternary) POtASH .....cc.coeeiriiiiiiiiirierteren ettt 808
Rhine Graben.... 809
Khorat Plateau, Thailand ............ccoceeiiiiiiiiiiiiiiiiccceeeee et e et e e e e eeatae e e eeaaeeeeeeaneeesennnees 810
Permian potash, Europe and North America .. ..815

German potash......... ...815

Boulby potash, UK ............... ....815

New MexXico potash, USA ...ttt 817

West Canadian potash (DeVONIAN) ......c..ceeeiiiiiiniinininiinietetetet ettt sttt sae e erees 818
POtaSH ZEOLOZY ..c.veveiiiiiiieiiet ettt 819

The fluids ..... 821
Other significant potash dEPOSILS .....cc.eeueeuiriiiiiiiienerenere ettt ettt sre st s eaeene 822
Canadian Maritimes (Mississippian of Nova Scotia and New Brunswick) .............ccccccoceeeie 822
Cretaceous trans-Atlantic potash: west Africa and Sergipe Basin, Brazil...........ccccccceveninenne. 824
Moroccan Meseta (Late TIIASSIC) .uveeeuvrerrireirieeeiieeeiieeieeeeiee e et e eteeestaeeereeeaeeessaeeesseeeaeeenseesnseas 826

How does potash fOIM? ........ccooiiiiiiiiiiiicce ettt 826
Controls on potash quality: Anomalies, leaching and problematic mine waters............c.c.ccccceueuenee. 827
Other economic salts... 831

BOrate SIS (TINCALS)....ccviieiiieiiiieciie ettt ettt et e et e et e e et e e e teeesaeeesabeeessaeesseesaseeessaeessseesnseeansneanns 831

CONTENTS



CONTENTS

TUIKISH DOTALES .....eiceviieiieeciee ettt ettt e e te e e et e e aeeeerseesaseeenseeenseesnraeannes
South American Borates ....

Todine, bromine and lithium salts ...

Nitrate salts (nitratite and salt petre)... ...852
Magnesite and MAZNESIA SALLS.....c.evueriiririririeeeteee ettt ettt ettt n e b s 854
Sodium carbonate SaltS (frONA) .........ccueieiuiiiiiieeiie et ee et ee e et e eeteeeetaeeeteeeeaeeessseeeseeeeaseessseeannes 859
Trona in North America....... ....861
Trona in the African rift..........cocco.c.. ....865
Sodium sulphate salts (Glauber's salts).. ....865
CaNAAIAN AEPOSILS ...venvenririerieiieiieitetet ettt sttt ettt b bt b e st s et et et e sbesbesbeebeesteste e etenaenseas 868
Spanish deposits 870
TUTKISH DIEPOSIES <.ttt ettt ettt ettt sb s bt sttt naenae b nneas 871
Other sodium sulphate deposits ....872
Sulphur salts (brimstone)............c..... ...877
Usage history and indUuStry trends. .......c..coevereriiieienienineneeeeceteteteete ettt sae e 878
Types Of SUIPRUL AEPOSILS ....ccueeuiiuiiiiiirienieriereeeet ettt ettt et sa e neeas 879
Biology of native sulphur .. ....880
Occurrences and textures... ...880
Zeolites - molecular SIEVeS .........ccceeeverererennene ....882
Geological controls on saline ZEOIItIZAION .......c.ccuertireriiriririeiieieteteteeste sttt 883
Summary........coccevenene 888

Chapter 12: Solution mining and cavern use............cccccceeeeccueeeeee. 893
Introduction................. 893
The SOIUtION MININZ PIOCESS ....vveuriritiriirtertirttettetet ettt ettt st et ettt et et e st bt eb e bt ebe e st e st estenesesaestesaenee

History of salt solution wells .
Well and CAVETN AESIZN ..cuvevieiiiiiiiiiierterie sttt ettt ettt a st ettt ettt ae b b enes
Solution well styles
Techniques in POtash OPETALIONS .......cc.evueriiriiriieieieieieteteete ettt ettt et sttt ettt saesne b enes
Lithology effects SNAPE ......c.ceiiiiiiiiiii ettt s
Well pad design...........
Blinding and phase chemistry.............ccccc.......
Phase chemistry - trona solution mining
Use of Salt Caverns.....
Hydrocarbon STOTAZE ........ceeieiiiiiiiniiniiiereeec ettt sttt ettt
Waste Disposal ......
Nonradioactive waste disposal...
Radioactive Waste ..........ccccooueiiiiiinicniiiicicce .
Problems in salt mines, well-bores and storage facilities .........c.cceeeveeiiienieniinininineeeeeceeesese e
Case histories: caving brin@fields ........coccoeririiiiiiiirii s
Ocnele Mari Brinefield, Romania.............cccocooiiiiiiiiiiicccecce
Subsidence in Old Belvedere Spinello, Ttaly .........ccccooviriniiiiiiiiiiiiieeeeeeccrcesenenieee
Brinefield and mine collapse near Krakow, Poland .
Induced collapse in the Gellenoncourt saltworks, FTance ..........cc.ccoceevevevinenininieiieieiicncnenenenne 919
Retsof Mine, NeWw YOIk State, USA .....oooveiiiioeeieeeeeeee ettt eeatee e e eaee e e eeaaeeeeeeaaeeeeeenes 920
Sinkhole problems Cargill saltworks, — Kansas .........ccccocevverieriiiiniiniininininineeeerercecreneneniene 921
Brinefield subsidence, WindSor, ONEATIO ..........ocoeevuveieieiieieeeeieeeeeeeieeeeeeeaeeeeeeteeeeseesaeeeeeesareeeeennees 922
Sinkholes in the Detroit River
Case histories: caving and 1eaking WellS .........cocvevieriiriiniininininiiecceresereeeee e 924

XV



Xvi

WINK SINK, WEST TEXAS ...uvveiiiireiieeeeiiieeeeeeeee e et e e eee e e e et e e e eeaaeeeeeesaeeeesesseeeeseesaseessenseeeeesnnseeeesanes
Panning Sink, Barton County, Kansas
Gorham oil field, Russell County, Kansas, ........ccccoccevereriririiieniiniiininiseeeeeeeeeereresee e 926
Sinkhole at Bayou Choctaw Dome, LOUISIANA ......c..coererieriiriiiieiiicierctieceteeeeeeereresee e 927
Grand Saling SINKNOIE, TEXAS......ccuuiiiieieeieeeeteeeeeeeeee e e e et e e e eatee e e e ebe e e e e eesaaeeseesaeeseeensneeesennrees 927
Haoud Berkaoui 0ilfield, AIZETia........cceeieiiiiiiiiiniinenenercceetcteeteeste ettt 927
Lake Peigneur, Louisiana...............
Case Histories: storage caverns
Weeks Island, Louisiana ............cccoeevveeeeennneen.. .
Explosions and fires from cavern 1eakage ..........ccoccvereririnieieieiiiciccneseseeeeteeceeee e 932
The West Hackberry eXPplOSION ......cc.coeeireriiiiiieienientestest ettt n e s see i e
The Brenham explosion...........c.cceueunee.e.
Barber’s Hill explosion and collapse
Mineola propane fire.........c.ccceevverenuennene .
HutchinSon @XPLOSION ......cc.eeuiiiiriiriiiiiiieeeteteteteteste ettt ettt ettt bbb
Recognising and preventing potential cavern problems ...........ceceeveieiirienenenineneeieeeeeeeese e 936
Salt Creep............... 936
Salt falls Versus rOOf COIIAPSES......eouirrirriririiiiicietet ettt s sne e 938
Ground subsidence. 938
Surface indicators of breached CAVEIMS ........cueoveriiriiririninireeeeeteteteee et 939
Monitoring and minimizing COILAPSE ......cc.erueeiiiiriiriiriintireeeee ettt 940
S0 how stable iS @ StOTAZE CAVEIN?......coueruiriiriieiieieterteneest ettt ettt ettt sae e sae b b 941
Cavern Plugging ......... 941
Summary .....c..cocevennenne 943
REFEIENCES.... it e e e et eeeaa e 945
INAEX e 1019

CONTENTS



Chapter 1: Interpreting evaporite texture

Salts such as halite, gypsum and trona,
havelong been significantin the affairs
of man, both as a preservative and as
an industrial feedstock. Gypsum and
halite are listed, along with several
other salts, in the Sumero-Assyrian
dictionaries written during the rule
of the Assyrian king Assurbanipal
(668-626 BC). By then the ancient
Egyptians had been using natrun, an
impure mixture of trona and other
sodium salts, for several thousand
years, both as an important part of the
mummification process and for salting
food. Today halite is amajor feedstock
to the chemical manufacturing indus-
tries, as are several other varieties of
salt. Salts are also important in the
trapping, sealing and perhaps gen-
eration of hydrocarbons and various
metal deposits. Manufactured salt
cavities are used as long term waste
repositories, as receptacles for the
safe storage and cycling of liquids and
gases and even for the manufacture of
peak load electricity. This book is all
about where, how and why this is so
in the sedimentary realm.

What are the basic requirements to
form and preserve a bed of salt? We
need; 1) a surface and nearsurface
brine body that is saline enough to
precipitate and preserve salt, this
typically means an arid to semi-arid
climatic setting with a drawdown
hydrology capable of maintaining
substantial volumes of brine at or near
the landsurface, 2) accommodation
space in asedimentary depression that
isnotfilled by other sediment, and 3) a
burial environment that does not allow
sufficient undersaturated throughflow
to completely dissolve the buried salts
(Figure 1.1).

Type Precipitation Temp  Hydrological
process (°C) process
An evaporite salt precipitated via solar

I 3 “Primary”  |evaporation from a brine pool at the earth's o X 2z
ey S evaporite  [surface. Crusts, bottom nucleates & pelagic | s Gravity and S5
58 S ‘g crystals accumulate on brine pool floor. Q | density effects |2 =
® D cl - = & |atsurface orin |5 £
] g g > An evaporite salt formed in the shallowl zone of active | ¢ 8
B 5 o g 2 E subsurface in the zone of active phreatic phreatic flow oSS
S > £ £ 2 flow. The concentration process of the (brine reflux) § [
g-ﬂ - [oX 88 <0 brine and the associated gravitational reflux [ | 28
>_E S L9 ] ;E S is driven by solar evaporation. May form 39
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gt &2
o % % An evaporite formed by brine saturation © | Stagnant to o=
R 3 “Tertiary” related to partial bed dissolution via re-entry | Q | active E 8
£° 2 evaporites | into the zone of active phreatic circulation. | & | phreatic flow |§35
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F———1—E - Salts (particularly anhydrite) precipitated by ©

0o & Is—iglgsrothermal the heating of seawater or subsurface water | 3 Z}fg:lo;{i‘g;mal
v 2 or mixing of hydrothermal waters. N

Evolution of evaporites in time

Primary Salts

Tertiary (uplift)
Salts

Syndepositional -
Aligned gypsum Salts ga{_sy gypsurrllt
Chevron halite | |Nodular anhydrite atin-spar saits
EOGENETIC Pagoda halite
MESOGENETI
Nodular anhydrite
Mosaic halite
Secondary
Salts Burial Salts

MESOGE

Replacement (all salts, dolomitization)
Dehydration (e.g. gypsum, carnallite)
Cementation (anhydrite, halite, carb.)
Salt flow (mostly halite and bitterns)
Dissolution (all salts; early & late)

Time >
Figure 1.1. Classification of evaporite formation in the depositional-diagenetic realms
emphasizing ongoing postdepositional evolution of mineralogy and texture.

Dissolution (all salts)
Rehydration (anhydrite)
Karstification (all salts)

Localised faulting/flow
Dedolomitisation




Evaporites defined?

I define an evaporite as asaltrock that was originally precipitated
from a saturated surface or nearsurface brine by hydrologies
driven by solar evaporation (Figure 1.1). This simple definition
encompasses a wide range of chemically precipitated salts and
includes alkali earth carbonates (Table 1.1). Some workers
restrict the term evaporite to those salts formed directly via
solar evaporation of hypersaline waters at the earth's surface.
In order to emphasise the highly reactive nature of evaporites
in the sedimentary realm I think of such evaporites as primary,
that is, precipitated from a standing body of surface brine and
retaining crystallographic evidence of the depositional process
(e.g. bottom-nucleated or current-derived textures). Outside
of a few Neogene examples, there are few ancient evaporite
beds with textures that are wholly and completely “primary”
(Figure 1.1).

Almost every subsurface evaporite texture is secondarys; it is
diagenetically altered, frequently with fabrics indicating per-
vasive early recrystallisation and perhaps some later crossflow
of basinal waters. Under this definition of a primary versus
secondary salt, even the nodules in Holocene mudflats, includ-
ing those in the type area for sabkhas the Arabian (Persian)
Gulf, are secondary textures. They are a porewater overprint
superimposed on a primary matrix of mud and sand. Ancient
bedded evaporites are typically dominated by secondary tex-
tures, although beds may still retain “ghosts” or partial relicts of
primary textures such as laminae, aligned anhydrite nodules after
growth-aligned gypsum, or patches of aligned halite chevrons
floating in a matrix of mosaic halite spar. Even when evaporite
beds are extensively recrystallised, most retain laminae made
up of impurities that define primary depositional laminae.

In the subsurface it is the ability of evaporites to flow easily,
even as they backreact or dissolve, that distinguishes them
from other types of sediment. Earliest secondary evaporites
are syndepositional precipitates, forming cements and re-
placements even as the primary matrix accumulates around
them. Early replacement sometimes preserves remnants of the
original depositional texture, such as gypsum ghosts in nodular
anhydrite oraligned halite chevrons. Nodular anhydrite ghosting
lenticular gypsum was recognised in Permian mudflats in the
early 1960s by Kerr and Thomson (1963), they interpreted it
as a subaqueous saline pan indicator. Unfortunately, for the
next two decades their results were overlooked by workers in
the Permian Basin who incorrectly applied supratidal capillary
models based on the Arabian Gulf sabkha anhydrite (Warren
and Kendall, 1985).

CHAPTER 1

Early diagenetic overprints and effects of later compaction-driv-
en flow and pressure solution destroy much of the depositional
evidence in any ancient evaporite bed. This means retention
of primary crystal textures is at best patchy in both halite and
anhydrite beds. Many ancient bedded halites are dominated by
coarsely crystalline halite spar. Much of it was deposited in mul-
tiple episodes of early diagenetic (syndepositional) cementation,
leaving less than 10-15% of the bed as primary growth-aligned
chevrons. This syndepositional coarse sparry halite formed in
multiple dissolution-precipitation events in microkarst pits and
was precipitated between successive depositional episodes of
chevron halite crust formation (Chapter 3). Other coarsely
crystalline halite spar, especially in halokinetic beds, shows
pervasive and multiple flow-aligned textures created by pres-
sure-solution. Textures are driven by numerous salt creep and
recrystallisation episodes, which occur millennia to millions of
years postdeposition, and after hundred to thousands of metres
of burial (Chapter 6).

Secondary evaporites form in subsurface settings equivalent to
the eogenetic and mesogenetic porosity realms as defined for
carbonates by Choquette and Pray (1970). Tertiary evaporite
textures tend to form in the telogenetic realm (Figure 1.1) And,
as in carbonate diagenesis, the most pervasive alteration of
evaporites is either early in the burial history (eodiagenesis)
or it occurs much later during uplift (telodiagenesis). Both
the eogenetic and telogenetic settings are characterised by
relatively permeable evaporites and hydrologies capable of
high volumes of pore fluid crossflow. Alteration of a salt mass
in the mesogenetic realm consists largely of recrystallisation
overprints within a flowing salt mass, but with substantial
alteration and dissolution possible about the edge of a bed or
a flowing salt mass. In carbonates the mesogenetic overprint
tends to be pervasive throughout the bed (Choquette and Pray,
1970). In evaporites the pervasive early loss of porosity and
permeability in the shallow diagenetic/eogenetic realm means
that deep burial (mesogenetic) alteration tends to be concentrated
about the edges of a buried salt body (see discussion of dis-
solving salt “block of ice” model in Chapters 7 and 8). Unlike
carbonates and siliciclastics, the core of the subsurface salt unit
is largely unaffected by processes of burial alteration, although
they are ongoing in the encasing nonevaporitic sediments and
will only cease when the adjacent nonevaporite beds lose their
effective porosity. Preservation of the unaltered core of the salt
unit is why viable Permian halobacteria can be cultured from
brine inclusions in remnant chevrons in Permian salt from west
Texas (Vreeland et al., 2000).
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Mineral Formula Mineral Formula

Anhydrite CaSO, Leonhardtite MgSO,.4H,0
Antarcticite CaCl,.6H,0 Leonite MgSO, K,SO,.4H,0
Aphthitalite (glaserite) K,S0,.(Na,K)SO, Loewite 2MgS0,.2Na,S04.5H,0
Aragonite ** CaCo, Mg-calcite ** (Mg Ca, )CO,
Bassanite CaS0,.1/2H,0 Magnesite** MgCO,

Bischofite MgCl,.6H,0 Meyerhoffite Ca,B,0,.7TH,0
Bloedite (astrakanite) Na,SO,.MgS0,.4H,0 Mirabilite Na,$0,.10H,0

Borax (tincal) Na,B,0,.10H,0 Nahcolite NaHCO,

Boracite Mg,B.0,,.Cl Natron Na,CO,.10H,0
Burkeite Na,CO,.2Na,SO, Nitratite (soda nitre) NaNO,

Calcite** CaCo, Nitre (salt petre) KNO,

Carnallite MgCl, KCI.6H,0 Pentahydrite MgS0,.5H,0
Colemanite Ca,B.0O,,.5H,0 Pirssonite CaC0,.Na,CO,.2H,0
Darapskite NaSQ,.NaNO, H,0 Polyhalite 2CaS0,.MgS0, K,SO,.H,0
Dolomite™* Ca,Mg,,,,(CO,), Proberite NaCaB,0,.5H,0
Epsomite MgS0,.7H,0 Priceite (pandermite) CaB,0,,.7H,0
Ferronatrite 3NaS0,.Fe,(S0,),.6H,0 Rinneite FeCl,.NaCl.3KCl
Gaylussite CaC0,.Na,C0,.5H,0 Sanderite MgSO,.2H,0
Glauberite CaSO,.Na,SO, Schoenite (picromerite) MgSO, K,SO,.6H,0
Gypsum CaS0,.2H,0 Shortite 2CaC0,.Na,CO,
Halite NaCl Sylvite KCl

Hanksite 9Na,S0,.2Na,CO,.KCI Syngenite CaSO,.K,S0,H,0
Hexahydrite MgS0,.6H,0 Tachyhydrite CaCl,.2MgCl,.12H,0
Howlite H,Ca,SiB,0,, Thernadite Na,SO,

Ikaite™ CaCO,.6H,0 Thermonatrite NaCO,.H,0

Inyoite Ca,B,0,.13H,0 Tincalconite Na,B,0,.5H,0
Kainite 4MgSO0,.4KCI.11H,0 Trona NaHCO,.Na,CO,
Kernite Na,B,0,.4H,0 Tychite 2MgCO,.2NaCO,.Na,SO,
Kieserite MgSO,.H,0 Ulexite NaCaB,0,.5H,0
Langbeinite 2MgS0, K, SO, Van'thoffite MgS0,.3Na,SO,

Table 1.1. Major evaporite minerals: less saline alkaline earth carbonates or evaporitic carbonates are indicated by **,

the remainder are the more saline evaporite salts. Documented dolomite composition ranges from Ca

Mg, ,(CO,), to
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Ca, Mg, ,,[CO,),. Less common evaporite minerals, such as borates, iodates, nitrates and zeolites are not listed here, but

are discussed in detail in Chapter 11.

Unlike quartzose and aluminosilicate sediments, buried
evaporite beds can flow as ductile masses from the surface
down to 8-10 km of burial and even into the metamorphic
realm. At the same time their dissolving edges supply ions to
adjacent nonevaporitic sediments. Salt flow can be: a) early
diagenetic, coinciding with syndepositional fractionation, reflux
or dissolution; b) later diagenetic, associated with complex

burial-stage bed dissolution or reprecipitation and driven by
subsurface fluid flow in the zone of free convection below the
zone of overpressure; ¢) widespread and pervasive, as occurs
during halokinesis (salt tectonics); and d) postdiagenetic and
extending well into the metamorphic realm where daughter
minerals, such as scapolite and tourmaline, can act as a source
of volatiles and lubricants long after the precursor salts have
gone (Warren 1999; Chapter 6).
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Siliciclastic: (continental, fluvio-

Carbonate: Humid-Oceanic/marine

Carbonate-evaporite: Arid, land-locked

related to burial)

reservoir quality 2) Depositional facies

Geometry Layered Layered

deltaic, shelf, submarine) Tropical/subtropical Subtropical/Temperate
Early marine Rare Local occurrence Pervasive (especially in mesohaline
cementation platform)
Dolomitisation Rare Locally in mixing zones (?) Pervasive (brine reflux and burial)
Leaching Uncommon, mostly related to freshwa- ~ Common, related to subaerial exposure and  Intensive, related to hypersaline brines
ter leaching, rare in burial diagenesis karstification
Calcite cementation | Uncommon, locally common (mostly Common Rare to local occurrence (mostly burial)

1) Mouldic, vuggy and chalky microporosity

2) Fracture and intercrystalline
porosity (local occurrence)

Anhydrite-halite Uncommon Rare to absent
Porosity Intergranular

types (common)

Controls on 1) Stratigraphic position 1) Stratigraphic position

2) Depositional facies
3) Karst in zones on meteoric influx

Common to pervasive

1) Intergranular, mouldic, vuggy, and
intercrystalline (dolomitic) porosity (very
common)

2) Fracture and chalky microporosity
(locally common)

1) Depositional facies

2) Accessibility of sulphate- and chloride-
bearing and later corrosive fluids (karstic
or deep)

1) Carbonate-basinwide evaporite: Mas-
sive irregular

2) Carbonate-saltern-mudflat evaporite:
layered

Table 1.2. Characteristics of siliciclastic and carbonate depositional systems (in part after Sun and Esteban, 1994).

Exhumed or uplifted evaporite beds also undergo pervasive
alteration, dissolution and replacement as they re-enter the zone
of active phreatic flow (telogenesis) and regain permeability.
Once again, alteration tends to occur from the edges inward.
Soluble components from the altering and dissolving bed can
be reprecipitated in adjacent shales as alabastrine and satinspar
gypsumor fibrous halite. Exhumed evaporite textures are termed
tertiary (Figure 1.1) and are varying combinations of competitive
crystal alignment and geopetal void fills. The resulting fabrics
can duplicate “primary” crystal alignments, especially when
parts of a cavern fill can only be studied at a limited scale, as
in core or a mine face. Not recognising a telogenetic overprint
typically misidentifies tertiary evaporite textures as primary
and so creates interpretive confusion (Chapter 7).

Adjacent nonevaporitic sandstones, shales and limestones also
undergo diagenetic reactions when flushed by evolving pore
fluids, but the diagenetic rock/fluid framework is slower to
respond and requires years to millennia to overprint an original
depositional texture. But, given enough time the textures of
many other sediments, like evaporites, evolve during burial
(Table 1.2).

Evaporite mineralogy and texture will change with time, but
all ancient secondary and tertiary evaporites occur within the
volume of rock that was originally precipitated as the primary
or syndepositional salts. Outside of these evaporite sediments

there are two other classes of salts that are not “true evaporites”
in that they did not form via hydrologies first driven by solar
evaporation and are precipitates that do not necessarily occupy
the same position in earth space as the precursor evaporites. |
term the two classes, burial salts and hydrothermal salts (Figure
1.1). Burial salts are made up of minerals, such as anhydrite
or halite, which do not necessarily occupy the same rock vol-
ume as the original sediment. Their occurrence is related to
subsurface fluid flow, hydrofracturing, brine mixing and brine
cooling. Burial salts typify the commonplace authigenic ce-
ments and replacement salts that precipitate in a nonevaporite
matrix from subsurface brines derived by dissolution of an
adjacent evaporitic salt bed. Because of the proximity to a
“true” evaporite bed, most authors would consider burial salts
a form of “true” secondary evaporite.

Incontrast, hydrothermal salts do notrequire anearby dissolving
evaporite to form. Hydrothermal anhydrite forms by heating
of seawater or by the subsurface mixing of CaSO,-saturated
hydrothermal waters, either during ejection of hot hydrothermal
water into a standing body of seawater, or during convective
magmatic circulation. Hydrothermal salts are poorly studied,
but often intimately intermixed with sulphides in areas of base-
metal accumulations, such as the Kuroko ores in Japan or the
exhalative brine deeps in the Red Sea. Hydrothermal anhydrite
isacommonplace saltin many such active volcanogenic-hosted
massive sulphide deposits (see Warren, 1999; Chapter 9).
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Primary evaporites

The simplest subdivision of evaporite minerals is into evaporitic
alkaline earth carbonates —aragonite, dolomite, low-Mg calcite
and high-Mg calcite — and evaporite salts — gypsum, anhydrite,
halite, trona, carnallite, etc. (Table 1.1). Primary evaporitic
carbonates tend to form in the initial stages of brine concen-
tration, whereas the other primary evaporite salts are precipi-
tated in the more saline stages of concentration (Chapter 2).
Evaporitic carbonates can contain and preserve elevated levels
of organic matter that subsequently generate hydrocarbons or
act as reductants for base metal sulphides (Chapter 9).

Evaporitic carbonates
Evaporitic alkaline earth carbonates are the first evaporite
minerals to precipitate from a concentrating hypersaline sur-
face water and are usually composed of aragonite, high- and
low-Mg-calcite, magnesite or even primary dolomite. The
essential hydrology of any evaporite depositional setting is
that evaporative outflow exceeds inflow. This results in two
characteristics of the carbonate depositional system, which hold
also for the more saline evaporite salts. First, rapid changes in
water level are possible, especially in the more marginward
facies, leading to interlayering of strandzone and subaqueous
units. Under such a regime

sedimentary structure in modern and ancient evaporitic car-
bonates as well as in higher salinity salts, but its origins are
varied and complex (Figure 1.2). Sometimes it is an inorganic
cumulate, other times it is biologically structured (biolaminite
- see next section). Beds dominated by finely laminated,
regular alterations of two or more sediment types are called
laminites or rhythmites. Many evaporitic carbonate laminites
form couplets or even triplets by the regular superposition of
micrite with siliciclastic clay, organic matter or evaporite salts.
Such couplets and triplets are frequently referred to as varves,
yet are not necessarily “true” varves in that the layers do not
define annual couplets.

As an example of a contemporary carbonate laminite, consider
deep bottom sediments deposited prior to 1979 in the Northern
Basin in the Dead Sea, Israel (Figure 4.48). They are made up
of alternating light and dark mm laminae that accumulated
beneath a density-stratified brine column more than 350 m
deep. The whitish laminae are composed of stellate clusters of
aragonite needles (5-10 ym diameter), which precipitated each
summer at the air-brine interface and then sank. The darker
laminae consist of clay minerals, quartz grains, detrital calcite
and dolomite that washed in as suspended sediment from the
surrounding highlands during occasional storm floods (Garber

any subaqueously precipitated
carbonate is liable to subaerial
exposure and syndepositional

Precipitates are increasingly Mg-rich with increasing salinity

Carbonates

subaerial diagenesis. Second,
the solute content, especially
the Mg/Ca ratio, of shallow

Ephemeral water cover
(local springs & seeps)

Perennial subaqueous

hypersaline water fluctuates
as the salinity fluctuates. For
example, the Ca content of
any brine is depleted by the
early precipitation of calcite

Mudcracked laminites,

orlow-Mg calcite. Subsequent
intraclast breccias

carbonate precipitates drop out
of an increasingly saline water
and sowillhave ahigherMg/Ca
ratio and tend to be dominated
by high-Mg calcite, aragonite,
magnesite, or even dolomite.

<—— Strandline ———>

i; A /u
qr—)
O0]

———————————————— High water
Oscillating
® water level
o <————————— Low water
Stromatolltes
coated grains, e
tepees — 1-500 m

Interlayered laminites
and rippled bedforms

Pelagic
laminites

Carbonate laminites
(subaqueous sediment?)
Mm-scale lamination is
volumetrically the dominant

Figure 1.2. Depositional significance of evaporitic carbonate textures. Note the distinction
between subaqueous and strandline (ephemeral water) indicators.



et al., 1987). Thus laminites in the Dead Sea are not annual
layers, but indicate flood events that occur every 3-5 years.

Permanent water column stratification, with periodic algal
blooms at the surface, characterises the waters of Lake Tan-
ganyika. Deep bottom laminites (seasonal varves) containing
between 7% and 11% total organic carbon (TOC) accumulate
as modern lake bottom sediments where waters are anoxic
waters and more than 250m deep (Cohen, 1989). Or consider
the shallow lacustrine laminites of the more saline Holocene
Coorong Lakes, Australia (Warren, 1988, 1990). Coorong
laminites make up more than 80% of the Holocene sediment
volume in the Coorong Lakes and are composed of alternating
dark-grey organic-rich and light-grey organic-poor laminae.
Matrix mineralogies range from hydromagnesite to aragonite
to Mg-calcite to dolomite and organic levels can be as high as
16% TOC. As in the Dead Sea, the Coorong laminites formed
subaqueously on the floor of achemically stratified lake. Unlike
the 250+ metres depths of the Dead Sea and Lake Tanganyika,
Coorong laminites accumulated as microbially entrained pelletal
wackestone/mudstones beneath seasonally stratified perennial
lake waters, less than 1-5 metres deep (Figure 4.4b). Once on
the bottom these pellets are easily eroded and redeposited as
wave-driven bedload, the resulting laminite layering is not a
varve.

Laminites can also be preserved under conditions of ephem-
eral subaerial exposure. Algal-bound laminites (algal mats or
biolaminites) crosscut by mudcracks characterise the algal
channel and strandzone facies in many modern and ancient
evaporitic carbonates such as the sabkhas of the Arabian
Gulf (Figure 3.4e). Modern and ancient laterally extensive
carbonate laminites, without evidence of subaerial exposure,
indicate subaqueous deposition under fluctuating surface
water chemistries. They indicate water depths that may have
ranged from a few decimetres to hundreds of metres and are
not necessarily associated with deepwater conditions (Warren,
1985; Kendall, 1992). They do indicate a lack of burrowing
metazoans in saline carbonate sediments deposited across this
wide range of water depths.

Strandzone associations: Microbialites, pisolites
and tepees

The strandzone in many evaporitic carbonate systems is
characterised by an association of stromatolites, mud-cracked
cryptalgalaminites (biolaminites), pisolites, ooids, intraclasts,
cemented crusts and tepees (Figure 1.2). Strandzones typify
deposition associated with fluctuating shorelines about the
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edge of a more permanent brine lake or seaway and form
in areas of groundwater springs, mudflats and ponds. Rapid
fluctuations of strandlines (wet and dry cycles) and associated
high rates of capillary crossflow mean this facies association is
syndepositionally cemented as it aggrades into stacked layers of
intraclast breccia, biolaminites, pisolites and tepees, typically
separated by salt beds or their dissolution breccias. Biofilms
and mats, in otherwise muddy and granular matrices of any
uncemented strandzone sediment, gives aleathery depositional
strength to this sediment that encourages the preservation of
rip-ups, tears and overfolds due to storm-induced erosion.
Biostabilization also tends to encourage the preservation of
fenestrae and gas-filled cyanobacterial domes in the surface
crusts of many modern strandzones of saltflats and playas.

Stromatolites and microbialites

Microbialites are biogenic structures, the mineralised result of
the metabolic activities of microphytic algae, cyanobacteria or
archaebacteria (Figure 1.3; Riding, 2000). Microbialitic struc-
tures are commonplace sediments in evaporitic strandzones,
textures range from biolaminites (=cryptalgalaminites) and
stromatolites (matrix-supported agglutinated microbial reefs)
through tufa/travertine (cement-supported) reefs to thrombolites
(agglutinated reef). Stromatolites and cyptalgalaminates are
the most easily recognised microbialites in ancient evaporitic
settings (Figure 1.3). Quaternary tufas and travertines tend
to characterise the humid hydrological stages of saline lakes
when water levels tend to be high and surface water less sa-
line. Internally, microbial textures can be stromatolitic (fine
planar-undulating to wavy-crenulated lamination), oncolitic
(concentrically laminated), thrombolitic (with mesoscale
clotted textures, not to be confused with clotted or grumous
microfabrics, which occur in both thrombolites or stromatolites)
or cryptic (no obvious internal structure).

Biology of stromatolites and microbial layers

Stromatolites to some researchers are a specific layered type
of microbialite, often defined as laminated organosedimentary
structures with positive relief away from a point or limited sur-
face of attachment (e.g. Burne and Moore, 1987). In this sense
stromatolites are equivalent to agglutinated microbial reefs in
the terminology of Riding, 2002. To others, stromatolites are
not necessarily a biological construct. Microbes and biofilms
may be present at the time chemical sediments accumulate, but
they play a passive role in textural style during the deposition
of this type of stromatolite. Researchers with this view of
stromatolites like to add the phrase “it may or may not be of
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biological origin” to any definition of an ancient stromatolite.
This distinction becomes important as we shall see in a later
discussion of pre-Mesozoic evaporitic stromatolites, butreliably
defining the contribution of a biofilm to rock texture in ancient
evaporitic carbonates is at times near impossible.

Stromatolite shapes range from columnar to domal to
subspherical. Internal layers of most modern stromatolites
define the successive positions of an agglutinating bioplexi
(algal/bacterial community), with each accreting layer produced
by trapping and binding of sand to mud-sized sediment. In some
settings agglutination occurs in conjunction with direct carbon-
ate precipitation onto or within cyanobacterial trichomes, a proc-
ess driven by changes in ambient pCO, (Figure 1.4a). Modern
lacustrine stromatolites tend to be precipitative biochemical
structures, while modern marine-margin stromatolites tend to be
largely agglutinated structures; both possess surface microbial
communities that evolve as the stromatolites prograde (Duane
and Al-Zamel, 1999). Many coarser-grained stromatolites in the
modern marine and marine margin realms, as in Lee stocking
Island and Shark Bay, are poorly layered agglutinated forms
and are transitional into thrombolitic structures. Fine-grained
mm-laminated stromatolites tend to form best in or near
seepage zones in modern hypersaline lakes, such as Marion
Lake in South Australia, Gotomeer in the Nederlands Antilles
and the Dead Sea in the Middle East, rather than in the open
marine realm (Warren, 1982a; Kobluk and Crawford, 1990;
Druckman, 1981).

Dominant members of modern microbial plexi range from
archaea to eubacteria to cyanobacteria to algae with the pro-
portions and species changing with depth in the sediment and
salinity of the water column (Figures 9.16, 9.17). The most
common biotal constituents of well-preserved stromatolitic
bioherms in Phanerozoic evaporitic settings are filamentous
and coccoid cyanobacteria, with lesser halobacteria (Figure
1.4b, ¢). Species components not only change with water depth
and brine salinity but have changed over the course of geologi-
cal evolution (Figure 1.4b). Modern cyanobacteria typically
extrude a mucilaginous sheath that protects the contributing
biota from UV radiation. The gooey mucilage also captures
sediment particles creating further UV screening, but too thick
a sediment layer can cut the necessary exposure to light and
so slow photosynthesis. Large amounts of water are held in
the mucous sheath and so it also serves as a buffer against
osmotic stress.

Modern mesohaline stromatolites exhibit regular oc-
currences of the halotolerant cyanobacterial species

Microcoleus chthonoplastes, Lyngbya sp., Entophysalis sp.
and Synechococcus sp. (Gerdes et al., 2000a). Microcoleus
is one of a number of cosmopolitan cyanobacteria that form
ensheathed filamentous cellular bundles in most growing
biolaminites. It grows best in the salinity range 80-160%o but
is present as living filaments in salinities as high as 300%o.

C.

Figure 1.3. Modern agglutinated stromatolite reefs. A) Intertidal
stromatolites in Hamelin Pool, Shark Bay Australia (image
courtesy of DiscoverWest). B) Cross section of a Shark Bay
intertidal stromatolite showing internal mm lamination with trun-
cated edges. C) Lacustrine stromatolites from Cuatro Cienegas
Posas, Mexico, Most particles are captured by the mucilage
are diatom frustules (Image courtesy of Alan Riggs).
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sediment trapping -
least biotal information

surficial precipitation -
external shape and size

biomineralization -
maximum biotal information
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stromatolites
- I \;
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OTHER TUFA
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biomineralisation

Figure 1.4. Microbialites. A) Styles of mineral accretion about a trichome. B) Biological components that construct various
microbialites and the changes over geological setting and time. C) Classification of microbialites according to dominant con-

stituents (after Riding, 1991; 2000).

Fibrillar cyanobacteria are able to glide up and down through
nearsurface sediment in order to position themselves in opti-
mal light conditions. This is done by hormogonia, a part of a
filament of a photosynthetic cyanobacterium that detaches and
grows by cell division into a new filament. Hormogonia are
motile and respond phototactically so that, if too much sedi-
ment accretes to the mat or if a deepening brine cover reduces
the light reaching the filaments, they move upwards to where
they accumulate on or just below the sediment surface. It is this
periodic repositioning that creates the internal laminated struc-
ture and phototropic thickening seen in modern stromatolites
and algal mats. Left behind in the sediment matrix are the
abandoned sheaths, immotile filaments, cells and mucilage
that after passing through the decomposer community becomes
buried organic matter (Chapter 9).

Coccoids in modern biolaminites tend to create slime-
ensheathed pustules and individual cells grow by binary fission
(Gerdes et al., 2000a). Gloeothece and Synechococcus are
two of a number of such coccoid cyanobacteria that make up
the other major component of a cyanobacterial plexi. These
organisms increase their slime content in order to deal with
phototoxicity and tend to dominate exposed surfaces of algal
mats and stromatolites, as in the algal mats of the Abu Dhabi
and Saudi sabkhas. Coccoids tend to occur in zones about
edges of water-covered biolaminites flourishing on the floors
of tidal channels (Chapter 3).

Pleurocapsalian cyanobacteria are a cosmopolitan type of
coccoid bacterial that dominate modern pustular and pinnacle
mats. The typical internal structure in a pustule is colonial, with
individual nodules showing discontinuous but more or less
concentric layers. Slime production is stimulated by anincrease
inlight intensity, salinity or temperature. This creates sediment
with a yoghurt-like consistency made up of polysaccharides
interwoven with sediment matrix. The slime coat not only
protects the coccoids, but also insulates the other species of
the mat community from the lethal effects of increasing light,
salinity and temperature. Microbial metabolism facilitates or
even drives the precipitation of primary dolomite in many
evaporitic carbonates (van Lith et al., 2002).

It is the alternation between mm-scale layers dominated by
the filamentous forms and layers enriched in the coccoids
that creates the biolamination of modern marine and marine
margin stromatolites (Reid et al., 2001). Aggradation in a
modern marine-edge stromatolite represents adynamic balance
between sedimentation and intermittent lithification within the
cyanobacterial mat. Periods of rapid sediment accretion, during
which stromatolite surfaces are dominated by pioneer com-
munities of gliding filamentous cyanobacteria, alternate with
hiatal intervals. Microscale discontinuities in sedimentation are
characterized by development of surface films of exopolymer
and subsequent heterotrophic bacterial decomposition, which
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forms thin crusts of microcrystalline carbonate. During pro-
longed hiatii, climax communities develop, which include
endolithic coccoid cyanobacteria. These coccoids modify the
sediment micro-environment to create thicker lithified laminae.
Subsequence preservation of lithified layers at depth creates
the millimetre-scale biolamination that characterises modern
and ancient stromatolites.

At the broader scale, successive layers in modern biolaminites
can indicate seasonal changes. Microcoleus-dominated layers
(often associated with diatoms) accumulate in the winter, while
coccoid-dominated layers typify the more saline summer growth
layers. Alternations of coccoid and filamentous layers in a mat
can create lamination even in the absence of agglutinated sedi-
ment, although the preservation potential of such organic-only
layers is low unless deposited on the anoxic floor of a perennial
stratified brine lake (Chapter 9).

Non-stromatolitic lacustrine microbialites

Stromatolites are one part of a much wider group of layered
microbialites growing in a wide range of saline marine and
nonmarine settings (Figure 1.4c; Riding, 1991, 2000). Ac-
cording to Riding, sediment trapping by filamentous plexi in
a modern biolaminite results in an agglutinated stromatolite
reef, which is characterised by a particulate microstructure
that preserves few, if any, details of the original size, shape or
orientation of the biotal plexi responsible for capturing sedi-
ment (Figure 1.4a).

On the other hand, biomineralized deposits, such as tufa/
travertine cement reefs described by Riding 2002, retain
considerable palaeontological detail about the constituent
organisms preserved as skeletal microfossils. Mineralisation is
especially important in nonmarine microbialites, as in lacustrine
tufa cement reefs that define the water-covered margins of the
less saline high-water stages of many Quaternary salt lakes.
These tufa cement reefs are porous, unbedded or only poorly
bedded, and created by cyanobacteria, algae, grasses, and
reeds thriving in brackish to fresh lake and river waters and
groundwater seeps along the landward side of the saline pan
or lake edge. Rapid CaCO, precipitation veneers living plants,
which would otherwise be masses of soft vegetation, with ce-
ment crusts (Riding, 2000; Pedley etal., 2003). Relief on a tufa
buildup can be high, with commonplace steep to overhanging,
locally cavernous, cemented masses. Tufas tend to occur where
inorganic CaCO, precipitation is enhanced by CO, degassing
of venting spring waters.

Likewise travertines, which tend to form layered deposits of
CaCO, near the outflow points of groundwater and thermal
springs, can preserve details of the contributing microbes.
Travertine cement reefs are layered microbialites with “shrub”
and crystalline fabrics associated with non-skeletal organisms
(Figure 4.3; Riding 2002). Deposits tend to form steep-sided
mounds, with elevated rimmed pools, normally developed atop
and about the mounds. Smoothly banded crystalline crusts
construct horizontal, sloping, vertical or overhanging sheets
with pisoids typically developing at the bottom of water-filled
pools and polygonal saucers. Chafetz and Folk (1984) and Folk
(1993, 1999), along with many others working in travertines,
document microtextures such as spheroidal dolomite, dumbbell-
shaped crystals, fine diurnal-layered dendrites and bushes, all
of which indicate a strong bacterial contribution to travertine
precipitation. Reeds and grasses can be preserved as moulds
within bacterial travertines, but most macro-organisms are
excluded by the elevated temperatures and high levels of dis-
solved minerals (salinity) that typify travertine carbonates.
Most travertines are only a few kilometers in lateral extent and,
as in tufa cement reefs, subaerial surfaces are common, as are
gradations into adjacent marsh and fluvial environments.

CO, degassing, in combination with evaporation and rapid
microbial growth, can drive extreme carbon isotope enrichment
in the organic matter and co-precipitates in many CO,-limited
organic-enriched sediments, including evaporitic marls, tufas
and travertines (Schouten et al., 2001). Enriched 8"*C values
of up to +13%o in calcite and -10%o in organic matter were
measured in calcite tufas accumulating in well-oxygenated
carbonate saturated waters in El Peinado and San Francisco
lakes, both high altitude saline lakes in the southern Andean
Altiplano, northwestern Argentina (Figure 1.5). Valero-Garces
et al. (1999) argue that the large enrichments of the heavier
carbon isotopes in the algally bound sediments indicate non-
equilibrium gas-transfer fractionation of the carbon isotopes
during CO, degassing. Parent waters were derived from thermal
springs and subject to subsequent evaporative concentration.
In general most ions in lacustrine tufas in volcanic settings
ultimately come from geothermal and volcanic CO, sources.
Physical fractionation, rather than biological enrichment in
these settings, may have a greater significance than credited
in the commonly accepted biological metabolism arguments
typically used to explain carbon isotope records in evaporitic
carbonates (see Schouten et al., 2001 for opposing argument).
Likewise, the dilution of the isotopic signature by C-14-free
CO, from volcanogenic sources may hinder accurate C-14
chronologies of lake sedimentation when based on samples of
lacustrine organic matter and other aquatic plants.
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Figure 1.5. Sedimentary facies, sediment composition, stable isotopes and geochemistry of the Lake El Peinado core, Andean

Altiplano. Core was collected in the perennially subaqueous carbonate margin of the lake (after Valero-Garcés et al, 1999,
2001). Macrophytes are the current active carbonate binders. Stromatolites today are not active, but grew at an earlier time
of more saline water when conditions did not favour macrophytes. Dates are uncorrected AMS C ages (years BP). All isotopic

measurements are reported as § values vs. the PDB standard.

Microbialite sedimentology in saline lakes

Mineralisation associated with biofilm metabolism is much
more important than simple agglutination in many Holocene
lacustrine stromatolites. Niches occupied by stromatolites and
tufa/travertine cement reefs in saline lacustrine settings circum-
scribe amuch wider range of salinities and water conditions than
evidenced by modern marine thrombolites and stromatolites.
Isopachous biomineralized subaqueous stromatolite reefs,
texturally identical to their ancient mm-laminated counterparts,
still grow in the mesohaline carbonate-saturated seepage waters
of some modern marine-fed gypsum lakes (von der Borch et
al., 1977; Warren 1982a). The coarse-layered sandy agglu-
tinated forms of Shark Bay and the mud-cracked supratidal
algal mudstones of the Abu Dhabi sabkha have fewer ancient
evaporitic counterparts.

Similarly, healthy carbonate-precipitating microbialites com-
munities in the upper parts of less-saline carbonate-rich littoral
and slope breaks about many prograding lacustrine margins in
modern temperate and tropical carbonate lakes, can be used
as analogues for microbial growth in the high water stages
of some ancient saline basins (Dean and Fouch, 1983). For
example, modern thrombolites, tufas and stromatolites occur
in littoral waters (10-60m deep) about the edges of Lake Tan-
ganyika (Cohen and Thouin, 1987) and Salda G6lii in Turkey
(Braithwaite and Zeder, 1996). Near identical fresh to brackish
water stromatolites, along with oncoids, travertines and tufas,
occur in Plio-Pleistocene sediments of the East African Rift
Valley lakes (Casanova, 1986). Similar marginward microbial
tufa cement reefs (bioherms) reached thicknesses of 7 metres,
with diameters of 15 metres, in the Oligocene Ries Basin (Rid-
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ing, 1979; Arp, 1995). Freshwater to mesohaline stromatolites
characterise Oligocene lake margins in France (Casanova and
Nury, 1989) and the 1-10m deep freshwater-filled evaporite
karst pond fills (posas) in a modern gypsiferous playa, Cuatro
Cienegas in Coahuila, Mexico (Figure 1.3c; Minckley, 1969;
Winsboroughetal., 1994). Other examples of ancient lacustrine
counterparts include the Tertiary of southern France (Truc, 1978)
and the Eocene Green River Formation of the USA (Surdam
and Wolfbauer, 1975).

Widespread mm-laminated evaporitic stromatolites also accu-
mulate in more saline lacustrine settings, settings where surface
brines are waters supersaturated with respect to a carbonate
phase, typically aragonite. In these settings the role of biology
is less obvious in the laminates. Biofilms of archaea, eubacteria
and algae may be passive rather than active participants during
the formation of domal to massive laminar stromatolites. It is
in this group of structures that the phase “may or may not be of
biological origin” comes into play. Modern examples of such
enigmas include manganiferous aragonitic stromatolites that
define the northwestern strandplain margin of the Northern
Basin of the Dead Sea (see Druckman, 1981 vs. Garber and
Friedman, 1983). Texturally identical evaporite-associated
biomineralized stromatolites and biolaminites have character-
ised the mudflat and strandzone margins of saline and alkaline
playa lakes and marine evaporite basins throughout much of
the Phanerozoic, especially at times or in regions of transition
into or out of episodes of basinwide evaporite precipitation
(Figure 1.8a).

Mineralogy of most modern lacustrine stromatolites is depend-
ent on what carbonate phase is precipitating in the ambient lake
water. This is true even when biotal metabolism plays a signifi-
cant role in driving carbonate precipitation. Stromatolites and
microbial bioherms are aragonitic in
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(pH>9) fresh to brackish waters of Salda Golu (Lake) in Turkey
where lake margin subaqueous stromatolites are composed
mostly of hydromagnesite, along with entrapped diatom tests
(Figures 1.6, 4.29; Braithwaite and Zedef, 1994, 1996).

At the basin scale, Quaternary calcitic and aragonitic algal tufa
and travertine reefs form atop spring vents in groundwater out-
flow zone where they can construct substantial spring mounds
(Habermehl, 1988). Tufa growthrates can be impressive; Rosen
etal. (2004) documented aggradation rates of 30 cm/year in the
modern subaqueous tufas of Big Soda Lake in Nevada. Some
impressive thinolitic tufa reef mounds in temperate and high-
altitude saline lakes were originally constructed of an unusual
but interesting variety of low temperature calcite called ikaite
(Chapter 4). This hexahydrate form of calcite is found today
forming ephemeral precipitates in near freezing brines around
spring vents of CO,-rich waters in Mono Lake and in Quaternary
sediments of the Lohanton Basin (Pyramid Lake), Nevada.
Similar spectacular tufa mounds occur in groundwater outflow
zones on the subaqueous floor of Lake Van, Turkey. Once the
water temperature about a spring mound rises above 3-4°C
the ikaite dehydrates to calcite, but the calcite can preserve the
characteristic lenticular and twinned outline of its precursor.
But a lenticular to lozenge shape in a calcite pseudomorph is
easily confused with other evaporite minerals, such as gypsum
and gaylussite, which also are readily pseudomorphed by
calcite (Chapter 7). Ikaite pseudomorphs can have little to do
with an evaporite precursor, and occur in modern marine shelf
sediments of the Antarctic and in modern and ancient glacial
outwash fans from around the world (Shearman and Smith,
1985; Larsen, 1994; Riccioni et al., 1996).

many modern saline lakes (e.g. Great S
SaltLake, Eardley, 1938; Marion lake,
South Australia, von der Borch et al.,
1977) and the precipitation process
is often facilitated by the metabolic
activities of bacteria (Pedone and
Folk, 1996). Hydromagnesite-arago-
nite mm-laminated stromatolite
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Figure 1.6. Schematic cross section of Salda Géli showing hydromagnesite stromatolite
growing subaqueously in front of the carbonate tufa terrace (after Russell et al.,
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Microbialite sedimentology in marine settings

Unlike modern stromatolites and microbialites, which tend
to construct significant rock masses in salinity or temperature
stressed environments, Precambrian stromatolites were envi-
ronmentally diverse and abundant across hypersaline, normal
marine and nonmarine settings. They firstappeared around 3.45
Ga and dominated biogenic sedimentation from 2800 to 1000
Ma (Riding, 2000). The beginning of their Proterozoic decline
and environmental restriction, variously identified at 2000, 1000
and 675 Ma, has been attributed to reduced marine cementation
or to eukaryote competition. The former was perhaps tied to
higher calcium concentrations in Precambrian oceans compared
to oceans of today (Laval et al., 2000), while the latter related
to the evolution of the gastropod radula (Garrett, 1970). The
previously enigmatic lack of calcified cyanobacteria filaments
in stromatolite-bearing Precambrian sequences is now explained
as a likely result of high concentrations of dissolved inorganic
carbon in the Precambrian ocean (Arp et al., 2001) or by the
postulate that many Archaean stromatolites were inorganic
precipitates (Pope et al., 2000).

Precambrian stromatolites were not confined to the more arid
peritidal marine or marginward lacustrine seep situations that
characterise most Phanerozoic stromatolites. Such high stress
environments (hypersalinity/exposure) tend to exclude many
metazoan marine grazers that otherwise browse and destroy
algal mats. Modern areas of thick extensive marine-margin
stromatolites/cryptalgal laminites are located at the edge of
the cropping range of marine grazers, examples of gastropod
restriction include the seaward side of the algal facies of the
Arabian Gulf (Figure 3.4d; Kendall and Skipwith, 1969) and
the hypersaline intertidal flats of Shark Bay, Western Australia
(Figure 1.3a; Logan, 1987).

Various thrombolites and dendrolites, mainly formed by calcified
cyanobacteria, became important marine microbialites early in
the Palacozoic and reappeared in the Late Devonian, as marine
stromatolite populations declined. Microbial marine carbon-
ates retained their importance through much of the Mesozoic,
they became scarcer in marine environments in the Cenozoic,
but locally re-emerged as large agglutinated domes, possibly
reflecting increased algal involvement in sediment binding
and cementation.

There are still a few modern normal-marine settings where
metre-scale stromatolites flourish. Holocene columnar
stromatolites grow as part of a thrombolite-stromatolite
association on the floor of modern tidal channels off Lee
Stocking Island, Exuma Cays. These bio-columns show three
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associations of internal sedimentary structures: (1) prokaryotic
stromatolites comprised of alternating layers of coarse-grained
ooids and peloids, and fine micrite that are formed exclusively
by microbial activity; (2) eukaryotic stromatolites comprised
of microbially-induced micritic layers alternating with detri-
tal layers bound and cemented by eukaryotic algae; and (3)
thrombolites displaying irregular, clotted fabrics and formed
by communities of microbes, algae, and metazoans (Figure
1.7a; Feldmann and McKenzie, 1998).

Onshore in San Salvador in shallow turbid water, beneath the
modern mesohaline waters of Storr's Lake, marine-influenced
thrombolite layers alternate with stromatolite layers to create
mushroom shaped mounds. This alternating layering perhaps
reflects changes in salinity and light penetration (Figure 1.7b;
Mann and Nelson, 1989). Formation of many modern marine
thrombolites has been attributed to carbonate precipitation
driven in large part by sciaphile (dark-loving) bacteria, which
flourish under low sedimentation rates, low water energies and
higher turbidity, hence the preservation of a clotted fabric and
lack of lamination (Dupraz and Strasser, 1999; Riding, 1991).
Phanerozoic marine thrombolites, in contrast, are mostly in-
terpreted as non-laminated microbialites (not a stromatolites)
constructed by cyanobacteria and are not usually interpreted
as sciaphiles.

According to Feldmann and Mckenzie (op cit.) the contem-
poraneous formation of prokaryotic stromatolites, eukaryotic
stromatolites, and thrombolites under identical conditions
within the present marine environment is unlikely. They sug-
gest that the prokaryotic stromatolites in the Lee Stocking
bioherms represent microbial forms that began to develop in
an environmentally-stressed intertidal setting during the early
Holocene flooding of the Great Bahama Bank. In contrast,
thrombolites began to form under the present, normal-marine
subtidal conditions (Figure 1.7a). The eukaryotic stromatolites
represent intermediate forms between prokaryotic stromatolites
and thrombolites, with a gradual change from stromatolite to
thrombolite reefs tied to rising sealevel. With the deepening,
there would have been a decrease in salinity, an increase in
energy, and possibly an increase in nutrient supply; all factors
that favour thrombolite growth.

Unfortunately, most environmental and depositional models for
Phanerozoic stromatolites tend to draw heavily on Holocene
peritidal marine-margin analogues, such as Shark Bay, a
hypersaline setting where sand grain trapping (agglutination),
rather than micrite precipitation, is the dominant mode of sedi-
ment accretion. Accordingly, using modern analogues, many
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Figure 1.7. Thrombolites in mesohaline to marine settings. A) Evolution of microbialites during a rise in sea level from time X to
time Z in the formation of marine subtidal stromatolites in Lee Stocking Island in the Bahamas (after Feldmann and Mckenzie,
1998). B) Distribution of algal/thrombolitic structures in mesohaline aragonite muds of Storr's Lake, San Salvador (after
Neumann et al., 1988; Mann and Nelson, 1989). C) Thrombolites (aragonitic) passing into gypsiferous mud mounds below
the halocline at the southern end of the channel in Gotomeer, Bonaire (after Kobluk and Crawford, 1990).

sedimentologists assume that well-preserved Phanerozoic
stromatolites must have formed in intertidal to supratidal
marine settings. As we shall see in Chapter 5, a marine-con-
nected basin is not the best way to model evaporitic carbonates
associated with thick evaporites. Microbes living in ancient
saline systems constructed a far more diverse and wide ranging
biotal association in evaporitic settings than simplistic Shark
Bay analogs imply (Chapter 9).

Microbialites typify marine to evaporite and evaporite to
marine transitions

Throughout the rock record, Pope et al. (2000) noted that a
transition between a carbonate platform or anisolated carbonate

buildup and the overlying evaporites is commonly defined by
assemblages of stromatolites or interlaminated carbonates and
evaporites. The stromatolites display lamination textures that
vary from peloidal and discontinuous on a scale of a millimetre
to afew centimetres, to isopachous and continuously laminated
on ascale of a centimetre to a few metres. The isopachous lami-
nation may be composed of either: (1) micrite or radial-fibrous
calcite, or (2) dolomite. The isopachous laminae are remark-
ably uniform, varying little in thickness over a given lateral
distance, whereas stromatolites formed of peloidal laminae,
also show marked variations in thickness over an equivalent
lateral distance (phototactic thickening). They observed that
isopachous textures are uncommon on most open-marine
carbonate platforms and apparently developed in transitional
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Location Units Carbonate Fabrics Composition
Great Slave Lake, Perthei Grp. (c) Tufa, isopachously laminated stromatolite at contact in shallow Basinwide evaporite
Canada, Palaeoprotero- Stark Fm. *e) water; Fibrous marine cements throughout platform Halite >> gypsum
zoic (1.8-1.9 Ga) (no anhydrite)
Oman, Vendian Buah Fm. (c) Fibrous marine cements throughout platform and isolated throm-  Basinwide evaporite
(570-543 Ma) Ara Fm. (e) bolitic bioherms; Isopachously laminated stromatolites at contact; ~ Halite >> gypsum

Michigan Basin, Silurian
(=400 Ma)

Western North America;
Middle Devonian
(=385 Ma)

Sverdrup Basin,
Carboniferous,
Arctic Canada

Zechstein Basin, England,
Late Permian
(=260 Ma)

Mediterranean
Messinian
(Middle Miocene)

Abu Shaar Complex,
Egypt; Messinian (Middle
Miocene)

Guelph Fm. (c)
Salina Fm. (e)

Winnepegosis (c)

Nansen (c)
Otto Fiord (e)

Middle Magnesian
Limestone (c)
Hartlepool Anhydrite (e)

Terminal Carbonate
Complex (c)

Ruidais Fm. (c)
Kareem Fm. (e)

tufa-like crusts in carbonates within evaporites

Fibrous marine cements within pinnacle reefs; Isopachously
laminated stromatolites (travertine-like coatings) cap marine reefs;
Calcite laminites in interpinnacle reef areas

Stromatolites cap marine reefs, fibrous marine cements in reefs
and carbonate-evaporite laminites between reefs in deeper-water
settings

Carbonate-evaporite laminites in basinal setting, fibrous marine
cements throughout shelf-margin reefs and buildups

Fibrous marine cements throughout reef complex; Isopachously
laminated stromatolites (Crinkly Beds) in bioherm capping marine
reef complex; Laminar coatings within bioherm, neptunian dikes
and cavities; Laminites in basinal setting between buildups

Thinly laminated stromatolites at transition from marine carbonate
to evaporite; fibrous marine cements within reefs underlying
stromatolites

Fibrous marine cements throughout marine reef complex; Thinly
laminated stromatolites with fibrous cements on toe of slope;
Unique pisoids with distinctive fibrous fabric

Basinwide evaporite
Halite >> anhydrite, potash
salts

Basinwide evaporite
Halite >> anhydrite

Halite = anhydrite

Basinwide evaporite
Halite >> anhydrite
Locally on platform:
Anhydrite >> halite

Basinwide evaporite
Halite >> gypsum

Basinwide evaporite
Anhydrite > gypsum >
halite

Table 1.3. Selected examples of unique evaporitic carbonate fabrics in basinwide transition facies passing from carbonate through
mesohaline to hypersaline deposition. Carbonate = (c), Evaporite = (e). (after Pope et al., 2000 and contained references).

carbonate-to-evaporite settings because of basin isolation and
drawdown leading to increasing temperature, salinity, and
anoxia related to water stratification (Table 1.3; Figure 1.8a).
The resulting ecologic restriction created an opportunity for
isopachous stromatolite growth.

Stromatolites with isopachous lamination are interpreted to
form via in situ precipitation of sea-floor-encrusting calcite
and possibly dolomite, whereas the stromatolites composed of
peloidal, discontinuous lamination are inferred to have formed
by trapping and binding of loose carbonate sediment in microbial
mats and can be unrelated to the onset of basinwide evaporite
restriction and drawdown. According to Pope et al. (2000),
isopachous stromatolites may have accumulated by chemogenic
precipitation in the absence of microbial mats, while peloidal
stromatolites grew by agglutination in the presence of microbial
mats and since the onset of the Phanerozoic have been largely
restricted to environmentally stressed biogenic sediment. I
would not exclude biofilms from isopachous stromatolites, it
is just that high inorganic precipitation rates can swamp the
phototactic effects used to interpret biofilms.

Pope et al. (2000) went on to note that when compared to pre-
Mesozoic occurrences, stromatolites with thin, isopachous
lamination and radial-fibrous textures, though present, are rare
to absent in transition facies in Jurassic and younger evaporite
basins, such as the Messinian of the Mediterranean region. In-
stead, the isopachous precipitative facies have beenreplaced by
stromatolites with peloidal, clastic phototropic textures and by
mesohaline mudstones with a low-diversity diatomaceous and
coccolith biota. These stromatolites are sometimes interlayered
with thrombolites (as in Storrs Lake, Caribbean). They interpret
the shift away from chemogenic stromatolites to agglutinated
stromatolites as a change in seawater chemistry tied to the
evolution of the nannoplankton. Accumulation of the biogenic
planktonic mudstones in deeper ocean waters since the Mesozoic
has had two important effects: (1) Production of coccolith tests
in the world's oceans (chalks) helped extract calcium carbonate
from seawater, thus lowering the growth potential for inorganic
precipitation of sea-floor-encrusting stromatolites. (2) Settling
of both coccoliths and diatoms would have created a sediment
flux to the sea floor, which would have served to impede growth
of chemically precipitated stromatolites because of ongoing
smothering of any growing seafloor crystals.
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Post-Mesozoic peloidal stromatolites (bio-agglutinates) and
thrombolites tend to characterise transitions into and out of
episodes of basinwide evaporite deposition. One of the best-
preserved transitions of this style of stromatolite/thrombolite
occurrence comes from the Late Miocene of SE Spain in cyclic
stromatolitic carbonates deposited during and atthe termination
of the Messinian salinity crisis (Figure 1.8b; Chapter 5). For
example, large microbial carbonate domes (both stromatolites
and thrombolites) defined the margins of the Sorbas and
Alboran Basin during the uppermost Messinian. They occur in
a unit overlying the Messinian evaporite succession and were
deposited in a variety of environments, including fan deltas
(Martin et al., 1993; Braga et al., 1995), beaches, and oolitic
shoals (Riding et al., 1991).

Their abundance and continuity in the transitional marine set-
ting is comparable in many respects to their omnipresence as
transitional forms in the Precambrian. There is, however, an
important difference in some parts of the Messinian sequences.
Although major unconformities separate normal marine reefs
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from the carbonates of the “terminal complex complex (TCC),”
animpoverished and depauperate, normal-marine biota of Late
Miocene corals (Porites), coralline algae, serpulids, bivalves,
and encrusting foraminifers at times lived alongside the
stromatolitic microbes as the TCC was accumulating (Martin
et al., 1993; Braga et al., 1995). The intimate association of
stromatolites with a stressed, but stenohaline, marine biotarules
out the possibility of continually elevated salinities at the onset
of TCC deposition, as suggested by several earlier authors to
account for the occurrence and proliferation of widespread
microbial structures in the Messinian strata (Esteban, 1980;
Rouchy and Saint-Martin, 1992). The most plausible explana-
tion for this transition into and out of hypersaline into normal
marine waters is that microbes acted as opportunistic biota and,
for a time, outcompeted other organisms, settling and growing
successfully in most of the available and rapidly expanding ma-
rine niches (Pope et al., 2000; Feldmann and McKenzie, 1997).
This happened during the initial stages of marine recolonization
of the Mediterranean Sea, after drawdown and deposition of
either the lower or upper evaporite sequences.

Platform
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Stromatolite (peloidal) Calcium sulphates/halite
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Figure 1.8. Schematics of marine carbonate to evaporite transitions. A) Typical transitions, showing relative positions in the basin
stratigraphy of precipitated isopachous stromatolites and the precipitated carbonate fabrics that typify sediments accumulat-
ing mesohaline carbonates immediately prior to complete basin isolation and drawdown that defines the onset of basinwide
calcium sulphate and/or halite evaporite deposition (after Pope et al., 2000). B) Platform edge distribution of stromatolites
and thrombolites relative to cyclic sea-level changes during the Intra-Messinian flooding event in a marginal Mediterranean
sub-basin. Time 1) Relative high sea-level stand with thrombolite growth in the subtidal zone at the front reef, oolite deposition
in the deeper parts of the back-reef area, and stromatolite growth in the intertidal zone of the back-reef area. Time 2) Relative
low sea-level stand promoting thrombolite growth in the basinward migrated subtidal zone at the front reef and opportunist
stromatolite growth in the intertidal zone on both the previously deposited ooid sands and thrombolites. Time 3) Relative high
sea-level stand with thrombolites growing over the preceding stromatolites in the subtidal zone at the front reef, opportunist
stromatolite growth in the intertidal zone of the back-reef area, and sand deposition in the deeper water of the back-reef area
(after Feldmann and Mackenzie, 1997).
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Thus, the development of microbial structures during the
Messinian seems to be related, although indirectly, to the
end of each “salinity crisis” and the creation of unoccupied
marine ecologic niches as seawater encroached on drawdown
unconformities. Earlier but ecologically comparable vacant
niche scenarios are found atop Phanerozoic platform carbonates
at the onset of basinwide evaporite stages (Table 1.3); exam-
ples include the Silurian of Michigan Basin (Sears and Lucia,
1979) and the Permian of the Zechstein Basin (Paul, 1980).
The abundance of stromatolites and thrombolites in normal
marine environments in the aftermath of a mass extinction of
the pre-existing marine benthic biota via drawdown can been
explained by the stromatolite and thrombolite communities act-
ing as opportunistic disaster forms taking advantage of vacant
ecologic niches (Schubert and Bottjer, 1992).

Vadose pisolites, ooids and other coated grains

Fenestral carbonates, sometimes intercalated with grainstones,
are frequently interpreted as peritidal sediments (Shinn, 1983).

lateral \\_J }w
@)1
up
Directional
elongations
In-place
PerChed grgwth
inclusions
Polygonal @
fitting Z
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B

Figure 1.9. Fabrics of pisoids created by in-place processes.
Although all these features have been interpreted as requiring
vadose pore conditions, only downward directional elongation
(micro-stalactite) require such an interstitial condition (after

Esteban and Pray, 1983).
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Often the grainstones facies are dominated by coated grains,
including oolites, and their wave-agitated mechanical genesis is
indicated by well preserved crossbed sets. A marine conception
isindicated by nuclei of marine shell fragments and intercalation
with packstones and wackestones containing marine fossils.
More typically in evaporitic settings these metre-thick beds of
coated grains lack obvious crossbeds or marine fossils and are
intercalated with biolaminites and sharp crosscutting truncation
surfaces. Units tend to be inverse graded and coarsen upward
into pisolitic rudstones, they are commonly interlayered with
evaporite solution breccias (Figures 1.9, 1.10a). Pisolitic beds
show many textural features, such as bridged coats and polygonal
fitting of pisoids, that imply they formed “in situ” under condi-
tions of little or no wave-induced agitation. Individual pisolites,
now composed of calcite or dolomite, can show nonconcentric
internal truncation surfaces and brick-like crystal terminations
indicative of exposure and an aragonite parent (Figure 1.10b,
¢; Assereto and Folk, 1976).

Pisolite rudstones tend to be caught up in tepee structures and
other strandzone layers and beds that also contain internal struc-
tures and cements indicative of alternating vadose and phreatic
conditions. Such features include perched inclusions, inverse
graded pisolite beds, and pendulous circumgranular cements
(Figures 1.9; Dunham, 1972; Esteban and Pray, 1983; Handford
etal., 1984). They indicate a depositional setting that was part
of a strandzone, typified by the “to and fro” of the strandline
edge of a brine lake or seaway in a zone of groundwater seep-
age. The associated water table rose and fell as, pore water
conditions alternated between vadose and phreatic.

Pisolite crust cements formed in a strandzone retain infiltrated
micrite and pendulous grain underhangs that indicate the sedi-
ment spent at least a part of its time above the water table. The
term vadose pisolite is sometimes used to distinguish these
evaporitic pisolites from permanently subaqueous isopachous
“marine” pisolites or the pedogenically formed calcrete pisolites.
The prefix marine is a little misleading when describing
isopachous pisolite crusts. Modern examples of isopachous
pisolites, along with fitted, pisolith crusts define CaCO,-satu-
rated peripheral marine seepage areas on the strandplain of
evaporite-filled coastal lakes in western and southern Australia
(Warren 1982a, 1983a; Handford et al., 1984) and the thermal
spring-fed margins of large halite-filled continental salars
in the Andean Altiplano (Risacher and Eugster, 1979; Jones
and Renaut, 1994). Both settings lack a surface connection to
marine waters. The term seepage should perhaps replace the
term marine when describing strandzone pisolites.
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Figure 1.10. Pisolites from Permian of west Texas. A) Polished slab of pisolitic dolomite from the uppermost Yates Formation.
Note reverse grading of grains, and “fitted fabric” in which grains have interlocked boundaries produced by compromise
growth of outer coatings. Sample from roadside outcrop at “hairpin turn” on New Mexico Highway 7 in Carlsbad Caverns
National Park, Eddy Co., NM. B) Thin-section photomicrograph (cross-polarized light) of a pisoid from the Yates Formation.
Note irregular, lumpy, partially concentric coatings; fracturing (“autobrecciation”) of micritic- peloidal matrix; and evaporite
plugging of remnant intergranular porosity. Sample is from 1708.1 ft depth in Gulf/Chevron PDB-04 well on Northwestern Shelf
of Delaware basin, 30 km ENE of Carlsbad, Eddy Co., NM. Long axis of photo = 14.5 mm. C) Thin-section photomicrograph
(plane-polarized light) of a marine-cemented pisolitic dolomite showing transition from pisoid to botryoidal cement crust. Note
that the extremely elongate rays of cement which extend from upper surface of the pisoid show squared crystal terminations.
This is used as evidence for an originally aragonitic composition for the cement. Sample from 1739.3 ft depth in Gulf/Chevron
PDB-04 well on Northwestern Shelf of Delaware basin, 30 km ENE of Carlsbad, Eddy Co., NM. Long axis of photo = 16
mm. (Images and descriptions courtesy of P. Scholle, http://geoinfo.nmt.edu/staff/scholle/guadalupe.html; accessed 11 Dec,
2004).

form about the strandzone margins of continental saline lakes
and salars.

Ancient pisolites may be marine-fed or continental; all ac-
cumulated in CaCO, saturated waters. Seepage pisolites are
part of a sedimentological association where pisolite crusts are

forming mainly as accretionary chemogenic particles in areas
of cooling, degassing and concentrating resurgent groundwater.
Many are coated with microbial communities, which through
their photosynthetic activity help drive the process of carbonate
supersaturation. Seepage pisolites occur within confined saline
groundwater seepage areas that are located on, or adjacent to,
extensive carbonate mudflats about saline waterways. Such
systems are not restricted to marine seepage settings but also

Esteban and Pray (1983) argue vadose (seepage) pisolites
characterise the Permian island shoal and sandflat facies of
west Texas (Figure 1.10). There pisolitic crusts were thicker
and most obvious within the central depressions of decame-
tre-diameter saucers in what was an extensive tepee-over-
printed megapolygonal terrain. Warren (1983a) argued the
same pisolites were part of a marine seepage facies about the
edge of a widespread saltern/mudflat depression that covered
the platform interior behind a sandy island shoal.
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Nominal “marine” pisolites are characterised by isopachous
rim cements, little or no grain fitting and few vadose textures.
They are commonplace in normal marine Proterozoic carbon-
ates compared with the Phanerozoic marine (Swett and Knoll,
1989). Their greater abundance reflects a more carbonate
-saturated marine chemistry in Precambrian seas (see below).
But, throughout geological time, an isopachous pisolite tex-
ture has also been a boiler-plate feature of the hypersaline
lacustrine realm.

Work by Gerdes et al. (1994) has shown that in addition to
“seepage” pisolites other carbonate grains, such as ooids and
peloids, typically thought of as indicators of marine conditions
and mechanical agitation, can precipitate in sifu in CaCO,-satu-
rated evaporitic settings. They grow within modern microbial
mats in hypersaline settings and require no wave-agitated or
pelagic phase to precipitate concentric laminar grain coats.
Laboratory experiments with unconsolidated muds, and com-
parisons with fenestral and grainstone textures in evaporitic
Guadalupian backreef strata in west Texas by Mazzullo and
Birdwell (1989), demonstrated that intense in situ alteration
of fenestral mudstones can create peloidal grainstones. They
go on to argue that such diagenetic grainstones may be the
precursors of some forms of pisolitic rudstone.

Wave-agitated shore-parallel crossbedded ooid sand belts, very
similar to their modern marine look-alikes, can accumulate in
a lacustrine strandzone. For example, cross-stratified oolitic
lacustrine grainstones and packstones typify wave-agitated
strandzone or lake margin sediments of contemporary Great Salt
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Lake, Utah (Eardley, 1938), the Upper Cretaceous to Eocene
lacustrine strandzone of Green River Formation of the Uinta
Basin, Utah, USA (Williamson and Picard, 1974) and the high
energy, lake-shoreline carbonates of the Upper Triassic Mercia
Mudstone Group of southern Britain (Milroy and Wright, 2000).
Texturally these hypersaline ooids show a radial texture that
contrasts with the more typical tangential structure of modern
marine ooids. Eardley (1938) noted that ooid sand bodies in
Great Salt Lake are concentrated along relatively narrow,
wind-swept coasts, adjacent to steep basement promontories
and in waters that are less than 2 metres deep (Figure 4.19b).
In contrast, strandzone algal bioherms are typically, although
not exclusively, associated with wider, less exposed and more
gradually inclined shorelines distal to basement uplands. Work
by Halley (1977) on ooids from the Great Salt Lake showed
that in an agitated setting radial ooids are structurally weaker
than comparable tangential marine ooids. He argued that a
statistically significantly proportion (>1%) of syndepositionally
broken o00ids is a reliable indication of radial aragonite ooids
associated with hypersaline shorelines (Chapter 4).

Tepees

Tepees are the buckled and broken margins of saucer-like
megapolygons in limestone or dolomite crusts that appear
as an inverted “V” in vertical two-dimensional exposures
(Figures 1.11, 1.12a, b; Adams and Frenzel, 1950). Tepees
are commonplace strandzone features in both modern and
ancient settings (Assereto and Kendall, 1977; Warren, 1982a,
b, 1983a; Esteban and Pray, 1983; Kendall and Warren, 1987;
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Figure 1.11. Cross section of a field locality of the Permian Tansill Formation at Hairpin Curve in Guadalupe National Park,
west Texas. Note the prominent development of pisolites in intertepee depressions within the upper tepee complex and the
erosional surfaces that truncate the tepee complexes (after Esteban and Pray, 1983).
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Figure 1.12. Tepee Structures, Permian Basin, west Texas. A) Tepee structure in Tansill Formation. Note that if the upturned
margins of the structure were returned to a horizontal position, they could not be accommodated on a flat bedding plane; this
shows that these are expansion polygons. Light yellow layers are dolomitized pisolitic and fenestral sediment; darker, gray
layers are zones of sheet spar (aragonitic cement crusts). Interstitial growth of aragonite (in marine or coastal spring settings)
was the most likely cause of sediment expansion and buckling. Outcrop at southwest end of parking lot at Carlsbad Caverns
visitor’s centre, Carlsbad Caverns National Park, Eddy Co., NM. B) Stacked sequence of tepees, associated with fenestral and
pisolitic dolomites, in the basal part of the Tansill Formation. A 1.8 m thick sandstone at the base of the exposure (at level of
man) has truncated tepee stacks in the underlying Yates Formation and possibly acted as an aquifer for the resurging brines that
precipitated these tepees. The sandstone sheets, which thin to a feather edge toward the shelf margin, have been interpreted
as sabkha sandflats formed by eolian processes during sealevel lowstands. Roadside outcrop on Dark Canyon road approxi-
mately 2 km west of the canyon mouth, Eddy Co., New Mexico. C) Peloidal and skeletal grainstones with fenestral fabric in
the near-back-reef Tansill Formation. These strata were probably deposited on a relatively high-energy mudflat. Outcrop on
south side of Dark Canyon, less than 1 km west of the canyon mouth, Eddy Co., NM. Coin is 2.4 cm in diameter. D) Close-up
of sheet spar (aragonite cement) crust from within a tepee structure. Note growth of banded cements from top as well as bot-
tom of cavity and incorporation of fragments of matrix sediment. Roadside outcrop at hairpin turn on New Mexico Highway
7 in Carlsbad Caverns National Park, Eddy Co, NM. (Images and descriptions courtesy of P. Scholle, see hitp://geoinfo.nmt.
edu/staff/scholle/guadalupe.html; accessed 11 Dec, 2004 for more details on this region of New Mexico).

Logan, 1987; Kendall, 1989; Smoot and Lowenstein, 1991;
Last, 1992; Jones and Renaut, 1994; Mutti, 1994; Armstrong,
1995). Some authors have extended the use of the term tepee
to pressure ridges in crusts of gypsum or halite. I prefer to re-
strict usage of the term tepee to overthrust ridges in carbonate
crusts and to use the term pressure ridge for overthrust ridges in
halite or gypsum crusts. That is, although I use the term tepee
nongenetically, I restrict its usage to carbonate crusts and add a

prefix to describe its genesis, e.g. groundwater/seepage tepee,
seafloor tepee, sabkhatepee, caliche tepee (Kendall and Warren;
1987); some may even be seismic (Pratt, 2002) or microbial
(Chow and George, 2004). Others workers restrict the use of
the term tepee to inorganic overthrust structures (carbonate
and salt hosts) and use the term petee to describe overfolded to
overthrust ridges in what were originally biogenically-bound
surface layers. Petees can occur in layers and crusts composed
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of both evaporitic carbonates and more saline salts, the ridge
crest need not be fractured, but can be a series of polygonally
linked folds. See Gavish et al., 1985 for the original definition
of petee and Noffke et al., 2003 for acomprehensive discussion
of petees and other microbially induced sedimentary structures
that are commonplace in evaporitic settings. Microbial petees
typically have synoptic relief measured in centimetres, but
range up to a metre high in the lagoonal strata of the Devonian
Lennard Shelf in the Canning Basin of northwest Australia
(Chow and George, 2004).

Tepees, along with vadose pisolites are characteristic features of
cemented carbonate crusts in areas of a strandplain that experi-
ence wetting and drying cycles, CaCO,-saturated groundwater
seepage, fluctuating salinity conditions, and marked diurnal
changes in surface and nearsurface temperatures (Figure 1.12c).
Successive episodes of tepee development often stack one bed
atop another, with the tepee-overprinted units separated by
erosion surfaces, breccias or carbonate-cemented quartz sands
(Figures 1.11, 1.12d). Pisoids in the Permian strata of west
Texas appear to accumulate best within intertepee depressions
or saucers (Figure 1.11; Esteban and Pray, 1983). Subsequent
expansion episodes, along with local buckling, may rework
beds formed in these pisoid-rich depressions into new tepees.
When the pace of resurgence was strengthened during times
of increased groundwater outflow, tepee crests were capped
by domal stromatolites (Figure 4.5c; Warren, 1982a; Kendall
and Warren, 1987).

Many ancient tepee-influenced horizons are interbedded
with evaporite solution collapse breccias. This characteristic
intercalation reflects the to and fro of a brine sheet edge over
the strandzone carbonate facies, typically at times when the
platform was isolated from a surface connection to the ocean
and brine levels were fluctuating in response to the vagaries
of evaporitic drawdown (Chapter 5). Some evaporite solution
collapse may postdate the depositional hydrology of the cycle
that formed the tepee, but, based on modern analogues such
as Marion Lake and Lake McLeod, the schizohaline brine hy-
drology that forms the marginward saline seeps where tepees
flourish is dominated by pore waters that are undersaturated
with respect to halite and gypsum. Resurging groundwaters
dissolve nearby evaporite beds as they form the tepee/pisolite
beds (Warren 1982a). The end result of this ongoing dissolu-
tion is the collapse of the overlying tepee-affected strata. Any
subsequent prograding of the seepage margin into the evaporite
basin means the tepee zone is cannibalised from below and
along its landward margin by its own groundwaters. All that
may be preserved as widespread evidence of a prograding te-
pee hydrology within an ancient platform cycle is a terra rosa
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profile mixed with remnant breccias composed of fragments
of tepee crusts, stromatolite breccias and other residues of the
strandplain (Burri et al., 1973; Assereto and Kendall, 1977;
Bogoch et al., 1994; Mutti, 1994).

At a broader scale, the occurrence of a substantial tepee-rich
unit in a platform interior carbonate succession indicates an
episode of exposure and water table drawdown. For example, in
the Italian Alps the principal tepee-dominant unit is interpreted
as a sequence boundary and forms a regional marker in the
highly cyclic Latemar (Triassic) platforminterior (Hardieetal.,
1986). This 300m thick tepee facies separates the lower cyclic
facies and the upper cyclic facies of the Schlern Formation in
the Latemar platform (Egenhoff et al., 1999; Mutti, 1994). Itis
characterized by 79 tepee zones (0.2 to 13m thick) alternating
with intervals of thinning-upward, caliche-capped mudstone
to packstone cycles.

Some authors have suggested a Milankovitch cyclicity may be
preserved in thickness variations within the platform interior
sediments of the Latemar (Hinnov and Goldhammer, 1991).
If so, the highly altered, overprinted and collapsed origin of at
least some of the tepee intervals, probably means individual
eustatic parasequences are no longer recognisable within the
tepee facies. The predominance of tepees in the Latemar platform
also suggests periodic evaporative drawdown in the platform
interior. Seepage hydrology needed to form pisolites and tepees
implies an exposed but somewhat elevated platform rim at the
time the tepees of the interior were active. In contrast, the thick-
nesses of the transgressive systems tracts (subtidal successions)
also preserved in the platform interior indicate flooding and
are more likely to retain finer-scale eustatically/climatically
distinctive thicknesses.

Carbonates - present and past

Phanerozoic evaporitic carbonates accumulate in CaCO,-
saturated waters and the consequent aragonite/dolomite muds
and cements are distinctive and quite easily separated from
open marine shelly carbonate shelf textures. The separation
between marine and hypersaline settings is much less distinc-
tive in Proterozoic strata or older. In fact, the best modern
textural analogues for many Precambrian marine carbonates
are to be found in Holocene evaporitic carbonates and not in
modern normal marine carbonates. The dichotomy reflects two
major events in earth history: 1) the evolution of an increas-
ingly bicarbonate-depleted and sulphate-enriched ocean by the
Proterozoic, and 2) the rise of a shelly marine macrofauna at
the Cambrian-Precambrian boundary.
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Microdigitate Stromatolites

The change in the earth's atmosphere
and ocean chemistry is also reflected
in the evolving nature of microbialites
(Grotzinger and Knoll, 1999). During
the Archaean and early Proterozoic,
when CO, levels were much higher
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Figure 1.13. Carbonate precipitation from seawater through time. Black fill represents
basins where the textures are abundant across a range depositional settings. Grey fill
represents basins where the textures are present in a limited number of depositional
settings. Stippled pattern indicates textures and minor components with limited extents

(after Sumner and Grotzinger, 1996).

During much of the Precambrian, CaCO, was extracted from
seawater by a combination of inorganic and microbial proc-
esses, the same two sets of processes that dominate in modern
evaporitic carbonate settings. Archaean carbonate sediments
entrain numerous and prolific giant botryoids of aragonite
that can be up to 1 metre in radius, as well as widespread Mg-
calcite precipitates (Grotzinger and Read, 1983, Grotzinger
and Kasting, 1993; Grotzinger and Knoll, 1995; Sumner and
Grotzinger, 2004). These beds sometimes formed cementstone
sheets several metres thick with strike lengths of more than 100
km, with no modern counterparts in normal marine carbonates
(Figure 1.13).

By the Palacoproterozoic, marine carbonates entrained less spec-
tacular masses of aragonite and calcite, although cementstone
crusts and microdigitate stromatolites in tidal flats remained
a characteristic style of carbonate platform aggradation. In
contrast, Meso- through Neoproterozoic carbonate sedimenta-
tion saw a progressive decline in the precipitation of massive
widespread carbonate cements and an increase in widespread
precipitation of micritic whitings. Throughout the Precambrian,
periodic high-energy events ripped up and transported fragments
of these cementstone crusts and whiting beds to redeposit them

stromatolites grew largely through
the accretion of carbonate sediments,
mostly through the physical process of
microbial trapping and binding (agglu-
tination) and conoform stromatolites
had by then largely disappeared from
the world's oceans (Sumner and Grotzinger, 1996) and today
are found only as tufas in hypersaline lakes (Warren, 1982a).
The carbonate supersaturation of Archaean seawater has led
some to question the biogenicity of the 3.43 Ga stromatolites
at North Pole, Australia - historically interpreted as the world's
oldest biological fossils (Grotzinger and Rothman, 1996 vs
Hoffman et al., 1998).

The dramatic rise of a skeleton-secreting and sediment
ingesting macrofauna at the beginning of the Phanerozoic
further changed the nature of marine shelf sedimentation.
The proportion of chemically precipitated open-marine mud
and cement decreased and new sedimentary particles, such
as abundant shell fragments, faecal pellets and biologically
derived muds, came to dominate the marine carbonate realm.
The formation of widespread cementstone sheets on the seafloor
had ceased several hundred million years before the rise of
the shelly macrofauna. It was only in hypersaline environ-
ments that carbonate supersaturation persisted throughout
the Phanerozoic. There isopachous stromatolites and other
halotolerant microbialites continue to flourish in the absence
of bioturbation and gastropod grazing.
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Figure 1.14. Depositional signature of primary evaporite textures and syndepositional secondary evaporites for CaSO, and
NaCl salts. Secondary textures related to burial are discussed later in this chapter.

Primary evaporite salts
Evaporite salts are deposited in a brine pan or seaway after the
brine has precipitated the alkaline earth carbonates. The salts,
dominantly CaSO, or halite, show a range of crystal textures
that indicate relative stability, depth and permanence of the
precipitating brine (Figure 1.14).

Simple monomineralic carbonate, sulphate or halite layers and
laminae, as well as beds composed of complex interlayered
mixtures, dominate subaqueous deposits of many saline lakes
and seaways. Laminae created by chemical settling are a
typical subaqueous stratification style at the onset of primary
salt accumulation. Some laminae outline underlying crystal
morphologies, others are flat-planar and can be correlated for
long distances across the basin. Biolaminae, including microbial
bedding and accretionary tufa and travertine deposits described
previously, are common intercalations and indicate less saline
intervals in the same brine body. Mechanically reworked laminae
(ripples, dunes and slumps) are less common in subaqueous
evaporites than in their carbonate or siliciclastic counterparts.
This is due to the predominance of chemical sedimentary
processes operating in the brine bodies at the salt precipitating
stage whereby early crystal precipitates interlock and cement
as they evolve into growth-aligned crystals.

Widespread layers or crusts composed of cm-dm sized aligned
bottom-nucleated crystals are one of the most widely recognised
shoalwater textures. Depending on the salinity of the precipitat-
ing brine this bottom-nucleated unit is typically composed of
halite chevrons or aligned gypsum crystals. Beneath deeper
waters, crystals may accumulate on the bottom as a silt-sized
“rain from heaven” pelagic deposit or as a mass of coarsely
crystalline monomineralogic bottom meshworks. A range of
slope deposits, dominated by reworked shoal water crystals,
typifies the subaqueous region separating the shallow from the
basinal (Chapter 5).

Over time, decimetre-to-metre thick salt beds can stack one
atop the other to form evaporite units that can be hundreds of
metres thick. When conditions are suitable, huge thicknesses of
shoalwater evaporite can accumulate in very short time frames.
Forexample, amore than one-km-thick sequence of interbedded
halite and clay has accumulated in less than 10,000 years in
the Danakil Depression of the Ethiopian rift (Figure 11.4). No
other type of sediment, carbonate or siliciclastic, can aggrade
as rapidly as a subaqueous evaporite bed (Warren, 1991).
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Gypsum beds

A few thousand years ago subaqueous crystals of gypsum, up
to 1 metre tall, grew in stable bottom waters of shallow (<10m
deep) Holocene brine pans of southern Yorke Peninsula, South
Australia (Chapter 4; Warren, 1982b). The crystals coalesced
into crusts and beds dominated by swallowtail and palmate
gypsum crystals. Similar giant growth-aligned subaqueous
gypsum with single crystals up to 10 metres tall have been
documented in the Lower Miocene evaporites of Poland (Babel,
1990) and the various Late Miocene Messinian sub-basins of
the Mediterranean (Rouchy and Saint-Martin, 1992). Growth
cycles in these subaqueous gypsum deposits range from mm
couplets to decametre beds to brining cycles that are tens of
metres thick (Figure 1.15a,b).

Large aligned gypsum crystals that make up the bottom-grown
beds typically entrain curved growth faces interspersed among
parallel-sided prisms. Very few natural gypsum beds are made
up of growth-aligned crystals that first formed as aggregates of
upward-oriented simple twins. Thatis, natural crusts and bed of
growth oriented gypsums are not conjoins of the simple prisms
shown in Figure 1.16a. In fact, the crystal forms illustrated in
Figure 1.16a, and given in many mineralogy texts as typical
gypsum morphologies, are the least common forms of gypsum
in natural subaqueous systems.

Where a curved face encapsulates a crystal, a single lensoidal
crystal forms (Figure 1.16b). The term “bird-beak” gyp-
sum is sometimes used to describe its distinctive lenticular
shape. The characteristic hooked termination can be used
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with pseudomorphs to help separate gypsum from the trun-
cated lenticular “axe-head and keg barrel” forms of diagenetic
anhydrite. Individual lenticular gypsum crystals range from
sand-size to boulder-size. Lenticular sand-sized forms make up
the uppermost lake sediments and the gypsum lunettes about
the saltflat edges of many coastal and continental salt lakes
in Australia (Chapter 4; Warren, 1982b). Holocene lenticular
gypsum crystals are intimately associated with algal sediments
in marine-seepage-fed Ras el Shetan mudflats in the Gulf of
Aqaba, Egypt (Aref, 1998a).

Bedded gypsum growing on the shallow bottom of a peren-
nially subaqueous lake or seaway typically precipitates as
masses of large parallel-sided megacrystals that show varying
levels of expression of the curved faced (Figure 1.16c). Indi-
vidual growth-aligned crystals are decimetres to metres long
in gypsum beds in marine seepage fed Holocene salina such
as Marion Lake and Lake Asal, while ancient counterparts in
the Middle Miocene of Poland are more than 10 metres long
(Babel, 1990). Varying degrees of curvature lead to the growth
of distinctive gypsum twins with acute (narrow) to obtuse (wide)
angles along the twin plane. Doug Shearman described this
form of overlapping curvature along the twin plane as “arms
of Siva” gypsum. Strong vertical development of the upper
half of some twins creates beds of upward aligned gypsum
crystals showing strong curvature of the intercrystalline faces.
Such forms are sometimes called palmate gypsum. Some pur-
ists would argue that most of these natural forms of growth
aligned gypsum are not true twins (Babel, 1990). The varying
degrees of curvature entrained in the crystal generate changes

A

B

Figure 1.15. Subaqueous gypsum from the late Miocene of Sicily. A) Stacks of layers of aligned cm-scale gypsum crystals,
each layer indicates growth competition from a marly gypsarenite base (lens cap for scale). B) Metre-scale layers showing a
larger subaqueous growth cycle from a finely laminated marly base through coarsely-bedded aligned gypsum to a series of

domal mounds capping the cycle (people for scale).
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Figure 1.16. Gypsum. A) Prismatic forms of gypsum parallel to (010) with arrow head
twins along (100) or (101) and extreme acicular forms of prism and twin on the right.
B) Lenticular form of gypsum. Note how the lenticular form (on right) is dominated by
the curved faces that are much less important on a typical prism as seen in the side
and top views of a crystal (on left). C) Various forms of typical subaqueous "zig-zag"
gypsum growth as described in text (after Shearman, 1978; Orti-Cabo and Shearman,
1977; Rouchy et al., 1994).

resultof ahigh degree of adsorption of
organic compounds on the ~103 and
~111 faces that inhibits their growth
and consequently minimizing growth
parallel to the crystallographic c-axis

in the apparent twin angle, even in a single crystal. This breaks
the rule of constancy of twin angle, leading some to refer to
them as pseudo-twins (e.g. Schreiber, 1988a). Whatever the
crystallographic semantics, these large aligned crystals only
grow on the gypsum-saturated bottoms of shallow subaqueous
brine lakes and seaways.

Thereason why the curved face comes to dominate some gypsum
crystals (e.g. lensoidal crystals and displacive rosettes) is not well

(Cody, 1976). This absorption is

thought to reflect the peculiar surface
structure of the face, which unlike the other faces of gypsum
is almost entirely composed of Ca** ions and these Ca** ions
bond readily with organics (Aref et al., 1998a).

Warren (1982b) found that masses of sand-sized lenticular
gypsum crystals make up near surface beds deposited in
seasonally vadose settings in the numerous coastal salinas of
southern Australia. He argued the lenticular shape tends to form
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best in the upper seasonally vadose parts of the brine pan fill
subject to periodic short-term dissolution and regeneration. The
pristine parallel-sided gypsarenite prisms that constitute the
underlying thick bed of gypsarenite or growth-aligned laminar
selenite were not present at this level in the lake stratigraphy.
However, the vadose gypsum in these salinas grows in surface
and near-surface pore waters that are more influenced by surface
runoff from nearby vegetation-covered calcareous dunes and
so entrain higher tannic acid levels.

Growth-aligned coarse-grained gypsum beds form in Holocene
coastal lakes of Southern Australia beneath the waters of
perennial subaqueous brine pans that are density stratified for
more than 6-8 months of the annual depositional cycle. In the
early stages of infill of the salina, the
perennial bottom brine was always
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begins anew on a metres-deep brine pool floor. As the aggrading
euhedral gypsum bed surface encloses CaCO, impurities, it
encapsulates and preserves zig-zag laminae within the bed.

Aragonite pellets that mantle the re-entrant laminae in the salina
gypsum are a combination of a pelagic “rain from heaven” and
faecal pellets excreted by a grazing biota grazing the biofilm
that covers the gypsum. Metazoan life flourishes during the
freshened salina stage when a less saline surface water body
(= 50cm thick) floats atop the lower brine mass from spring
to early summer). Pellets in Lake Inneston and Deep Lake
salinas signify the feeding activities of ubiquitous ostrocodes
and the Southern Hemisphere brine shrimp (Parartemia
zietziana). When salinities in the surface waters are suitable, this

saturated with respect to gypsum.
Salinity conditions were stable and
allowed the upper euhedral surface
of the aggrading crystal bed to pre-
serve the upper outlines of crystals
in each growth stage. If the gypsum
precipitating today in Lake Inneston,
South Australia, is indicative of
the subaqueous growth style, then
throughout much of their growth, any
large upward facing gypsum crystals
are covered by a microbial mat or film
that captures aragonite pellets and
can be considered a type of gypsum
stromatolite (Figure 4.5d). Similar
subaqueous gypsum mounds, coated
with cyanobacteria, line the southern

very high —

medium —

end of the brine channel leading into
Gotomeer in the Nederlands and pass

Organic (polytannate) concentration

into laminated aragonitic microbialites
in the shallower waters along the
channel edge (Figure 1.7c; Kobluk
and Crawford, 1990)

Rapid bottom growth of gypsum prob-
ably only takes place when stratifica-
tion of the brine column is lost via

very low —

Hemi-bipyramidal twin

Hemi-bipyramidal twin

Hemi-bipyramidal

hemi-bipyramidal

Rosette or rosette-like aggregates

>

Lenticular twin

complex complex

Lenticular twin

=

Lenticular
(bird-beak)

)

Prismatic/ Prismatic/lenticular

Cool (< 15°C) Hot (>35°C)

Prismatic

seasonal concentration of the fresher

Environment: clay-rich, “moderate” salinity (150-200%.), pH~7.5 |

surface water body to the same salinity

asthe dense gypsum-saturated bottom
waters. Once this happens the whole
water column is supersaturated with
respectto gypsumand gypsum growth

Figure 1.17. Laboratory based changes in gypsum growing in a muddy (bentonite)
sediment matrix at moderate salinity and neutral pH in environments characterized
by increasing temperatures and dissolved polytannate concentrations. Polytannate is
considered to be an analog for terrestrial humic material. c-axis vertical in all examples

(after Cody and Cody, 1988).
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A Typical chevron fabric in salt crust
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Figure 1.18. Halite. A) Growth aligned forms of subaqueous halite and typical chevron growth fabric outlined by inclusions
in the crystals. Those crystallite cubes with upward-aligned edges, rather than faces, come to dominate the growth fabric
as a series of merged chevron crystals. Other bottom growth forms include upward-growing halite teeth and aggregates of
hoppers on the bottom that were created by overgrowths on sunken rafts. B) Halite raft growth, where crystals hang from the
air-brine interface. C) Various forms of skeletal or intrasediment halite hoppers. Notice how the outline of the halite shape or
its pseudomorph can vary from rectangular to triangular depending on the plane of intersection of the viewing horizon with
the crystal hopper (in part after Shearman 1970; Rouchy et al., 1994).

halotolerant biota spreads through surface waters over the whole
brine lake (Chapter 9). When surface salinities later increase
to levels that can no longer support a metazoan population,
mass mortality occurs. Soon after, the upper and lower brine
masses equilibrate/mix and lakewide gypsum precipitation
begins again. Even so, small populations of brine shrimp and
ostrocodes flourish about seawater-fed seeps in the tepee and
mound-spring dominated salina strandzone.

Over millennia, the depositional surface of the salina aggraded
as successive gypsum layers infilled the centre of the brine lake
depression (Warren, 1982b). As the top of the salina gypsum
bed aggraded, it reached a level where even the dense bottom
water mass was seasonally freshened. Then the perennial bot-
tom waters, as well as surface waters, were undersaturated
with respect to gypsum for a number of months each year. At
that time the upper gypsum surface dissolved each winter to
form a flat planation surface. Now the seasonal growth of the
aggrading bed surface enclosed CaCO, pellets laying atop this
dissolution surface to form a flat mm-laminated gypsum bed
(Figures 2.49, 4.5%).

Halite beds (chevrons and crusts)

Crystals in halite crusts first precipitated on the floors of shal-
low hypersaline brine pools as upward-growing chevrons,
cubes and cornet-shaped crystals (Figure 1.18a, 1.19a,b).
Chevron structures preserve the outlines of successive crystal
growth edges and are defined by enclosed brine inclusions.
Remnants of aligned chevrons are the most commonplace
primary texture preserved in ancient halites. Abundant inclu-
sions impart a cloudy or milky appearance to the chevron
crystals, a feature that is often used in ancient counterparts
to distinguish primary halite from clear or spar-like crystals
of secondary or diagenetic halite. Crystals can accumulate as
successive layers of growth-aligned prisms or can form as
syntaxial overgrowths on floundered rafts and other cumulate
crystals that have settled to the pan floor. As for all isotropic
crystals growing in crowded conditions, the crystal edges of
halite cubes that point upward into the brine grow more rapidly
than crystals with upward-pointing crystal faces. The upward
pointing “V’s” of the edges quickly dominate and so creates
analigned chevron texture that characterises many subaqueous
halite crusts (Figure 1.18a). Less common are thin crusts and
beds composed of upward-facing cornets and plates. There the
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crystals grew by the upward aggradation of the horizontally
aligned faces, and perhaps indicate less crowded conditions of
bottom growth (Handford, 1990, 1991).

Such crystals accumulations form halite beds up to 5 metres
thick in Lake McLeod, Western Australia where the beds are
composed of stacked decametre-thick crusts dominated by bot-
tom-nucleated aligned chevrons. Brine sheets that precipitated
the halite were always less than two metres deep and usually
less than 0.5 m deep (Logan, 1987). Similar units of stacked
crusts, but with obvious truncation surfaces and capillary
overprints, characterise saline pans in Salar Uyuni and other
pans worldwide (Figure 3.30). Patchy remnants of chevron
halite crusts, deposited in shallow to ephemeral brines, are also
preserved in ancient thick halite beds such as the Ordovician-
Silurian Mallowa Salt of the Canning Basin (Cathro et al.,
1992) and the Permian San Andres Formation of west Texas
(Hovorka, 1987).

Elevated cell densities of halobacteriain extremely hypersaline
brines can change the precipitation behaviour of halite (Gerdes
etal., 2000a, b). Proteinaceous compounds coating the surface
of the growing halites encourage the growth of dendritic crys-
tals rather than chevrons. Crystals forming in organic-enriched
brines contain more and larger brine inclusions than crystals
growing at the same salinities from sterile brines. Cells are
smaller and much more numerous in the organic-enriched
brines and the cells are thought to create templates for halite
nucleites.

Al B
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Halite cumulates, rafts and coated grains

Crystallites grow in the uppermost part of a standing body
of water where water is rapidly lost by evaporation and
salinities are at their highest. Silt and sand-sized crystals set-
tling to the bottom of the brine pool then form layers and beds
of cumulate crystals (e.g. “salt and pepper” halite and massive
gypsisiltites). Periodic influxes of freshened surface waters,
followed by evaporative concentration, can produce laminites
composed of bottom cumulates, which contain increasing frac-
tions of the more saline minerals. Such “rain-from-heaven”
laminites are composed of alternate carbonate-sulphate and
sulphate-halite couplets and triplets.

When surface water salinities are suitable and surface waters are
undisturbed by wind and waves, crystals can continue to grow
asrafts held by surface tension at the air-brine interface (Figure
1.19b). Rafts float and grow until the crystal mass becomes so
heavy thatitexceeds the holding ability of the interfacial surface
tension and sinks to the bottom. Halite rafts in quiescent waters
can be centimetres to decimetres across before they sink to the
bottom. Eventually, increasing wind and wave action breaks
up the rafts while they are out in the brine lake and still well
away from the strandzone These remnants then sink to mix
with the smaller crystals and so make up part of the texture
of the cumulate beds of the brine lake floor. Later, when the
lake shallows and further desiccates, these cumulate beds are
covered by crusts and beds of bottom-nucleated chevron halite
or swallowtail gypsum. This upward transition from cumulates
to crusts is commonplace in modern crusts.

Figure 1.19. Subaqueous halite A) Thin section photomicrograph of halite from perennial saline lake interval, Death Valley core,
depth of 8.1 m. Halite chevrons with dense fluid inclusion banding (dark) and vertical, competitive growth fabrics. Horizontal
field of view is 4 mm. B) Thin section photomicrograph of halite from perennial saline lake interval, Death Valley core, depth
of 15.8 m. Bottom-grown halite crystals with vertical growth fabric. Note that halite crystals widen upward and contain faint
fluid inclusion banding. Some mud (dark patches) is trapped within or between crystals. Horizontal field of view is 4 mm. C)
Thin section photomicrograph of halite from perennial saline lake interval, Death Valley core, depth of 8.6 m. Halite pisoids,
2-5 mm in diameter and with faint radial fabric, from the upper shallow saline lake interval. Note mud drape (black) and fine-
grained halite cumulates above the largest pisoid. Horizontal field of view is 10 mm. (images and descriptions courtesy of Tim
Lowenstein; see http://www.geol.binghamton.edu/faculty/lowenstein/dv/deathvalley.html - accessed Dec 7, 2004).
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Rafts and other cumulate crystals in very shallow to ephemeral
brine pans may be blown or carried by bottom currents to
the strandzone to accumulate as subaerially exposed masses
of strandzone crystals. Such deposits characterise surface
carnallite/halite shores about the brine pan edge of Lake Qaidam
in China and trona cumulates about the edges of Lake Natron and
Lake Magadi. Whenever the adjacent lake water body freshens
and expands, the dissolution of the strandzone salts generates
dense brine plumes that cement underlying sediment (Casas
et al., 1992; Hovorka, 1992; Schubel and Lowenstein, 1997).

Ancient cumulate crystal beds, not covered by bottom-nucle-
ated crusts, were sometimes mechanically reworked by storm
and wave-induced bottom currents into crossbeds and ripples.
This tended to happen on the bottoms of ancient perennial brine
seaways and lakes that were above wavebase and covered
by brines that were less than 5-10 m deep. In even shallower
nearshore positions that were subject to higher wave-energies,
fine-grained cumulate crystals formed the nuclei to concentric
ooids composed of gypsum and halite (gypsolite and halolite
respectively). Today, such coated grain textures are precipitat-
ing immediately basinward of the strandzone of Lake Asal in
the African Rift Valley and along the southern end in the Dead
Sea (Castanier et al., 1992, 1999), they are also preserved in
perennial brine halites in Death Valley California (Figure 1.18c).
In arecent paper, Perthuisot and Castanier (2000) have argued
that the process of halolite formation is bacterially mediated.
The significance of bacterial activity in precipitating evaporitic
oolites is widely debated. It is much like the unresolved debate
on the importance of bacteria in marine ooid formation that has
gone on for decades amongst carbonate sedimentologists.

Pedogenic and wind reworked salts

Many arid to semi-arid desert soils are gypsiferous in areas sur-
rounding the perennial saline lakes, the brine pan depressions
and their dune margins. Where gypsum dominates the pedogenic
profiles, the soils are typically described as gypcretes, gypsites,
gypsicretes, croiite de nappe or croiite gypseuse zonée. Cur-
rently, something like 2 x 10° km? of gypsum-entraining soils
cover the world landscape (Nettleton, 1991). Gypsum crusts
have beenreported from all the continents, including Antarctica
(El-Sayed, 1993). They typify soils in arid areas where mean
monthly evaporation exceeds mean monthly precipitation,
Watson (1985) notes a close association of gypsum soils with
areas receiving less than 250 mm annual rainfall.

Use of the term gypcrete often has a connotation of gypsum
being the dominant hardpan cement, while the term gypsite im-
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plies a fine-grained (silt-sized) powdery soil. According to Aref
(2003) gypsum crusts and soils are surficial and penesurficial
accumulations that have the following specifications: 1) a
minimum thickness of 0.1 metre; 2) a minimum gypsum con-
tent of about 15% by weight; and (3) a gypsum content at least
5% greater than the underlying rocks. If the soil contains less
than 15% gypsum it is classified as a gypsiferous soil. Watson
(1985) also grouped the consolidated gypsum, together with
weakly cemented and powdery gypsum accumulations under
the term gypsum crust.

Four mechanisms or processes precipitate most gypsum soils
and crusts worldwide: 1) in-situ pedogenic weathering of
existing gypsiferous or volcanogenic (ash) parent material; 2)
eolian or fluvial input of gypsum or SO -rich sediment; (3) an
oceanic aerosol source, creating in sulphate-enriched rainfall
that evaporatively concentrates within the regolith (4) in-situ
oxidation of sulphide minerals. The first two sources are direct
evaporite associations, while the third is typically associated
with salt lakes, sabkhas and playas in semi-arid or desert
settings within 500-1000 km of the coast. Many gypsic soil
horizons are combinations of both pedogenically precipitated
and detrital wind- reworked gypsum.

Soils with gypsic horizons form in various parent materials such
as alluvium, eolian sediments and weathered geologic forma-
tions, many in regions of pre-existing gypsiferous sediments
(Taimeh, 1992). For example, differentiated gypsum soils 0.5
to 1.5 metres thick, largely formed by capillary evaporation,
cover much of the area east of the Fayum depression (chott) in
the north central part of Egypt (Figure 1.20; Aref, 2003). These
pedogenic gypsum crusts only cap Middle Eocene carbonate
rocks that are interbedded with thick gypsiferous shale beds and
the soils are mostly a result of the hydrological reworking of
this Eocene source. The soils show a three-part layering from
top to bottom of: (1) massive powdery gypcrete, (2) massive
indurated gypcrete, and (3) massive mottled gypcrete. All layers
are composed of variable amounts of microcrystalline gypsite,
fine to coarse lenticular gypsum, as well as porphyroblastic,
prismatic and fibrous gypsum. Precipitation of the various
types of gypsum is driven by capillary evaporation of CaSO -
enriched meteoric waters, so most of the gypsum occurs as
vadose surficial crust dominated by displacive gypsum growth.
In the lower vadose zone, gypsum accumulates by illuviation,
interspersed with hydromorphic (sparry) accretion when water
table levels are higher (Aref, 2003). The resulting gypsum
carapace, although susceptible to dissolution, tends to preserve
the residual landforms from severe erosion or weathering and
so form gypsum-capped mesas.
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Figure 1.20. Formation of pedogenic gypsum crusts at the eastern side of the Fayum
depression Egypt (after Aref, 2003). During dry periods, the gypsum-rich meteoric
waters are drawn to the surface by capillarity (per ascensum), which leads to gypsum
crystallization and crust accretion on the lower slope. During a subsequent wetter
period, the surface gypsum crust is partially dissolved by meteoric water that moves
downward and is mixed with laterally moving gypsum-rich meteoric water from the
gypsiferous beds, which leads to deposition of subsurface gypsic crust. During subse-
quent weathering of the landscape the gypsum crusts can preserve residual landforms
from subsequent erosion and weathering.
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Elsewhere, marine aerosols are
focused into playa sinks and then
reworked by eolian processes, as in
much of the Namibian Desert and in
soils about the arid salt lakes areas
of southwestern and southeastern
Australia. Other evaporite salts, with
their inherently higher solubilities,
tend to dissolve too rapidly in most
vadose situations to form soil crusts
and so do not form thick preservable
accumulations in most of the world's
deserts. Impressive exceptions to this
generalisation can be found in the
hyperarid Atacama Desert of South
America. There pedogenic accumula-
tions of nitrates and iodates, along with
halite and gypsum, are accumulating
in the desert regolith; and have been
doing so since the mid Miocene, when
uplift of the Andes first created desert
conditions (Figure 11.42). For the
same reason, namely hyperaridity,
small parabolic dunes of halite (0.7-
1.3 m in width and length) are today
blowing across the saline pan floor of
Salar de Uyuni (Svendsen, 2003).

Pedogenic gypsum horizons can
sometimes stack to substantial thick-
nesses. This is especially so in arid
subsiding groundwater basins where
ancient evaporite beds exposed by
diapirismor uplift about the basinedge
are being recycled by karstification.
For example, there is a 25 metre thick
gypcrete hosted in Miocene alluvial
fan sediments in the Calama Basin
of northern Chile. The gypcrete is a
single horizon in the alluvial bajada
and it surrounds an ancient endorheic
basin. It formed via stacking of gyp-
sum-cemented soil horizons (Hartley
and May, 1998). It was probably pre-
served, despite its high susceptibility
to meteoric recycling, by its 9.5 Ma
carapace of ignimbrite. This relatively
impervious volcaniclastic ashfall iso-
lated it from downward-percolating
meteoric waters.
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Locality

Style

Reference

Bonneville Salt Flats, Utah

White Sands, New Mexico

Salt Flat Playa, New Mexico

Laguna Ojo de Liebre area of
Baja California

Continental playas or salt lakes
of inland Australia

Salinas of coastal western and
Southern Australia

Dunes in chotts in South-central
Tunisia

Gypsum dunes along the edges of an active continental sabkha formed atop a
now deflated perennial saline lake

Gypsum dunes created by active deflation of gypsiferous sediments of Pleisto-
cene Lake Otero

Gypsum dunes along the edges of an active continental sabkha forming atop a
former perennial saline lake

Gypsum dunes along the mudflat edges of coastal lagoons

Gypsum lunettes in most salt lakes in zones of continental seepage outflow in the
interior of Australia including; Lake Eyre, Lake Frome, Lake Fowler, Lake Malata-

Greenly, Lake Amadeus, Prungle Lakes, Lake Lefroy and Lake Cowan. Other less
saline pans are lined by lunettes of pelleted clay or sand

Gypsum dunes formed by late Holocene deflation of lacustrine gypsarenites in
a marine seepage lake that is currently filled to within a few cm of sea level (e.g.
Lake Macdonnell, Marion Lake, Streaky Bay Lakes, Hutt Lagoon)

Gypsum dunes derived by the subaerial break-up and deflation of gypsum crusts
that cover much of the seepage areas in the chott

Jones, 1953

Langford, 2003

Hussain and Warren, 1988

Kinsman, 1969

Bowler, 1983
Chenetal., 1990
Dutkiewicz et al., 2002
Magee, 1991

Zheng et al., 2003

Arakel, 1980
Warren, 1982b

White and Drake, 1993

Table 1.4. Some regions where gypsum dunes (lunettes) are associated with the deflation of saline lake (playa) sediment.
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Gypsum dunes, stabilised by gypsite-soil caps, form wind-re-
worked vadose deposits around the margins of many Holocene
and Quaternary brine lakes throughout the world (Table 1.4).
For example, gypsum dunes line the salt pan edges of undis-
turbed continental salt lakes and coastal salinas in southern and
western Australia. Today all lakes are in the penultimate stages
of their Holocene brine pan fill; hydrologies are characterised
by ephemeral surface waters interspersed with long periods
of deflation. In the coastal zone these are the same pans that
precipitated large bottom-aligned gypsum crystals in the earlier
perennial brine stages of their Holocene infill. But now, with
the aggradation of the gypsum fill to near sealevel elevations,
the lake surface is at hydrological equilibrium with current
sealevel and can aggrade no further (Warren, 1982b). Surface
brine sheets come to saturation quickly and dry up by late spring.
Rapid multiple nucleation of gypsum crystallites takes place
across the floor of the brine pool. Beds of sand-sized gypsum
(gypsarenite) now accumulate on the floor of ephemeral brine
lakes, only to be subject to later desiccation and deflation.

Each summer, as undisturbed salinas exsiccate, the water table
falls and the upper part of any newly formed gypsarenite layer
leaves the capillary zone and is blown into dunes that line the
margins of the lake (lunettes). Capillary zone deflation forms
the characteristic truncation or Stokes surfaces in regions
sourcing eolian sediments worldwide (Table 2.11). When
dune growth ceases, a stabilised and vegetated gypsum dune
is subject to the set of pedogenic processes that form gypsite
and gypcrete. Gypsum rhizoliths and bioturbation structures,
as well as bioturbated gypsum soils (gypsites) form atop eolian
crossbeds (Figure 4.5g).

Gypsum and pelleted clay dunes (lunettes) line the edges of
many salt lakes and playas in southeastern, southern and south-
western Australia; Prungle Lakes and Lake Fowler (gypsum
lunettes) Lake Tyrell (clay lunette) and Lake Mungo (quartz
sand lunette; Figure 1.21; Table 1.4). These lunettes are relicts
of a Late Pleistocene deflationary period, when the lacustrine
hydrology changed from perennial water-filled lakes to desic-
cated mudflats. Likewise, there are gypsum dunes in deflation-
ary depressions in Salt Flat Playa and the Bonneville/Great
Salt Lake region of Utah (Table 1.4). Internal sedimentary
structures in many of these lake gypsum dunes or lunettes
show tabular cross beds with consistent bedform orientation.
Many lack abundant trough or festoon cross beds, suggesting
consistent wind directions (Figure 1.22a; Jones 1953; Bowler,
1973, 1983). Grain constituents clearly indicate deflation of
former lake sediments, which were vadose prior to deflation
and passage into the dunes (Figure 1.22b).
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Figure 1.22. Eolian gypsum in the Bonneville saltflats, Utah. A)
Cross section through the dune complex near Knolls, Utah. B)
Grain size distribution and mineralogy of the sands showing
it is the result of deflation of sediments laid down in highstand
conditions in the Bonneville/Great Salt Lake Basin (after Jones,
1953). See Chapter 4 for a discussion of Great Salt Lake.

Gypsum dunes are part of a much broader lake-edge eolian
sandflat association with the lakes often supplying large volumes
of eolian sediment into adjacent sand seas or ergs (Chapter 2).
Dunes described as ‘lunettes’ have a characteristic crescentic
shape, other lake edge dunes may show more linear or longi-
tudinal outlines (Figure 1.21; Bowler 1973, 1986). Lunette
sediments range in composition from quartz-rich, sandy clay,
through gypseous clay to nearly pure gypsum. Pure quartz
dunes formed under lake-full conditions and are distinct from
that of the clay and gypsum-rich varieties, which formed by
flocculation and deflation from adjacent subaerially exposed
lake floors. In arid to semi-arid zones throughout the Quaternary
the interplay between salinity of lake waters and groundwater
levels is critical in lunette growth and the mineralogy of the
lunette (Bowler, op cif).

Although body fossils are rare in most evaporite beds, many
subaerial and subaqueous gypsum soils preserve abundant trace
fossils that, in addition to track and trails, also include rhizoliths
and other pedotubules. Rhizoliths in a gypsiferous lacustrine
system form at times of freshening of lake waters, they indicate
periodic subaerial exposure and colonisation by terrestrial plants.



32

Type 1 2 3 4 5 6
undulate shafts | network of tar:tgle i patt)tlerned vertical, oblique | L-shaped footprints and
G and tunnels shafts and vednr:]a , O 'tqll‘e and horizontal combined shaft | casts
eometry (branching) tunnels :Pnall %ﬂf?or:’vas small burrows and tunnel (varied shapes)
Size d=05-3mm | d=0.5-2cm d=05-5mm d=005-3cm |d=05-3cm afew
1=1-7cm 1=5-30cm I=<5cm I=>20cm I=3-7cm branch | centimentres
. . -backfilling -backfilling Ve ; .

Infill passive: mottled | passive: clay, lenticular gypsum | lenticular gypsum g?gf,"‘)’gun’;wsa'c passive: marl
clay and gypsum mosaics | -diagenetic chert | -diagenetic chert cement gypsum
carbonate carbonate gypsum mosaics | gypsum mosaics
-mudstone -mudstone -lenticular gypsum | gy nsiferous -gypsiferous -marl

Facies -marl -marl -carbonate with carbonate mudstone and -gypsum
-dolostone -lenticular gypsum | intrasedimentary | _janticular gypsum | marl
-(gypsum) gypsum
Ethological | root root feeding/dwelling | feeding/dwelling | dwelling crawling
ianifi penetration enetration structures structures structures traces
Significance p
. grass root bush root insect larvae -larvae and adult | invertebrates vertebrates
Organisms | systems systems (Chironomids?) insects (arthropods, (mammals,
-annelids? beetles) birds ...)
- mudflat mudflat (gypsum) | inland lakes of gypsiferous lakes | mudflat and marginal lake
Palaeo (anhydrite) and | and desiccated | moderately high | {marginal dilution | marginal and desiccated
environment | carbonate ponds| gypsiferous lakes | salinity (gypsum) | episodes) gypsiferous lakes | lakes
< z
-/ 003 /
~
Sketches \ — =
SR SL p
A. LJEN SN

LAKE MARGIN LAKE CENTRE
outer marginal zone | intermediate marginal zone inner zone
(gypsum marsh; palustrine) (depocentre)

VY0 W Ty — -
Permanent oxygenated 0,
large mudcracks B water mass
exposure
(exposure) ' Thin-bedde
Massive ' bioturbated !
bioturbated gypsum | gypsum e I
-absence of gypsarenite | -gypsarenite beds ; Thin-bedded 7 o (Oy)
-lutite layers ' .some carbonate ' clotted gypsum 1 Episodic
| filled burrows 1 ' . stagnant conditions

:—gypsarenite beds |
1-gypsum pellets &1
'

| -some replacive

=

gypsum ! intraclasts h A -seasonal (?) rhythmites
1-some replacive ! = (gypsum laminites)
gypsum ‘Laminated gypsum -gypsum tqrbldltes )

-slumps & intraformational
gypsum breccias
-oil shales & native sulphur
-abundant replacive gypsum

DISTRIBUTION OF PARTICULAR FEATURES

BIOTURBATION tangle pattern; meniscate mainly planar n

(plants & animals) (invertbrates) meniscate poorly developed
CARBONATE =——carbonate laminae in cyclic alternation with gypsum laminae

GYPSUM PELLETS ? — dispersed &, forming laminae & intraclastSm———
as intraclasts
SILICEOUS MICROORGANISM ? diatoms, sponge spicules, chrysophyceans)mm—

PREDOMINANT
_ cycLicity

cycles & small cycles,

small cycles & microcycles,
(dm-scale)

(cm-mm-scale)

cyclic (metre-scale)

Figure 1.23. Summary of trace fossil and rhizolith types in continental evaporite beds in Spanish Miocene
Lacustrine Basins. A) Spectrum of bioturbation structures, mostly from plants and animals in the lake margin
facies (after Rodriguezaranda and Calvo, 1998). B) Distribution of bitoturbation structures in relation to
lacustrine gypsum textures and water depths (after Orti et al. 2003).
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Rodriguezaranda
and Calvo (1998)
identified six as-
of
trace fossils in
subaerially ex-
posed evaporitic
sediments of the

sociations

continental Terti-
ary basins of Spain:
(1) networks of
smallrhizoliths;(2)
largerhizoliths; (3)
tangle-patterned
small burrows; (4)
isolated large bur-
rows; (5) L-shaped
traces; and (6)
vertebrate tracks
(Figure 1.23a).
The rhizoliths oc-
cur both in the
marginal areas of
hypersaline lakes
and across lakes
characterised by
ephemeral but
moderately high
salinity waters
(Figure 1.23 b).
In either setting,
pedoturbation in-
dicates coloniza-
tion by grasses
and bushes and so
indicates vadose
conditions at the
sediment surface
that were tied to a
drying of the lake
and a lowering of
the water table.
According to
Rodriguezaranda
and Calvo (1998)
burrowing inver-
tebrates were es-
pecially active in
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those Spanish evaporite lakes where gypsum was the main
mineral phase, not the more saline salts. They define a sepa-
rate, sometimes pedogenic, facies in these lakes they called a
“bioturbated gypsum deposit.” Itis typified by tangle-patterned
small burrows and minor isolated large burrows; they are in-
terpreted as burrows of insect larvae, probably chironomids,
coleopterans and annelids. Similar organisms typify modern
lake environments with water concentrations averaging 100-
150 g/1, they flourish in lake areas subject to frequent drying
and terrestrial encroachment (Chapter 9).

What is interesting about the bioturbation of these Miocene
gypsum lakes in Spain is that the mm-scale layers rich in faecal
pellets and associated with this bioturbation can be composed of
gypsum and not the aragonite typically seen in Holocene coastal
salinas (Figure 1.23b). For example, the gypsum-pellet-rich
Libros Gypsum was deposited in the southern Teruel Basin (NE
Spain) during the Miocene (Orti et al., 2003). It accumulated
in a deep saline lake in which the water stratification became
unstable with progressive shoaling. In the basin depocentre, a
continuum of lacustrine evaporite lithofacies was influenced
by the activity of organisms. Rhythmites, composed of laminae
of pelletal gypsum and laminae of very fine lenticular gypsum
crystals mixed with siliceous microorganisms, formed in ad-
dition to gypsum turbidites, intraformational gypsum breccias
and slump structures.

The pelletal laminae originated from the faecal activity of
animals (crustaceans?) ingesting gypsum crystallites in the lake
water during episodes of maximum evaporation, whereas the
laminae of very fine lenticular gypsum mixed with microor-
ganisms accumulated during episodes of relative dilution. In
the wide marginal zones of the basin, the Libros Gypsum unit
consists of massive to thin-bedded bioturbated gypsum and
thin-bedded clotted gypsum, which formed in intermediate to
very shallow (palustrine) water depths. The bioturbated gypsum
lithofacies were produced by the action of diverse organisms,
presumably worms and coleopterans, and chironomid larvae
to a lesser extent; the massive lithofacies precipitated in very
shallow water; and the thin-bedded lithofacies formed in
shallow to deeper settings. The thin-bedded clotted gypsum
is a relatively deep facies that may have diverse origins (e.g.
bioturbation, compaction, disruption of soft sediments and
early diagenesis). There is a well-developed metre-scale
cyclicity in the marginal lake sequences, which is not observed
in the inner lake deposits. This suggests a depth change in the
various lacustrine subenvironments is needed to record cyclic
evaporitic processes. The isotopic composition of the pelletal
gypsum indicates early sulphate-reducing bacterial activity in
the bottom of the lake (Orti et al., 2003).
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Biological metabolism drives substantial fluctuations in
pedogenic pore pressures and salinity in gypsiferous and
magnesitic soils in many lake margins and vegetated areas of
coastal sabkhas. This is especially so in the immediate vicinity
of plant roots, and it can precipitate CaSO, nodules around the
plant roots. Anhydrite and gypsum nodules are growing about
halophyte roots in the modern gypsiferous supratidal sabkha
succession of the Al-Khiran sabkha of Kuwait (Gunatilakaetal.,
1980). Anhydrite nodules in pedogenic horizons in the bedded
Miocene magnesites of the lacustrine Calatayud Basin in Spain
evolvedinto vertically aligned textures that today resemble gyp-
sum ghosts (Sanz-Rubioetal., 1999). Early stages of this nodule
growth were associated with typical pedogenic features such
as rhizoliths and clotted to peloidal textures. The consequent
anhydrite nodules, which replaced dissolving gypsum during
very shallow burial, developed a strong vertical orientation
as nodules precipitated along what were mostly vertical soil
fissures. It is this nodular texture, mimicking a ped structure,
that still dominates most clayey soils in the region. Much of
the soil fissuring reflects expansion and contraction driven by
root metabolism and a changing soil moisture profile.

Laminites from settling of pelagic salts

At the other end of the mechanically-reworked evaporite spec-
trum from lunettes and soils are the continuously subaqueous
basin-centre “rain-from-heaven” accumulations composed
of laminar couplets of sand- and silt-sized evaporite crystals.
Crystals originally precipitated at the air-brine interface or
within the upper metre or two of the perennial brine body.
This uppermost part of a deep brine body is most subject to
freshening or concentration (Figure 2.37b). The resulting finely
layered and laminated bottom cumulates are thought to typify
many ancient “deepwater” evaporite-laminites. Such deposits
are often found in basinal positions located well away from
the evaporite platform margin.

Insome ancient basinal settings, such as in the Castile Formation
- a widespread Permian laminite in west Texas, water depths
on the drawndown seaway bottom were mostly sub-wavebase
and the sediment-brine interface lay beneath anoxic gypsum-
saturated bottom waters. Repetitive layering in laminites is
resolvable at two scales, 1) at the scale of individual 1.5-2.0 mm
laminar couplets of calcite and anhydrite with calcite making
up about 6% of a typical couplet, and 2) at the coarser scale of
millennial brining upward parasequences =4 m thick (Figure
1.24a). The mm-couplets are remarkably regular in thick-
ness, and are commonly repeated thousands of times without
interruption (Kirkland et at., 2000). The evaporitic sediments
that formed the anhydrite-calcite couplets were cumulates.
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Figure 1.24. Castile Formation, Delaware Basin, west Texas. A) Representative section of a millennial cycle in the Permian
Castile Formation of west Texas with a typical thickness of 1.4 metres. Inset shows a typical calcite-anhydrite couplet with
typical thickness of 1.5 - 2.0 mm. (after Kirkland et al., 2000). B) Typical sedimentary cycle within the Anhydrite 1 Member,
it is capped by thick-bedded anhydrite after displacive and bottom-growth gypsum. Laminae at the base of most cycles are
thinner with less anhydrite and more calcite. This cycle is overlain by a layer of laminated anhydrite with less calcite. The top
of the Anhydrite 1 Member (which is made up of 5 cycles) is overlain by the Halite 1 Member (after Leslie et al., 1997). C)
Alternate models for Castile deposition, both based on a closed-basin, deep-marine-brine model. Brine drawdown either came
to drawdown-seepage equilibrium when the brine depth was hundreds of metres or when the brine depth was tens of metres.
Seawater seeped into the isolated basin along one or more segments of the reef front. These seepage areas were possibly
most active near location of the what were former open marine surface channels through which seawater had entered the
Delaware Basin during Guadalupian time (in part after Kirkland et al., 2000).

Crystallites formed at the brine surface or in the upper part of ~ varves (Dean and Anderson, 1982). If so, it means the broader

the brine column and “rained” onto the basin floor. Thickness
variations of anhydrite laminae in parts of cores dominated by
alternating laminae of calcite and anhydrite have been correlated
from well to well over distances of up to 113 km (Anderson
etal., 1972; Dean and Anderson 1982). Many laminar group-
ings can be correlated throughout the entire basin to within a
fraction of a millimetre (Kirkland et at., 2000).

Spacing variations indicate cyclicity due to Milankovitch fluc-
tuations in solar intensity and so are often interpreted as true

scale brining upward cycles were deposited in something like
1800 - 3000 years per cycle, with an average of 2700 years and
something like 175,000 years to deposit the Castile Formation
(Kirkland et al., 2000). A cycle generally begins with couplets
of calcite-anhydrite in which the anhydrite lamina are thin, and
calcite may form as much as 80-99 wt % of the couplet. Above
the basal carbonate-rich portion, anhydrite laminae increase
in thickness, forming the calcite-banded anhydrite typical
of the bulk of the Castile where calcite constitutes 10-15 wt
% (Figure 1.24a). Upward within a cycle, anhydrite laminae
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become thicker, with calcite laminae constituting about 5 wt
%. Farther upward within these thick anhydrite laminae are
nodules of anhydrite.

Some beds, typically about 1 m thick, are made up of nodular
anhydrite mosaics and, like the laminae, can be correlated
across the basin (Leslie et al., 1997). Sporadically associated
with these beds of nodular mosaic anhydrite are centimetre-size,
anhydrite pseudomorphs after upward-growing gypsum crystals
(Figure 1.24b; Hovorka, 1989). These textures suggest that at
times the basin was not as “deep” as many have postulated from
the laterally extensive laminites. Rather, they represent time
intervals when the basin brines became sufficiently shallow
(<50 m) to allow supersaturated surface brines to come into
contact with the basin floor (Kendall and Harwood, 1989). These
supersaturated brines caused precipitation of bottom-growth
gypsum on the basin floor and precipitation of displacive gyp-
sum in the upper few decimetres of the sediment column. In
about one in ten cycles, nodular mosaic anhydrite is overlain
by anhydrite-banded halite where the halite is coarsely crystal-
line and recrystallised. Although the contact with the halite is
abrupt, deposition was regular and uninterrupted and perhaps
tied to basinwide evaporitic drawdown (Chapter 5).

Rather than indicating shoalwater drawdown, Leslie etal. (1996)
interpreted abundant, structureless interbeds of coarse nodular
mosaic anhydrite up to 10 m thick in Castile Formation cores
from the Union 4 University 37 borehole to be resedimented
beds and not aligned nodules after bottom-growth gypsum
(Figure 1.24b). Whatever their origin, these intervals do not
exhibit the mm-scale laminae that typify most of the Castile
anhydrite. Leslie et al. (op. cit.) interpreted these beds as the
product of turbidity currents that originated in sulphate shoals
along the eastern margin of the Delaware Basin. Thick turbiditic
units are less common nearer the centre of the basin, as seen in
cores from the PDB-03 research well, where laminites dominate.
Differences in the interpretation of brine depth during deposition
of the Castile remain unresolved (Figure 1.24c).

Slumped and current-reworked deepwater anhydrite laminites
and turbidites have been recognised in slope and rise areas
near platform margins in many other ancient evaporites, e.g.
Zechstein basinal evaporites in NW Europe (Schlager and
Bolz, 1977), the Triassic lacustrine slope deposits of Northern
Chile (Bell, 1997) and the Middle Miocene (Belayim Forma-
tion) evaporites of the Red Sea Rift (Rouchy et al., 1995).
These deepwater reworked sequences are defined by entrained
turbidite textures and Bouma cycles sandwiched in anhydritic
mm-laminites. The source for this reworked anhydrite was
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either clastic CaSO, crystals eroded from the adjacent, but
much shallower, platform or gravitationally unstable “pelagic”
salts. These deepwater sequences are discussed in “depth” in
Chapter 5.

Deepwater ancient halites are rarely documented, perhaps
because cumulate halite is more liable to recrystallisation and
flowage. By analogy to ancient anhydrite laminites “deep”
water halite has been thought to be thin bedded and interca-
lated with anhydritic laminites, but documented examples are
not forthcoming. Primary textures patchily preserved in most
ancient bedded halite are aligned chevrons. The formation of
possible analogs to “deep water” halite on the bottom of the
modern Dead Sea suggests the deepwater halite texture is a
massive meshwork of poorly aligned clear coarsely crystalline
halite prisms, far different from the commonly accepted notion
of a “deep water laminite” (Chapter 4).

One of the few documented examples of an ancient “deep water”
halite mass flow comes from the lower Miocene Vorotyshcha
Suite in the Ukrainian part of the Carpathian foreland basin
(Perytand Kovalevich, 1997). These halite breccias have tradi-
tionally been interpreted as tectonically deformed units related
to the overthrust nappes of the Carpathians. Most clasts in the
breccia consist of intrabasinal sandstone, marlstone, halite, and
anhydrite, but exotic clasts consisting of rocks that are charac-
teristic of the Carpathian flysch rocks are also present. Breccia
beds are intercalated with saltlayers containing chevron crystals
and cubic hopper crystals, and some layers are composed of
detrital salt. These salt layers rarely display graded bedding
or cross-lamination, and continue over great distances. There
are also slump structures associated with the bedded salts.,
where “deep water” halite breccias are interlayered with beds
of potash. Deposition versus deformation is an ongoing debate
in the interpretation of these sediments.

Can growth-aligned evaporite crystals, interlayered with

laminites, be deep?

Textural interlayering of beds of aligned cm-scale nodules with
beds of laminites, like those of the Permian Delaware Basin
fill, underline a broader interpretation problem in our current
notions of what constitutes a deepwater evaporite signature.
Can layers of growth-aligned coarse bottom crystals, inter-
calated with laminites, ever have accumulated on the bottom
of a deepwater brine lake or seaway? The high degree of
supersaturation required for primary growth-aligned crystal
growth means that brine depths are generally shallow during
crust growth in all modern examples. Maximum brine depths
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are measured in metres atop gypsum laminites in modern
coastal salinas and decimetres to centimetres for halite crusts
in saline pans. Halite chevrons and aligned laminated gypsum
prisms retain intracrystal evidence of successive growth pulses
as either thin layers of less saline salts or varying densities
of entrained brine inclusions. This style of microlaminated
intracrystal layering reflects changes in crystal precipitation
rates induced by short-term changes (daily to monthly) in
salinity on the subaqueous floor of the shallow to ephemeral
brine pan (Warren 1982b; Handford, 1991).

One inference made from modern evaporite textures is that
laminated beds separating “in situ” bottom-growth aligned
crystals do not necessarily form in deep (>2 m) water in the
salinas of Australia, the Red Sea and Sicily (Figure 2.49 and
Chapter4). This has had significant implications in water depth
interpretations of the Castile and other “deep water” laminite
formations. Bottom brines in deep stratified brine columns are
probably too dense and too stable to change with the rapidity
required to form the mm-scale intracrystal discontinuities or
layers seen in modern coarsely crystalline beds. Hence, lami-
nated bottom-nucleated coarsely-crystalline growth-aligned
textures do not form widespread bottom precipitates in modern
deeper water settings (Chapter 4).

Rather, the bottom waters of a deep stratified brine system reach
saturation and accumulate coarse salts only if the total brine
column is at saturation all the way up to the air brine interface.
This deposits monomineralic deep bottom beds made up of
meshworks of poorly oriented fine to coarse crystals like those
forming halite beds on the deep bottom of the Dead Sea and
the mirabilite beds on the bottoms of decametre deep saline
lakes in western Canada (Figure 5.6).

Thus, amodern analogy doesn't exclude a notion of deepwater
halite or gypsum laminates interlayered with coarsely crys-
talline beds. But it does exclude the notion of this coarsely
crystalline beds (be they halite or gypsum) entraining regular
discontinuities or finely intrabed layers. Otherwise one must
ask, what mechanism could act over the floor of an ancient
brine seaway, which was up to hundreds of metres deep and
hundreds of kilometres across, to rapidly displace or cool dense
halite- or gypsum-saturated bottom waters with short-lived
pulses of less-dense freshened or cooler water, which would
then pulse the rate of bottom crystal growth? Freshened water
will always float atop a dense brine. The volume of less dense
water required to displace and dilute a brine column hundreds
of metres deep, or the time required for complete mixing to the
bottom, excludes a deepwater “in situ” origin for fine layering
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in coarsely crystalline bottom-nucleated fabrics. Butit does not
prevent “rain from heaven” carbonate laminates accumulating
in deep brines, as happened in the Dead Sea when it was a
stratified water mass prior to 1979 (Figure 4.43).

Asmore studies are completed on modern deepwater evaporites
it is increasingly obvious that laminated beds alternating with
growth aligned beds are not the typical signature of a deep
subwave-base evaporite in a meromictic brine column. It
suggests that if the elongate nodules in the Castile and other
deepwater evaporites are after coarse gypsum then they were
deep bottom crystal meshworks thatindicate times of holomictic
brines in a hydrographically isolated seaway. Then when the
brine column returned to more typical meromictic conditions
it became a seaway where laminites accumulated on the deep
sea floor. This explains the correlatable lamina spacings over
distances of more than 100 km in laminite beds. As in many
evaporite interpretation quandaries, part of the problem lies
in the pervasive diagenetic overprinting of primary gypsum
texture by a mosaic of overprints that were driven by ongoing
compaction and flow. The other part of the interpretation quan-
dary lies in the observation that the present icehouse climate
mode limits the range of modern marine-fed evaporite basins
available for study (Chapter 5).

If a crystal crust is growing near a deepwater hydrothermal
spring, there is also the possibility of pulsing crystal growth in
the bottom waters due to temperature fluctuations or changes in
the rate and saturation of the spring outflow. This last scenario
is not volumetrically important in terms of widespread beds of
ancient growth-aligned evaporite textures.

Salt reefs, are they real?

Halite in modern pans and salinas typically constructs beds made
up of stacked subaqueous crusts, which may locally entrain
recrystallised cumulates and have been periodically subaerial.
Beds tend to be dominated by flat layers with synoptic relief of
no more than decimetres related to the formation of pressure
ridges. However, mushroom-shaped halite buildups or reefs,
with steep near vertical sides and a relief measured in metres,
are currently forming in artificial solar ponds on the southern
margin of the Dead Sea (Chapter 11). Halite reefs began to
form in the 1970s and 1980s, after dykes were built to enclose
most of the southern basin of the Dead Sea (>200 km?) and so
create two sets of solar evaporation ponds on either side of the
Truce Line Channel (Figure 11.9; Talbot et al., 1996). At that
time the reefs were attributed to salting-out via common-ion
mixing between natural Dead Sea brines and end-brines from
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the first potash plant (Chapter 2). However, tens of thousands
of new salt reefs continued to grow in the enclosed salt ponds
long after the pans were re-engineered and end-brines from
both plants were channelled directly back to the depths of the
northern Dead Sea basin (Charrach, 1986; Ram et al., 1988).

The reefs grow in metres-deep perennial halite saturated brine
pans as large isolated vegetable-like shapes that merge to form
networks of polygonal salt walls (Figure 1.25; Talbot et al.,
1996). The walls subdivide large salt concentrator ponds into
thousands of small compartments that resist brine throughflow.
This is contrary to the engineer’s plan of large subaqueous
pans filled with brines that were easily homogenized by wind.
Instead of following adesigned flow path of homogenisation and
downstream fractionation, brines in the compartments between
the halite reef walls stratify, ultimately allowing unrecoverable
carnallite precipitation in depressions between the walls.

In the inter-reef polygons is an evaporatively-maintained
supersaturated 10-cm-thick surficial layer floating atop brines
that are halite saturated all the way down to a cumulate covered

floor (Figure 1.25). Epitaxial halite overgrowths expand along
the supersaturated uppermost brine layer and the salt reefs
develop botryoidal overhangs. Salt projections can merge into
a hollow platform roofing over a cell of encased brine. Reefs
and their overhangs prolong the crystallization season in the
halite-saturated pans by breaking up the continuity of brine
throughflow to the carnallite pans. Depositionally, they replace
the planned cumulates with brine compartments walled by
expanding overhangs. Salt-crusted shallows on bridged-over
reef platforms and around the pan strandlines are typically
made up of thin flat salt beds with vertical palisade and chevron
textures that characterise ephemeral brine pans everywhere
(Figure 1.25).

In the 1980s, in order to destabilise the problematic salt reefs,
brine levels in the compartments were allowed to draw down
by lowering the rate of supply of pumped brine. But, rather than
diminishing the evaporation area available for reef growth, the
damp emergent salt reefs seemed to act as giant transpirative
pumps. This further accelerated salt crystallization rates in the
remaining brine compartments, which continued to reconfigure
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the evaporation ponds into smaller and smaller areas. Even
today the problem is not solved and once an inter-reef area is
isolated from brine throughflow, waters caughtup inreef-walled
depressions concentrate to bittern saturation. Bottom-nucleated
carnallite drops out before reaching the target crystallizer pans.
Thus, pervasive salt reefs lessen the volume of suitable brine
product reaching the final fractionation pans. The solution to
this problem is not subtle, reefs in both the Israeli and Jorda-
nian saltworks are periodically removed by a combination of
dredging and blasting.

The densest halite reef complex occurs in a broad band that
crosses both the Israeli and the Jordanian salt ponds (and their
pre-enclosure depth contours), despite each suite of ponds be-
ing different distances from the northern basin (Figure 11.9).
The most vigorous salt reefs within this band nucleated on an
old road incorporated into the Jordanian ponds. The natural
end of salt reef formation is probably when shallow brines on
hollow reef platforms become ephemeral on solid salt flats.
But if pans in the saltworks are allowed to evolve and fill
to this stage, they are no longer suitable brine concentrators
for the continuous feed bittern crystallisers further down the
fractionation string.

Reefs seem to evolve from cracks along pressure-ridged salt
crusts, and once supersaturated surface brine layers form, grow
rapidly outward and upward via epitaxis. Compared to natural
saline pans, brine depths in the pans of the Dead Sea saltworks
are maintained at artificially deep levels by pumping Dead Sea
brine into the pans. Zones of new salt reefs grow alongside
recently flooded pan shores and quickly become unrecognizable
as former pressure ridges once the brines deepen. Salt reefs are
not seen in modern natural brine pans and salars as the water
depths where stacked salt crusts accumulate are always too
shallow or ephemeral for pervasive reef growth. Talbot et al.
(1996) argued epitaxis in supersaturated surface brine layers
helps account for the rapid deposition of modern thick beds in
the Dead Sea prior to the building of the salt works. He argues
that similar structures probably formed in marine-fed regions
of pure salt accumulation on the floors of ancient rifts that
periodically opened to the ocean.

Domal gypsum reefs occur in modern salinas and in the
Messinian of the Sorbas Basin, Spain (Figures 4.5d, 1.15b), but
asyetno ancient halite reefs have been documented. They should
be distinguishable as botryoidal layers of nonvertically-aligned
chevron crystals, which would follow a megapolygonal pattern
between saucers of recrystallised cumulates. Part of the problem
of recognition lies in the scale of outcrop exposure needed to

CHAPTER 1

recognise such a salt reef. Bedded gypsum outcrops entraining
reefs and domes are commonplace, but nonhalokinetic ancient
halite never makes it to the surface. Halite reef textures would
be nextto impossible to document in cores, but should be visible
in mine walls in the same way that ancient halite megapolygon
and pressure ridges are, but would easily be misinterpreted as
mesoscale syndepositional karst features. Another part of the
problem is a lack of expectation of halite reef structures, which
are not acommonly listed texture in sedimentology textbooks.
And yet another problem is that rapid infill means metres-deep
perennial halite-saturated brine bodies are not found in modern
salt lakes, only in anthropogenic ponds as in Israel and in quar-
ried coastal pans in Saudi Arabia (Figure 3.15). But, as will
be seen in Chapter 5, there are many ancient saline seaways
where salt reefs were possible in halite-saturated brine bodies
with depths measured in metres to tens of metres.

Secondary (diagenetic) evaporites
Most ancient evaporites show strong evidence of secondary
or diagenetic textural overprints. Providing brine is saturated
with respect to a particular evaporite mineral it has the potential
to precipitate that mineral. This potential exists both at the
surface and in the subsurface. So far, we have discussed the
primary processes of evaporite precipitation in the context of
single-phase primary evaporite crystals deposited on the floor,
or about the margins, of brine pans, lakes, salterns or saline
seaways. However, evaporites also precipitate as intrasediment
crystal growths and replacements, or as cements in preexisting
evaporite and nonevaporite hosts.

Processes of secondary evaporite formation are reflected
in crystals and textures that indicate displacive growth,
recrystallisation, back reactions and replacement. Such events
indicate a superimposed brine chemistry that differs in terms
of chemical composition, or salinity, or temperature from the
brine chemistry that formed the primary or preexisting evaporitic
sediments (see Chapter 2).

Intrasediment salts

The well-studied nodular anhydrites and gypsums of the
Abu Dhabi sabkha in the Arabian Gulf are probably the most
widely recognised examples of syndepositional intrasediment
evaporites (Figure 3.4g). The nodules form displacively and
replacively from concentrated pore fluids in the capillary and
upper phreatic zones beneath the sabkha surface (Figure 1.26a).
In the type area these intrasediment crystal growths precipitate
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in a matrix of upper intertidal and supratidal sediments. But in
addition to anhydrite capillary salts, gypsum and halite also
precipitate displacively in numerous continental and pedogenic
settings. Salts and their crusts may come and go, driven by
the vagaries of groundwater resurgence, surface flooding and
reconcentration, so that all that may be left as indicators of
their former presence are highly disturbed sediments with a
few halite or gypsum pseudomorphs.

The amount and variety of intrasediment salt is highly variable.
Some mudstones contain scattered crystals and nodules that
make up less than 1% of the rock volume. Others are made up of
approximately equal volumes of host matrix and evaporite salts,
while yet others are characterised by layers composed almost
entirely of intrasediment salts. The thickness of the layer over
which intrasediment salts can precipitate is controlled by the
style of brine supply. If the salts are precipitating by capillary
evaporation beneath a subaerially exposed mudflat then the
thickness is controlled by the pore throat size of the host sedi-
ment. Capillary zones can be metres thick in fine clays, while
they are only centimetres thick in sands. If the intrasediment
salts are precipitating by the downward percolation of dense
cooling brines from a subaqueous water body then the thickness
is dependent on the rate of diffusion or reflux into the underly-
ing clay. Handford (1991) estimates intrasediment halite can
precipitate in brine-saturated soft muds down to depths of 1-2
metres below the sediment-brine interface.

Sabkha nodules and crystals

As gypsum and anhydrite nodules grow and coalesce in
highly saturated pore waters of the capillary zone, they form
enterolithic, contorted fold (ptygmatic) and chickenwire tex-
tures, which typify the supratidal portion of a coastal sabkha
sequence. New laths of anhydrite form between older laths as
such anhydrite nodules grow “from the inside out” (Shearman
and Fuller, 1969). Successive laths crystallise, displace, rotate
and perhaps break the older laths, while the expanding nodule
pushes aside the adjacent host matrix. Figure 1.26a illustrates
this process and the position of each successive new lath is
indicated by a double-ended arrow in the figure. The end result
of this “inside-out” growth is a near pure anhydrite nodule, with
laths about the edge of the nodule rotated into a subparallel
alignment to the nodule margin. Many nodules are constructed
of anumber of subsets of this subparallel arrangement, implying
large nodules grow by accretion of smaller nodules.

Capillary halite crystals typically show an incomplete develop-
ment of the cube face, and in soft muds with supersaturated
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pore brines there is intense development of the cube edges at
the expense of the cube faces to create dendritic or pagoda-like
morphologies. Rapid crystal growth often entrains some of the
mud matrix within the halite, usually parallel to the cube faces.
Such rapid growth is thought to indicate a rapidly attained and
high degree of supersaturation with respect to halite (Arthurton,
1973; Southgate, 1982) or perhaps growth in organic-rich brines
(Gerdes et al., 2000a, b).

Displacive halite grows by capillary evaporation of
supersaturated pore waters in soft brine-soaked mudflat or
sabkha sediments (Figures 1.18c). Such hoppers are found
growing in carbonate muds along the western shore of the Dead
Sea (Gornitz and Schreiber, 1981). Similar halite crystals are
found actively growing as much as metres below the surface
of present day mudflats in Bristol Dry Lake in California
(Handford, 1991). Growing about the edges of the same lake
are unusual capillary pavements of growth-aligned seepage
gypsum (Rosen and Warren, 1990). Dendritic or pagoda forms
of halite cannot easily grow in deeper burial environments
where rates of salinity fluctuation and kinetics of reactions
are much slower. The surrounding matrix is more likely to be
indurated, so secondary crystals formed at depth tend to be
fracture or mould fills.

Syndepositional karst in crusts

Crusts and beds dominated by primary subaqueous textures
(chevrons and palmate/zig-zag structures) can be partially dis-
solved by more dilute surface brines or by subaerial exposure.
Freshening can be via a rise in the brine-pool level associated
with rainfall and sheetflooding, by seawater flooding, or by
morning dew dissolution associated with the complete dry-
ing of the brine pan. The resultant dilution creates a truncat-
ing dissolution surface that crosscuts crystal faces in both
subaerial and freshened subaqueous settings (Figure 1.27). Ina
subaerially exposed halite crust numerous cm-dm-scale vertical
to subhorizontal karst cavities typically form beneath an upper
crystal-truncating exposure surface. Cavities subsequently fill
with clear evaporite cement sometimes atop a cavity-lining
rind of detrital mud and clay (Figure 3.30). In chevron halite
beds these cavities are often filled with a clear inclusion-poor
halite spar cement. Void infill is often related to the depositional
event that precipitated an immediately overlying chevron
halite or swallowtail gypsum layer (Handford, 1991; Warren,
1982a). Using bromine signatures, Cathro et al. (1992) found
the Silurian brines that precipitated the cloudy primary halite
in the Mallowa Salt of the Canning Basin were indistinguish-
able from the signatures in the secondary spar-like halite that
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The texture reflects dissolution events that
accompany subaerial exposure of any salt
crustand the periodic flooding of the halite
pan by fresh to brackish meteoric water
(Figure 3.30). Dissolution cavities are less
likely to occur in bottom-nucleated beds
deposited in evaporite basins covered by
deeper perennial brine bodies. Freshened
inflow waters tend to float atop the denser
halite-saturated brine body at least until its
density equalises that of the underlying
brine. If brine freshening does occur in a
perennial brine situation then a planation
surface without vadose cavities is the likely
result (Figure 1.27, 2.49).

Nearsurface crystal and crust dis-
solution

The following section focuses on small-
scale syndepositional features indicative of
the groundwater cycling of salt crystals and
crusts, Chapter 7 looks broader and deeper
inadiscussion of dissolution mechanisms
creating “the salt that was.”

Coming and going of salt crusts

Salt crusts and isolated crystals on many
modern saline mudflats are ephemeral;
they are not preserved in the final sediment
matrix, yet their growth and subsequent
dissolution on or within nearsurface
sediments can alter sedimentary structures
and textures to such an extent that it is dif-

filled voids in the primary halite, implying an early origin
from the same depositional/syndepositional brine. This is
a depositional signature still preserved in these beds more
than 400 million years later.

Intensity and frequency of dissolution overprints in salt crusts
are largely determined by brine depth, frequency of dilute
water floods and the permanency of the brine body. Most
modern and ancient halite salt pan crusts preserve evidence of
syndepositional dissolution in the form of dissolution surfaces
and halite-spar-filled cavities. Lowenstein and Hardie (1985)
emphasised that the presence of such features in a halite bed
is the unequivocal signature of ephemeral surface waters.

ficulttoidentify the original texture. Areas
dominated by this set of processes occupy large schizohaline
areas of modern salt flats in SE Arabia such as Sabkhat Rumadan
in Saudi Arabia, Sabkhat Matti and the At Taf coastal region,
both in the Emirate of Abu Dhabi, and the Umm as Samim
region in Oman (Figure 3.15; Goodall et al., 2000).

These salt flats are affected by varying combinations of
tidal-marine, alluvial and eolian depositional processes and
the resulting sediments include both clastic- and carbonate-
dominated successions. The efflorescent and precipitated salt
crusts in these areas can be grouped into two main types: 1)
thick crusts, with high relief (> 10 cm) and 2) a polygonal or
blocky morphology; or thin crusts, with low relief (< 10 cm)
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and a polygonal or blister-like appearance. The thin crusts may
assume the surface morphology of underlying features, such
as ripples or biogenic mats (petees).

Avariety of small-scale textures resulting from the interaction of
detrital sediments with the salt crusts were observed by Goodall
et al. (2000), they include: pustular growths, hair-like spikes
and irregular wrinkles. Evolution of crusts over time creates
a variety of distinctive sedimentary fabrics by salt-growth
sediment deformation, salt-solution sediment collapse, sedi-
ment aggradation and compound mixtures of these processes.
Preservation ranges from completely preserved crust to highly
disturbed siliciclastics where only suggestions of former salt
crusts remain (haloturbation).

When a subaerial sabkha surface is marked by a salt crust
with pressure ridges, the lee side of a ridge acts as a trap to
cross-drifting sands that become enmeshed and cemented by
further salt growth. Eolian-dominated sabkhas accrete via a
set of processes that begin with a sandstorm, followed by a
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new salt ridge episode, followed by another sandstorm (Figure
1.28a). The resulting sediment is an irregularly layered sandy
mud, disturbed by ongoing intrasediment salt and carbonate
growth and solution (Fryberger et al., 1984; Goodall et al.,
2000). In other words haloturbation, rather than obvious crust
preservation, is the dominant texture in many eolian sabkhas
(Figure 3.60).

Salt-crust processes can produce features that may be confused
with eolian adhesion structures. For example, distinctive wavy-
laminated facies in the Lower Triassic Ormskirk Sandstone
Formation in the Morecambe Field of the Irish Sea Basin had
previously been interpreted as the product of fluvial sheetfloods
modified by soft-sediment deformation and bioturbation. Close
inspection of laminations in core revealed many of the same
sedimentary fabrics seen in Sabkha Matti (Goodall et al., 2000).
This facies is the product of salt growth on eolian sediment
and is not of fluvial origin.

Lenticular mudcracks

Evaporites growing in associa-
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mud cracks in irregular arrays and
often showing lenticular outlines in
the Orcadian (Devonian) laminites
of Scotland. They are considered
one of the type examples of syneresis
cracking and were used as evidence
that these sediments were deposited
in a shallow (<30 m) lacustrine en-
vironment. Yet, lenticular shaped
features seem to initiate many of the
mudcracks. Rather than a subaqueous
origin, these mudcracks are equally
characteristic of the incipient stages
of subaerial shrinkage with what
appear to be gypsum pseudomorphs
in some of the straight cracks (Astin
and Rogers, 1991).

Figure 1.28. Residual evaporite textures indicating syndepositional precipitation and
dissolution. A) Salt crust accretion mechanism. Time 1) Development of salt crust at
top of capillary zone. Time 2) Covering of crust by windblown sand. Time 3) Incor-
poration of crust and salt cover by capillary wicking, portions of the old crust may
dissolve and collapse (after Fryberger et al., 1984). B) Instigation of lenticular mud
cracks (syneresis mimics) by early gypsum growth and dissolution in an ephemeral

mudflat/saline pan (after Astin and Rogers, 1991).

Cracks are abundant and irregularly
clustered because early gypsumcrys-
tals acted as nuclei for cracking and
controlled crack morphology (Figure
1.28b). The majority of the lenticular
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cracked surfaces formed as the ephemeral
lakes waters dried up and deposited len-
ticular or bird-beak gypsum. The crystals
were modified to varying degrees before
being covered by wind blown sand laminae
and buried. Subsequently the gypsum,
along with minor halite, dissolved to
leave the characteristic cracks in the lake
sediments. Inareview of other documented
examples of subaqueous syneresis cracks,
Astinand Rogers (op. cit.) argue that many
canbereinterpreted as the result of gypsum
instigation, followed by desiccating cracks
centred on the crystals and then burial.
They go on to conclude that syneresis
cracks, although well documented in the
laboratory, are rare and insignificant in
nature and that evaporites growing in
mudcracks are commonplace. King had noted carnallite-filled
mudcracks in the salt clays of the Permian Salado Fm., west
Texas, as early as 1946.

Haloturbated and chaotic halite

Percolation of capillary waters periodically saturated and
undersaturated with a particular evaporite salt can also create
textural havoc in a nonsalt matrix. For example, displacement
halite grows via capillary evaporation during the supersaturated
phase of pore flushing of the saline mudflat facies surrounding
many brine pans. The growth of this halite disturbs and rotates
primary mechanical structures in the original sediment matrix
(laminae, ripples, mudcracks, etc.). But with each flooding
of the brine pan there is a freshening of surface waters and
nearsurface pore fluids, driven by sheet flood runoff followed
by seepage down to a depressed water table. Near surface
pore waters become undersaturated with respect to halite and
the displacement halite dissolves. Sediment matrix then col-
lapses into the voids so formed, further disrupting any primary
structures in the sediment matrix. As the pore fluids are again
concentrated by capillary evaporation, intrasediment halite
and gypsum begin to grow once more, further displacing and
disrupting existing textures. This process of alternate wetting
and drying with the associated destruction of primary stratifica-
tion in the matrix is known as haloturbation (Smith, 1971). If
the sediment is preserved with halite still present, it is termed
chaotic halite. If the halite is completely dissolved, all that may
be left is a haloturbated massive mudstone.

Because it is largely a syndepositional process that occurs
prior to induration of the clayey matrix, one of the effects of
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haloturbation is to create highly deformed intraclasts within
the haloturbated or chaotic-halite bed. Powers and Holt (2000)
use the term “smeared intraclasts” to describe this form of salt-
related mudflat texture. It can be used torecognise a hypersaline
capillary mudflat unit, even if the original displacive salt is
leached. Smeared intraclasts are typically 2-5 cm across, are
made up of the same lithology as the surround matrix and
show distorted or smeared internal thin beds or laminae (Figure
1.29). The facies transition layered and undisturbed mudflat
to haloturbated mudflat to chaotic halite indicates increasing
proximity to a perennial saltpan (Chapter 3).

Shallow mineralogic re-equilibration

Dense saturated bottom brines percolating down through a
shallowly buried primary evaporite unit can create diagenetic
havoc within the original texture. For example, saturated bottom
brines percolating through a buried cumulate halite deposit
can convert it into a tightly cemented coarsely crystalline
halite mosaic retaining little evidence of the primary texture
(Smoot and Lowenstein, 1991; Cathro et al., 1992). Dense
halite-saturated brines flushing down through shallowly buried
subaqueous gypsum beds that are dominated by bottom-nucle-
ated gypsum crystals can set up diagenetic conditions where the
gypsum is replaced by halite/anhydrite pseudomorphs of the
original aligned gypsum. In Permian evaporites of west Texas
the replacement mimics the crystal shapes in beds composed of
bottom-nucleated gypsum precursor, as well replacing internal
layering within crystals. This tends to happen early and be
driven by reflux of halite-saturated brines into gypsum beds.
Ambient high temperatures and salinities mean much of the
finer grained gypsum matrix has already converted to nodular
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Figure 1.30. Typical depositional cycle in the Permian evaporites
of the Texas Panhandle where gypsum (rather than anhydrite)
was the dominant sulphate precipitated, even at salinities near
halite saturation. Large gypsum crystals grew vertically on
floors of brine pools, surrounded by a matrix of autochthonous
transported gypsum sand and silt. Most or all of the primary
gypsum was altered to anhydrite or leached and replaced by
halite in the very shallow (<2m) burial environment under the
influence of halite-saturated diagenetic brines (after Hovorka,
1992).

anhydrite. Reflux in ancient brine platforms drove a process
of gypsum dissolution and halite replacement a few metres
beneath the brine-covered sediment surface in ancient brine
seaways (Figures 1.30, 2.54; Hovorka, 1992).

In a similar fashion, changes in the near surface hydrology
within the modern saline mudflats of Salt Flat playa in west
Texas, have “sabkha-ized” a subaqueous laminated lacustrine
gypsum bed (Hussain and Warren, 1989). The process was
driven by the superposition of a Holocene capillary hydrology
onto subaqueous gypsiferous laminites originally laid downina
Pleistocene saltlake. This capillary zone overprint precipitated
nodular displacive gypsum within a matrix of laminated gyp-
sum/dolomite. The change in hydrology indicates a change in
climate from more humid Late Pleistocene to more arid Holocene
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conditions. It also set up shallow subsurface pore chemistries,
whereby lenticular gypsum crystals were pseudomorphed and
replaced by halite spar.

Owing to the mixing of waters of two salinities, reflux
dolomitization beneath a platform evaporite can take place
concomitantly with CaCO, dissolution (Sun, 1992). Relative
rate of limestone solution compared to dolomite growth is a
likely control on porosity levels during the later stages of the
reflux dolomitization process (Sun, 1995). If the rate of dolomite
growth keeps pace with the rate of CaCO, dissolution, then the
mimetic replacement of micrite matrix and micritised grains
occurs with little change in porosity levels, as in many ancient
evaporitic peritidal dolomites. If the rate of reflux dissolution
exceeds the rate of dolomite replacement, as in open marine
platform carbonates beneath the seaward edge of a platform
evaporite, then there is large scale skeletal aragonite dissolution,
along with an increase in effective porosity in the dolomitized
interval compared to precursor limestone. During shallow
subsurface brine reflux in the Permian in the Palo Duro Basin,
Texas, the flow of such refluxing waters dissolved marine car-
bonate to form anhydrite-filled moulds (Bein and Land, 1983),
while in the Levelland-Slaughter interval it enhanced reservoir
porosity (Figure 10.24; Elliott and Warren, 1989).

Porosity loss

Syndepositional alteration, cementation and porosity loss, in a
halite bed continues into the shallow subsurface until the bed can
no longer support fluid flushing. This occurs once all effective
porosity is occluded by compaction and secondary evaporite
cementation. In halite-dominated continental sequences this
loss of effective porosity is typically early and shallow (Figure
1.31). Casas and Lowenstein (1989) showed that Quaternary
halite layers only 10 m below the land surface have typical
porosities of <10% and that layers at depths below 45m are
tightly cemented without visible porosity. By 100m of burial,
almostall the halite units were tight and impervious. Diagenetic
porosity occlusion by surface-driven hydrology in these halite
beds was essentially over. No further porosity change can occur
until beds start to dissolve deep in the mesogenetic realm or
even in the metamorphic realm as the dihedral intercrystalline
angle of halite begins to change as the beds approach greenschist
conditions (Lewis and Holness, 1996).

From a few hundred metres burial until it reaches the zone of
metamorphism, a halite unit maintains permeabilities that are
measured in no more than microdarcies or nanodarcies. Thus
halite beds and allochthonous sheets provide a highly effec-
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tive seal to sediments beneath. To move closer to the surface,
trapped basinal fluids must either flow laterally around such
a salt barrier or dissolve it. If the trapped pore fluids are hy-
drocarbons then no dissolution can occur as halite is virtually
insoluble in gas and oil. Retention of pore fluids below a salt
barrier means porosity in the host sediment is maintained to a
much greater depth and that sediments below a salt barrier in
an actively subsiding basin are typically overpressured.

The pervasive early loss of porosity from more than 50% near the
surface to zero by 100m burial also has important implications
for textural and geochemical studies of ancient bedded halite.
Casas and Lowenstein (1989) showed that this porosity loss was
entirely due to early post depositional diagenetic cementation
by clear halite. Other mechanisms of porosity loss by chemical
or mechanical compaction were dismissed for lack of evidence.
There were no strained or broken crystals, pressure solution
boundaries nor stylolites, and patches of chevrons preserved
in among the mosaic halite spar were all undeformed.

Many Phanerozoic halite beds that have not undergone
halokinetic deformation also contain patches of relict
depositional and early diagenetic textures, which have remained
unchanged for hundreds of millions of years. For example, the
Ordovician-Silurian Mallowa Salt (formerly Carribuddy Forma-
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Figure 1.31. Porosity in Quaternary halite beds versus depth
(after Casas and Lowenstein, 1989). All effective porosity is
lost by 70 m burial.
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tion) in the Canning Basin, West Australia, retains aligned halite
chevrons crosscut by syndepositional karst and an overprint
of coarse mosaic recrystallised halite (Figure 1.32a; Cathro
etal., 1992). Such textures are thought to be syndepositional,
yet are not dominated by large volumes of pristine chevron
halite. Rather, they preserve evidence of early porosity loss
brought on by numerous syndepositional cycles of dissolution
and recementation. Lowenstein and Hardie (1985) showed
that patchy remnants of chevrons and cornets in a dominantly
coarse-grained mosaic of halite spar are not necessarily a burial
fabric. All “mature” saltpan halites have this fabric within tens
of metres of the depositional surface.

The mechanisms that allow a shallow brine to become
supersaturated with respect to halite and to precipitate
intercrystalline cements/replacements are still not well un-
derstood. One possible mechanism is brine mixing. When
compositionally distinct brines mix in the subsurface a new
halite-saturated brine may result. This is the case when MgCl,
brines are mixed with CaCl -rich brines (Raup, 1970). Casas
and Lowenstein (1989) have questioned whether this is the
dominant mechanism that forms pervasive halite cements in
most shallowly buried playa sediments. Rather, they suggest
a simple temperature drop is the dominant control. Surface
brines in halite-forming surface waters can be heated to tem-
peratures in excess of 60 - 70°C, while groundwater brines
typically have temperatures of 15 - 30°C. They suggest that
the cooling associated with the downward reflux of a surface
water is all that is required to saturate a brine and so precipitate
widespread halite cements.

Deeper burial - mosaic halite?

Formation of pervasive mosaic halite spar early in the burial
history of a salt bed creates a problem in recognising those
parts of a halite unit that have been subjected to later burial
recrystallisation as a deeper burial environment is also thought
to form mosaic halite spar. Diagenetic textures in most an-
cient bedded halite units are dominated by sutured mosaic
textures, where grain boundaries suture in the same fashion as
neomorphic pseudosparite in calcite (Spencer and Lowenstein,
1990). Individual crystals display curved boundaries that tend
to meet at triple junctions with angles approaching 120°, and
interstitial impurities concentrate along the crystal boundaries
(Figure 1.32b).

Mosaic texture is comparable to the polygonal equigranular
mosaic texture that forms in annealing metals, where cooling
grains tend to optimise their size, shape and orientation in order
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Figure 1 32. Halite textures in the Silurian Mallowa Salt, Can-
ning Basin. A) preserved halite chevron in growth position with
erosionally truncated crestimplying periodic bottom freshening
and hence fairly shallow brine. B) Recrystallised mosaic halite,
an enigmatic texture that dominated most of the crust textures
in the unit (after Cathro et al., 1992).

to minimise energy. The same mosaic texture can also be found
inasoap foam as bubble boundaries with 120° triple junctions.
The exact mechanism that controls the formation of mosaic
textures in halite is still not well understood. It forms either
early during brine reflux cementation or later during burial
driven compaction and pressure-solution recrystallisation.
During burial it can form a pervasive overprint in flowing

CHAPTER 1

halite. Flowing salt sometimes tends to flatten in the direction
of maximum stress and this flattening can be used to distinguish
it from other forms of mosaic halite (Figure 6.10a).

Limpid dolomite in mosaic halite

Late, ordered, stoichiometric, euhedral to subhedral limpid
dolomite along the contact between bedded halites and inter-
bedded mudstones in the platform evaporites of the San Andres
Formation of the Palo Duro Basin, Texas is the outcome of
focused burial diagenesis in halite-mudstone successions (Gao
et al, 1990). In the Permian example documented by these
authors, the limpid dolomite is characterised by a low Sr con-
tent and depleted 8"3C and 8"0 signatures (Figure 1.33). This
they interpret as indicating meteoric or structural waters held
in adjacent deeply buried mudstones are a source of ions for
the dolomite. This limpid dolomite is not the product of reflux
brines, which created the pervasive dolomite in the interlayered
San Andres platform carbonates. Limpid dolomite crystallises
locally under favourable sulphate-reduction conditions during
burial compaction and salt dissolution. Compaction mixed the
waters, released from the dewatering mudstones, with brines
derived by the dissolution or recrystallisation of adjacent im-
pervious halite beds. Limpid dolomite spar precipitates along
halite-shale contacts where escaping shale waters caused the
halite to dissolve and recrystallise as mosaic spar. This mode
of dolomite formation is part of a larger set of fluid flow proc-
esses that precipitate sparry burial dolomite at the contact
between a dissolving salt bed and crossflowing basinal waters

8
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Figure 1.33. Limpid dolomite in halite of San Andres Fm. Palo Duro
Basin. Limpid dolomites are depletedin carbon-13 and oxygen-18,
compared to typical isotopic signatures in the massive (reflux)
dolomite of the San Andres Fm (after Gao et al., 1990).
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Figure 1.34. Evaporite diagenesis showing evolution of burial-related secondary evaporite textures (includes burial salts).

(e.g. dolomite formation in the basal anhydrite NE Thailand,
Figure 7.34a).

Burial of sulphate evaporites

Due to water release, gypsum and other bedded evaporite
units made up of hydrated salts with entrained structural water
show an inherently more complicated textural response to
burial than the simple mosaic overprint of halite beds (Figure
1.34; Warren, 1991). Gypsum releases structural water as
it converts with burial to nodular mosaic anhydrite (Figure
1.35). Carnallite (KC1.MgCl,.6H,0) releases Mg and water as
it converts to sylvite (KC1) by incongruent dissolution associ-
ated with burial diagenesis or phreatic flushing by meteoric
waters. Loss of structural water during burial dehydration means
syndepositional textures in the converting bed are modified by
this flush of escaping water.

Nodular anhydrite and water loss

Gypsum rather than anhydrite is the most common form of
sedimentary CaSO, at earth surface temperatures. Intense

solar heating in very arid regions can dehydrate gypsum to
form bassanite/anhydrite at the surface. Gypsum also converts
to anhydrite in the capillary zones of sabkhas and evaporitic
mudflats where the gypsum is bathed in highly saline NaCl
brines. But thick anhydrite beds deposited in ancient saline gi-
ants were laid down on the subaqueous floors of perennial brine
lakes and seaways not mudflats. Prior to anhydritisation, beds
of primary saltern gypsum extended across tens of thousands
of square kilometres. Such beds compacted and converted by
burial dehydration to nodular anhydrite during early burial, so
releasing large volumes of water (Warren, 1991).

As gypsum is buried and ambient temperature rises above
50-60°C, it converts to nodular anhydrite. The depth of trans-
formation is between a few metres to more than a kilometre.
The exact depth in any region will depend on lithostatic pres-
sure, local geothermal gradient and pore brine salinity (Figure
8.25). For example, in Miocene Lower Fars evaporites of the
United Arab Emirates, with its relatively saline pore brines, the
conversion depth ranges from 60 to 245 m across a zone some
10 metres thick (Billo, 1986). In the Salton Sea region with
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from the dewatering gypsum, the
bed may convert to a quicksand-like
consistency. This explains some of the
intense deformation and enterolithic
textures with flow orientations that
are commonplace even in flat-lying
and otherwise undeformed ancient
bedded anhydrites.

Asitconverts, the more deeply buried
and compressed CaSO, unit loses
almost all of its original texture. Rare
indistinctelongate, and partially flow-
aligned, nodular “ghosts” may be all

Figure 1.35. Gypsum converted to anhydrite by burial in Bristol Dry Lake, California.
A) Lenticular gypsum meshwork from a lake floor sediment sample a metre below the
lake surface. B) nodular anhydrite still retaining the outline of the gypsum precursor.
Sample from a lake core some 140 metres below the lake surface.

its high geothermal gradients, the conversion from gypsum to
anhydrite occurs at 80-105°C and at depths of less than 200-
250m (Osborn, 1989). Similar anhydrite conversion was noted
at 150-200m depth in cores from the Pleistocene evaporites
in nearby Bristol Dry Lake, California; but here the isotopic
evidence suggests sulphate-reducing bacteria also play a role
in the conversion (Figure 1.35; Rosen and Warren, 1990).

Ifthe nearsurface pore-fluid salinity approaches halite saturation,
the conversion from gypsum to anhydrite can occur at shallower
depths and much lower temperatures = 35 - 45°C. Such tem-
peratures occur as shallow as 1-2 metres below the depositional
surface of a halite-saturated brine pool where sediments reside
in the zone of active phreatic flow or brine reflux (Figure 2.54).
At such depths the buried gypsum bed retains well-developed
intercrystalline porosity and inherently high permeabilities.
This facilitates the leaching of the gypsum crystals and their
infill by clear halite spar, which pseudomorphs the various
forms of the precursor gypsum (e.g. Figure 1.30).

With less saline brines in the pores of a buried CaSO, bed,
the conversion of gypsum to anhydrite may not occur until
burial depths of hundreds of metres. By such depths, natural
compaction has greatly depleted intercrystalline porosity in the
gypsum bed. Release of water from already compressed and
cemented gypsum will create 40% water-filled porosity in an
otherwise impervious anhydrite unit. Over the long term this
water is not retained but escapes into the subjacent sediments.
Alikely effect within the converting CaSO, bed is a decrease in
itsinherent strength; and in compressive situations, an increased
ability to act as a lubricating horizon or décollement, even if no
halite is present (Figure 8.26 ). If the water cannot drain freely

that remain of the primary bottom-
nucleated textures in many ancient
anhydrite beds (Figure 1.26¢). Loss
of water of crystallisation also affects
units subjacent to the dehydrating
gypsum/anhydrite. The escaping water is saturated with respect
to CaSO,, but undersaturated with respect to other evaporite
minerals, including any nearby carbonates, as well as halite and
the bittern salts. The onset of anhydritisation will be effected
by the salinity and temperature of pore waters and the volume
of pore water throughflow (Table 7.12).

Such a complex anhydritisation history is well documented
in the varying onset of anhydritisation in calcium sulphate
sediments of the Middle Miocene Badenian evaporite basin in
the Polish Carpathians. Three distinct, now anhydritised, facies
associations record a range of depositional environments from
nearshore to deeper basinal settings (Figure 1.36; Kasprzyk,
2003). Coarsely crystalline platform sulphates were deposited
in subaerial and shallow-marine environments (shoreline
and inner platform-lagoon system) mainly as autochthonous
selenitic gypsum. These were reworked and redistributed into
deeper waters (outer platform-lagoon, slope and the proximal
basin floor system) to form resedimented facies composed
mostly of allochthonous clastic gypsum and minor anhydrite.
In contrast small gypsum prisms tend to accumulate in water
characterised by rapidly fluctuating bottom brine conditions.
The prisms were often mechanically reworked into rippled
and ooid-like accumulations or captured in algal mats. These
laminites were deposited in brine depths ranging down to
hundreds of metres, but most accumulate in shallow brines
less than a metre or two deep or as pelagites in the deeper part
of the basin. It is the rapid salinity fluctuations associated with
very shallow waters that favour rapid crystallite formation and
multiple nucleation.
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Figure 1.36. Sulphate textural evolution is clearly seen in Middle Miocene sulphates in the Carpathians (after Kasprzyk, 2003).
Platform sulphates were deposited in subaerial (sabkha) and shallow-marine environments (shoreline and inner platform-lagoon),
mainly as autochthonous coarse-grained aligned (selenitic) gypsum. This platform sediment was reworked and redistributed into
deeper waters (outer platform-lagoon, slope and the proximal basin floor system) to form resedimented facies composed mostly
of allochthonous clastic gypsum and minor anhydrite. Burial and the conversion to anhydrite subjected these sulphates (mostly
gypsum) to two different hydrological styles: (1) synsedimentary anhydritisation of gypsum deposits by highly concentrated
brines or elevated temperatures in surficial to shallow-burial environments (mostly in the lower member of these Badenian sul-
phates), and (2) successive phases of anhydrite formation (syndepositional de novo growth, early diagenetic to late diagenetic
replacement of former gypsum), which occurred during progressive burial (mostly in the upper member). Finally, the succession
was uplifted and re-entered the active meteoric realm where various fibrous and alabastrine textures formed.
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Subsequent anhydritization was superimposed on depositional
gypsum facies. It was the result of interactions between
concentrated seawater, meteoric runoff and highly saline,
residual pore fluids. And so two different anhydrite styles over-
printed the original Badenian sulphates (Kasprzyk, 2003): (1)
synsedimentary anhydritisation of gypsum deposits driven by
highly concentrated brines and elevated temperatures (mostly in
the lower member), (2) successive phases of anhydrite forma-
tion (syndepositional de novo growth, early diagenetic to late
diagenetic replacement of former gypsum) during progressive
burial (mostly took place in the upper member). In the basin the
anhydrite started to grow in a fine-grained bottom host under
very early, probably synsedimentary conditions and formed a
displacive micronodular laminated lithofacies. Likewise the
onset of anhydritisation was very early in clastic gypsum of
the strandline. It formed abundant displacive anhydrite with
intense synsedimentary deformation structures related tonodule
growth. This environment was subject to early exposure, high
temperatures and high salinities. Later, adeeper burial anhydrite
phase spread through the coarsely crystalline gypsum of the
shelf. This created replacive nodular anhydrite in sediment
hosts so that primary crystal textures are well preserved.

CHAPTER 1

Porosity loss in these units is essentially complete by burial
depths of 500m. After this, these anhydrous units, like halite
at even shallower depths, are essentially impervious and act
as aquitards and pressure seals to any crossflow of pore water,
hydrocarbons or metals. Evaporite salt beds below 500-1000
metres typically respond to further burial by flowage and edge-
focused dissolution.

Burial Salts: Nodules and stylolites

Subsurface sulphate-rich waters derived from deeply buried dis-
solving evaporites can precipitate anhydrite nodules in adjacent
nonevaporitic strata. Such nodules are a form of burial salt fed
by saline compactional and thermobaric waters. Superficially
these nodules can resemble those of a sabkha anhydrite, but
there are a number of distinguishing features (Machel, 1993;
Machel and Burton, 1991; Warren, 1991). Most obvious is that
the burial nodules precipitate in porosity zones that are not
depositionally defined. They can occur within or adjacent to
faults, or within open marine shelf carbonates, which are notin-
tertidal/supratidal units. They often occur within, or juxtaposed
to, dark, bituminous argillaceous seams and pockets, or within
zones of anastomose bituminous veinlets and carbonaceous
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Figure 1.37. Stylolites in anhydrite beds. A) Types of stylolite seams or sutures hosted in the Hauptanhydrit (Zechstein) of
the Gorleben salt dome, Germany. B) model for the development of stylolites in the upper part of the Hauptanhydrit during
deposition of the younger Zechstein beds. Sylolitisation is restricted to a gypsum matrix (pre-anhydritisation) and occurred less
than 150 m below the sedimentation surface (after Bdurele et al., 2000).
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haloes, all of which are the result of
pressure solution and stylolitisation.
They typically replace the host rock
and crosscut stylolite boundaries in
the carbonate matrix. Thus, they en-
close material generated during burial
diagenesis, such as authigenic pyrite
and saddle dolomite, and show little
evidence of mechanical compaction.
They are often associated with coarsely
crystalline, late-stage poikilotopic and
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pressure solution features though to
indicate burial depths in excess of
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deep burial. Some have argued that
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anhydrite and halite can not exist at the
pressure necessary to form stylolites
without pervasiverecrystallisation. But
stylolite horizons do occur in the Gorleben Zechstein salt dome
in the Bédnderanhydrit located near the top of the Zechstein
Hauptanhydrit (Bdurele et al, 2000). Stylolites were also noted
by Peryt et al. (1993) in the Werra Anhydrit (Zechstein 1) of
western Poland and by El Tabakh et al. (1998a) in the Basal
Anhydrite of the Cretaceous Maha Sarakham of Thailand. The
latter can be related to differential salt solution during burial
flushing (Figure 7.33).

Béurele et al. (2000) tied the pressure-solution seams in the
Hauptanhydrit to the presence of thin magnesite-clay interlayers
and distinguished five principal stylolite morphologies (Figure
1.37a). The orientation of the sutured seams is generally bed-
ding-parallel with the stylolite axes vertical to the bedding
surface. Some seams have been deformed by salt flow and
the anhydrite beds with bedding parallel stylolites are now
steeply inclined to the horizontal. There is no relation between
stylolite formation and pressures created by the modern salt
dome crest. Solution rates of up to 26% were calculated by
measuring maximum stylolite amplitudes in core.

The bedding-parallel occurrence of the Hauptanhydrit stylolites,
in combination with the observation that the stylolite seams
are crosscut by anhydrite pseudomorphs after gypsum, argues
that the stylolites formed before the dehydration of gypsum to

Figure 1.38. Rehydration fabrics in calcium sulphate from uplift, meteoric flushing and
dissolution. These are the tertiary evaporites of Figure 1.1.

anhydrite was complete. The lower parts of the Hauptanhydrit
were excluded from the stylolitisation process as they had
already been converted to anhydrite by ascending compaction
fluids of the underlying Zechstein 2 Salt (Figure 1.37b; Béurele
et al., 2000). Porosity and permeability loss that is an integral
part of the conversion process prevents the formation of
stylolites once any interval had converted to anhydrite. The
transition depth in the Zechstein was around 125 m. Pervasive
dehydration of gypsum to anhydrite in the Hauptanhydrit was
probably complete before the end of Zechstein sedimentation.
The arguments of Biurele et al. (2000) imply that the formation
of stylolites occurs in gypsum, not anhydrite, and is arelatively
shallow burial process (= 100-150m).

Evaporites as uplift indicators

At the other extreme of the burial cycle is the conversion of
exhumed and uplifted evaporite beds entering the telogenetic
realm. Most common is the conversion of anhydrite into
diagenetically regenerated gypsum (Figure 1.38). Uplifted
halite beds first undergo differential dissolution to leave behind
layers of residual nodular anhydrite, which are then dissolved
by ongoing meteoric flushing (Figure 7.29). Two common-
place gypsum fabrics are the result of exhumation: coarse
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porphyroblastic gypsum and fine-grained alabastrine gypsum
(Holliday, 1970; Warren et al., 1990). Porphyroblastic gypsum
oftenretains dispersed relics of the precursor anhydrite. Crystal
forms are coarse, up to two cm across, and can be euhedral or
anhedral, thin and acicular or thick and stubby. Porphyroblasts
often aggregate into cm-scale rosettes or blebs with acicular
gypsumrinds. This creates a texture thatis sometimes described
as “daisywheel gypsum.”

Daisy wheel gypsum is a response to rehydration under the
relatively homogenous conditions of uplift hydrology in a
massive nodular anhydrite unit entering the lowermost parts
of the telogenetic zone. Rates of fluid crossflow are low, so
chemical dissolution is slow and dissolution fronts tend to
be focused about the bed contacts between aquifers and the
anhydrite (gypsum s not stable at such depths). As an anhydrite
bed is uplifted into the telogenetic zone it once again comes
into contact with low salinity, low temperature waters. In many
upliftsituations there is also an artesian flow system established
so that both karstification and rehydration to gypsum tends
to at first be focused on the edge of the bed where satinspar
gypsum tends to dominate. As rehydration to gypsum becomes
more pervasive within a bed, it tends to penetrate first along
the impurity-rich more permeable edges of anhydrite nodules.
Sparry aligned gypsum crystals grow toward the centre of the
nodules to form daisywheel gypsum (Warren et al., 1990). As
the rehydration proceeds through the bed, some of the gypsum
then dissolves to give greater access to undersaturated waters
to the gypsum bed to create caverns. Because of the destructive
nature of porphyroblastic overprinting, interpreting original

Figure 1.39. Meshwork of satinspar gypsum veins created by dissolution of an adjacent
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depositional environment is next to impossible in nearsurface
and outcropping CaSO, units, they are composed almostentirely
of diagenetically regenerated gypsum.

Alabaster is the other form of telogenetic gypsum and is created
where anhydrite pervasively rewaters to gypsum in the zone
of active phreatic flow. Individual gypsum grains are typically
less than 50 ym, with grain boundaries that range from poorly
defined to equidimensional granuloblastic. The change from
porphyroblastic to alabastrine may be depth-related (Warren
et al.,, 1990). Porphyroblastic gypsum defines the re-emer-
gence of nodular anhydrite from the stagnant phreatic into the
deep portion of the zone of active phreatic flow. Alabastrine
gypsum forms in the zone of more diffuse active phreatic
flow. This re-emergence is also associated with the formation
of gypsum karst and the formation of evaporite-dissolution
breccias (Chapter 7).

Excess amounts of trace elements, especially strontium and
boron, are released from some bedded anhydrites as they recon-
vert to gypsum. The released elements may precipitate in the
regenerating alabastrine gypsum as celestite or boron-bearing
minerals, such as proberite, ulexite, tyreskite and priceite.

Fibrous gypsum and halite (satinspar)

Veins and fractures filled with fibrous satinspar CaSO, (typi-
cally gypsum) or halite are widespread in the mudstones and
shales adjacent to bedded evaporite units undergoing dissolu-
tion. Fractures may be subhorizontal and lie roughly parallel to
the contact with the bedded evaporite
unit or may form as conjugates. The
fractures form and fill with fibrous
cements in response to stresses set up
in the bed by the formation of nearby
stratiform cavities (Figure 1.39). The
fracture filling is usually zoned and
made up of two or more parallel layers
of either fibrous CaSO, or fibrous hal-
ite. Fracture-fill crystals are oriented
with their long axes perpendicular
to the fracture walls. Coarse calcite
crystals can occasionally fill the centre
of the fracture. Most fracture fills are
monomineralic and gypsum is the
dominant mineral in most nearsurface
fracture systems. Internal fracture
zonation is pronounced and reflects
episodic and ongoing opening and

anhydrite bed in the Permian of eastern Saudi Arabia (car key for scale).
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filling of the fractures. Some fibrous
fills are sigmoidally deformed showing
fracture fill was ongoing as adjacent
blocks slid and rotated in response to
changes in nearby dissolution cavities
(El Tabakh et al., 1998b).

Fibrous halite and satinspar formation
are linked to fracture and cavity forma-
tion in active hydrological systems.
Fractures filled with satinspar are linked
to uplift and either the generation of
open fractures induced by subsidence
associated with saltdissolution and uplift
(Figure 1.40; Gustavson et al., 1994) or
to hydraulic fracturing associated with
the conversion of anhydrite to gypsum
(Cosgrove, 2001). Thus fracture-fill-
ing satin-spar may be a passive proc-
ess in open fractures or a more active
process with fractures forced open by
overpressured CaSO -saturated artesian
waters.

Superimposed on these processes may
be the force of crystallisation of gyp-
sum. Shearman et al. (1972) suggested
that displacive satinspar veining is a
feature of anhydrite hydration, which
may have been due to hydrofracturing
by overpressured confined groundwater
as exhumed anhydrite reconverted to
gypsum. Shearmanetal. (1972) pointed
out that if all the calcium sulphate is
retained within the system, the hydration
of anhydrite to gypsum should result
in an increase in volume of 63%. They
noted that in many secondary gypsum
rocks, former anhydrite is replaced on
a volume-for-volume basis, and the ad-
ditional volume of gypsum appears as
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Figure 1.40. Conceptual model of deformation above salt dissolution zone showing
structural sequence and proposed location relative to dissolution front. Stage 1 oc-
curs prior to salt dissolution and is characterised by jointing resulting from normal
burial. Late stage 1 and stage 2 occur as salt dissolution begins. Early stage 2 is
characterised by a few vertical gypsum veins with horizontal fibres. Later stage 2
is characterised by normal faults and uncommon reverse faults. In stage 2 layer
parallel extension results from the onset of dissolution and subsidence. Stage 3 is
characterised by gypsum veining of bedding planes and faults. In stage 3 vertical
extension results from widespread dissolution and collapse of underlying evaporites
(ofter Gustavson et al., 1994).

CaSO , are commonly associated with, but not exclusive to,

fibrous or satinspar veins that cut the associated rock. Gypsum
grew in the water-filled fractures, whenever the overburden
was supported by pressurised water.

Progressive sediment fracturing (hydrofracturing?) is thought
to be a response to unroofing. Unloading and release of over-
burden weight drives the formation of near surface fractures
parallel to the earth's surface. Fibrous halite and satinspar

zones of exhuming evaporites (Figure 1.38). It is not known if
satinspar filled fractures can also form at greater depths (1000s
of metres) in mesogenetic realms associated with overpressuring
and compactional or thermobaric waters.

Cosgrove (2001) describes networks of satinspar filled hydraulic
fractures preserved only in the exhumed evaporite horizons of
the Mercia Mudstones of the Bristol Channel Basin of south-
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west England. Like Shearman et al. (op. cit.), he concludes its
preservation relates to the volume changes associated with the
hydration of anhydrite to gypsum, which occurred as the rock
mass was exhumed and the relatively low temperature and
pressure conditions necessary for the formation of gypsum
were encountered (e.g., Jowett et al., 1993). Hydration in the
Mercia Mudstones occurred during the tectonic inversion of
the basin as basin sediments experienced tectonic compression
during exhumation. This caused an increase in fluid pressure
and facilitated the formation of hydraulic fractures that then
fill with satinspar. Cosgrove goes on to argue that hydraulic
fractures also formed in the muddy evaporite-free horizons.
But the fractures reclosed and healed as soon as the fluids had
passed through them and pressure had dropped as the appropri-
ate brine required for their preservation as satinspar veins was
not present within the nonevaporite sections.

The mechanism of creating satinspar filled fractures as docu-
mented by Gustavson et al. (1994) is a much more passive
process. They note that most satinspar veins occur in highly
fractured or brecciated strata that overlie or are associated
with exhumed bedded halite, anhydrite and gypsum. There are
often saline springs in the vicinity of a satinspar occurrence
indicating active halite dissolution. In this scenario satinspar
is a response to several hydrologically driven processes (Fig-
ure 1.40). Cavernous porosity is created as halite is dissolved
by crossflows of low salinity active-phreatic waters down to
depths of 200-750 metres. Extensional fractures form in the
strata above these dissolution zones and anhydrite is rehydrated
to gypsum either via a dissolution-precipitation interface or
though a bassanite intermediary (Holliday, 1970). The deeply
circulated groundwater is now saturated with respect to gypsum
and any further anhydrite hydration results in supersaturation.
Excess CaSO, now carried in solution by groundwaters flowing
out of the dissolution zones precipitates gypsum in open high
permeability fractures created during overburden collapse.
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It may well be that the satinspar and the associated fracturing
are a response to both active and passive modes of formation.
Perhaps active hydrofracturing, as envisaged by Shearman et
al. (1972),1is more significant in driving satinspar fracture fill at
greater depths where the dissolving evaporites and adjacentbeds
are still relatively tight and are firstentering the telogenetic realm
(via the zone of stagnant phreatic circulation. As exhumation
and dissolution continues the fracture and fill process evolves
into amore passive set of collapse induced features. This occurs
once beds are shallower and have become more permeable. They
have moved into the zone of active phreatic circulation and are
closer to the landsurface (see Chapter 7 for more hydrological
detail on the effects of telogenetic alteration).

Saline clay authigenesis

So far we have focused on the formation and alteration of the
various evaporite salts, but the same evolving saline hydrologies
can also drive the formation and alteration of clays (Table 1.5).
Many authigenic clay minerals formed in hypersaline settings
are enriched in magnesium (Fisher, 1988), but authigenic clays
donotmake up the greater volumes of clay in modern or ancient
salt lakes. Most of the clays in salt lakes and playas are detrital
and reflect compositions of older argillaceous formations in
the palaeodrainage areas. Illite, kaolinite, chlorite, dioctahedral
smectite and a number of mixed-layers clays are commonplace
detrital clay minerals in saline formations (Calvo et al., 1999).
Widespread flocculation of clays is an effective sedimenter of
suspended clay wherever freshwater runoff and streams flood
an area of standing saline water. Thus the composition of initial
clay sediments in a playa largely reflects that of the minerals
carried as suspended load into the lacustrine depression.

The magnitude of detrital clastic input is thought to be a
significant factor in the relative volume of authigenic clay.
Regions with rapid deposition of clays, tied to high detrital
inputs, tend to be areas

Structural Formula

Saponite (Ca, Na), ,(Mg.Fe),(Si,Al),0,,(OH),(OH),.4H,0
Kerolite Mg,Si,0,(OH),.H,0

Stevensite Na, ,.Mg,Si,0, (OH),

Hectorite Na, ,(Mg,Li),Si,0,(F.OH,

Sepiolite Mg,Si,0,(OH), 6H,0

615

(Mg.A)),Si,0,,(OH).4H,0

2- 4710

Palygorskite

Mg/Si AlSi where the authigenic clay
0.76-0.87 0.07-0.18 comppnent 1? sv&.lamped by
the high detrital input. Clay
0.75 0.0 . - ...
authigenesis in evaporitic ba-
0.75 0.0 sins is favoured in marginal
0.67 0.0 playa areas where rates of
0.67 0.0 detrital clay input are low
0.17-0.49 0.02-0.31 (Figure 141) This encom-

Table 1.5. Main authigenic clay minerals occurring in continental evaporitic environments (after

Calvo et al, 1999).

passes interdunal depres-
sions, peripheral sandflats
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Figure 1.41. Commonly observed distribution of authigenic clays in saline continental environments emphasising the differences
between basins undergoing slow and rapid subsidence. Authigenic clays form mostly in saline lake-margin environments. Forma-
tion of authigenic clays in open-lake environments is dependent on the degree of schizohalinity. (after Calvo et al., 1999).

and muddy carbonate flats. In these low sedimentation areas
the transformation of precursor clays is more effective, driven
by episode surface inflow and groundwater discharge (Calvo
et al., 1999). Highly reactive nearsurface and surface condi-
tions are favoured by inherently large variations in pore water
salinity, pH and pCO, levels.

Clay authigenesis in many saline depressions is driven by
pedogenesis, especially in the marginal areas where sedimen-
tation rates are low and subaerial exposure dominates at the
sedimentation surface. Below the surface episodic wet-dry
cycles means neoformed clays are the byproduct of complex
reactions between Na and Mg-rich interstitial brines and detrital
silicates. Pedogenic processes account for the formation of
widespread lake margin palygorskite and sepiolite, typically
in association with the creation of calcretes, dolocretes and
silcretes. In cases were palygorskite dominates the soil profile,
they are sometimes described as palycretes. Zeolites can also
form from saline groundwaters in saline lake-margin pedogenic
settings (Figure 11.61). Artesian and phreatic groundwater

discharge through springs into the lake margin areas also plays
a significant role in the formation of other authigenic clays, as
in saline lakes at the foot of Mt Kilimanjaro, in Tanzania and
Kenya (Hay et al., 1995).

Once precipitated, authigenic clays can be retransported further
outinto the playa depression and in more humid climatic stages
may even end up on the floor of freshwater lakes. This situation
is seen in lacustrine sequences from the Miocene formations
of the Madrid Basin (Bellanca et al., 1992) where significant
amounts of palygorskite and sepiolite occur as either mud chips
or clay aggregates in the basal part of a fresher water lacustrine
unit. Eolian transport of saltating clay pellets or dust suspen-
sions may also contribute to the transport of authigenic clays
from marginal to more central areas. This sometimes leads
to problems of interpretation of detrital versus authigenic in
ancient lacustrine successions subject to oscillations in climate,
especially when detrital clays are partially or fully inherited
from arid soils.
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Sepiolite, interstratified Mg-Smectite and palygorskite form
authigenic phases in the Quaternary sediments of the Double
Lakes Formation, Texas (Webster and Jones, 1994). The
dominance of each of these minerals in separate horizons
represents evaporative shifts in salinity at the time they pre-
cipitated. Sepiolite is thought to indicate a brackish lake, while
Mg-smectite indicates more saline conditions. Palygorskite is
interpreted as a saline pore water precipitate in the arid soils of
the playa stage. Likewise Jones (1986) interpreted authigenic
Mg-smectites (e.g. stevensite) as requiring higher salinity than
sepiolite. Mg-silicates also define saline lake clays in Great
Salt Lake (Spencer, 1983) and some Bolivian salars (Badaut
and Risacher, 1983). In Bolivia, the authigenic Mg-smectite
replaces the biogenic silicain diatom frustules and requires a pH
inexcessof 8.2. Authigenic stevensite occurs inunconsolidated
muds underlying saline crusts in the interdunal depressions of
northern Lake Chad and as small aragonite-associated oolites
on the lake floor (Gac 1980, Darragi and Tardy, 1987). Similar
stevensite oolites have been found in the Eocene Green River
lacustrine basin. Authigenic sepiolite associated with calcite,
gypsum and dolomite occurs about the margin of Saline Valley
Playa, California and the edges of saline pans in the Kalahari
of southern Africa (Hardie, 1968; Kautz and Porada, 1976).
Palygorskite, sepiolite and authigenic smectite are common-
place precipitates in calcretes of groundwater discharge playas
in inland Australia (Arakel et al., 1990).

Clearly, palygorskite and sepiolite (both two-chain structure
fibrous clays) occur worldwide as authigenic phases in the soils
and palaeosols of arid and semi-arid regions, but the mode of
precipitation is still not well understood (Singer , 1979). Jones
(1983) concluded sepiolite in the calcic soils of southwest
Nevada required percolation of high salinity groundwaters.
Magnesium and silica solutes were supplied by the weathering
of nearby pyroclastics and carbonates. Sepiolite has replaced
magnesite pebbles, from the edges in, during freshened
highstand intervals in Miocene Lake Eskisehir in Turkey (Ece,
1998). Palygorskite in calcic soils is thought to be the result of
incongruent dissolution of preexisting clays (Jones and Galdn,
1988). Fibrous clays degrade when climate becomes more humid
and alter to smectite. Paquet and Millot (1972) conclude that
the transformation takes place when mean rainfall exceeds 300
mm and Calvo et al. (1999) suggested the transformation can
be used as a palaeoclimatic indicator.

Alunite (KAL(SO,),(OH),) is a common clay product in acid
saline lacustrine settings (Figure 2.20), but can also form
diagenetically in regions where sulphate reduction is occur-
ring. It is thought to be derived by the reaction of clay minerals
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with sulphuric acid created by oxidation of sulphides or H,S
at a redox boundary. It is a common product where clays are
present in zones of sulphate reduction and examples have been
documented in the Middle Miocene gypsums of the Gulf of
Suez (Rouchy et al., 1995) and the Upper Miocene gypsums
of the Lorca Basin in Spain (Rouchy et al., 1998).

Even the smectite to illite transformation, which is used as an
indicator of diagenetic intensity and clay transformations occur-
ring at higher temperatures may be influenced by salinity. This
makes illite crystallinity a less reliable indicator of diagenetic
stage inenvironments with saline pore fluids (Honty etal.,2004).
Turner and Fishman (1991) found illite-smectite mixed layer
clays having a range of expandabilities in altered tuff beds in
a Jurassic lake in the Morrison Formation (Eastern Colorado
Plateau, USA). The observed clays did not experience deep
burial, and did not undergo hydrothermal alteration. The illite
content generally increases from the lake margin (100-70%
smectite) to the lake centre (30-0% smectite) and follows a
lateral hydrogeochemical gradient, which was characterized
by increasing salinity and alkalinity (Figure 11.62). It seems
that in a saline depositional setting, solution chemistry is a
principal factor controlling the smectite to illite proportion.
Illite-smectite can form from smectite at low temperatures in
several ways (see Honty et al., 2004), but forms best in saline
environments subject to wetting and drying cycles, which is a
hydrology exemplified in salt lakes and playas. In the presence
of K* ions, alternating wetting and drying leads to irreversible
fixation of K and the formation of illite layers. Illite-smectite
clays forming at elevated pH may not even require wetting
and drying cycles.

Textural Synthesis

Evaporitic settings can accumulate evaporitic carbonates as
well as more saline salts dominated by gypsum and halite
beds. Evaporitic carbonates accumulate across the whole
range of brine depths from ephemeral to shallow perennial to
deep. Carbonate laminites tend to dominate in the deeper brine
areas, while a whole range of textures and features, includ-
ing laminites, form in the shallow and strandzone settings.
Strandzone regions are often characterised by pisolites and algal
structures of various types, ranging from cryptalgalaminites to
stromatolites and tufas. The ephemeral water and groundwater
seepage systems that characterise strandzones facilitate the ce-
mentation and ongoing growth of carbonate crusts. Over time,
these marginward carbonate crusts can grow and deform into
overthrust V-shaped carbonate ridges called tepees.
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The typical evaporite accumulating on the floor of a stable brine
pool or ashallow shelfis composed of upward or growth-aligned
crystals. Depending on the stability, salinity, and permanence
of the overlying bottom brine, various mineralogical and dis-
solution surfaces can be superimposed on the upward grow-
ing prisms. When the overlying brine column is not subject
to marked salinity fluctuations, then pristine crystal outlines
are made up of stacked halite chevrons or zig-zag gypsums,
with varying degrees of face curvature. When the overlying
perennial brine body mixes and freshens, subaqueous crystal
truncation surfaces can form. Similar surfaces can form where
the brine body dries up. Desiccation-related dissolution surfaces
are distinguished from subaqueous truncation surfaces by an
inherent abundance of vadose, karst and geopetal features.
These three are all features that form during complete drying
and falling of the water table into the evaporite bed.

But evaporites do not just form on the bottom of a brine
lake or seaway. They can also form where porewaters attain
supersaturation in a preexisting nonevaporite matrix (second-
ary evaporites). Probably the best-documented textures of this
type are sabkha nodules composed of anhydrite and gypsum in
the supratidal sediments of the Arabian Gulf. Large crystals of
displacive halite form in a similar fashion beneath the mudflats
of the Arabian Gulf, where the capillary pore fluids are at halite
supersaturation. Dense brines, created during the formation of
primary and early secondary salts, can sink into the underlying
sediments where they can facilitate backreaction and alteration
processes in the now buried evaporite beds.

At greater depths of burial, evaporite salts can reprecipitate as
pore-filling cements and burial salts. Many primary and early
secondary textures are overprinted at this stage by dewatering
and recrystallisation processes associated with compactional
dewatering and thermobaric alteration. Brines created by the
subsurface dissolution of evaporites may also reprecipitate as
burial salts in nearby nonevaporite beds.

If evaporites beds survive the rigours of deeper burial, they can
be uplifted and re-enter the active phreatic zone where they are
once again subject to dissolution and recrystallisation. Satinspar
fractures and alabastrine textures are common indicators of
this style of alteration. Such evaporites can be classified as
tertiary evaporites.

All of the textural and re-equilibration processes outlined in
this chapterreflect the ongoing evolution of the brines that bathe
the beds throughout their formation, burial and dissolution.
Brine hydrology and its evolution is the fundamental control
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on evaporites. In the next chapter we look at how brine evolu-
tion controls evaporites from the time they precipitate until the
time they are completely dissolved.



Chapter 2: Depositional chemistry and hydrology

An evaporite is defined in Chapter 1 as a rock originally
precipitated from a saturated surface or nearsurface brine by
hydrologies driven by solar evaporation. There is no assumption
as to the origin of the parent brine; it may be marine (thalassic),
nonmarine (athalassic) or a hybrid. By definition, there is
a need for aridity and for water loss to exceed inflow. This
means deposition and diagenesis in evaporites is more climate
dependant than in either siliciclastic or carbonate sediments.
Reactionrates and reversibility are an order of magnitude faster.
Suites of precipitated salts follow the geochemical make-up of
the parent brine, while primary textures indicate hydrological
stability and energy levels of the time of precipitation.

All evaporite salts are ionic salts, containing the major ions
Na, Ca, Mg, K, Cl, SO4, CO3 in varying proportions along
with other less common ionic constituents, such as B, Ba, Sr,
Br and I and varying amounts of structural water (Table 1.1).
The mineralogy and order of precipitates in any brine pool
is controlled by the ionic make up of the parent brine. This,
in turn, reflects the chemical composition of lithologies con-
tributing dissolved ions to the parent water on its way to the
site of precipitation. Because of consistent ionic proportions
in seawater worldwide, the modern marine evaporite series
is predictable and tied to increasing salinity. With nonmarine
brines, proportions vary according to source terrain and levels
of hydrothermal input. Hence, the proportions of minerals and
sequence of precipitation is more variable. But, we now know
that the ionic proportions in seawater were not constant through
time and that the modern evaporite series is not always a one-
for-one analog for past marine-fed precipitates.

Quaternary climatic hydrology

Modern continental evaporites typically accumulate within
ground-water discharge regions in semi-arid to hyperarid*’
deserts (Figure 2.1a; Table 2.1). Coastal evaporites occur at
the oceanic edge of the same deserts, typically in coastal de-
pressions fed by marine seeps or by rising groundwaters along
coast-parallel mudflats. Evaporites also form lake precipitates
and efflorescences in cold polar deserts in Antarctica, but the
volumes of saltin these cryogenic regions pale to insignificance
compared to arid settings closer to the equator. Brine freezing

! Semi-arid deserts have a mean annual precipitation of between 250
and 500 mm. Arid deserts have less than 250 mm of annual rainfall.
Extremely arid or hyperarid deserts have at least 12 consecutive
months without rainfall.

and mixing, rather than direct solar concentration, plays amuch
more important role in the crystallisation of most cold climate
salts (Carlson et al., 1990; Marion et al., 1999).

Salt-accumulating continental depressions typically define the
discharge areas of endorheic (internal drainage) basins; these
are areas where more water is leaving the via evaporation than
entering as rainfall, snowmelt, surface, or subsurface inflow
(Table 2.1). They are found in: 1) tectonic basins, which
include fault-defined intermontane basins and intracratonic
structural sags, 2) interdune or inter-draa depressions about
the edges of sand seas or ergs, 3) wind-deflation hollows, 4)
abandoned fluvial valleys 5) bolide-impact or volcanic craters,
or 6) interior drainage depressions created by a combination
of the preceding. The greatest volumes of desert salts today
accumulate within arid to hyperarid depressions in continental
rifts, compressional sags and transforms.

Climate drives evaporite deposition at scales ranging from broad
latitudinal belts (100s km) down to microclimates (cms; Table
2.2). Atthe broadest scale, evaporites in deserts are the result of
large-scale atmospheric circulation. Modern deserts cover more
than 30% of the world's landsurface, mostly within two belts
lying 15° to 45° north and south of the equator (Figure 2.1b).
Belts of aridity sit beneath cold dry descending air masses of
the Hadley Cells, which define high-pressure belts known as
the subtropical Trade-Wind Belts or Horse Latitudes. Global-
scale atmospheric circulation is driven by varying intensities
of solar irradiation, which is most intense directly above the
equator and lessens toward the poles (Figure 2.1c). Hence, the
equatorial belt experiences greater insolation than the adjacent
temperate latitudes. Equatorial air warms as it rises, creating a
tropical belt of low pressure. As it rises it cools, losing most of
the water vapour as rainfall to the tropical jungles and rainforests
below. This now moisture-depleted air moves up and away from
the equator and further cools and compresses. Finally, it sinks
back to the earth’s surface at around 30° latitude north and
south of the equator. The cool descending dry air is reheated
as it returns to the lower atmosphere, garnering an enhanced
potential to absorb moisture, and so the major desert belts of
the world are created (Figure 2.1c).

Earth-scale distribution of Holocene climatic belts reflects
current atmospheric dynamics. When the icecaps expand the
circulation belts are pushed and compressed toward the equator
and they have done so numerous times in glacial maxima of
the current icehouse climate mode. This increases the intensity
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Figure 2.1. A) World distribution of modern deserts as determined by plotting
areas with less than 250 mm annual precipitation. 1. Australian, 2. Great Basin,
3. Mojave (Sonoran), 4. Chihuahuan, 5. Baja California, 6. Peruvian, 7. Atacama
(Chilean), 8. Patagonian, 9. Sahara, 10. Namibian, 11. Kalahari, 12. Arabian,
13. Turkestan, 14. Iranian, 15. Thar, 16. Gobi. Also shows polar regions with less
than 25 cm precipitation. B) Latitudinal distribution of the world’s modern deserts.
Inset gives proportion of each continent that is arid or semiarid. C) Longitudinal
cross section through the earth’s atmosphere showing major circulation cells. Belts
of cool dry descending air at 30° N and S of the equator create the main arid
zones of the world (after Warren, 1989).
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of circulation and alters the latitudinal dis-
tribution of climate belts. It has a marked
effect on climate in Quaternary deserts, so
that almost all modern continental playas
in the Horse Latitudes have experienced
numerous water-full versus dry stages in
the last few hundred thousand years.

For example, the strontium-isotopic
composition of preserved gypsum in Lake
Frome, a large discharge playa in South
Australia, records periods of high rain-
fall at 3-6, 12-15, and >17 Ka, and drier
periods at =10 and =17 Ka (Ullman and
Collerson, 1994). In the last interglacial
(early in oxygen isotope stage 5) a nearby
and much enlarged Lake Eyre maintained
a perennial freshened water body upto
25 m deep (Magee et al., 1995). Subse-
quently, as climate deteriorated into glacial
mode, there were a number of dry periods
separating successively less effective wet
phases, culminating in the deposition of
a substantial halite salt crust around the
time of the last glacial maximum. Lake
Eyre only attained its present saline
mudflat/ephemeral playa status some 3-4
Ka. The drying trend over the lasthundred
thousand years in Lake Eyre corresponds to
alongterm lessening of monsoon intensity
in the northern part of Australia, which is
the main source area for waters flowing
into the lake depression.

In Death Valley, USA, there were dry
mudflats, characterised by abundant
glauberite, gypsum and minor calcite
from 0-10 Ka and 60-100 Ka (Li et al.,
1997). In contrast, the wet period from
10-60 Ka was typified by halite and mud
layers, with relatively abundant calcite. It
encompasses sediments deposited 10-35
Ka, when Death Valley contained a per-
ennial halite lake. This change matches a
predominately Na—Ca spring-fed inflow
during dry climatic periods and increased
volumes of bicarbonate-rich river waters
in the wetter periods.



BrINE EvoLuTiON

Local topography induces variation in climate that can drive
desert and playa formation. For example, the playas and
midlatitude deserts of central Asia and central Australia are
in part a product of their isolation from the nearest ocean.
Continentality is the term that describes the geographic isolation
of adesert by its large distance from the ocean. It explains why
the highly continental Takla Makan Desert of central China is
a hyperarid desert at 50°N latitude, well north of the world’s
subtropical high pressure belts. The other factor helping form
this type of desert is the rain shadow effect.

Rain shadow deserts, also known as adiabatic deserts, form
where air masses move up and over mountain ranges (Figure
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2.2a). As air rises over a mountain range it cools, moisture
develops into clouds and falls as rain on the side of the moun-
tain range facing into the prevailing wind. Subsiding air on the
other side of the range is dry and its moisture-bearing capacity
increases further as it sinks and warms. For example, the deserts
of Patagonia lie on the lee side of the Andes, while the deserts of
Nevada and Utah are in the rain shadow of the Sierra Nevada.
Adiabatic deserts can also be found behind the Himalayas, the
Ethiopian uplands and Eastern Highlands of Australia. Extreme
examples include the Dead Sea rift and the Afar depression,
both areas are subsealevel depressions surrounded by high
mountain ranges of the rift rim. Rain shadow effects increase
where the region inland of the mountains lacks relief.

Notable evaporite features

Continental evaporites. In addition to large volumes of halite and CaSO,,
potash salts and trona are important salts in particular lakes with mineral
evolution dependent on inflow chemistry.

Sodium carbonate is the dominant primary mineral in Lake Chad, while
sodium sulphate and sodium chloride occur in subordinate amounts.
Potassium and magnesium salts occur in near negligible amounts.

Coastal sabkhas and salinas dominated by gypsum and anhydrite with
small volumes of potash in modern chotts and sabkhas of Tunisia.

Thousands of small wind-aligned salt pans, often with downwind lunettes,
dot the arid landsurface. They form preferentially on a clayey substrate
that is made up of the Ecca and Dwyka Shales in South Africa, the Karoo
in Namibia and the Kalahari Beds in Botswana.

Dead Sea is accumulating pan halite in the shallow southern basin, along
with carbonate laminites and massive halite in the deepwater northern
basin.

Nodular calcium sulphate with minor halite in classic coastal sabkha suc-
cessions of Abu Dhabi, Saudi Arabia and Kuwait.

Aragonite in the Taylor Valley and the Vestfold Hills. Sulphate minerals pre-
dominate in the Wright Valley. Halite and mirabilite are widespread (brine
freezing). Trona and thermonatrite in the East Taylor Valley, and soda nitre,
bloedite, and darapskite in the Wright Valley. Antarctite (CaCl,.6H,0) in
Don Juan Pond.

Region Location and setting
Africa East Continental
Danakil Depression, Lake Magadi, Lake Natron,
Lake Kivu, Lake Tanganyika, Lake Turkana, Lake
Urmia
North Continental
Saharan ergs, Lake Chad, chotts of northern
Africa
Coastal
Coastal sabkhas and salinas of Algeria, Tunisia,
Libya, Morocco, the Nile delta and the Red Sea
Southern  Continental
Pretoria, Otjiwalundo and other salt pans,
interdunal sabkhas of Namibia
Middle Continental
East Rub al Khali ergs, Dead Sea evaporites
Coastal
Coastal sabkhas and salinas of the Arabian Gulf
Antarc- Continental
tica Lake Bonney, Taylor Valley; Lake Vanda, Wright
Valley, Organic Lake, Deep Lake and Ekho Lake
in the Vestfold Hills.
Asia Central Continental
Qaidam Basin,
Gulf of Kara Bogaz,
Lake Inder
Southern  Continental
Iranian playas; Van Golii, Salda Golu and Tuz
Goll, Turkey; Didwana Lake and other playas of
Thar desert
Coastal
Coastal sabkhas of Ranns of Kutch, India

Potash salts (especially carnallite) are accumulating as karstic fills in
bedded halite in perennial lakes and playas of the Qaidam Basin. Borates
occur in Lake Inder.

Iranian playas show complex facies interactions with rising salt diapirs.
Turkish lakes are accumulating large volumes of magnesium carbonate
and dolomite.

Gypsum and halite sabkhas, widespread fluidization textures from earth-
quakes.

Table 2.1. Quaternary examples of evaporite accumulations in various deserts.
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Region Location and setting Notable evaporite features
Australia | Eastern  Continental Continental salt lakes (playas), some with gypsum/clay lunettes that rim
Lake Tyrell, Lake George, Maar Lakes, Lake brine pans; others, especially in volcanic maars, are characterised by Mg-
Victoria rich carbonate sediments and crusts.
Central Continental Continental salt lakes (playas), typically with gypsum lunettes that rim the
Lake Amadeus (Karinga Creek lakes), Lake Eyre, deposit's brine pan. Many lunettes were more active in the Late Pleis-
Lake Frome, Lake Torrens tocene. Salt crusts are now largely recycling through the lakes, with no
Simpson and Victoria deserts massive accumulations. There is a fresher artesian aquifer beneath many
continental lakes. Mostly halite and gypsum accumulate in the lakes, minor
thernadite/mirabilite accumulating in the Karinga Creek area.
Coastal lakes or salinas are classic Holocene areas for coarse-grained
Coastal gypsum beds up to 10-15m thick, pisolite seepage pavements, modern
Marion Lake complex, Lake Macdonnell, Streaky  tepees, mm-laminated domal stromatolites.
Bay Lakes, Fisherman Point sabkhas
Western ~ Continental Continental playa lakes within elongate and sinuous Tertiary palaeodrain-
Lake Lefroy, Lake Cowan, Lake Dundas, Lake ages on the Yilgarn Craton. Evaporitic fill in the lakes is upto 10 m thick
Ballard, Lake Carey, Lake Raeside and mostly gypsum with lesser halite. Wind and wave-driven currents
rework sediments that are then deflated by the wind to be redeposited in
marginal gypsum dunes (lunettes).
Coastal Coastal lakes or salinas with gypsum and halite in beds up to 10-15m thick
Lake Mcleod, Hutt Lagoon, Leeman Lagoon in Lake McLeod.
Europe | Spain Continental Glauberite and other sodium sulphates accumulating in modern playas.
Playas of Los Monegros and Bajo Aragon,
Laguna de Tirez in La Mancha
Americas | Central Continental Salt pan and perennial subaqueous evaporites containing mirabilite,
Canada  Ceylon Lake, Freefight Lake, Deadmoose Lake,  thenardite, and bloedite. Some lakes, such as Freefight and Deadmoose,
Little Manitou Lake and many other saline lakes  are accumulating salts in perennial “deep” waters (10-30m).
and playas on the Great Plain of central Canada
Northern  Continental Salt pans containing sodium sulphate salts, as in Central Canada.
USA Saline lakes and interdunal sabkhas, Nebraska
and North Dakota. Draas of the southwest USA
Southern  Continental Pleistocene continental lacustrine accumulations of mostly gypsumzhalite,
USA Salt Flat playa, west Texas; playas in Rio Grande  now deflated and overprinted by Holocene sabkha signatures.
Rift
Coastal mudflats with displacive gypsum.
Coastal
Laguna Madre
Western  Continental (Basin and Range) Quaternary continental lakes with diverse range of salts including thick
USA Death Valley, Saline Valley, Deep Springs lake, halites, lesser anhydrite, trona, glauberite and other salts depending on
Searles Lake, Bristol Dry Lake, Great Salt Lake,  chemistry of inflow waters. Holocene is a time of saline mudflats, at other
Owens Lake, Salton Sea times in the Pleistocene the depressions were beneath the waters of a
saline/brackish lake.
South Continental Large volumes of continental evaporites accumulated within the central
Americas ~ Salar de Atacama, Salar Uyuni, Salar Coipasa, Andes during Neogene uplift of the Altiplano-Puna plateau with associated
Pastos Grandes, Laguna Salinas, Salar de development of the Andean volcanic arc. Halite and gypsum are dominant
Pintados minerals, along with local and economically important borates, nitrates and
potash salts.
Coastal Large volumes of marine-fed estuarine evaporites in a drowned river
Bocana de Virrila, Peru valley.

Table 2.1 continued. Quaternary examples of evaporite accumulations in various deserts.

Rainshadow deserts and bedded evaporites are often part of
a longer term tectonic association between sedimentation and

climate in both extensional and compressional settings and
are a climatic response independent of whether the earth is in
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greenhouse or icehouse climate mode (Hay, 1996). Over mil-
lions of years, the rifting of continental blocks involves broad
upwarping, followed by subsidence of a central valley and
uplift of marginal shoulders. The result is an evolving regional
climate-sediment association that is repeated many times in
the Phanerozoic: first a vapour-trapping arch with centripetal
fluvial drainage forms. This is followed by a rift valley, first
with fresh-water lakes, culminating in an arid subsealevel
evaporitic rift bordered by mountains intercepting incoming
precipitation (adiabatic desert). Convergence tectonics also
affects climate on a large scale. A rising mountain range is a
barrier to atmospheric circulation, especially if perpendicular
to the incoming circulation. The uplift of the Tibetan Plateau
in the Late Tertiary created an easterly jet stream, which now
flows from Tibet across the Arabian Peninsula toward Somalia.
This stream of dry air accentuated the existing aridity and cre-
ated an adiabatic desert that lies almost on the Equator. In the
past both extensional sag and compressional tectonism have
helped induce hyperaridity atop large subsealevel seepage
depressions, which were capable of accumulating thick halite
and gypsum successions (Figure 5.27).

Upwelling ocean waters off continental landmasses in the trade
wind belts favour coastal deserts. Cold upwelling ocean water
creates a belt of coast-parallel cool water. And, as evapora-
tion is a function of heating, cold offshore oceans provide
less moisture and less cloud to the adjacent land. The cool air
above creates relatively dry onshore winds. As this colder air
moves across the land it is heated, so developing an increased
capacity to absorb rather than shed moisture (Figure 2.2b).
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Windward side ﬂwewam side

ocean

rainfall
Rain shadow desert

rainfall

Figure 2.2 Local controls on deserts. A) Adiabatic or rain
shadow desert where rain tends to fall on the seaward side
of the mountains. B) Coastal deserts form in response to cool
upwelling ocean waters and the cool dry onshore winds
warming as they pass overland.

Cause Locations

Examples

Descending or stagnant
air mass

Subtropical regions.

around 20-30° north and south of the Equator.

Continentality Regions within the continental interior.

Regions beneath the descending limbs of Hadley cells (centred

Sahara, Namibia, Kalahari (Africa)

Chihuahuan and Sonoran (North America)

Great Sandy and Simpson deserts (Australia)
Arabian, Iranian, Thar deserts (Middle East and India)

Saharan (Africa)

Adiabatic or
Rainshadow

Cool sea surface
temperatures

Locations isolated by distance from moisture sources, princi-
pally the oceans.

Regions located in the lee of topographic barriers, such as
mountains and plateaus.

Cooling of rising airmass creates rainfall on the windward/ sea-
ward side of a mountain range or barrier. As airmass subsides
on the leeward side it warms and dries.

Continental regions adjacent to cool (upwelling) seawater
zones.

The amount of moisture evaporated from the ocean surface
is less under cooler conditions, so yielding drier air. Cooler
sea surface temperatures also stabilize air masses, reducing
convective rainfall.

Turkestan, Talimaklan, Gobi (Asia)
Great Basin (North America)

Turkestan, Talimaklan (Asia)
Great Basin, Colorado Plateau (North America)
Monte, Patagonian (South America)

Western Sahara, Namibia (Africa)
Peruvian, Atacama, (South America)
Rub’Al Khali (Saudi Arabia)

Table 2.2 Causes of modern deserts. (see Figure 2.1a for locations), typically more than one factor drives desertification.
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Offshore, these cool strips of water are frequently engulfed in
winter sea fogs, created by a blanket of warmer air atop cold
seawater. Such cold upwelling ocean currents account for the
deserts of Baja California and the Namib of southwest Africa
(Benguela Current). The Peru Current, as it upwells along the
west coast of South America, helps maintain hyperaridity in the
Atacama Desert of Chile, which receives around 1 mm of rain
every 5-20 years making it the driest desert in the world.

Fog, rather than rain, is the main supplier of moisture to
coastal deserts in such areas and it also moderates the coastal
air temperature. A range of unusual desert plants and animals
have evolved behaviours and physical adaptations to make
maximum use of this foggy water. For example, in the early
morning some Namibian desert insects with water-capturing
fluted carapaces stand on the coastal dunes with sails-high to
collect condensation from foggy onshore morning breezes.

The present western edges of most tropical or Trade Wind deserts
are washed by cool ocean currents driven by large scale ocean
gyres, which rotate anticlockwise in the Southern Hemisphere
and clockwise in the Northern Hemisphere. Throughout much
of the Phanerozoic, coastal deserts in ancient trade wind belts,
indicated by eolian dunes and evaporites, have characterised
the western sides of continents (Hay, 1996).

Atfinerclimatic scales, variations in effective evaporation rates
influence salinity of any brine body or pore waters in nearby
mudflats/sandflats. This in turn influences mineralogy and
the preservation potential of precipitated salts. Water vapour
pressure over a free-standing brine decreases with increasing
salinity. Saturated water vapour pressure over any salt solution is
always lower than the vapour pressure of pure water at a given
temperature. This is due to the binding of water molecules into
hydration sheaths about the various charged ions dissolved in
the brine. As the concentration of a surface brine increases,
the water vapour pressure decreases in the overlying air mass,
reaching its lowest value when the brine is saturated (Kinsman,
1976). At very high salinities the pressure difference between
the brine and the air immediately above the brine can become
so small that evaporation effectively shuts down and the higher
salinities necessary to precipitate the bittern salts may not be
reached (Figure 2.3a).

Aerodynamically, the evaporation rate of a surface brine is the
product of wind velocity and the difference in water vapour
pressure between the main air mass and the air above the surface
of the evaporating brine. Complete humidity-induced shutdowns
are rare as the air above an evaporating brine body is usually
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in continual motion, driven by adiabatic, catabaric and onshore
breezes. Salinity of a freestanding brine is a function of wind
speed, surface roughness and atmospheric stability in the air
above the brine (Figure 2.3; Myers and Bonython, 1958).

Elevated above-brine humidity and limited lateral extent (tens
of kilometres) creates a natural buffer to evaporation above
modern coastal lakes or sabkhas. Lower salinity evaporites,
gypsum and halite, are the dominant precipitates in modern
coastal lakes beneath humid marine air, such as the coastal
pans of the Saudi Gulf coast and the coastal salinas of southern
and western Australia. Gypsum with minor anhydrite is the
dominant salt in both the capillary zone and the phreatic zone
of most modern arid coastal hydrologies such as the sabkhas
of Abu Dhabi (Kinsman, 1976). Any efflorescences or crusts
of bittern salts cannot last long, and are recycled or washed
away by occasional rainstorms and sheet floods.

Evaporitic shutdown will have an interesting effect on the
currently falling water level of the Dead Sea basin. Asmar
and Ergenzinger (1999) conclude that the actual evaporation
rate of the surface brines in the Dead Sea will become zero at
a salinity of 483 - 486 g/l. As water loss can then no longer
be driven by evaporation, the currently falling Dead Sea level
should stabilise when currently increasing salinities reach this
level (Figure 2.3b). The evaporation rate data were calculated
using a modified Penman method and were fitted as a function
of salinity, where salinity (S) is in g/l and evaporation rate (E)
is in mm/year. The relationship is

E = 1826.1-1.6405S + 0.0116S? - 3x10°S?

Asmar and Ergenzinger emphasize that this equation is an
estimate and should be used with caution.

Intrabasin variations in temperature and effective evaporation
influence the volume and mineralogy of precipitated sediments
and there is often a feedback between these various factors.
For example, there is a decrease in the efficiency of capillary
evaporation wherever a white salt crust covers the surface of
a saline mudflat. The decrease is not just related to a humidity
increase in the air above the mudflat, but also to the increased
albedo (reflectance) created by the white surface of the salt
crust. The amount of short-wave radiation absorbed by any
soil surface is largely a function of its albedo (a measure of the
amount of light reflected). It varies from 0.2 (20%) for a water
saturated soil surface to 0.75 (75%) for a salt-encrusted surface
(Malek et al., 1990). A salt-encrusted mudflat on a clear calm
sunny day makes use of only a quarter of the incoming energy
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Figure 2.3. Evaporation and salinity. A) Evaporation efficiency decreases
as salinity/density of the surface brine increases. Evaporation factor
is applied to measured pan evaporation to attain a more realistic esti-
mate. For example, a brine with a salinity around 200%o has an actual
evaporation rate that is only 85% of the measured evaporation rate
(after Myers and Bonython, 1958). B) Effect of salinity on evaporation
rates in the Dead Sea using the predictive formulae of Penman or Dalton
(after Asmar and Ergenzinger, 1999). C) Effect of salt crust formation
on the relative evaporation (measured evaporation rate/potential pan
evaporation) with waters of variable concentration lying beneath the
subaerial crust (after Newson and Fahey, 2003).
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(drives evaporation) compared to a damp crust-free
seepage mudflat. For the same reason, sediment
below a white salt crust will stay moister for longer
in the absence of ongoing inflow/seepage.

To quantify the effects of salt crust formation on evap-
oration rate, Newson and Fahey (2003) conducted a
series of laboratory evaporation experiments using
artificial soils saturated by water with various NaCl
contents ranging from freshwater to concentrations
of 23% (mass salt/mass solution). Their aim was to
develop an understanding of salt crust formation in
order to increase the efficiency of desiccation in mine
tailing dams and so improve remediation efficiency.
But their results are pertinent to the hydrology of any
salt-crusted mudflat. Relative evaporation (ratio of
actual to pan evaporation) for the freshwater system
fell to about 0.6 after about 10 days, and then remained
near constant (this indicates capillary equilibrium
with fresh water in pores = no salt crust). However,
for all other experimental runs using saline water of
varying initial concentrations, the relative evapora-
tion ratio was much lower, and once the salt crusts had
formed consistently reached values around 0.1-0.2 of
potential freshwater evaporation rates (Figure 2.3c).
For the high concentration pore waters the reduction
occurred almost immediately, and somewhat more
slowly for the starting solution with the lowest NaCl
concentration (C = 5%). Their results indicate that
even a moderate amount of salinity in any feed brine
in a semi-arid to arid setting will quickly form a salt
crust that severely reduces the relative evaporation
rate above the crust.

Their experimental data compares well with observa-
tions made for salt-encrusted surfaces on playas and
salt lakes around the world. Natural salt encrusted
mudflats typically display relative evaporations of the
order of 0.03-0.2, for potential evaporation rates of
1.5-3.5m/year (Maleketal., 1990). Forexample, the
measured effective evaporation rates above salt-free
mudflats in Lake Frome, Australia range from 90 to
230 mm/year and average 170 mm/year (Allison and
Barnes, 1985). In areas in the same lake covered by
white salt crusts the effective evaporation rate falls
to 5-30 mm/year (equivalent to relative evaporation
0f 0.03-0.18; Ullman, 1995).
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Newly formed salt crusts are porous, variably buckled layers
(pressure ridges and petees) that lack direct contact with the
underlying sediment over atleast 50% of the crustbase (Newson
and Fahey, 2003). Air-filled cavities reduce areas beneath the
crust where capillary moisture can be transferred in aliquid phase
through the salt crust to the air during evaporation. Coupled
with this, the high porosity and broader pore throats in newly-
formed salt crust, drastically reduces the rate of capillary rise
of water compared to a clay or mud and so further reduces the
liquid phase continuity to the crust/air interface. Once a crust
forms, the only widespread effective mechanism for moisture
transfer from the underlying mud to the overlying air mass
is by diffusion in the vapour phase. This means mechanisms
involved in reduction of the effective evaporation rate from
any salt-encrusted mudflat are varying combinations of; 1) an
increase in albedo, 2) resistance to moisture transfer and, 3) a
decrease in the saturation vapour pressure of the pore fluid.

In a brine pool-entraining modern playa there is substantial
cross-playa variation in effective evaporation rate depending on
sediment type, proximity of the water table to the landsurface,
the presence or absence of salt crusts and the permanence of
surface brine sheets. An excellent set of data illustrating this
complexity was collected during 1993-1996 in Owens Lake,
California using monitored lysimeters and evaporation pans
(Figure 2.4; Tyler et al., 1997). Measurements were not made
during the period autumn (fall) 1994 to winter 1995 due to
playa-wide flooding that marked the end of a long drought
period. Rain preceded each summer and autumn measurement
period in 1993 and 1994 by at least 15 days and was not sig-
nificant (1 mm or less). Spring measurements may have been
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influenced by prior rainfall, with 3 mm falling 1 day before
the 1994 measurements and 19 mm falling 21 days before the
1995 measurements.

Figure 2.4 plots the averaged daily evaporation rate as a function
of season of measurement from the three study areas in Owens
Lake (sandflat, mudflat and free surface brine; Tyleretal., 1997).
Evaporation from the sandflat appears to steadily decline from
initial measurements in summer 1993 to autumn (fall) 94 and
may reflect the prolonged drought and subsequent decline of
the water table in this area. In contrast, evaporation from the
salt-crusted mudflat shows similar summer rates in 1993 and
1994. The insensitivity to drought in these saline clayey soils
may be related to the continued high water contents maintained
by capillary rise to elevations well above the water table. The
mudflat site also shows highest evaporation rates during spring
periods (0.5 mm day™"), when near-surface soil moisture is at
its highest level. During these periods, the overlying salt crust
is less desiccated and so may also maintain better hydraulic
contact with the underlying sediments.

Malek et al. (1990) postulated that loss of hydraulic contact
between lake sediment and an overlying salt crust impedes
capillary evaporation loss by effectively forming the equivalent
to a mulch layer over the clayey substrate. During both spring
measurement periods in Owens Lake, no decline in evapora-
tion rate was observed throughout the period of measurement,
suggesting that rain before the measurement dates had little
influence on the evaporation rates. Winter evaporation rates were
slightly higher than those recorded during the autumn months,
although they are similar. The winter measurement period was

characterized by warmer than average

daytime temperatures, which may

o Sand- have slightly increased the evapora-

N 1 . Sandflat dominant tion rates. However, wind conditions

g 4 D Mudflat N Were. uncharaf:terlsgcally calm, with

= _ maximum daily wind speeds rarely

g 3 | . Brine pOO| T exceeding 1 m s, which may have
c g:;igle reduced the evaporative flux.
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8_ spring 1994 were below those in the

g 12 dominant previous summer, owing to lower

w «~——Wet & flooded—— temperatures and decreased net ra-

J diation (Tyler et al., 1997). However,
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Figure 2.4. Seasonally measured evaporation from the three dominant types of surface
sediment in Owens Lake, California. Squares in the inset map show monitored sites

(after Tyler et al., 1997).

the following summer and autumn of
94 were much lower than expected for
afree-standing saline water body. The
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dramatic reduction in evaporation in 94 was due to a thin (less
than 2 mm) floating crust of halite rafts that covered the entire
extent of the brine pool. Both periods of measurements in the
brine pool were characterized by calm conditions, which allowed
the crust to remain intact and effectively cut off evaporation.
Winter evaporation rates over the raft-covered brine pool aver-
aged 0.6 mm day™', almost an order of magnitude below that
measured during the raft-free summer of 1993. Rafted crusts
are a part of the evaporation setting of most halite-saturated
brine pools/sheets and are another reason why brine sheets
remain for extended periods in some salt lakes. Surface water
sheets in nearby less saline raft-free lakes tend to dry much
more quickly. Rafts generally break up and sink or are washed
to the lake shore during windy periods.

Yearly estimates of groundwater evaporation from the three
dominant surface areas in Owens Lake (sandflat, mudflat, brine
pool) were calculated by Tyler et al. (1997) using the data
shown in Figure 2.4. Yearly average evaporation was taken as
the arithmetic average of the four seasonal rates for each area.
For both the sandflat and mudflat areas, autumn rates were well
below those measured in the spring, implying that evaporation
is more strongly controlled by groundwater conditions rather
than potential evaporation rates above the sedimentation surface.
Groundwater levels tend to decline in late summer and autumn,
owingtoevaporative demand, and therefore itis conceivable that
winter rates, when the water table is nearer the lake floor, may
actually exceed autumn rates. The coincidence of a prolonged
drought (1993 to fall 1994) with the main measurement period
appears to have affected evaporative flux in both the sandflat
area and the brine pool. Consecutive summer measurement of
evaporation at both these sites showed a considerable decrease
owing to drought conditions. For this reason, summer evapora-
tion rates from 1993 were considered more representative and
used to estimate the yearly evaporation from the sandflat to
produce a more representative average annual evaporation. At
the brine pool site, autumn rates were assumed to be equal to
those measured in spring 1994, when open raft-free water was
extensive. Using this approach, the seasonally adjusted annual
evaporation rate from the sand-dominated areas was = 88 +
22 mm year. Clay—salt crust-dominated (sabkha) regions in
Owens Lake have an evaporation rate =~ 104 + 26 mm year™.
Yearly evaporation from the brine pool surface was = 872 +
218 mm year" although this is substantially less whenever a
cover of salt rafts floats at the air-brine interface.

All these local climatic effects combine to make the high
salinities needed to precipitate bittern salts unlikely in most
modern marine-fed hypersaline settings. To produce and accu-
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mulate primary bittern salts, like carnallite, sylvite and kieserite,
to where they constitute a bed, rather than an efflorescent crust,
requires a degree of aridity so extreme that it is difficult to
envision it as a large-scale process in any modern marine-fed
setting and even contemporary continental examples are rare.
For example, carnallitite is a precipitate in saltwork pans of the
Dead Sea whereitis the end result of anthropogenic management
of fractionated brines (Figure 11.10). The only substantial natural
Holocene potash accumulation is a syndepositional karst fill in
bedded halites of the Qaidam Basin of western China, located
some 1500 km from the nearest ocean. Even there, the potash
ultimately comes from reworked subcropping Plio-Miocene
potash evaporites. One must go to pre-Quaternary sediments to
understand how a widespread potash bed can accumulate with
a lateral extent measured in tens to hundreds of kilometres and
thicknesses measured in metres (Chapters 5 and 11).

Chemical evolution of surface and
nearsurface brines

Until recently, most geologists assumed ancient marine
evaporites were precipitated from seawater brines with chemical
make-ups very similar to that of today. Now, there is a growing
body of evidence that the ionic make-up of Phanerozoic seawater
has varied to where magnesium sulphate was not always a
dominant bittern precipitate. In modern seawater bitterns, it is.
As well, varying intensities of evaporite dissolution, dolomite
precipitation and hydrothermal flushing contributed varying
ionic proportions to the brine feed of ancient salt systems
(Hardie, 1984, 1991). This leads to a dilemma in deciding what
is marine, what is nonmarine and what is a hybrid brine, based
on mineralogical suites found in ancient bedded evaporites.

Marine brines

Chemical composition and phase chemistry

Today the chemical make-up and the proportions of the major
ions in seawater are near constant in all the world’s oceans.
Seawater is dominated by Na and Cl, with lesser amounts
of SO,, Mg, Ca, K, CO, and HCO,. Using the brine classi-
fication of Eugster and Hardie (1978), modern seawater is a
Na—(Mg)-Cl<(SO,) water, with a density of 1.03 gm/cc and a
salinity of 35 + 2%0. When seawater evaporates, a predictable
suite of primary evaporite salts crystallise from increasingly
concentrated hypersaline waters (Figure 2.5; Table 2.3). The
sequence of marine precipitates was first documented by Usiglio
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Brine Stage Mineral Precipitate Salinity (%o) Degree Evap. Water Loss (%) Density (gm/cc)
Normal marine or Skeletal carbonate 35-37 1x 0 1.040
euhaline
Mesohaline or Alkaline earth 37 to 140 1-4x 0-75 1.040-1.100
vitahaline carbonates

o | Penesaline CaSO, 140 to 250 4-7 75-85 1.10-1.126

s (gypsum/anhydrite)

g CaSO, + Halite 250 to 350 7-11x 85-90 1.126-1.214

+ Supersaline Halite (NaCl) >350 >11x >90 >1.214
Bittern salts Extreme and >60x =99 >1.290
(K-Mg salts) variable

Table 2.3. Salinity based classification of mineral paragenesis and brine properties based on concentrated seawater. Hypersaline
is defined as >35%o. Biologists working in saline waters use a somewhat different classification of; fresh water (less than 1%.),
subsaline (1-3%o), hyposaline (3-20%o.), mesosaline (20-50%o), and hypersaline (greater than 50%). Geohydrologists tend
to refer to fresh water as less than 1%o, brackish water as 1-10%eo, saline water as 10-100%o, and brine as greater than

100%eo.

(1849), while later work by Carpenter (1978) and McCaffrey et
al. (1987) focused on the details of the evolving chemistry of
the residual bitterns as the various supersaline salts precipitate
(Figure 2.5).

As seawater concentrates, the first mineral to precipitate is
CaCO,, usually as aragonite. This begins in mesohaline waters
where the brine reaches twice the concentration of seawater
(40 to 60%o) and achieves a density =1.10 gm/cc. As the brine
continues to concentrate and approaches four to five times
the concentration of seawater, that is 130 to 160%o, gypsum
precipitates from penesaline waters with densities around 1.13
gm/cc (Figure 2.6a). At 10 to 12 times the original seawater
concentration (340 to 360%o) and densities around 1.22 gm/cc,
halite drops out of supersaline marine waters. After halite, the
bittern salts (potassium or magnesium sulphates/chlorides)

precipitate from supersaline waters at concentrations that are
more than 70-90 times that of the original seawater. Carnallite
and epsomite are the dominant bittern precipitates from modern
marine brines. Brine density by this stage of concentration is
in excess of 1.30 gm/cc and brine viscosity and feel approach
that of olive oil (Figure 2.6b).

Modern coastal lagoonal systems do not naturally attain high
salinities until the surface (hydrographic) connection to the
ocean is lost and they evolve into marine-seepage groundwater
sinks (Figure 5.28). Brines then evolve into mesohaline to
penesaline waters with seawater-like (thalassic) ionic propor-
tions (Table 2.4).

Ongoing evaporation of seawater produces two types of high
density, high viscosity brine: Na-Cl brines and Mg-CI-SO,

Locality Salinity (%) Na Mg Ca K Cl SO, HCO, Br

Solar Lake, Sinai 70 890 99 21 19 1040 53 3 2

146 1815 205 47 30 2189 37 4 -

Ras Mohammad, Sinai 244 3394 391 12 72 3903 147 3 5

Bardawil Coastal, Sinai 140 1857 197 8 43 2146 3 0.8 4

4219 712 28 143 4625 232 58 1

Bardawil Inland, Sinai 140 1666 193 31 3 1775 3 0.3 2

4035 1088 693 92 5124 129 35 1

Christmas Island ponds 21 279 27 7 5 331 19 - -
247 1893 213 17 34 3490 48

Lake Hayward, Australia 214 3053 90 23 52 3569 106 - -

Mangrove Lake, Caribbean 32 - 9 - 480 24 3 -

Seawater (average) 35 468 53 10 10 546 28 2 1

River water (average) 0.11 0.31 0.15 0.37 0.04 0.23 0.12 0.89 -

Table 2.4. Examples of the hydrogeochemical make-up of some marine-fed brine systems, salinity is expressed in %o and ions
in mmol/kg (see Chapters 3 and 4 for discussion of the geology of marine-fed systems).
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brines. Na-Cl brines dominate
in the salinity range 35-330%o.
Brines become progressively
dominated by Mg-CI-SO, at
higher salinities, indicating pref-
erential removal of Na by halite
precipitation. At first, Mg is the
dominant cation in the bittern
brines, but as the various MgSO,
bitterns crystallise its place is
taken by K. Chlorine remains
the dominant anion throughout
the evaporation sequence (Fig-
ure 2.5).

Much of the field and laboratory
work done on evaporating water
has been done in closed condi-
tions. Usiglio (1849) simply took
acontainer of seawater and moni-
tored its progress as he evaporated
ittocomplete dryness. McCaffrey
et al. 1987) studied the evolution
of seawater in a series of man-
made salt ponds in the Bahamas
and supplemented this with labo-
ratory work athigher salinities and
densities not found in the ponds.
Ideally, after depositing gypsum
and halite, supersaline seawater
evaporated to complete dryness
deposits a predictable suite of Mg
and K sulphate minerals (Usiglio,
1849). However when one tries to
compare the suite of bittern salts
seen in ancient marine evaporites
to modern bitterns there are some
obvious discrepancies. These
problems can be addressed at
varying levels of chemical,
hydrological and chronological
complexity. Inthe end many of the
discrepancies can berelated to the
simple statement, “In nature, there
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Figure 2.5 Evaporation pathway of modern seawater showing how density increases and
the proportions of various ions in solution change as the brine concentration increases.
Recompiled from data in appendices in McCaffrey et al., 1987.

is no such thing as a totally closed static system.”

One of the first to attempt to deal with the chemical discrepancies
between a modern seawater precipitation suite and the bittern
suites seen in the Permian Zechstein salts of the Stassfurt 3

was Van’t Hoff, a 19th Century German chemist. He reasoned
that the best way to study evaporites was to start with a simple
solution of two salts and add components one by one, study-
ing the behaviour of the various mixtures at each stage of the
experiment. From this work he formulated a series of rules of
behaviour for salts in concentrated brines.
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Figure 2.6. Brine evolution. A) Pre-bittern mineral precipitation sequence in a concentrating marine brine (replotted from Table
1 in Briggs, 1958). B) Viscosity increases with brine concentration (replotted from Karcz and Zak, 1987).

o If two salts are in solution, precipitation depends on the

relative solubilities of the salts and their concentrations.

o If two salts have a common ion, the solubility of each in

a solution of the other is less than in pure water.

o If two salts do not have a common ion, the solubility of

each in the other is greater than in pure water.

¢ Solubility is markedly influenced by increases in tem-

perature, much less so by pressure.
When studying bittern evolution the phase diagrams Van’t Hoff
developed experimentally are still useful today. Consider a
KCI-NaCl system at 25°C and 100°C, this is an example of a
salt pairs with a common ion (Figure 2.7a; Borchert and Muir,
1964). Points A and B represent solubilities in pure water at
25°C. Points G and H represent the solubilities in 1:10 NaCl-

KCl solution and 10:1 NaCI-KCl solutions, respectively. Point
C represents the point at which the mixture is saturated with
respect to both NaCl and KCl salts. Any point below line ACB
is undersaturated at 25°C, above it is saturated with the solid
salt. Let's now consider the effects of crystallisation and dis-
solution in this simple system. With concentration, a solution
of composition X moves away from the origin until reaching
the line ACB at Y, where KCI precipitates (Figure 2.7a). The
ratio of NaCl/KCl increases as the solution composition moves
along line Y-C (less water, less KCl in brine as NaCl increases).
At C, both salts precipitate until dryness. With dissolution,
a mixed salt of composition F remains solid until sufficient
water has been added to begin its dissolution. At that point

A
% 60— ~F
p A
(0]
2 _
€
S 404
o
A
(&)
©
b
B 204
© .
= saturation
T T T T T T ]
0 20 40 B 60 B
A Moles KCI/1000 moles H,O

c
Bischofite crystallises

120
T
2 A Carnallite crystallises
TE) _
Ratio KCI/MgCl
S 80 / in camallite =
IS
>
3 _
=3
%) 40 —
@
o
= |
B’
T T T
0 20 40

Moles KCI/1000 moles H,O

B.

Figure 2.7 Van't Hoff plots. A) Crystallisation of solutions containing NaCl and KCI at 25° and 100°C. B) Crystallisation of

solutions containing MgCl, and KCl at 25° and 100°C.
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both KCI1 and NaCl begin to dissolve (point C). When all KCl
has dissolved some NaCl remains and the composition shifts
along C-Q as NaCl continues to dissolve. At Q the final NaCl
dissolves and continued dilution moves the composition of the
solution toward the origin along line Q-O.

Figure 2.7b is the Van't Hoff plot of the KCI-MgCl, system, an
example of a salt pair with acommon ion forming a double salt.
In addition to the two end members (bischofite and sylvite) it
has an intermediate double salt KC1.MgCl,.6H,0 (carnallite).
Points Aand B represent saturation with MgCl,.6H,0 (bischofite)
and KCl (sylvite) respectively. The dashed line O-L shows the
ratio of KCl to MgCl in carnallite. When a dilute solution of
composition X is evaporated its composition shifts directly
away from the origin until encountering line ACB. At the
intersection point sylvite begins to crystallize and continues
to crystallize as the composition of the solution shifts along
line B-D, well below the composition of the double salt. Only
when the solution has reached composition D does carnallite
appear. At this point the composition of the solution remains
fixed as carnallite crystallizes, both directly out of solution
and by partial reaction of dissolved ions with some of the
previously precipitated KCI. The resulting solid is a mixture
of carnallite and sylvite.

Or with a more KCl-rich initial solution of composition Y, as
it concentrates it moves away from the origin until it intersects
line ACB where sylvite once again begins to crystallize. It
continues to crystallize as the composition of the solution
moves up along B-D. At D, carnallite begins to crystallize as
the sylvite is used up. If evaporation continues, the composi-
tion of the solution now moves along line D-C until it reaches
point C, where bischofite crystallizes, along with carnallite.
The composition of the solution now remains constant until
evaporation is complete.

We can also use this Van' Hoff plot to visualise how carnallite
dissolves in this simple system. We begin with carnallite which
has an initial composition D. Since this solution is much richer
in MgCl, it is preferentially dissolved (it lies to the left of the
dashed line EL) Once all the carnallite has dissolved, the net
result is a solid residue of KClI (sylvite) (incongruent dissolu-
tion). Further solution of the residual will move composition
of the solution down along line D-B. When it reaches E, the
last of the sylvite is dissolved, and further dilution shifts the
composition along line E-0 (origin).

So, we can describe the section of the saturation line B-D as
the ‘sylvite region’, since here KCI alone is in equilibrium
with saturated solutions; CD is the ‘carnallite region’, and CA
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the ‘bischofite region’. Point C represents the composition of
a saturated solution in equilibrium with both bischofite and
carnallite, point D the composition in equilibrium with both
carnallite and sylvite. Note that point D differs from point C
in that during evaporation it can be approached from only one
side, the KCl side, whereas C can be approached from either
the carnallite or bischofite side. In other words the bittern
precipitation sequence sylvite followed by carnallite, carnallite
followed by a bischofite-carnallite mixture, or bischofite fol-
lowed by a bischofite-carnallite mixture are possible, but never
carnallite followed by sylvite.

If two salt pairs do not have a common ion they form a recip-
rocal salt pair such as a KCI-MgSO, system. In an evolved
seawater brine it is possible to have four end members plus
any number of intermediate double salts. Rather than depict-
ing such a system as this on a simple Van't Hoff binary plot, it
becomes necessary to use a ternary diagram. A ternary plot of
reciprocal salts is handy, as fixing the relative concentration
of three of the four ions also fixes the fourth, providing the
system is at equilibrium. This is the basis for seawater ionic
reconstructions in many micro-inclusion studies in halite. The
most commonly used type of ternary plot in evaporite bittern
studies is a Janecke Diagram (Figure 2.8). In many respects
it is analogous to the ternary diagrams used in igneous and
metamorphic petrology where plotting of two components
fixes the relative proportion of the third component and it is
very useful in the interpretation of brine inclusion chemistry
(Zimmermann, 2001).

Evaporation on a Janecke plot is represented by the reciprocal
salt pair MgCl -K_SO,. The solution remains saturated with
NaCl at all times and thus this ubiquitous component can be
ignored.

The corners of the diagram are represented by:

* Mg™ = 100% bischofite (MgCL,.6H,0)
* K,** = 100% sylvite (KCI)
* SO 42’ = 100% thenardite (Na,SO,)

Points along the triangle edges are pure salts with only two
end members:

* ¢ = carnallite KC1.MgCl,.6H,0
* ks = kieserite MgSO,.H,0

* hx = hexahydrite MgSO,.6H,0
* bl = bloedite Na,Mg(S0,),.4H,0
* gl = glaserite K,Na(S0,),

* ¢ = epsomite MgSO,.7H.0
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Bischofite M
Kieserite

Hexahydrite
Epsomite

Carnallite

Glaserite

Thenardite

1 = kainite field
2 = leonite field
3 = picromerite field

Inthe evaporation of seawater, the average
seawater composition is represented by
point A on Figure 2.8. This point lies in
the bloedite field. Thus, bloedite is the first
bittern mineral to crystallize. As bloedite
crystallizes the composition moves away
from point A along a line which is a pro-
jection of the bloedite compositional point
projected through point A. At B (seen in
the expanded part of the plot) there are
two possible pathways:

a) If bloedite has settled out and does not
react further, epsomite begins to crystallize
and the composition of the salt solution
migrates across the epsomite field to point
C, the path of migration from point B to C

S 042'

Kieserite
(O
Kainite

- ’/ .
.-7 V| Leonite

’

bl
(@

is a projection through B to the epsomite
point on the triangle edge.

b) If, however, bloedite is free to backreact
with the solution, crystallisation takes a
different path. The composition of the
solution shifts along line B-D with bloedite
being consumed as epsomite forms. At D,
the last of the bloedite disappears. At this
point the composition of the solution is
free to migrate through the epsomite field
to point E, which is a projection from the
epsomite compositional point at the edge
of the triangle through D.

Carnallite

(0)

Figure 2.8. Janecke diagram for system NaCl.MgCl,.Na,5O,.H,0 at 25°C. Salt
points: ¢ = carnallite, bl = bloedite, gl = glaserite, e = epsomite, hx = hexahydrite,
ks = kieserite, k = kainite, pc = picromerite. Point A defines the composition of sea-
water. (a) enlargement near | to show part of the crystallisation path of seawater;

(b) shows detail of the Mg corner.

Points within the triangle contain end members such as:

* k = kainite KMgCISO,.11/4H,0
* pc = picromerite K,Mg(S0,),.6H,0

If the bulk composition lies within the field, the fields represent
the composition of the first salt to precipitate. However, the point
representing the actual salt composition often lies outside the
field where the ideal salt would precipitate. This is analogous to
the previous binary Van't Hoff plots in which point F (carnallite
composition) lay far outside the “carnallite region.”

Ateither point C or Ekainite begins tocrys-
tallize with epsomite (2 phase boundary)
and the composition of the solution moves
along the kainite - epsomite boundary. At
X, epsomite becomes unstable with respect
to hexahydrite. It reacts in the same way,
consuming earlier precipitates or not, depending on how isolated
precipitates are from the evolving brine. With further evapora-
tion the composition of the solution moves along the kainite-
hexahydrite boundary and both crystallize simultaneously. At
Y, hexahydrite becomes unstable with respect to kieserite. At
R, kainite becomes unstable with respect to carnallite. Thus,
we have kainite and kieserite remaining when we leave point
R. If concentration continues (we are now well into the bittern
field) we move to Z, where we reach a three-phase boundary.
Bischofite begins to crystallize with carnallite and kieserite.
The solution remains at this point until dryness.
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If equilibrium is maintained so that earlier salts are re-ab-
sorbed (backreacted) during ongoing crystallisation, the final
product should be only three salts (bischofite, carnallite and
kieserite), plus halite, plus small amounts of some calcium
salts. If equilibrium had not been maintained other salts
could be present, but they should be layered in a vertical
sequence predicted by the crystallisation path.

The problem with all this 19th-Century laboratory-based
bittern phase chemistry is that the prediction rarely matched
the reality. For example, polyhalite is an abundant compo-
nent in the Stassfurt Salt of the Permian Zechstein. This
was the salt bed that formed the test case for much of Van
Hoff's and Janecke's work, yet polyhalite did not appear in
Janecke's plot. One reason for its absence is our inability
to precipitate polyhalite from seawater in the laboratory
at earth surface temperatures. Little was known about the
stability of polyhalite. Where we do find it in the Holocene
is as a replacement of gypsum in zones of mixing between
marine brines and continental groundwaters. According to
the marine brine evolution predicted by the Janecke plot of
seawater, kainite should be absent, or present only in the
lower portion of the Stassfurt Salt. Yet, in reality it occurs
near the top of the Stassfurt bed. Unusual salts, such as
loeweite, picromerite, vanthoffite and langbeinite, should
not be present at all, yet they are not uncommon in the
Stassfurt. A sylvite-kieserite assemblage is forbidden by the
phase diagram, but is present in the Stassfurt.
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In order to explain some of these problems Van't Hoff sug-
gested that the temperature at the time of salt formation in the
Zechstein Basin was as high as 83°C. This explained some of
the unusual mineralogies and the sylvite-kieserite association.
If the temperature drops to 55°C near the end of the deposition,
it allows kainite to be present near the top of the Stassfurt.
Geologists found his suggestion of temperatures close to
boiling in surface evaporite environments, cooling to 55°C at
the end of a cycle, a little unlikely. Janecke proposed that the
high temperatures suggested by Van’t Hoff were diagenetic
and had developed during burial (Borchert and Muir, 1964).
He proposed that the problematic polyhalite had formed by
secondary alteration as calcium-bearing brines reacted with
kainite (addition of calcium, subtraction of chlorine) and that
most sylvite formed by incongruent solution of carnallite (loss
of magnesium). The more unusual salts, he argued, represented
high temperature burial metamorphism. Harvie et al. (1980)
recalculated the order of onset for the marine bittern salts in
the Zechstein as: glauberite, polyhalite, epsomite, hexahydrite,
kieserite, carnallite, bischofite. They concluded that the type
of bittern salt and the salinity at which it precipitates varied
according to temperature and levels of impurities in the re-
sidual brines.

Inreality, hydrology of the system is more significant than ide-
alised chemistry in controlling bittern evolution. Brine leakage,
mixing with freshened recharge about the basin's margin and
the influence of humid air layers lingering above the brine body
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Figure 2.9. Effects of varying levels of basin leakage on ionic proportions and the precipitated mineral suite with a seawater
parent brine and measured as a function of the number of evaporated basin volumes (after Sanford and Wood, 1991). A)
Leakage ratio of 0.001 (= closed basin) shows bittern precipitation. B) Leakage ratio of 0.01, the system never reaches the

upper end of the bittern field.
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mean a standing body of modern seawater-derived brine liquor
rarely moves to the bittern stage in a single primary desicca-
tion cycle. Sanford and Wood (1991) modeled the changes in
fluid composition and the sequence of primary salts that would
precipitate under a leaky brine hydrology where bottom brine
slowly discharges through underlying sediments (leakage via
brine reflux). They found that the leakage ratio (ratio of water
outflow to inflow) has a profound effect on both the evaporite
mineral suites precipitated and the thickness (or volume) of
a deposit (Figure 2.9). A system with a leakage ratio of 0.001
(that is, a 1x volume of water escapes from the basin for every
1000x volumes of inflow), the resulting salt evolution sequence
is near identical to that of a completely closed system, as first
documented by Usiglio (1849). However, with leakier systems
there are significant reductions in the maximum salinities that
the surface brines can attain and it is increasingly difficult
to reach salinities sufficient to precipitate upper-end bittern
salts. With a leakage ratio of 0.01 the final brine composition,
reached after about 600 basin volumes have evaporated, has
higher Na, K and SO, compositions and the four most soluble
salts, kainite, kieserite, carnallite and bischofite, are not present
(Figure 2.9b). This is reflected in the geological reality that
textures in most natural bittern salts, such as carnallite and
sylvite, indicate nearsurface brine cooling and backreactions
drive their crystallisation (Figure 11.3).

There is another problem with much chemical/mineralogic
modelling of ancient salts. It is predicated on an assumption
that the major ion proportions of seawater do not change with
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time. But were the ionic proportions of Phanerozoic seawater
constant? lonic proportions and the precipitation order of ancient
seawater bitterns may have changed according to variations
in the flux rates of river inflow relative to flux rates through
mid-ocean ridges or the volumes of magnesium carbonate
accumulating in the world's oceans (i.e., the “zip and split” of
supercontinents) may have changed through time. Variations
in either mechanism would have changed the proportions of
major ions in seawater (Figure 2.30).

Brine mixing drives precipitation or dissolution

Van't Hoff's work also showed that salts can precipitate at a
brine interface. All that is needed is mixing of waters of two
saturation states with respect to the mineral of interest (Figure
2.10a). When two waters that are saturated with a particular
phase are mixed, the resulting solution may be undersaturated
or supersaturated with respect to that particular phase (two salt
problem discussed earlier). The saturation state during mixing
depends on the solubility curve of the mineral phase of interest
and the parameter of interest (ion concentration, temperature,
salinity, etc.; Runnels, 1969). The only requirement is that the
solubility curve for that particular component is nonlinear. Raup
(1970, 1982) in a number of experiments showed how halite
and gypsum can be precipitated by the mixing of two seawater
brines of differing salinity and densities. Figure 2.10b plots
experimental results for the mixing of various low and high-
density seawater brines and the resulting amount of gypsum
precipitated (Raup, 1982). A similar plot can be drawn for the
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mixing of more saline seawater brines,

where halite is the precipitate (Raup,
1970). For similar reasons, gypsum
can precipitate in mixing zones in 2.0+
coastal aquifers when seawater first
intrudes and displaces freshwater
(Gomis- Yagiies et al., 2000).

1.0
Mixing brines with different tempera-
tures or salinities can be an important
salting mechanism in the calcium sul-
phate (gypsum/anhydrite) salt system
as it follows a nonlinear solubility

CaSO0, (gL-1)/1000 g of solvent

CaS0,.H,0

' — - - Solubility of gypsum
—— - - Solubility of anhydrite|
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I
trend, as does the halite-MgCl, bittern 20
system (Raup, 1970, 1982). Figure

2.11a shows the solubility curves of
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soluble with increasing temperature.
In contrast, at higher temperatures
(>40-50°C) anhydrite and gypsum
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follow a retrograde solubility curve
whereby they are less soluble with
increasing temperature. Thus, when
two anhydrite-saturated waters of dif-
ferent temperatures mix the result is

>100°C (Blount and

supersaturated brine with a propensity

to precipitate anhydrite. This helps to explain why anhydrite is
acommonplace hydrothermal precipitate in many mid-oceanic
ridges and smoker chimneys (see discussion in Warren, 1999;
p-362ft.). Onland, beneath the surface of the Abu Dhabi sabkha,
the heating of desert waters rising through the capillary zone
to temperatures above 30°C drives the precipitation of CaSO,
(Figure 3.13; “thermalites”).

Anhydritic systems drive complex diagenetic effects when
CaSO,-saturated brines are diluted via dispersion into adjacent
less saline waters (Figure 2.11b). This happens in brine reflux
systems where dense CaSO,-saturated brine plumes, derived

Figure 2.11. Calcium sulphate solubility. A) Idealised gypsum and anhydrite solubility
with respect to temperature (after Zverev, 1967). B) Anhydrite solubility first increases
then decreases slightly with respect to increasing NaCl content at temperatures of

Dickson, 1969).

at the surface at halite saturation, sink into, and interact with
less saline brines held in underlying or adjacent anhydritic
carbonates. If temperature remains near constant the tendency
in this zone of dispersion or mixing is to dissolve anhydrite
cements, creating vugular porosity in the interval below or
adjacent to a thick salt sequence. If temperature decreases and
the brine plume cools, with little change in ionic proportions
due to mixing, then the tendency is to precipitate anhydrite.
It is not a simple system, with temperature and mixing proc-
esses pulling the brine chemistry in opposite directions. It
is of economic interest as brine reflux in ancient evaporitic
carbonate platforms created diagenetic conditions suitable for
the formation of potential hydrocarbon reservoirs viaextensive
dolomitization (Figure 10.24).



76

Later in the history of a calcium sulphate bed, during its uplift
and dissolution (telogenesis), the mixing of sulphate-enriched
waters with waters in adjacent aquifers drives dedolomitization.
This is a process that can also create extensive karst in the
absence of soil-derived carbonic acid and is doing so today in
the Lake Banyoles region of northeast Spain (Bischoff et al.,
1994). Lake Banyolesis akarstlake fed by sublacustrine springs,
where dedolomitisation-driven karstic collapse drives ongoing
subsidence in the immediate vicinity of the lake. The lake lies
within the outcrop area of the middle Eocene Banyoles Fm.; a
marine marl and mudstone that is organic-rich and pyritiferous.
The marls are underlain by the 200-300m thick massive gypsum
of the Eocene Beuda Formation, which is in turn underlain by
the 100-200m thick dolostones of the Perafita Fm.

Gypsumdissolution drives the local precipitation of calcite, both
inthe lake and in the aquifer (dedolomitization), thus consuming
ions released by dissolving dolomite and facilitating further
dissolution in the aquifer (see Chapter 7 for details).

MgCa(CO,), + CaSO,2H,0 -->2CaCO, + Mg* + SO +
2H,0

Lake waters reflect this process, they are dominated by Mg-Ca
and SO,-HCO, and are supersaturated with calcite, which is ac-
tively accumulating in lake sediments at arate of 38 mg.cm™.yr.
Modelling of the regional hydrology based on the chemistry
of lake and aquifer waters, along with measures of the annual
water flow through the lake, shows that artesian waters create
=9,500 m® of subsurface void space per year, enough to create
the present karst depression of Lake Banyoles in 1,800 years
(Bischoff et al., 1994). One could argue that gypsum dissolu-
tion alone can account for 55% of the lake volume. However,
when coupled with the ionic removal from the dedolomitization
process, gypsum solubility is enhanced by a factor of 1.56, as
presumably is the rate of dissolution. Bischoff et al. (1994)
go on to argue that gypsum-driven dedolomitization may be
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responsible for extensive limestone karst in other exhumed
CaSO, terrains in semiarid to arid settings, heretofore attributed
solely to soil-generated carbonic acid.

Nonmarine brines

Unlike marine-derived brines, evaporating continental waters
do not draw on the near isochemical reservoir of an ocean. A
more diverse, less predictable, suite of evaporite minerals pre-
cipitates during evaporation of continental waters. Innonmarine
settings, rivers and groundwaters are the source of most of the
ions that are ultimately deposited as evaporite salts. In a closed
hydrological system the composition of nonmarine brines de-
pends on the lithologies that are leached in the drainage basin
surrounding a salt lake (Eugster and Hardie, 1978; Eugster
1980a). Flow through limestone aquifers in hydrologically-
closed basins produces inflow waters rich in Ca and HCO,,
dolomite dissolution generates Mg, igneous and metamorphic
matrices yield silica-rich Ca-Na-HCO, waters. Pyritic shales
and other sulphide-rich sediments will contribute sulphate ions,
whereas basic and ultrabasic rocks tend to produce alkaline
Mg-HCO, waters.

Inall, Eugster and Hardie (1978) distinguished five major water
types in what they termed “hydrologically closed” continental
evaporite basins (Figure 2.12):

1. Ca-Mg-Na—(K)-Cl

2. Na—(Ca)-SO,—Cl

3. Mg-Na—(Ca)-SO,~Cl

4. Na—COCl

5. Na—-CO,-SO-Cl waters

Brine Composition and Source Major Saline Minerals

Key Minerals

Na-K-CO,-CI-SO,
Non-marine waters (mainly meteoric)
halite.

Na-K-Mg-SO,-Cl
Seawater, non-marine water or hybrids

sylvite, bischofite.
Na-K-Mg-Ca-Cl
Non-marine waters (hydrothermal and basinal
brines or seawater with different ionic propor-
tions from today)

antarcticite.

Alkaline earth carbonates, mirabilite, thenardite,
trona, nahcolite, natron, thermonatrite, shortite,

Alkaline earth carbonates, gypsum, anhydrite,
mirabilite, thenardite, glauberite, polyhalite,
epsomite, bloedite, kainite, halite, carnallite,

Alkaline earth carbonates, gypsum, anhydrite,
sylvite, carnallite, bischofite, tachyhydrite,

Na,CO, minerals

MgSO0, and Na,SO, minerals

KCI £ CaCl, minerals in the absence of Na,SO,
and MgSO, minerals

Table 2.5. Mineral occurrences and parent brines (after Hardie, 1991).
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| undersaturated inflow | Brine Type Saline Mineral
Ca-Mg-Na-(K)-Cl Antarcticite CaCl,.6H,0
'\ l'" / Bischofite  MgCl,.6H,0
Carnallite MgCl,.KCI.6H,0
/ Low Mg _ | Halite NaCl
‘Iy H?gllwc;\t/?g é’ \ Ca + Mg fred Sywte kGl
o| Mg+ Ca Calcite & HCO3 rich Na-(Ca)-SO -Cl Tachyhydrite ~ CaCl,.2MgCl,.12H,0
% rich Aragonite water Glauberite CaS0,.Na,SO0,
Q HCOs poor D°|°mit'e Gypsum CaS0,.2H,0
© water / Magnesite Halite NaCl
i Mirabilite Na,SO,.10H,0
1 M i Thernadite  Na,SO,
: Ca + Mg poor Mg-Na-(Ca)-SO,-Cl  Bischofite MgCl,.6H,0
n M'\g/;l +>C>acr|;;h H('\;/lg >b> Cg | Bloedite Na,SO,.MgS0,.4H,0
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Figure 2.12. Hydrologic classification and brine evolution pathways of concentrating nonmarine waters and a listing of major
evaporite minerals associated with the different brine types (after Eugster and Hardie, 1978). L = Lake, V = Valley.

As any one of these waters concentrates within a particular
evaporite basin, it deposits a characteristic suite of evaporite
minerals (Figure 2.12; Table 2.5). First precipitates are the alka-
line earth carbonates: low-magnesian calcite, high-magnesian
calcite, aragonite, and dolomite. The mineralogy of this initial
precipitate depends on the Mg/Caratio of the parent brine. The
subsequent evaporation pathway of a basin brine is determined
by the proportions of calcium, magnesium, and bicarbonate
ions in the brackish inflow waters. It sets up geochemical
divides early in the evolution of a lake brine, these divides
define the subsequent geochemical and mineralogical evolu-
tion of a lake basin.

If the lake waters are enriched in HCO, compared to Mg and
Ca(i.e. HCO,>>Ca+Mg), then the brine follows path I (Figure
2.12). Ca and Mg are depleted during the initial precipitation
of alkaline earth carbonates, leaving excess HCO, in the brine.
As HCO, is the next most abundant ion in these waters it

combines with Na in the next stage of concentration. Sodium
carbonate minerals, such as trona, natron and nahcolite, pre-
cipitate. Little or no gypsum can form from pathway-I brines
as Cais completely used up during the preceding alkaline earth
carbonate stage. In contrast, during the evaporation of modern
seawater, all the HCO, is depleted in the initial alkaline earth
precipitates (mostly as aragonite and Mg-calcite). The excess
Ca then combines with SO, to form gypsum. It is chemically
impossible for sodium carbonate to form by evaporation of
modern seawater. The assumption that the proportions of calcium
to bicarbonate in seawater have not changed much in the last
600-800 m.y. implies that trona salts or their pseudomorphs
indicate nonmarine settings throughout the Phanerozoic and
much of the Neoproterozoic.

If initial inflow waters have (Ca + Mg) >> HCO, then, after
the initial evaporitic carbonate precipitates, the brines become
enriched in the alkaline earths but depleted in HCO, and CO,.
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If the relative volume of HCO, is low, little carbonate can pre-
cipitate with further concentration. Brine evolution follows path
II, whereby excess alkaline earths (Ca, Mg) left after depletion
of carbonate combine with sulphate ions to precipitate large
volumes of sulphates (gypsum and/or epsomite). Path II pre-
cipitates a suite of continental salts and bitterns similar to that
derived from modern seawater. If the ratio of (Ca+Mg)/HCO,
is near unity (path III) carbonate precipitation can be extensive
and voluminous. As Ca is progressively removed there is a
progressive increase in the Mg/Ca ratio of the residual brine
until large volumes of high-Mg calcites, dolomites and even
magnesites precipitate.

Trona- nahcolite chemistry (Path | brine)

Clearly, path I brines cannot be derived by solar evaporation
of waters with the ionic proportions of modern seawater. An
occurrence of primary trona or its pseudomorphs in Phanerozoic
evaporites is evidence of a nonmarine brine with an excess of
bicarbonate (Figure 2.12). The three best-known trona depos-
its in the world are the Pleistocene and Holocene sediments
of Lake Magadi, Searles Lake and the Eocene Green River
Formation (Table 11.13). All regions show the appropriate
bicarbonate excess in their inflow waters that differentiates
them from seawater brine. But, as we shall see later in this
chapter, there is increasing evidence that early Archean marine
evaporites are most likely represented in the rock record by
silica replacements of widespread nacholite or trona, as well
as halite. So, it's worth considering in more detail what is the
phase chemistry of a sodium bicarbonate system.

By definition, there must always be an excess concentration
of bicarbonate ions in an inflow water to force it into a path I
composition (Figure 2.12). This means trona-forming brine is
always an alkaline solution, typically with a pH above 9, as
seen in all modern soda lake waters (Eugster, 1971; Eugster
et al., 1978). Alkalinity is the result of the required solution's
inherent chemistry. Trona cannot form in acidic waters, it is
a matter of basic chemistry. Any carbonate ion in any aque-
ous solution tends to bump into and react with whatever ionic
species are around. When there is not much free hydrogen
around, carbonate in effect steals a hydrogen ion from a water
molecule, leaving a hydroxyl ion behind and so, ipso facto,
produces an alkaline solution.

A number of conditions must be present to create natural Path
I brines and so produce trona beds: (1) an underfilled tectonic
basin in which downwarping exceeds the rate of sedimentation,
(2) a closed hydrographic basin in which evaporation exceeds
outflow, (3) evolution of solutes in the lake waters that lead to
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high Na/(Ca+Mg) and (HCO,+CO,)/(SO +Cl)ratios, that is al-
kaline brines, (4) amore-or-less permanent body of nutrient-rich
water, (5) a warm climate favouring high primary productivity
by microbes and algae, and (6) a high rate of bacterial sulphate
reduction. Given the presence of these requisite conditions,
varying intensity of photosynthesis, temperature and changes
in the amount or volume of degassing spring waters then con-
trol the CO, content of the sodium bicarbonate precipitating
brines and hence the mineralogy of the sodium bicarbonate
precipitates (Figure 2.13a).

Trona evaporites in Lake Magadi accumulate as the surface
brine is losing (degassing) a substantial portion of its CO, to the
atmosphere. As thathappens the increasingly concentrated brine
follows a path similar to the dashed line moving away from point
A (Figure 2.13b; Eugster, 1970, 1980a,b). Trona precipitation
then occurs atambient equilibrium (point B). Natron rather than
tronais likely to form when ambient temperature is below 25°C
(left hand dashed line). Once native trona deposition in Lake
Magadi has begun, the CO, resupply from the atmosphere is too
slow to allow ongoing equilibrium between atmospheric CO,
levels and levels of CO, in the brine. The deposition of the later
salts, along with the observed HCO, depletion in increasingly
saline brines (levels not buffered by CO,), suggested to Hardie
(op. cit.) that fractional crystallisation likely controls trona
depositionin Lake Magadi. Thermonatrite/halite can sometimes
precipitate in the later stages of evaporative concentration in
Lake Magadi. At higher temperatures, earlier formed natron
and trona can be replaced by thermonatrite.

Kinetic effects, especially those governing equilibration be-
tween dissolved and atmospheric CO,, are extremely impor-
tant in determining the final mineralogy of sodium carbonate
precipitates (Eugster, 1970; Whittig et al., 1982). Evaporative
concentrations under conditions of equilibrium with atmos-
pheric CO, at 25°C follow path AB in Figure 2.13b and at B,
trona begins to crystallize. Crystallisation of trona, together
with further evaporation, results in the solution composition
moving towards C, i.e., it causes a decrease in the HCO,/CO,
ratio because thisratio in trona is greater than that in the solution.
However, if equilibrium with atmospheric CO, is maintained,
this ratio should be buffered, and only trona is produced because
addition of atmospheric CO,stabilizes (buffers) the HCO,/CO,
ratio via the following reaction:

€O, +H,0 + CO, = 2HCO,

Under conditions where atmospheric disequilibrium is pro-
moted, i.e., where the HCO,/CO, ratio is not buffered, path



BriNe EvoLuTiON 79
A B
" Nahcolite "
+
10000 solution

£ ]

O_ -

o ] aCO, decreasing

£ -—

o Trona + >

%1000 5 solution £

. [

< ] o

o ] 3

(2] B ©

4] _ / Q,

E’ ] lodern CO5 T

= &

S 1004 S

L 1 s € | [THERMONATRITE

S 15= IShd Na,CO,.H,0

(&) 1 =52 (2]

o 4 % 8
@) N !
O 1 * |Waco,7H0 e ation
" ! , (
10 e + Isolutlon
1 1 \_/
10 30 50 70 NATRON TRONA NAHCOLITE
Temperature (°C) Na,CO,.10H,0 NaHCO,Na,CO,2H,0 NaHCO,

Figure 2.13. Phase chemistry of sodium carbonate salts. A) Sodium carbonate phases in equilibrium with a saturated solution
as a function of CO, content of the gas phase and temperature. CO, content of today’s atmosphere is plotted as a grey band
(in part after Eugster, 1971). B) Phase diagram for the sodium carbonate, sodium bicarbonate, water system at 25°C. Trona
saturation occurs at B where the brine trajectory arrow passes into boundary of trona stability field (after Eugster, 1971).

BC is followed, producing thermonatrite and trona at C. The
removal of HCO, along path BC under these conditions also
causes a marked rise in the pH (alkalinity), as the solution
compensates for HCO, removal by the reaction,

CO, +H,0 = HCO, + OH'

In spite of this compensation, the HCO,/CO, ratio in lake
Magadi brines falls well below that of atmospheric equilib-
rium, especially in nutrient-rich waters with a flourishing
photosynthesising microbial community (Figure 2.13a).

The shaded interval in Figure 2.13a shows the range of CO,
values typically present in brines in equilibrium with present-
day atmospheric CO,. Trona is the stable phase in the 25-60°C
temperature range typical of most modern surface brines in
modern soda lakes where sodium bicarbonate minerals are
precipitating. CO, values were higher (10 to 200 times; Kaufman
and Xiao, 2003) in the Archean atmosphere (as were CH,
levels), favouring the widespread co-occurrence of nahcolite
with trona along with halite, not gypsum, in marine evaporites
of the time (Figure 2.32).

Are most continental salt lakes hydrologically
closed?

Hydrogeochemical studies do not always draw the distinc-
tion between hydrographic closure (endorheic basin) and
hydrological closure (no leakage). The former situation is
commonplace in evaporite basins, the latter is rare. Studies of
the nonmarine hydrogeochemistry of low-relief desert terranes
detailed in this section show that varying degrees of brine leak-
age, rather than hydrological closure, characterise large-scale
endorheic lakes and playas located well into the continental
interior. Even in modern near-coastal settings the hydrology
tends to be open and leaky rather than a closed cumulative
systems. For example, evolved path III continental brines, in
combination with varying degrees of brine leakage, explain
the diversity of evaporitic carbonate mineralogies in the lakes
of the Coorong, South Australia (Warren, 2000a). Individual
lakes, less than 1 km apart and with sediment surfaces above
sealevel, are filled with up to 6 m of Holocene carbonate and
show mineralogies that range from low Mg-calcite to high Mg-
calcite to calcian dolomite to magnesian dolomite+magnesite
to aragonitexhydro-magnesite to aragonite+gypsum (Figure
4.43a). Calcites and calcian dolomites tend to dominate in lakes
with lower average annual salinities, while the magnesian
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carbonate phases, along with aragonite/gypsum, tend to
dominate lakes with higher average salinities (Warren, 1990).
During the desiccated stage of the late summer, halite-MgSO,
efflorescences form atop carbonate mudflats in many Coorong
lakes, but are flushed from the system by winter rains. Min-
eral variation in the Coorong lakes illustrates the importance
of relative rates of brine loss (residence time and leakage) in
controlling mineralogy in this hydrologically-open continental
system. Average brine residence times in the different lakes
ultimately control mineralogic assemblage. Those lakes with
leakier basements allow a more rapid throughflush of waters
and so show lower longterm salinities and so accumulate less
saline precipitates.

Yetin the literature, many of ourideas on the nature and evolution
of continental evaporite brines and the resulting salts are based
on hydrochemical analysis of high topography, “closed-basin”
(effectively non-leaking), rain shadow lacustrine systems such
as the Basin and Range province of the southwest USA and the
continental lakes of the African Rift system. Uplifted bedrock
lithologies surrounding these lakes tend to contain abundant
labiles in their tectonically-active high-relief catchments.
Bedrock alteration with rapid weathering is a major contribut-
ing factor to variations in ionic proportions of the final lake
brine (Figure 2.14). In contrast, saline groundwaters in playas
and salt lakes of low-relief tectonically-stable deeply leached
regions such as the interiors of Australia and southern Africa
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tend to have salt lakes with seawater-like Na-Cl dominated
brines (Type II or thalassic brines). Many Australian playas
are hydrologically open; the outcropping parts of mixed local
and deeply circulating regional discharge systems (Chapter 3).
Aridity and deeply weathered soil profiles have characterised
these areas since the early to mid Tertiary. lonic proportions
and chemical constituents of surface waters and brines vary
little, even across regions of variable bedrock lithologies (Ta-
ble 2.6). Gypsum, with lesser volumes of halite, are common
precipitates in some, and all lake floors show varying degrees
of brine leakage.

Jankowski and Jacobson (1989, 1990) and Jacobson and
Jankowski (1989) showed that in such deeply weathered and
leached systems the amount of rainfall in a given part of a
catchment area is a more important determinant of the chemi-
cal composition of the final playa brine, rather than bedrock
lithology. In the Lake Amadeus region of central Australia,
higher rainfall regions of the catchment generate playa inflow
waters that are bicarbonate-dominated, while lighter rainfall
regions generate chloride-dominated inflow waters. Differ-
ences in brine chemistry can be related to the rate of cycling
of pedogenic carbonate within the catchment profile, not to
differences in basement lithology. More carbonate is dis-
solved in the nearsurface when rainfall is relatively high, and
so contributes a greater proportion to the brine composition.
Higher rainfall regions also flush greater volumes of water
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Figure 2.14. Schematic of hydrochemical processes in a groundwater discharge playa complex, Spring Lake, Curtin Springs,

Central Australia (after Jacobson et al., 1989).
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TDS pH HCO, Cl SO, Na K Ca Mg Br
Lake Eyre North, SA 36,800 - 87 21,400 1,100 13,800 35 300 42 -
Lake Eyre South, SA 25,500 - 100 14,300 1,300 9,100 - 600 100 -
Lake Frome, SA 305,900 - 104 173,400 14,100 116,219 366 570 1,030 151
Lake Torrens, SA 301,000 - - 185,000 7,000 103,000 700 600 4,300 -
Lake Greenly, SA 207,400 747 124 109,700 3,500 84,810 1,299 1,170 6,600 314
Lake Malata, SA 224300 749 196 137,200 3,600 71,620 1,609 970 8,690 407
Lake Tyrell, NSW 232,300 - 105 131,000 15,500 77,159 660 510 7,100 347
Lake Amadeus, NT 217,200  7.62 9 118,000 1,440 77,060 2,530 612 2,680 -
Spring Lake, NT 358,000 6.65 72 143,000 55,000 90,000 5,500 250 14,700 -
Glauberite Lake, NT 361,200  6.80 1,102 185,550 31,700 107,000 3,800 39 11,700 369
Palaeochannel, WA 238,800  7.20 50 110,000 18,000 98,000 2,400 430 9,800 -
Seawater 35,700 8.20 140 19,350 2,710 10,760 390 410 1,290 67

Table 2.6. Major ion composition of waters (ppm) in various Australian playas, all showing Na-Cl dominance and seawater-like
ionic proportions (after Dutkiewicz et al., 2000; Jacobson et al., 1989 and references therein).

through the same profile in a given time and so are character-
ised by shorter residence periods per given water volume for
rock/fluid interaction. In low rainfall regions chloride tends to
remain mobile in the catchment profile, while bicarbonate is
more likely to remain fixed as carbonate minerals in the soil
profile (Figure 2.14).

The buildup of more soluble salts as pedogenic residuals in
low rainfall regions can be impressive. Salt-rich soil profiles
near Lake Eyre, South Australia sit atop a widespread flat-ly-
ing and deeply weathered pyritic Cretaceous Bulldog Shale.
Deep leaching has created a pedogenic unit of epsomite, with
a thickness measured in metres and an area measured in thou-
sands of square kilometres (Lock, 1986). Pedogenic nitrates
in the hyperarid Atacama Desert have a similar pedogenesis
(Figure 11.42).

Hydrological leakage through a brine-covered lake floor varies
over time inresponse to climate change driving rising and falling
watertables. Variation occurs across time frames of hundreds
to thousands of years, and periodic deflation is typically part
of the sedimentary history of these playas. Variations create
regional disconformities in the upper few metres of lacustrine
sediment. This hydrological regime begs the question, how use-
ful are the major ions proportions in the present surface waters
in understanding the mineralogical evolution of the preserved
lake precipitates? In other words, how valid is the assumption,
typically made in “closed lake” settings, that the chemistry of
the concentrating surface waters gives an understanding of the
hydrogeochemical parentage of the preserved sediments?

Studies by Dutkiewicz et al. (2000) underline the signifi-
cance of varying rates of phreatic leakage (both upwelling
and downwelling/reflux) in controlling the mineralogy of
lacustrine sediments in more hydrologically open playas. Us-
ing a steady-state isotopic model of lacustrine carbonates they
concluded that present-day leakage in the Malata-Greenly playa
complex in South Australia is 75% to 90% of regional inflow.
Mineralogy of nearsurface sediment beneath all the lakes in
the Greenly-Malata system is relatively simple, dominated by
alternating layers of chemically-precipitated gypsarenite and
carbonate muds, which are either dolomites or calcites, all
with relatively minor amounts of transported calcareous sand
(Figure 2.15a; Dutkiewicz and von der Borch, 1995). Under
present conditions of high leakage, only low magnesian calcite
precipitates are preserved along with gypsum. The lake water
experiences somewhat reduced effects of evaporation, gas
and vapour exchange and, consequently, reduced isotopic and
chemical enrichment compared to more arid times in the past
when dolomite accumulated.

Using regional groundwater values, Dutkiewicz et al. (2000)
calculate that any precipitated carbonate in a salt lake in the
region will be calcite that becomes increasingly Mg-rich as brine
concentration continues, until the brine reaches a chemistry
favourable for dolomitisation. Thus dolomite intervals preserved
in the cores but not forming in the present climate, probably
reflect more arid climate or times of slower leakage of brine
from the lake. Their modelling predictions are confirmed by
isotopic measurements over the length of a 2.5 m core taken
in the dolomitized carbonates of the lake complex, where the
8'80 and 8"C of the lacustrine carbonates show excursions on
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Figure 2.15. Lake Malata-Greenly complex, South Australia. A) Stable isotopes and Mg/(Mg+Ca) ratios plotted against depth
and sedimentology of core C17 in Lake Greenly. B) Schematic of the three playa hydrological stages with varying water tables

indicated by dashed lines (after Dutkiewicz et al., 2000).

the order of 5%o (Figure 2.15a). At one end of the hydrological
spectrum are past times of throughflow-dominated leaky condi-
tions, when low-Mg calcite accumulated (with characteristic
depleted 80 and 8"C levels). These were times defined by a
high water table, perennial waters and a humid climate (Figure
2.15b) with relatively short residence times in the pore brines.
Then there were times of decreased leakage and higher rates
of evaporation. These more arid climatic episodes were char-
acterised by the accumulation of high Mg-calcite/dolomite
(relatively enriched in 80 and 8"°C (Figure 2.15a). Dolomite
precipitation dominated in Lake Greenly when leakage was
reduced to some 55% to 70% of present inflow.

Then there is the climatic situation where deflation or a lower-
ing of the regional water table causes the water level to sink
into the lake sediment column to become a water table. The
system is then driven by capillary evaporation, the formation
of widespread erosional surfaces (disconformities) and net loss
of sediment (via deflation) from the lake. This creates breaks or
disconformities in the sedimentation history and it can effect
both dolomite and calcite successions. It tends to occur more
frequently during dolomite depositing episodes, as these were
times of greater aridity. Using the modern isotopic signatures

of the regional groundwaters as a baseline, signatures in the
preserved lake sediments indicate variable, but high, rates of
throughflow or leakage throughout the Late Quaternary (55-
90% of today's).

Yet, when mass balance calculations are done using the surface
water chemistry in the lake and an assumption that Cl and Br
are conservative, there is apparent hydrochemical closure in
surface waters of the lake system (ionic proportions indicate
< 1% leakage of waters from the lake). Clearly, the surface
brine chemistry does not match the leakage history shown
by isotopic signatures of the preserved sediments beneath the
lake floor (Dutkiewicz et al., 2000). Surface waters reflect the
ongoing cycling of a seasonal halite crust, which redissolves
each winter. The crust formed during the previous summer
under conditions dominated by evaporative discharge into the
lake. Circulation of surface waters and the periodic creation
of secondary surface brines by halite leaching takes place
above a separate widespread mixing zone where older lake
brines interact with regional groundwater inflow. Thus the
annual solute cycle of surface waters and the halite crusts is
decoupled from the subsurface water cycle preserved in the
carbonates of the playa sediments. This decoupling is true of
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many inland playas across Australia, where reflux and mixing
of the lake brines into the regional outflow hydrology prevents
the accumulation of thick sequences of bedded gypsum or
halite (Figure 3.55).

Decoupling also explains a general observation that in many
Quaternary salt lakes around the world, the relative abundance
of preserved authigenic minerals in the sediment column is dif-
ferent from that predicted by conventional solute mass balance
calculations using surface brine compositions. Conventional
hydrogeochemical mass balance models assume that chloride
(and bromine) behave conservatively over long periods of time.
Such models of ionic evolution fail to take into account the role
of diffusion, deflation and fractional crystallisation/dissolution
of salts. That is, not all water exchange in a saline system is
closed and so can be tied to a simple relationship between runoff
and evaporation; in reality all salt lakes will reflux, seep and
leak brine to varying degrees.

This decoupled hydrogeochemistry illustrates a general ob-
servation on evaporite deposition, underlined by Sanford and
Wood (1991) and Rosen (1994), namely, there are very few
truly “closed” hydrological systems in evaporite basins in either
marine or nonmarine settings. All natural groundwater systems
in salt-accumulating areas leak to varying degrees. Geological
evidence for leakage through the floor of an evaporite basin
includes the formation of reflux dolomite, the longterm stability
of brine plumes beneath lakes that are accumulating thick salt
sequences, the loss of halite porosity by 30 metres burial, the
near surface dissolution of marginward portions of salt beds,
the diverse suite of early burial alterations and backreactions,
and the formation of burial salts in brine curtains beneath saline
depositional systems.

As for seawater bitterns (Figure 2.9), the geochemical divides
defining the evolution of Type I through III nonmarine brines
are perhaps more dependant on the ratio of leakage to inflow
rather than the lithology of the surrounding basin. Only in
high-relief reactive catchments with very low basin floor leak-
age (near-closed) hydrologies will surface brine chemistry and
crust mineralogy correlate with the suite of minerals and salts
accumulating as the lacustrine fill. There the rapid rates of
subsidence in the lacustrine sink mean the accumulated salts
largely reflect catchment lithologies.

In more hydrologically open systems, with slower rates of
lacustrine subsidence and sediment accumulation, the rate
of solute input from precipitation and meteoric outflow via
pedogenic leakage in the surrounding low-relief deeply
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weathered and flushed catchment is often more significant in
controlling inflow chemistry than the rate of labile bedrock
weathering. Hydrogeochemical proportions of ions in wa-
ters throughout the continental groundwater profile are then
controlled by a combination of rates of leakage and the ionic
composition of the precipitation entering the system. Solutes
from the shallowest portions of the groundwater profile are
recycled through the seasonal formation and dissolution of salt
crusts on the lowest parts of the playa floor and so are typically
decoupled from the mineralogy in the immediately underlying
lacustrine sediments. The proportion of leakage of solutes into
the sediment below the cycling crust is controlled by longer
term climate change and the interactions between tectonism,
subsidence and deflation.

Separating marine from nonmarine
Hydrological requirements needed to accumulate large-scale
thick salt deposits complicates our ability to separate marine
from nonmarine water sources in ancient evaporites. A high
degree of isolation or “continentality” is required for stable
longterm evaporative drawdown, which is always needed to
accumulate a thick sequence of bedded salts (see Chapter 5 for
detail). Thatis, amarine evaporite basin may have been supplied
seawater by marine seepage or occasional surface seawater
breakthrough via narrow ephemeral surface inlets, but, if the
basin is to accumulate thick salt beds, it must be a longterm
topographically-isolated regional low. The inherent hydro-
logical requirement of isolation from any continuous surface
connection to the ocean means it is by definition a subsealevel
basin surrounded by land with a marine-phreatic groundwater
feed. The salt accumulating area is either surrounded by conti-
nental sediments and hydrologies or is a depression within or
behind a subaerially exposed carbonate platform. Invariably in
some parts of the basin, marine chemistries are overprinted by
deeply circulated meteoric waters, thalassic surface waters can
be diluted by occasional rainstorms and by the effects of pulses
of highly labile volcanic ash. This next section is an attempt
to present some of the possible complexities that characterise
ancient hybrid (mixed marine/continental) brine systems.

Back reactions

Backreactions complicate the interpretation of brine parentage in
ancient evaporite salt sequences. At the start of the last century
they were recognised as significant controls on mineralogy
by van Hoff and others (Figures 2.7, 2.8). Backreactions can
occur both at the sediment-brine interface and within shallow
subsurface brine plumes that displace and mix with less dense
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underlying pore brines. Pseudomorphs and reaction rims are
common indicators of this process, as are relict mineral cores
encased in the mineral that replaced it. Documented examples
include pseudomorphs of halite after subaqueous gypsum, reac-
tion rims of polyhalite and glauberite around earlier gypsum
or anhydrite, bloedite after epsomite, relicts of carnallite in
secondary sylvite, and pseudomorphs of sylvite plus kieserite
after earlier langbeinite (Table 2.7).

Backreaction means relevant bittern chemistry and associated
brine evolution is poorly modeled by studying brine evolution
in man-made seawater ponds. In such salt works the evolved
brines are separated from earlier precipitated mineral species
by sluice gates and pumps. The aim of the saltwork engineer
is to create harvestable monomineralic or bimineralic salts and
brines in the various fractionating pans. Backreaction either
does not occur or is kept to a minimum.

CHAPTER 2

Many secondary (replacive and displacive) salts in natural
systems, such as sylvite, glauberite and polyhalite, form
syndepositionally via interaction between highly evolved
nearsurface brines and earlier formed minerals (Figure 2.16;
Table 2.7). For example, during the equilibrium evapora-
tion of seawater at 25°C, glauberite and polyhalite form by
backreaction of the brine with earlier formed anhydrite and
gypsum. Harvie et al. (1980) modeled much of the variability
present in the bittern salts of the Permian Zechstein deposits
in Germany via a combination of equilibrium batch evapora-
tion interspersed with times of fractionation and backreaction.
As seawater concentrates to slightly below halite saturation,
anhydrite replaces gypsum. As evaporation continues, anhydrite
is partially replaced by glauberite. Glauberite in turnis replaced
by polyhalite and levels of anhydrite are further reduced.
These replacements change the residual brine composition
so that kainite does not supersaturate, a problem that plagued
earlier geochemical models of marine-derived potash precipita-

tion in the Zechstein Series. The Harvie et al.

(1980) model not only explained the absence
of primary kainite in the Zechstein deposits,

but also explained the pseudomorphic replace-
ment of gypsum and anhydrite by glauberite or

polyhalite and the replacement of glauberite by
polyhalite. Previous authors had attributed these
replacements in the Stassfurt Salt to burial-stage
thermal and solution metamorphism (Borchert
and Muir, 1964).

Likewise, textures in beds of polyhalite in the
Lower Werra Anhydrite (Zechstein - Upper
Permian) of northern Poland show they are a very
early replacement of anhydrite formed within
platform sulphates by diagenetic backreaction
with a highly evolved marine brine (Peryt et al.,
1998). Formation of polyhalite was preceded
by the anhydritisation of the original gypsum.
Anhydritisation of primary platform and slope
gypsum was an early subsurface alteration
driven by syndepositional brine plumes, with
ghosts of the primary gypsum texture still
visible. Later brines, which were potassium

and magnesium rich and nearly saturated with
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Figure 2.16. Evaporative concentration of modern seawater simulated using
the computer program of Harvie et al. (1980) showing cumulative masses of
minerals precipitated and resorbed by backreaction as evaporation proceeds.
Initial seawater has a concentration factor of 1, with an initial mass of 1 kg

of H,O (after Hardie, 1991).

the platform. These more highly evolved brines
reacted with anhydrite to precipitate polyhalite
along the slopes of the Zdrada Platform. The
oxygen and sulphur isotopic compositions of
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Secondary mineral phase

Syndepositional origin (<30°C)

Anhydrite Dehydration of early formed gypsum as a,,, of
CaSO, evaporating brine decreases.

Bloedite Back-reaction between previously precipitated
Na,SO, MgS0,.4H,0 epsomite and concentrating brine.

Gaylussite Back-reaction of evaporating alkaline brine with
CaC0,.Na,CO,.5H,0 early formed aragonite or calcite.

Glauberite Back-reaction of evaporating Na,SO,-brine with
CaS0,.Na,SO, early formed gypsum or halite.

Kieserite Dehydration of early formed hexahydrite as a
MgSO,.H,0 of evaporating brine decreases.

Polyhalite Back-reaction of evaporating K-Mg-SO, brine with
2CaS0,.MgS0, K,SO,.2H,0  early formed gypsum, anhydrite or glauberite.
Sylvite Incongruent dissolution of carnallite in

KCl undersaturated waters.

Table 2.7. Examples of diagenetic (secondary) evaporites thatform eas-
ily below 30°C (after Hardie, 1990; Sanchez-Moral et al., 1998).

sulphate evaporites indicate that marine solutions were the

only source of sulphate ions supplied to the drawndown

Zechstein Basin.

Hypersaline groundwaters can also react with adjacent

nonevaporite minerals to form indicator clays and authigenic

phases. For example, in reactive volcanogenic margins as-

sociated with many rift-valley evaporites there are suites of

authigenic zeolites and clays (Figure 11.61). Many formed

by the diagenetic reaction of nearsurface saline pore waters

with metastable clays derived by weathering and alteration

of labile volcanics. The best studied authigenic phases are

the sodium silicates, such as magadiite; the borosilicates,

such as searlesite; and the zeolites of the alkaline saline

lakes, such as clinoptilolite, erionite and analcime. Sepiolite

(meerschaum) clays form beds and nodules in sa-
line lake deposits in the Miocene Eskisehir Lake
of Turkey. These Mg-rich clays were deposited by
direct precipitation out of silica-saturated saline
and alkaline lake waters (Ece and Coban, 1994).
The rather unusual inflow water was derived by
the weathering of a Cretaceous ophiolite complex
that contained abundant serpentinite and magnesite.
Many of the saline lakes in this region of Turkey also
contain widespread evaporitic micrites dominated
by primary magnesite.

Volcanogenic ash and debris can be a substantial
component in the drainage basins of salt lakes and
playas in active rift and collision belts. For example,
in the Central Andes various volcanic formations
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overlie Cenozoic evaporites and the longterm meteoric
recycling of salts from these labile carapaces into the
present endorheic basins is a well documented process.
But, pulsed short term recycling of fractionated ions
into the salar hydrology following a volcanic erup-
tion is another widespread, yet less well documented
phenomena (Risacher and Alonso, 2001).

During a recent eruption of the Lascar Volcano in
northern Chile around 10° metric tonnes of air-fall
tephra was deposited over the surrounding endorheic
basins. Leachate experiments on this ash near the vol-
cano summit and the nearby Talabre Valley produced
fluids that were almost pure CaSO, and near neutral on
the summit ashes, while leachates of valley floor ashes
were alkaline (pH as high as 10.5) and more enriched in
minor components compared to the CaSO, leachate of
summitashes (Figure 2.17; Risacher and Alonso, 2001).
Sulphur isotope compositions of leached sulphate are

consistent with volcanogenic recycling from Tertiary gypsum
that underlies the volcanic cordillera. Risacher and Alonso (op.
cit.) estimate that 700,000 tons of easily soluble CaSO, were
added to nearby endorheic basins by three days of eruption.
The high pH of the valley floor leachates indicates hydration
of alkali and alkali-earth metal-oxides via pyrolysis of vegeta-
tion during ash fall. Efflorescent salts encrusted on plants and
dissolution of volcanic glass also provided some of the minor
leachate components.

The almost pure CaSO, composition of summit leach waters
is compositionally distinct from any present inflow waters in
the central Andes. Addition of volcanogenically cycled CaSO,

Cl Na+K+Li Mg

@
o 50

o Basin Brines

o |0 Summit ash leachate
A Valley ash leachate (W)
A Valley ash leachate (V)

HCO,+CO, Ca

Figure 2.17. lonic composition of ash leachate from Lascar volcano sum-
mit and Talabre Valley floor (V=valley floor, W =valley on west side of
volcano) compared with basinal brines of northern Chile (after Risacher

and Alonso, 2001).
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may explain some of the differences between the observed brine
compositions and those predicted by computed simulations of
the evaporation series based on the chemistry of longer-term
inflows. Rapid recycling of sedimentary gypsum and short-term
pulses of salts from labile ashfall is probably not restricted to
Lascar volcano. The recycling of ancient salts, and possibly
the pyrolysis of vegetation, may have been crucial processes
in controlling the ionic proportions of closed basins during
episodes of intense volcanic activity in the Tertiary. Some of
the anomalies in salt mineralogies in ancient salts may reflect
pulses of volcanism rather than variations in short term climate
or the degree of leakage. Lascar brine chemistry is an example
of adecoupled hydrogeochemical brine system where short term
brine chemistries are decoupled from longterm chemistries in
the drainage basin.

Marine aerosols supply continental lakes

Brine sources in ancient settings are usually inferred by a study
of the regional palacogeography and a definition of drawdown,
seepage and hydrothermal brine supply using outcrop or seismic
interpretation. Seepage drawdown or periodic storm floods
are thought to be the predominant mechanisms for supplying
substantial volumes of marine ions to larger ancient basins.
But aerosols are a viable ionic supply mechanism in the
hydrochemistry of modern continental arid-zone systems up to
a thousand kilometres from the coast (Figure 2.18a). There is
even a modern aerosol-defined marine versus nonmarine salt-
line in the saline depressions of the Vestfold Hills of Antarctica
(Gore et al., 1996).

Modern aerosol supply routes are best seen in isotopic signatures
of the resulting salt, but this leads a circular argument if marine
aerosols are invoked as brine sources for ancient evaporites
in continental settings (i.e. I assume a portion of the input is
marine therefore a proportion is marine), underpinning once
more the numerous difficulties involved in separating marine
and nonmarine brine sources for ancient salts.

Aerosalts from salt spray can supply substantial quantities of
ions to precipitative hydrologies in modern continental salt
lake depressions located hundreds of kilometres from the
continental margin (Figure 2.18a). For example, the Murray
Basin, in southeast Australia, contains a 500m thick sequence of
Palaeocene to Recent sediments deposited in fluvial to marine
settings (Jones et al., 1994). The upper 100m in the central
part of the basin now entrains large volumes of subsurface
brines with salinities in excess of 100,000 mg/l. These brines
feed many of the discharge playas in the region. They are
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type II brines with major solute compositions and proportions
very much like that of evaporated marine waters (thalassic
groundwater). Their isotopic composition, however, is that of
evaporated meteoric water. This led Jones et al. (1994) to the
conclusion that the brines have been derived by the longterm
accumulation of salt from marine aerosols, mixed with conti-
nental waters. The marine salts are blown into the basin either
asdry salt suspensions or arrived as rainfall. Evapotranspiration
in this semi-arid basin greatly exceeds rainfall and so solutes
accumulate as brackish nearsurface waters. These shallow
waters are further concentrated via capillary evaporation
before escaping into saline discharge lakes. Regionally, the
shallow groundwater flow regime is sluggish and not capable
of dispelling these brines, so they infiltrate and accumulate
above a regional aquitard.

Likewise, the 8*S values of gypsum accumulating in modern
playa lakes in the ancient landscape of southwestern Australia
show little relationship with underlying bedrock types or the
8*S values of any nearby bedrock sulphur (Chivasetal., 1991).
Analysis of 8*S from surficial lacustrine and pedogenic gypsum
on aregional scale, in both Western Australia (Yilgarn Block)
and South Australia, shows distance-related dispersal patterns
over distances of 500 to 1000 km from the coast. The highest
values (= 21%o) occur near coastlines decreasing to 8**S values
of =14%o further inland (Figure 2.18b). Marine sulphate is the
dominant source of sulphur to the lakes investigated, with the
proportion decreasing from approximately 100% near coastlines
to around 55% further inland. For tens of kilometres inland of
the modern coast, one can argue for a seepage origin of gyp-
sum in many subsealevel lows (salinas) with active seawater
seeps and appropriate drawdown surfaces. Further inland the
gypsum in the various salt lakes reside in depressions that
intersect a regional continental water table. This water table
is metres or more above sealevel and it slopes seaward, so
phreatic seawater seepage is not viable, yet the gypsum still
has a marine isotope signature.

In some of the more interior Australian salt lakes, there can
be a significant weathered bedrock component to the ionic
components in the salt lake waters, especially where the bed-
rock contains abundant soluble sulphur and high levels of
iron. Lake Cadibarrawirracanna (inland South Australia), for
example, receives approximately 10% of its sulphur from
weathering of the pyritic Bulldog Shale (Cretaceous); brine in
nearby Lake Amadeus receives up to one-third of its sulphate
from leaching of evaporites from the Neoproterozoic Bitter
Springs Formation.
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Figure 2.18. Marine aerosols can supply ions in solution to
inland playas and lakes in low relief landscapes. A) Major ion
content of worldwide rainfall in relation to distance from coast-
line, compiled from various sources listed in text. B) Changes
in sulphur isotope values (mostly gypsum, occasionally from
alunite; after Chivas et al., 1991).

Like much of arid inland Australia situated up to a thousand
kilometres from the coast, the Namib Desert, which hosts one
of Africa’s most extensive accumulations of modern pedogenic
and playa gypsum, is largely supplied by a variable combination
of regolith runoff and marine aerosols (Figure 2.19a; Eckardt
and Spiro, 1999; Eckardtet al., 2001). An extensive pedogenic
gypsum accumulation forms a 50-70 km wide band parallel to
the shore in the Central Namib Desert between the Kuiseb and
Omaruru rivers. 8*S analysis of calcium sulphate in this belt
and the associated brines, along with an analysis of the brine
chemistry shows marine aerosols are a major ion contributor
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to the gypsum budget (Figure 2.19b). Marine aerosol sulphates
are stored within widespread terrestrial gypsum deposits on
the hyperarid gravel plain and are traceable as groundwater
precipitates, including gypsum, in near coastal sabkhas and
inland playas.

8*S values for the gypsum crusts are between +13.0 and
+18.8%o, with lower values (8™S = +3.1 to 3.4%o) in crusts
near local bedrock sulphur sources, which are typically metal
sulphide bodies. These Damaran bedrock sulphides show
a wide ™S range from -4.1 to +13.8%o but are significant
sulphur sources only on a local scale. Dissolved sulphate in
playa, sabkha, spring, borehole and ephemeral river waters have
an overall 8*S range between +9.8 and +20.8%o but, unlike
Australia, do not show a systematic geographical trend tied to
distance from the coast. Even so, marine aerosols are the only
viable supply mechanism for pedogenic sulphate over such a
large arid near coastal area.

Atmospheric sulphates in the Namib are carried landward as
marine aerosols, with alarge proportion ultimately derived from
decomposition of the dimethyl sulphide of phytoplankton. The
plankton are an integral part of high levels of primary produc-
tion driven by the upwelling of the cool Benguela current,
the same oceanic system that creates the onshore aridity. The
Central Namib Desert lies onshore from the thickest organic-
rich sediment accumulations on the Namibian Shelf (Figure
9.11a). This suggests that some of the sulphate component
in Namib gypsum is derived from marine H,S during the
anaerobic decomposition of this organic-rich sediment. The gas
is probably carried into the desert by frequent advective fogs.
Sea salt, decompositional marine biogenic and local bedrock
sulphide sources, once invoked as the main sulphate source in
these widespread gypsum accumulations in the Namib Desert,
cannot account for the volumes of calcium sulphate unless the
substantial dimethyl sulphide from plankton is also included
in the sulphur supply cycle (Eckardt and Spiro, 1999). That is,
most of the marine aerosol that drives extensive onshore gypsum
accumulations is a mixture of marine sources of sea spray and
atmospheric non-sea-salt (NSS) sulphate, largely supplied by
oxidation of biogenic sulphur compounds - dimethyl sulphide,
CH,SCH, (DMS). Many organisms, including plankton and
seaweeds, rid their bodies of sulphur (a biochemical waste
product) by attaching it to various methyl compounds. They do
the same with mercury, antimony and arsenic and other toxins.
Such compounds are much more volatile than the original and
so readily escape from cellular cytoplasm. Hence, a substantial
portion of the sulphur isotope signature of pedogenic gypsum
in the Namibian Desert reflects a biogenic marine source for
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of the Namib Desert. A) Model of pedogenic gypsum formation for the Namib
Desert where marine-derived dry aerosols are dissolved and mobilized through
moisture provided by fog and rain water. Primary gypsum formation takes places
in playas and is subjected to eolian and fluvial dispersal. Pedogenic gypsum ac-
cumulations increase towards the coast as the volume of marine supplied aerosol
increases. B) Schematic representation of hydrogeochemical sulphur cycle along
the Atlantic - Namib Desert interface (after Eckardt and Spiro, 1999). Solid ar-
rows show sulphur pathways, potential sulphur pathways are indicated by dashed
arrows. Range of **S composition is indicated in boxed numbers. 1a = Dimethyl
sulphide (DMS) released from phytoplankton; 1b = Non-sea-salt (NSS) sulphur;
2 = SO, release in sea spray; 3 = mixing of aerosols in the atmosphere; 4 = dry
aerosol deposition; 5 - wet aerosol deposition; 6 = runoff and gypsum formation;
7 = infiltration and groundwater flow; 8 = capillary rise and gypsum precipitation;
9 = gypsum dissolution and infiltration; 10 = gypsum dissolution and runoff; 11
= eolian gypsum dust dispersal; 12 = in-situ sulphide and sulphate formation in
Benguela sediments; 13 = subcontinental dust input; 14 = sulphide oxidation by
groundwater; 15 = H,S release to atmosphere. (after Eckardt et al, 2001).

the sulphur. The Benguela Current has been a major upwelling
system dating back to the Late Miocene (10 Ma) and is likely
to have generated DMS for a significant amount of that time.
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sulphate from coastal fogs. Soils within 50
km of the coast and below 800m eleva-
tion, receive 50% of their calcium and
sulphur from marine aerosols (Rech et
al., 2003).

In summary, the occurrence of modern con-
tinental evaporites, especially sulphates,
exhibiting largely marine-like (thalassic)
brine ionic chemistries and isotopic sig-
natures, is in part due to marine aerosol
input and in part due to regionally open or
leaky meteoric hydrologies. Mineralogies
of preserved evaporitic sediments in low
relief depressions on stable cratons can be
largely uncoupled from the surface lake
chemistries and salt crusts. This leaky
hydrology, in a landscape dominated by
deep weathering, deep regionally circu-
lating groundwaters, with variable reflux
intensity (leakage) drives the evolution
of seawater like ionic proportions in the
subsurface. Itis common to many modern,
low-latitude, tectonically stable desert
areas and differs from the less aerially ex-
tensive butbetter documented hydrologies
of the Basin and Range and East Africanrift
valleys. Perhaps the hydrologically open
setting is the more relevant hydrochemical
analog for the continental hydrologies of
ancient interior redbed deserts of ancient
continents. If so, models based on assump-
tions of evaporite mineralogies in desert
redbeds as being indicators of various
“closed basin” hydrologies are largely ir-
relevant. If so, it makes the hydrochemical
distinction between marine and nonmarine
evaporites in the geological record even
more difficult.

Acid groundwater in continental
saline systems
Many playas atop the deeply weathered

ancientregolith in central and southern Australia have elevated
iron and sulphur contents. Salt lakes with more elongate shapes

outline Tertiary palaeovalley fills in palimpsest landforms that

Likewise, much of the gypsum in Atacama Desert soils below
1300m and within 90 km of the coast receive a portion of their

were created under a different climate than that of today (Fig-
ure 11.8; Clarke, 1994). From the mid-Eocene, the climate in
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Australia became progressively drier until by Miocene times
much of central Australia was dominated by perennial alkaline
lakes (Alley, 1998). The subtropical style of weathering that
prevailed in the Early Eocene slowly changed with the passage
into the Neogene, resulting in the development of a more arid
siliceous and ferruginous regolith. The present elevated iron
and sulphur levels in the modern Australian landscape (“the
Red Centre”) were derived, to a large extent, from earlier deep
weathering profiles and even today these relicts of a more
tropical time are still cycling through the now-arid Australian
regolith. Passage into drier conditions allowed the buildup of
minerals such as alunite and gypsum in the weathered pro-
files. The resulting low relief, gently undulating landsurfaces
formed partial etchplains with topography controlled largely
by the elevation of the palacoweathering front and associated
erosional topography of an incised Tertiary-age palaeodrainage
and duricrusts. Hilltops may today be composed of fresher
rock, while valley slopes, pediments and pediplains are typi-
cally composed of fresh to saprolitic rock, along with residual
ferricretes that form low mesas.

Palaeodrainage fills can locally be more than 100-200 m thick,
with many palacodrainage networks currently occupied by
elongate playa lakes, often with lunette margins and separated
by wide areas of desert soils and dune sands. Formation of
the weathered regolith largely predated the incision of the
palaeodrainage which, in its deepest parts, has cut through to
fresh rock (Clarke, 1994). The older relict saprolite in the cur-
rent landscape dates back to the Late Permian-Middle Jurassic.
Stripping of this regolith occurred in the Middle Jurassic-
Early Eocene during the formation of the seaward-sloping
palaeodrainage system. For example, about 400 m of material
was denuded from the Yilgarn Craton, to infill the Perth, Eucla
and Great Australian Bight Basins. Ongoing deep weathering
occurred concurrently with erosion as increasing aridity led
to disorganization of the drainage to form numerous chains
of lakes, which by the Pliocene had evolved into saline lakes.
Some of these palacovalleys today contain economic capillary
uranium (calcrete) deposits.

The great age of the Australian landscape and the buildup of
remobilised iron in the modern regolith has led to natural acid
brine systems feeding into many inland playas such as Lake
Tyrell in Victoria and Lake Yaninee in South Australia. The salt
lakes are recharge depressions which supply free-convecting
dense saline brine (Na-Cl-SO, reflux brines) to their underly-
ing aquifers.

For example, Lake Tyrell, with an area of 185 km?, is the largest
of three salt lakes in the Tyrell Basin, a structural downwarp
located some 10 km east of the N-S trending Tyrell Fault in
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the riverine plain of the Murray river in semi-arid northwestern
Victoria (Figure 2.20; Macumber, 1992). It is a well-studied
example of a lunette-fringed lake where deflation plays a ma-
jor role in controlling morphology and sediment thickness. It
evolved into a dry lake some 32 ka, but is today water-covered
for up to 3 months in the winter and early spring (Teller et al.,
1982). Despite ongoing deflation, up to 5 metres of lacustrine
sediment is found in the lake centre and consists of varying
proportions of clay, silt and sand, covered by an ephemeral
halite crust up to 30 cm thick. The lakebeds are underlain by
the Parilla Sand, a regional sulphate-rich aquifer.

Lake Tyrell is part of the outcropping expression of a regional
oxidised acidic groundwater mass with characteristically low
pH of 2-4 and salinities between 35 and 115%o. In contrast to
the regional acidic system, the reflux brine plume beneath the
lake is neutral (pH = 7) but with salinities around 240%o. Direct
rainfall in the winter months provides the bulk of the surface
water currently entering the lake, whereas regional discharge
and evaporation of westward-flowing Parilla groundwaters
contributes most of the salt load. Faulting to the west of the
lake uplifts the Parilla Sand aquifer and effectively closes the
basin to ongoing throughflow or outward seepage and augments
groundwater discharge by halving the saturated thickness of
the aquifer. An additional groundwater divide separates the
shallower parts of the hydrology of Lake Tyrell from that of
Lake Wahpool (Figure 2.20).

As the regional Fe and S-rich acidic groundwaters resurge into
the spring zone about the saline lake edge they precipitate vary-
ing proportions of characteristic lacustrine mineral suites made
up of varying proportions of alunite, jarosite, halite, gypsum,
opaline silica and iron oxyhydroxides. All these mineral phases
are rich in Al, Fe and SO, giving the oxidised portions of the
spring-zone sediments aclassic “red bed” appearance (McArthur
et al., 1989, 1991; Long et al., 1992a,b; Alpers et al., 1992;
Macumber, 1992; Benison and Goldstein, 2002).

Hemley et al. (1969) showed by experiment that a high H,SO,
concentration is needed for alunite (KAI,(SO,),(OH))) and
jarosite (KFe,(SO,),(OH)) to form in any low pH lacustrine
environment. Associated acid minerals in the alunite—jarosite
family include; natroalunite, alunogen, jurbanite, basaluminite,
and rostite (all in the system Al,0,-SO,-H,0), along with
natrojarosite, schwertmannite, halotrichite, melanterite, and
copiapite (all in the system Fe O,-SO -H,O; Nordstrom, 1982a,
b; Van Breemen, 1982; Bigham and Nordstrom, 2000). Once
formed in acid settings, these acid minerals may undergo fur-
ther reactions, breaking down into more stable forms of iron
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Figure 2.20 Acid lake formation based on modern natural acid lake and groundwater
systems centred on Lake Tyrell in southern Australia (after Macumber 1992; Lyons et
al., 1995). These redbed siliciclastic sediments of the Parilla sand aquifer host sulphuric-
acid-rich saline lakes and groundwaters (pHs of 2-4) which precipitate alunite, jarosite,
halite, gypsum, opaline silica, and possibly iron oxyhydroxides. Acidification may occur
in the groundwater by processes such as oxidation of pyrite, ferrolysis, and microbial
reduction of iron oxyhydroxides. Brine fingering typifies the mixing zone between
regional groundwater outflow and the brine reflux prism beneath Lake Tyrell (Landsat
image courtesy of NASA).

oxides (i.e., goethite or haematite; Bigham and Nordstrom,
2000), sulphates (i.e., gypsum or anhydrite; Van Breemen,
1982), and aluminosilicates (i.e., microcline or albite; Long
et al., 1992a).
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different brines to the alkaline waters
of well documented continental soda
lakes and the marine-fed groundwaters
of coastal salinas. Acid groundwaters
inarid to semi-arid Australiaindicate a
landscape that has undergone a transi-
tion from tropical to arid conditions,
perhaps related in part to Australia's
northward drift, but more controlled
by climate deterioration created by the
transition from greenhouse toicehouse
climate mode (Chapter 5).

Similar acid regolith/playa systems
probably characterised much of the
continental redbed interior of the
USA in the Permian. Benison and
Goldstein, (2002) argue such acidic
saline deposits are commonplace in
the rock record but largely unrecog-
nised. They propose the following as
criteria for the recognition of ancient
acid saline lakes and groundwater
deposits: (1) high HSO, in fluid
inclusions in depositional and early
diagenetic halite (or other evaporite
minerals); (2) elevated concentrations
of Al, as well as Fe and Si, in the
same fluid inclusions; (3) identified
remains of acidophilic bacteria or
other acidophilic microbes; (4) acid
minerals such as alunite or jarosite (or,
more likely, the diagenetic products
of acid minerals, such as gypsum or
anhydrite); (5) presence of continental
red beds; and (6) lack of widespread
carbonate minerals. They go on to
argue thatmany ancientred bed-hosted
evaporite saline-pan and saline-lake
deposits, which lack widespread

bedded carbonates, are likely arid-zone outputs from ancient
acidic hydrologies (Figure 5.13).

The spring seep region in the Lake Tyrell outflow zone was one

What make them interesting is that these lacustrine redbeds
indicate the influence of groundwaters carrying elevated levels of
sulphuric acid (pH in the modern systems of Australia typically
intherange 2-4) interacting with the neutral hypersaline waters
of the lake itself. The regional waters of the regolith are very

of the first wet playas documented with sinking brine plume
fingers in the axial saucers of polygons of convective upwelling
groundwater across the zone of phreatic mixing about the lake
edge (Figure 2.20; Lyons et al., 1995). As upwelling regional
groundwater reaches the Lake Tyrell depression, it evaporates
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and concentrates and so becomes denser. It then sinks to mix
into the regional groundwater crossflow atop the Geera Clay
aquiclude. Rather than sinking as a homogenous front these
descending waters sink as denser brine fingers surrounded by up-
ward flowing polygonal cells of fresher resurging groundwater
that continually resupply the evaporating water surface (Figure
2.20). This convective counterflow creates large variations in
fluid composition in short horizontal distances. Migration of the
fingers over time creates numerous laterally migrating redox and
salinity interfaces where diagenetic minerals can backreact and
precipitate. This patchy diagenesis further complicates simple
models for the distribution of the original “red-bed” precipitates
and explains the complex counterplays of salinity indicators
seen in ancient spring-seep strandzones (Chapter 1).

Based upon theoretical and experimental evidence, Wooding
(1960) and Tyler and Wooding (1991) postulated that near
the evaporating water surface, the downward movement of
dense brine is confined to fingers or plumes of dense fluids,
surrounded by an upward flow of fresher water supplying the
evaporating surface. Similar convective polygons can also
occur in freestanding zones of mixing near the strandzone
edges of coastal salinas and saltworks. Tyler and Wooding
(1991) showed that the conditions necessary for the onset of
fingered polygonal convection beneath an evaporative wet
playasurface are characterized by amodified Rayleigh number,
R of the form:

R, = (kgAp)/(ue)

where k is the intrinsic permeability (in cm?), Ap is the differ-
ence in density between the evaporated brine and the regional
groundwater (in gm/cc), u is the dynamic viscosity, € is the
evaporation rate and g is the acceleration due to gravity.

For a playa groundwater system to exhibit brine fingering,
Tyler and Wooding (1991) and Fergusonetal. (1992) suggested
that the Rayleigh criteria (R ) must be around 10 or higher.
Controlling factors leading to brine instability and convec-
tive fingering are sediment permeability, density contrast
between the brine and regional groundwater outflow, and the
evaporation rate. Using typical playa parameters of Ap = 0.3
g.cm” and ¢ = 30 cm.year’, then the sediment permeability
must be 10 cm* (100 md) or higher for the playa groundwater
system to begin to polygonally convect. This permeability lies
between that of unconsolidated clay and sand (Figure 10.4),
suggesting that spring zones in sandy or permeable carbonate
sediments, such as those typically found near playa and marine
strandzone margins, are likely to exhibit brine fingering and
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laterally migrating redox and salinity interfaces. Perhaps some
of the megapolygonal patterns seen in domal stromatolites and
tepees about the strandzone of Marion lake and other modern
coastal salinas are the result of stable convective polygons in
a resurgent brine hydrology (Figure 4.5b, c).

Contributions from evaporite bedrock

Difficulties in distinguishing marine versus nonmarine sources
are further complicated by ongoing dissolution of older ex-
humed evaporites, which can act as chemical feeds into purely
continental hydrographically-closed basins. In areas too conti-
nental for significant contributions from marine aerosols, this
can still create marine-like signatures in the ionic proportions
(Na-K-Mg-SO,-ClI brines). For example, carnallite-sylvite-
halite is a modern lake precipitate in Qaidam Basin, northern
Qinghai-Xizang on the Tibet Plateau, China (Figure 11.2).
This basin lies within a large, tectonically active region that is
totally isolated from the effects of the ocean and is filled with
Neogene clastics and evaporites. Its modern at-surface discharge
playas are subject to intense evaporation and are characterised
by ephemeral hypersaline brines as well as halite, potash and
borate crusts and layers.

The chemical composition and Na/Cl ratios of the dissolved
solutes in the modern brines and waters in the salt lakes of
Qaidam Basin reveals three main sources (Vengosh et al.,
1995): (1) Inflow of hot springs enriched in sodium, sulphate
and boron. Evaporation of these waters leads to a high Na/Cl
ratio (>1), a Na-CI-SO, brine and an evaporite mineral as-
semblage of halite-mirabilite-borate (e.g. Lakes Daqaidam
and Xiaoqaidam). (2) Inflow surface river waters, which are
modified by preferential dissolution of older halite and potas-
sium and magnesium salts. Evaporation of such waters creates
Na-(Mg)-Cl brines with low Na/Cl (<1) and low Br/Cl, Li/Cl
and B/Cl ratios. (3) Ca-Cl subsurface brines with chemistries
controlled by both salt dissolution and dolomitization proc-
esses. Evaporation and salt crystallisation from mixtures of
brines (2) and (3) leads to a “marine-like” Na-Mg-Cl brine
with Na/Cl ratios <<1. Although more than 1,000 km from
the nearest ocean the precipitated sequence of salts in these
lakes is similar to that predicted for progressive evaporation
of seawater. Lake Dabuxum and Qarhan playa today contain
halite-sylvite-carnallite-bischofite successions.

The lower 8'"'B values of the Qaidam basin brines and halites
compared to seawater (8''B = 40%o) indicate that the boron
within these salt lakes is nonmarine (Figure 2.21; Vengosh et
al., 1995). The 8"B values of the dilute inflow waters to the
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Figure 2.21. Boron isotopic and Na/Cl ratios of waters and brines in the Qaidam
Basin, China (after Vengosh et al., 1995). See Figure 11.2 for locations.

Qaidam Basin range from -0.7 to +10.9%o, while brines in the
various salt lakes range from +0.5 to +15.0%0 (Vengosh et al.,
1995). Both groups overlap and are similar to those of associ-
ated granitic rocks (8"'B =-2.12 to +3.7%o¢) and hence indicate
the nonmarine origin of these fluids.

In contrast to the Qaidam playas, the boron isotopic composition
of brines, groundwaters and sediments of modern inland salt
lakes located nearer the coast across southern Australia have
a marine component, probably from aerosols (Vengosh et al.,
1991). 8" B values of brines in these salt lakes are 25-48%o,
with values up to 54-59%o in volcanic maar lakes in the higher
rainfall areas near coastal region of southeastern Australia.
Modern seawater has a 8"'B of 39 %o (Figure 2.21).

Indicators of brine parenthood

Chemical and isotopic studies of various evaporite salts have
been used for more than four decades in an attempt to define
brine parentage. Bromine concentration and chlorine isotopes
values have been used in this way to separate marine from
nonmarine evaporite source brines, but are perhaps better in-
dicators of salinities and stabilities of the parent brine. Sulphur
isotopes can be used to indicate parentage, while the boron
isotopic signature from brine inclusions in chevron halite is
perhaps the best currently used tool for separating a marine
from a nonmarine brine source. The lack of fractionation even
with alteration and the creation of new indicator minerals well
into the metamorphic realm means a boron isotopic signature
in meta-evaporitic tourmalinites is still a reliable separator
(Peng et al., 1998). Brine inclusions in unaltered sedimentary

especially if microanalytic techniques are
used to determine fluid inclusion contents
within the salts of interest and the sam-
pled crystals retain primary sedimentary
textures, such as bottom-aligned chevrons in halite. Bromine
is fourth in anion abundance in seawater anions after Cl, SO .
and HCO, (0.0671gm/1000gm seawater). With an ionic radius
of 1.96 A it easily substitutes for chlorine (1 .81A) in the halite
crystal lattice as well as in the other chloride salts. Numerous
experiments have found halite's Br-concentration increases in
tandem with the bromide concentration of the parent brine, its
level in a halite crystal also increases with increases in parent
brine temperature and in the speed of crystallisation.

Fixation of Brin the halite lattice is also dependant on the level
of other ionic species present in the solution. Cl is strongly
preferentially partitioned over Br into Na, K and Mg halogen
salts during their precipitation and Br preferentially remains
behind in solution (Figure 2.5). Br content decreases with
increasing MgCl, content in the mother brine and with any
increase in the degree of secondary recrystallisation (Dean,
1978). Its conservative behaviour in marine brines means that
it has commonly been used as a salinity indicator in ancient
halites and other chloride minerals.

The distribution of bromine between a halite crystal and the co-
existing solution is described by its partition coefficient (D):

/Cl

mineral ‘mineral

D = (Br )(Br_. _/Cl

so]ulion/ solu(ion)

During initial evaporation of seawater, both Br and Cl increase
in concentration in the residual brine, and the Br/Cl content of
these waters does not vary (Figure 2.5). When halite saturation
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isreached, Clis preferentially removed over Br from the brine.
A small fraction of the Br is also partitioned out into the halite,
but most remains behind in the brine. As saturation with the
bitterns (K-Mg-Cl) salts isreached, the slope of the Br-Cl curve
flattens out as these minerals discriminate somewhat less in
terms of Br incorporation (higher partition coefficients).

In earlier studies the Br content of ancient rock salt was used
to separate marine from nonmarine precipitates (Dean, 1978;
Holser, 1979; Wilgus and Holser, 1984). Fresh seawater con-
tains around 65 ppm bromine and reaches 500 ppm by the
onset of halite precipitation (Figure 2.5). Halite from a normal
marine feed purportedly contains 50 to 100 ppm bromide and
it should increase up to a maximum of around 270 ppm at the
onset of bittern precipitation (Valyashko, 1956, p. 578). Halite
that has been recrystallised in a second cycle of solution and
reprecipitation in a brine of lower Br content than the original
brine should have abromide content of 20 ppm or less, especially
iftherecycling waters were nonmarine. But variations in salinity
and the dilution by shallow to ephemeral residual brines, along
with recrystallisation and backreaction, all influence the final
Br content of any halite crystal in both marine and nonmarine
settings (Figure 2.22a). Hardie (1984) discussed the limitations
of using whole rock Br content as a depositional indicator and
clearly showed the possible confusion that results if Br levels
in wholerock halite samples are used in an attempt to separate
marine from nonmarine halite.

Even if Br content of halite is not always a reliable indicator of
the source of the mother brine, perhaps it can tell us something
about brine stability at the time a salt was precipitated. Figure
2.22b plots bromine profiles from halites in two saline giants,
the Paradox and the Prairie evaporites where values change in a
predictable fashion upsection. Increasing upward trends indicate
an increase in average annual brine salinity, while decreases
indicate freshening (shown by arrows in Figure 2.22b). The
trend to very high values (Br > 250 ppm) near the upper part of
salt member 5 of the Hermosa Formation in the Paradox occurs
beneath a potash bed and indicates higher salinities needed for
the precipitation and preservation of bittern salts. The upward
trends for the Prairie evaporite, although sampled at a some-

Figure 2.22. Bromine in halite. A) Bromine levels in halite in
marine and nonmarine settings clearly showing that bromine
levels have a degree of spread that does not support the as-
sumption that nonmarine or recycled halite will always show
values less than first cycle precipitates (in part after Hardie,
1984). B) Br profiles from the Paradox Member, Hermosa
Formation in the Paradox Basin and the Prairie Evaporite in
the Alberta Basin. All wells drawn to the same depth scale
(after Holser, 1966, 1979).
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what coarser spacing than the Hermosa, show similar brining
upward profiles beneath potash beds. In a similar fashion Bein
et al. (1991) used Br variations in brine inclusions in halite to
define a southerly brine source for Permian San Andres halite
in the Palo Duro Basin, Texas.

Contents of most other trace elements in marine evaporite salts
are typically very low and not diagnostic of brine source. lodine
has very low partition coefficients in halite, sylvite, carnallite
and the other bitterns, so they contain very little iodine. Its
relatively large ionic radius impedes its replacement of chlorine
ions in the respective lattices, so any residual liquor (marine or
nonmarine) is strongly enriched. Iodate salts form pedogenic
phases in the hyperarid Atacama desert (Chapter 11). Fluorine
minerals occurs principally in sulphate deposits and salt clays
that possibly have been influenced by hydrothermal inflows,
although some Russian authors have argued for a marine
evaporite association (Figure 7.68). There is no published
data on fluorine behaviour during seawater concentration.
However, if fluorine concentrates at the same rate as Cl during
evaporation, then seawater should have a fluorine concentra-
tion around 10 mg/1 at the onset of halite saturation. Rubidium
and ammonium substitute for potassium in crystal lattices of
the bittern chlorides (e.g. sylvite, carnallite). Cesium does not
occur in halite, and lithium in water-soluble form is only found
in concentrations up to 0.2 ppm. The colouring of halite often
feigns higher amounts of heavy metals. Only 2 ppb of trivalent
iron can give halite a yellow colour, while a few more parts
per billion can turn salt red (Sonnenfeld, 1995).

Sulphur and oxygen isotopes
Modern seawater sulphate has ahomogeneous and well-defined
isotopic composition for both sulphur and oxygen:

S, = +20 £ 0.5%c CDT
0y, = +9.5 % 0.5% SMOW

Likewise, the fractionation of sulphur and oxygen, which
occurs during the transition from aqueous to solid state of
sulphate is also near constant at earth surface temperatures.
For gypsum, the mean values of the isotope enrichment factor
are (Pierre, 1988):

S = 1.65%0

gypsum—SO4

and, ¢€"0 = 3.5%o

gypsum—SO4
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Thus the 8**S and 8'*0 values of sulphate evaporites are directly
related to the state of the aqueous sulphate reservoir where pre-
cipitation occurred. A plot of ancient marine CaSO, evaporites
shows the sulphur curve for seawater has varied across time from
+30%o in the Cambrian, to around +10%o in the Permian and
the it increased irregularly in to Mesozoic to its present value
of +20%o. Oxygen values show much less variability (Figure
2.23a). Variations are reflected in all major marine evaporites
and were most likely controlled by major input or removal of
sulphides from the oceanic reservoirs during changes in tec-
tonic activity and weathering rates. Simple removal of oceanic
sulphate (increase in evaporite formation) would probably not
be accompanied by such dramatic isotopic effects.

Rather, variations within the global sulphur cycle are controlled
by a redox balance, which is also linked to the carbon cycle
and the atmospheric oxygen budget. The oxidative part of the
global sulphur cycle is governed by continental weathering
( especially of marine black shale), riverine transport and
evaporite deposition, while the reduced part is controlled by
levels of fixation of reduced sulphur-bearing compounds in the
sediment column, mostly as pyrite via bacterial sulphate reduc-
tion. The latter process will preferentially remove isotopically
light sulphur from seawater and so increase its 8**S value in the
ocean and any subsequent marine evaporite salt. Another cause
of variation in the evaporite-derived sulphur isotope curve of
seawater is variation in the rate of high-temperature flushing of
seawater through the ocean ridge system and varying input of
mantle sulphur to the labile volcanics of the mid-ocean ridges.
Thus, the sulphur isotopic composition of seawater sulphate in
marine evaporites documents variation in longterm earth-scale
processes (i.e. uplift and erosion, mantle input) and aspects of
biological evolution (e.g. bacterial sulphate reduction).

The '®O content in seawater sulphate is more stable than sul-
phur values over geologic time. The isotopic composition of
sulphate minerals varied only slightly from the Neoproterozoic
to the Palaeozoic decreasing from +17 to +14%o (Figure 2.23a).
Values then rose during the Devonian to reach +17%o during
the Early Carboniferous (Mississippian). Values then fell to
=+10%o during the Permian, mimicked by a similar decline
in sulphur values in the Late Permian to Early Triassic. Since
a rise to +15%o in Early Triassic values of marine sulphate
minerals have remained close to +14%o (add 3.5%o to mineral
determined value to give ambient seawater value). Overall,
oxygen values show little correlation with marine sulphate
variation and are perhaps controlled by sulphide weathering
reactions that contribute sulphate to seawater and the dissolution
of sulphate evaporites Further discussion on global controls
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Figure 2.23. Sulphur and oxygen isotopes. A) Sulphur and oxygen isotope age curves
for marine sulphate evaporites. The heavy lines are the best estimates of 5°*S and 5"*O
values of calcium sulphate minerals in equilibrium with world ocean sulphate at that
time. Shaded areas are estimated uncertainty envelopes of these curves. B) Isotope
range of various systems and selected seawater sulphate (after Pierre, 1988; Veizer
et al., 2000).
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of isotope chemistry lies outside the
evaporite focus of this book. What is
significant is that, given the now well
established sulphur isotope age curve,
acomparison of a measured 8*S value
from an anhydrite or gypsum of known
geological age to the curve allows an
interpretation of a possible marine
origin to the salt. A value which dif-
fers from the marine signature does
not necessarily mean a nonmarine
origin, but at the least it does mean
diagenetic reworking or, more likely,
a groundwater-induced recycling of
sulphate ions into a nonmarine saline
lake (Pierre, 1988). Such oxygen
and sulphur isotopic crossplots have
been used to establish the continental
(nonmarine) origin of the Eocene gyp-
sum of the Paris Basin and the upper
Miocene gypsum of the Granada basin,
with sulphate derived from weathering
of uplifted Mesozoic marine evaporites
(Fontes and Letouolle, 1976; Rouchy
and Pierre, 1979; Pierre, 1982). Sulphur
in evaporitic sulphate can come from a
number of sources other thanreworked
marine evaporites, likely isotopic
ranges of possible sources are given
in Figure 2.23b.

Crossplots of oxygen with carbon or
deuterium isotopes are useful in defin-
ing the origin of evaporitic carbonates.
Ifthese carbonates are interlayered with
gypsum or anhydrite at the mm scale,
then their signatures are very useful in
determining the origin of the waters
precipitating both the carbonates and
the sulphates. This was the rationale
used by Bellanca and Neri (1986) in
a study of the origin of gypsum and
associated carbonates in the Messinian
of Sicily. The oxygen and hydrogen
isotope compositions of crystal water
from the laminar gypsum indicate
primary precipitation of the sulphate
from marine waters concentrated by
evaporation (Figure 2.24a). The iso-
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topic data also show compositional changes due to periodic
influx of continental waters into the depositional basin seen by
the clustering of the laminar gypsum values along the SMOW
concentration-dilution line with aregression coefficient of 0.98.
The massive gypsum signature indicates rehydration by mete-
oric waters (probably modern). Open-marine-water incursions
probably led to the deposition of carbonate layers overlying the
laminar gypsum. These contain abundant aragonite with textural
features and isotopic compositions suggesting precipitation in
shallow and quiet marine waters slightly enriched in "*O by
evaporation (Figure 2.24b).

Sulphur is largely resistant to isotopic fractionation during
burial alteration and transformation (Worden et al., 1997).
Primary marine stratigraphic sulphur isotope variation is pre-
served in anhydrites of the Permian Khuff Formation, despite
subsequent dehydration to anhydrite during burial (=1,000m)
and initial precipitation as gypsum from Permian and Triassic
seawater. Gypsum dehydration to anhydrite did not involve
significant isotopic fractionation or diagenetic redistribution
of material in the subsurface. At depths greater than 4300 m,
the same sulphur isotope variation across the Permian-Triassic
boundary is still present in elemental sulphur and H,S, both
products of the reaction of anhydrite with hydrocarbons via
thermochemical sulphate reduction (Figure 9.44). Clearly,
thermochemical sulphate reduction did not lead to isotope
fractionation. Worden et al. also argues that significant mass
transfer has not occurred in the system, at least in the vicinity of
the Permian-Triassic boundary, even though elemental sulphur
and H_S are both fluid phases at depths greater than 4300 m.
Primary differences in sulphur isotopes have been preserved
in the rocks and fluids, despite two major diagenetic overprints
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thatconverted the sulphur in the original gypsum into elemental
sulphur and H,S by 4300 m burial and the potentially mobile
nature of some of the reaction products. That is, all reactions
occurred must have occurred in situ; there was no significant
sulphur isotope fractionation, and only negligible sulphur was
added, subtracted, or moved internally within the system.

Boron Isotopes

Boron isotope determinations on halite, borate salts, and brines
are all capable of distinguishing between marine and nonmarine
sources (Figures 2.25; Vengosh et al., 1992; Swihart et al.,
1986). Marine evaporites are characterised by distinctly higher
&"B values (+18.2 to +31.7%o0) than non-marine evaporites
(-30.1 to +7.0%0; Swihart et al., 1986). The latter span the
range typical of the boron isotope signatures of most other
rock types (Palmer and Helvaci, 1997). Likewise, there is a
clear isotopic separation between marine and nonmarine brines
(Figure 2.25a, c).

The separation reflects the enrichment of the "B isotope in
seawater compared with both oceanic crustand continental crust.
Differences are due to the original isotopic fractionation that
occurred when boron was extracted from seawater into detrital
clays, weathered basalts and carbonate minerals. Continental
evaporite brines are derived from the weathering of these various
lithologies, while the boron in seawater comes straight from
the concentration of seawater. Much of the boron signature
that is measured when whole rock halites and other salts are
analysed comes from the fluid inclusions and not from boron
in the lattice structure. The low level of fractionation between
the brine and its precipitate at the time of halite deposition

means boron isotope analysis can

reliably distinguish nonmarine

%0 and marine brine parents in
+ —
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Figure 2.24. Isotope crossplots in Messinian evaporites, Sicily.

A) lsotopic associations ~ (Figure 2.25b; Vengosh et al.,

(carbon and oxygen) in water of crystallisation. B) Deuterium- carbon relationships in ~ 1992). However the boron is not
carbonate layers in the same units (after Bellanca and Neri, 1986).
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Lake Name Constituents in brine Constituents in halite
5"B(%o) 8"B(%o) 8"B(%o) 8"B(%0)
pH B(ug/ml) Na/Ca 8"B(%s) B(ug/g) Run1 Run 2 Run 3 Average
Gasikule 7.11 101.6 193.8 17.9 8.0 12.1£0.3 12.5+0.1 12.3
Mahai 7.98 162.9 208.3 -4.0 11.6 -4.740.2 -5.10.1 5.310.1 5.0
Balun 6.50 10.1 12.1 314 04 25.7+0.3 25.9+0.1 255
Xiaochaidam 8.14 285.6 167.0 -0.5 13.0 0.4%0.1 0.4£0.1 04
Dachaidam 7.78 404.3 255.7 5.3 16.0 3.70.1 3.740.1 3.8
Chaikai 7.68 15.4 130.6 9.9 74 5.640.1 5.610.1 6.10.1 59
Niulang 5.34 53.6 0.7 24.5 3.8 - 20.0

Table 2.8. Boron isotopes in the brines and halite crusts of various salt lakes in the Qaidam Basin, China (after Liu et al.,

2000).

behaving in an absolutely conservative fashion and there is
a deficiency of boron in the increasingly saline brines and a
concurrent increase in the boron content of the associated salts
(Table 2.8; Liu et al., 2000). The highest 8''B values in the
Qaidam Basin are associated with fluids with low B/Li ratios,
indicating selective removal of elemental boron and '°B by

adsorption onto clay minerals along the flow path into the basin
(Table 2.8; Liu et al., 2000). The magnitude of ''B enrichment
due to adsorption differs by 15-20%o from the supply, and thus
nonmarine brines are still distinguished from marine-derived
evaporitic brines, which have much higher 8"'B signatures in
the range +39 to +59%o (Figures 2.25a, d).
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Figure 2.25. A) Isotopic distribution of boron in evaporatively formed marine and nonmarine brines and salts related to signa-
ture of original water source. B) "B values of evaporated seawater (open circles) and co-existing precipitated halite (closed
circles) versus degree of evaporation as calculated from Br values. Note the relative enrichment of "B in brines relative to salt
and the difference in magnitude of enrichment during different stages of evaporation (after Vengosh et al., 1992). C) Ranges
of boron isotope values in various minerals in the main Turkish borate deposits- see also Figure 11.30 (after Palmer and Helvaci,
1997). D) Isotopic analysis of evaporitic borates worldwide showing clearly separate fields for marine and nonmarine samples
(dashed line). The upper part of figure shows analytical determinations from various deposits, the lower part shows a histogram

where these values are grouped (after Swihart et al., 1986).
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Palmer and Helvaci (1997) found that the isotopic values of
the main borate minerals in the major Turkish borate deposits
are largely controlled by their mineralogy and the pH of the
brines from which they precipitated. For example, the differ-
ences in the 8"B values of the three main borate minerals at
Kirka (colemanite, ulexite and borax) are greater than would
be expected if they had precipitated in equilibrium with one
another from a solution with the same 8''B value and pH (Figure
2.25c). The data are consistent with all three minerals being
primary precipitates fromaconcentrated brine, with colemanite
precipitating from a brine of lower pH than ulexite, and borax
precipitating from a brine of higher pH than ulexite. The only
other Turkish deposit in which there are significant amounts
of coexisting primary borate minerals is at Bigadic, which
contains coexisting ulexite and colemanite (Figure 11.31).
There the average 8"'B value of ulexite is -6.8%o, this is 3.6%o
higher than that of colemanite -10.4%o (Figure 2.25c). This
difference suggests that colemanite precipitated at a lower pH
than ulexite (Palmer and Helvaci, 1995).

Chlorine isotopes

Unlike the stable isotopes of boron and sulphur, which can
be used as indicators of parent brine type, *'Cl interpreta-
tion is more problematic due to its inherently low levels of
fractionation during evaporation. Prior to the early 1980s,
this meant analytical methods lacked the precision needed to
detect small variations in chlorine isotopes levels that occur

a4+

0.0 0.2 0.4 0.6 0.8 1.0
Fraction chloride precipitated

I halite stage
concentration——— \ ]
kainite | bischofite
carnallite

Figure 2.26. Calculated 8¥Cl values of the precipitate and
residual brine during seawater concentration. The shaded
area indicates the error range for the precipitates (solid line),
while the area between the dashed lines is the error range for
the residual brine. Note the discontinuities in the curve for the
precipitates (after Eggenkamp et al., 1995).
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in nature. Measurements have now improved to where even
small fractions in natural halites can be reliably and accurately
determined (Longetal., 1993). Earlier work also suffered from
a poor understanding of evaporitic fractionation mechanism
and it was only in the mid 1990s that our understanding of *’Cl
determinations evolved into a useful environmental tool in an
evaporite basins (Eggenkamp et al., 1995). Ongoing imperme-
ability and a lack of reactivity away from the edge of a halite
mass means that depositional isotope values will persist, even
in tectonised evaporites or in evaporites that have undergone
recrystallisation (Eastoe and Peryt, 1999).

Eggenkamp et al. (1995) determined a fractionation of 0.26
+ 0.07%o0 between halite and a NaCl solution at 25°C. Halite
crystallising from a 0.00%c NaCl solution will therefore have
aninitial value 0f 0.2-0.3 %o. Halites precipitated from seawater
brines show decreasing values from 0.2%o at the onset of halite
precipitation to -0.5%o by the hexahydrite precipitation stage
(Eastoe et al., 1999). Using seawater, Eggenkamp et al. (1995)
showed that the 8*'Cl value decreases in the halite stage from
0.0 to -0.45%o. During the subsequent kainite and carnallite
stages the fractionation factor is close to unity and the *’Cl of
the brine is only 0.04%o. In the subsequent bischofite stage the
fractionation factor is < 1 and 8”’Cl increases during the final
stages of evaporation. The 8”’Cl values of precipitates in the
halite stage decreases from 0.26 to -0.19 %o (Figure 2.26). In
the kainite stage, the precipitate (a mixture of salts) has a *’Cl
that decreases to -0.34 %o and then to -0.47 %o in the carnallite
stage. However in the last stage, typified by the precipitation of
bischofite in the mix, the §’Cl value increases from -0.55 %o
back into positive values in the very latest stages of evapora-
tion before complete dryness. Error ranges in determinations
increases after the end of the halite stage. Because 8*'Cl values
decrease monotonically with concentration in the halite stage,
it is possible to use 8*'Cl values in unaltered halites (chevron
halite) to estimate the concentration stage at the time of pre-
cipitation of an ancient halite (palaeosalinity determination).
At later bittern stages this methodology is less effective and
more subject to ambiguities (Eggenkamp et al., 1995).

That this methodology works is clearly seen in a study of the
&V'Cl signatures of the ZIII interval of the Permian Zechstein
salts in the TR-2 well in the Netherlands (Figure 2.27a). The
interval is a combination of halite and bittern stage salts. The
halite-dominated interval (Z.III.2a) has a simple salt chemistry
with minor amounts of carnallite, bischofite and kieserite. §*'Cl
values tend to decrease upward into the overlying carnallite-
kieserite interval at 1660 m, implying increasing salinities as
the unit passes up into the bittern-dominated succession. Sam-
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values of 0.4 to around 0.0
%o (Figure 2.27b). Waters
driving the recrystallisation
cannot have been generated
by later meteoric dissolution
and recrystallisation. Rather,
these recrystallised halites preserve their Permian depositional
signatures (Eastoe et al., 1999). This conclusion supports the
notion that subsurface salt beds intercalated with remnant
chevrons are largely impervious closed systems that dissolve
from the edges inward (Figure 8.7). It means any temperature
and salinity values measured in brines in microinclusions in
the chevron halite will indicate ambient conditions at the time
of halite precipitation (e.g. Figure 2.28). It is also why viable
Permian haloarchaea can be cultured from such inclusions
(Vreeland et al., 2000).

In contrast, nonmarine chloride contributions to a basinal brine
precipitate halite with a more positive 8”’Cl value. Carpathian
(Middle Miocene) halokinetic halite has 8”'Cl values greater
than 0.4 %o, as do some halites in the Gulf of Mexico, the North
Sea and the Paris Basin (Figure 2.27b). Such positive values
cannot arise solely from seawater evaporation and require
a considerable input of nonmarine chloride, either from a
continental meteoric or igneous/hydrothermal source (Eastoe
and Peryt, 1999).

The contrast between halite with a hydrothermal signature
and that preserving original syndepositional values is clear in

Figure 2.27. 5 Clisotope as an environmental indicator. A) Isotopic and mineralogic composi-
tion of Zechstein Ill showing that in these marine salts the 5*Cl isotopic values are typically
higher in the halite layers than in carnallite and bischofite layers (after Eggenkamp et al.,
1995). B) Isotopic values of selected halites showing marine values are typically less than
0.4 %o and centred on 0.0 %o (after Eastoe et al., 2001).

Jurassic halite in the Gulf Coast Basin (Eastoe et al., 2001).
Halite has a 8*Cl range of -0.5 to 0.3 %o in most bedded salt
and 0.0 to 0.5 %o in diapiric salt. The values for bedded salt are
consistent with a 8°’Cl value of 0.0 %o for Jurassic seawater
chloride, as in modern oceans. The slightly higher values for
diapiric salt are possibly caused by incongruent solution of
halite (Figure 8.30).

Chloride isotopes in subsurface waters can indicate their prov-
enance and show a 8”’Cl range of -1.9 to 0.7%o (Eastoe et al.,
2001). Formation waters in the Gulf of Mexico with 8*'Cl <
-0.6%o are confined to geopressured Eocene to Miocene strata
at depths of 2500m or greater. Strongly negative values do
not occur in Plio-Pleistocene strata, which retain the values
of seawater (connate brines), nor do they occur in Mesozoic
strata, which are marine carbonates. It seems that the strongly
divergent values come from chloride in waters released from
shales undergoing the smectite-illite transformation in the
zone of geopressure.

Low &”Cl values in such waters are related to low m_/m, (a
parameter indicating dewatering) but show no general relation-
ship to CI/Br ratios (Eastoe et al., 2001). They are consistent
with diffusion of chloride from an allochthonous brine. Dif-
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fusion can generate domains of water with negative 8*’Cl on
a scale of hundreds of metres in 10* -10° years, and may also
generate positive 8*'Cl chloride in residual source brine. The
expulsion of such brines into an evaporite basin may account
for most non-0 %o chloride sources in evaporite basins.

The experiments of Eggenkamp et al. (1995; Figure 2.26) were
limited to a single seawater evaporation cycle, but evaporites
accumulating in shallow pans in marine and continental set-
tings are subjected to multiple cycles of dissolution and partial
reprecipitation before their burial. This can bring about meas-
urable changes in 8*'Cl, but also leaves little residual halite
within the total halite mass.

Fluid Inclusions and brine temperatures

When halite and other salts are precipitated, they can capture
and enclose inclusions of ambient brine. Such inclusions form
the cloudy lamina that outline milky halite chevron and cornet
textures and are used to indicate primary growth orientations of
crystalsinancient saltbeds (Figure 1.32a). Inclusion-rich bands
indicate episodes of rapid growth, while clearer bands indicate
slower growth rates. Chevron banding may indicate diurnal
temperature changes in a shallow brine pan, with rapid growth
spurts encouraged by the cooling of brine each evening.

Halite’s high solubility and potential for deformation sometimes
raises doubts about longterm preservation of the integrity of
fluid inclusions. Even ancient halite that still retains abundant
growth-aligned textures, if exposed to even moderate heating it
may contain fluid inclusions thathave leaked. Halite’s propensity
to flow also means its fluid inclusions are more vulnerable to
stretching, leaking, and necking-down compared to most other
minerals. But Petrichenko (1979) and Roedder (1984a,b) have
shown thateven when deformation has occurred, only the outer
portions of halite crystals are affected, the centres of crystals
typically remain unaltered. Alteration textures in ancient bedded
halites with crystals suitable for micro-inclusion analysis are
thus defined by altered, clear, outer rims and unaltered, cloudy,
primary inclusion-rich cores that retain meaningful inclusion
data (Petrichenko, 1979; Roedder, 1984a,b). The problems
of defining inclusion leakage, coupled with the possibility
of bedded and halokinetic salt being used as repository sites
for radioactive waste, has generated valuable research on the
validity of fluid inclusion data in halite (Chapter 12).

Lowenstein and Spencer (1990) obtained some of the first
reliable and consistent estimates of ancient syndepositional
brine temperature estimates using solid-liquid homogeniza-
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tion temperatures of sylvite daughter crystals in halite from
the Devonian Prairie Formation. They show Devonian brine
temperatures were similar to those in Quaternary continental
equivalents and that many ancient potash deposits still retained
evidence of very early diagenetic features, created by the
cooling of syndepositional reflux brines.

Many geologists have maintained a healthy scepticism toward
fluid inclusion data derived from evaporites, especially from
non-chevron halite (Roedder and Skinner, 1968; Kovalevich,
1975, 1976; Petrichenko, 1979; Roedder and Bassett, 1981).
Work by Roberts and Spencer (1995) and by Benison and
Goldstein (1999) has shown how petrographically control-
led microthermometric testing can define and avoid zones of
inclusion alteration in ancient halite. If the tests suggested by
these authors show that primary fluid inclusions have not been
altered since entrapment, then fluid inclusions from the unal-
tered portions of a salt bed may be considered representative
of evaporative parent waters and can even be used to define
palacotemperatures of the mother brine (Figure 2.28). This is
now a widely used approach for determining surface water
palacotemperatures from ancient halites whose fluid inclusions
lack daughter crystals (Benison and Goldstein, 1999).

Anall-liquid primary inclusion in halite at room temperature in-
dicates mineral growth below approximately 50°C (Kovalevich,
1975; Petrichenko, 1979). Vapour bubbles can be nucleated
artificially in some all-liquid inclusions by placing samples in
afreezing chamber so thathomogenization temperatures below
50°C can be measured. Roberts and Spencer (1995) found that
when primary fluid inclusions in newly precipitated halite in
ephemeral-lake salt-pans in Death Valley, California, were
cooled (in order to nucleate vapour bubbles) and homogeni-
zation temperature were measured, the resulting temperature
ranges were equivalent to the measured temperatures of the
shallow brine sheets from which the halite had precipitated
(Figure 2.28a).

Likewise detailed inclusion analysis, centred on chevrons and
cornets in unaltered portions of halite beds in the mid-Permian
Nippewalla Group of Kansas gave cooling-induced homogeni-
sation temperatures representative of the temperature range of
the original mother liquor (Figure 2.28b, c). What was even
more interesting was the intimate and consistent relationship
between temperature and position in the inclusion rich layer
in the chevron bands in this mid Permian halite (Figure 2.28b,
c). It probably preserves daily temperature changes and shows
the propensity of inclusion-rich bands to precipitate when the
overlying halite saturated brine cools each evening or with the
passage of a cold front.
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Figure 2.28. Inclusions in chevron halite. A) Histogram of homogenization temperatures measured by the ‘cooling nucleation’
method in initially allliquid primary fluid inclusions from modern Death Valley halite. Plotted above the histogram are the
temperature ranges of the brines from which these halite crystals grew (after Roberts and Spencer 1995). B) Representation

of chevron bands in a halite crystal from the Anadarko Davis
in relation to bands; although homogenization temperatures

No. 1 core (1406 ft depth). Note homogenization temperatures
are consistent within individual fluid inclusion assemblages thin,

high frequency growth bands, they decrease from base to top of chevrons (after Benison and Goldstein, 1999). C) Graphic
representation of homogenization temperature trends within and among cloudy, inclusion-rich and clear, inclusion-poor growth
bands in five chevron halite crystals from the Nippewalla Group. Black circles mark average homogenization temperatures

within thicker chevron growth bands. Lines connecting black

circles are extrapolated temperature trends. Upward decrease

in homogenization temperatures from base to top of individual cloudy chevron bands probably reflect daily fluctuations in
surface water temperatures perhaps related to evening cooling (after Benison and Goldstein, 1999).

The fact that halite can retain such intimate precipitational
detail supports the notion that growth-aligned chevrons are
subsurface survivors. This means microanalysis of the chemical
make-up of a brine inclusion in an unaltered halite chevron or
cornet is indicative of the chemical composition of the water
that precipitated the crystals (Timofeef et al., 2001). This
gives an ability to map temporal changes in the ionic propor-
tions of seawater and once again also suggests why Permian
halobacteria can be cultured from brine inclusions in Permian
salt (Vreeland et al., 2000).

Seawater evolution

So far in this chapter three things are clear: 1) it is difficult
to separate marine and nonmarine parent brines based on
mineralogy; 2) isotopes and microinclusions can sometimes
separate brine parentage; 3) it is increasingly obvious that the
proportions of major ions in seawater are probably not constant

across geological time. The significance of various indicators
of chemical evolution of seawater over time is now considered
in two parts. First, in the Phanerozoic where actual salts are
available for sampling and analysis. Second, in the Precambrian,
where much of the evidence of brine composition comes from
pseudomorphs of evaporite salts.

A Phanerozoic dilemma: marine versus nonmarine
potash?

Phanerozoic potash evaporites fall into two categories: 1) potash
deposits with MgSO, salts, such as polyhalite, kieserite and
kainite; and 2) potash deposits with halite, sylvite and carnallite,
and entirely free or very poor in the magnesium-sulphate
salts. This latter group makes up more than 60% of ancient
potash deposits (Hardie, 1990). The former group may well
be marine-derived as they contain the bittern suite predicted
by the evaporation and backreaction of modern marine brines,
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but the latter group must have precipitated from Na-Ca-Mg-
K-Cl brines with ionic proportions quite different from that of
concentrated modern seawater.

MgSO,-depleted potash evaporites have been explained by
some as modified marine evaporites thought to result from
backreactions during burial diagenesis of normal marine
evaporites (Borchert, 1977; Dean, 1978; Wilson and Long,
1993). If so, then they were derived from an ancient seawater
source with modern ionic proportions that were altered via; a)
dolomitization, b) sulphate reducing bacterial action, ¢) mix-
ing of brines with calcium bicarbonate-rich river water, or d)
rock-fluid interaction during deep burial diagenesis.

Alternatively, Hardie (1990) suggested that MgSO, depleted
potash evaporites formed from sulphate-depleted inflow waters
seeping into an evaporite basin via springs and faults. Springs
were fed either by CaCl -rich hot hydrothermal brines or by
cooling resurging deep basinal brines. Such fault-fed deeply-
circulating evaporite brines occur today in springs in the Dead
Sea, Qaidam Basin, Salton Sea and the Danakil Depression.
The upwelling of the brines in these regions is driven either
by thermally induced density instabilities related to magma
emplacement, or by the creation of topographic gradients that
force deeply-circulated basinal brines to the surface. Ayora et
al. (1994) demonstrated that such a continental Ca—Cl system
operated during deposition of sylvite and carnallite in the
upper Eocene basin of Navarra, southern Pyrenees, Spain
(Figure 8.10).

Thirdly, there is the distinct likelihood that seawater chemistry
has evolved throughout the Phanerozoic and that changing
ionic proportions define whether or not MgSO, salts were
typical marine evaporites. Work by Kovalevich et al. (1998)
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on inclusions in primary-bedded halite from many evaporite
formations of northern Pangaea, and subsequent work us-
ing micro-analyses of fluid inclusions in numerous chevron
halites (Lowenstein et al., 2001, 2003a), shows that during
the Phanerozoic the chemical composition of marine brines
has oscillated between Na-K-Mg-Ca-Cl and Na-K-Mg-Cl-
SO, types. The former does not precipitate MgSO, salts when
concentrated, the latter does.

A detailed analysis of the ionic make-up of Silurian seawater
using micro-inclusion analysis of more than 100 samples of
chevron halite from various Silurian deposits around the world
was recently published by Brennan and Lowenstein (2002), and
clearly supports the notion that ionic proportions in the world's
Silurian oceans were different from those of today (Figure
2.29). Samples were from three formations in the Late Silurian
Michigan Basin, the A-1, A-2, and B Evaporites of the Salina
Group, and the Early Silurian in the Canning Basin (Australia)
inthe Mallowa Salt of the Carribuddy Group. The Silurian ocean
had lower concentrations of Mg, Na*, and SO,”, and much
higher concentrations of Ca”* relative to the ocean’s present-
day composition. Furthermore, Silurian seawater had Ca** in
excess of SO,”. Bittern stage evaporation of Silurian seawater
produced KCl-type potash minerals that lack the MgSO,-type
late stage salts formed during the evaporation of present-day
seawater and allowed sylvite as a primary precipitate.

There is now convincing evidence that the chemistry of seawater
has varied across the Phanerozoic, what is not so well understood
are the processes driving this change (Figure 2.30a). Spencer
and Hardie (1990) and Hardie (1996) have argued that the level
of Mg in the Phanerozoic oceans has been relatively constant,
but changes in the rate of seafloor spreading have changed the
levels of Ca in seawater. Their postulate was also supported

Flux Na K Ca Mg Cl SO, HCO, Order of appearance of saline minerals during evaporative concentra-
Ratio tion of seawater
0.96 490 37 48 111 548 59.0 2.7 CaCO, - gypsum - anhydrite - glauberite - halite - polyhalite - epsomite
- hexahydrite - kieserite - kainite - carnallite - bischofite
1.00 470 10.2 20.3 106 548 53.9 0.6 CaCO0, - gypsum - anhydrite - glauberite - halite - polyhalite - epsomite
- hexahydrite - kieserite - carnallite - bischofite
1.05 448 17.6 36.2 101 548 53.8 0.6 CaCO, - gypsum - anhydrite - halite - polyhalite - sylvite - carnallite
- kieserite - bischofite
1.10 427 243 51.8 97 548 51.4 0.4 CaCO0, - gypsum - anhydrite - halite - sylvite - carnallite - bischofite
- tachyhydrite
1.25 376 412 914 85 548 453 0.3 CaCO0, - gypsum - anhydrite - halite - sylvite - carnallite - antarcticite
- tachyhydrite

Table 2.9. Predicted composition of seawater (meq I'') as a function of variations in the ratio of mid-ocean ridge hydrothermal
brine flux compared to river water flux into the ocean, and the saline mineral paragenesis of the resulting seawater (after
Spencer and Hardie, 1990). Only the first appearance of each mineral is listed (see Figure 2.12 for backreaction effects).
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Figure 2.29. Plots of the major-ion concentrations of the fluid inclusions versus chloride concentrations in Silurian salt with
preserved primary structures (after Brennan and Lowenstein, 2002). Closed symbols represent fluid inclusions from pristine
marine halites, open symbols represent suspect fluid inclusions from halites associated with potash mineralization or high de-
grees of evaporation. Only the closed symbols were considered for determining Silurian seawater. The evaporation pathway
of modern seawater is shown with a dashed line, and the best-fit evaporation pathway for the Silurian data is shown with a
solid line. All the plots show that the evaporation pathways defined by Silurian fluid inclusions are different from the modern
seawater pathways. The Silurian fluid inclusions all have an excess of calcium, and no measurable sulphate. Modern seawater
evaporated to halite saturation has abundant sulphate, and negligible amounts of calcium. Salts expected to precipitate at
given Cl concentrations in evaporated “bestfit” Silurian seawater are indicated along the top of each plot. Sylvite is a primary
precipitate from concentrated seawater with these ionic proportions.

by Lowenstein et al. (2001, 2003). Timing of the increase in
the amount of Ca in the world's oceans was synchronous with
a decrease in the SO, ion concentration, which at times was
as much as three times lower than the present concentration
of that ion in seawater.

Simple mixing models show that changes in the flux rate of
mid-oceanic hydrothermal brines can generate significant
changes in the Mg/Ca, Na/K and SO,/Cl ratios in seawater
(Table 2.9). Such changes of molal ratios in seawater would
have generated significant changes in the type and order of
potash minerals at the bittern stage. For example, Spencer and
Hardie's model predicts that an increase of only 10% in the
flux of mid-ocean ridge hydrothermal brine over today’s value
would create a marine bittern that would precipitate sylvite
and calcium-chloride salts instead of the Mg-sulphate miner-

als expected during bittern evaporation of modern sea water.
This Ca-Cl ocean corresponds to times of “calcite oceans” and
contrast with the lower calcium, higher magnesium “aragonite
oceans” of the Permo-Triassic and the Neogene (Figure 2.30a;
Hardie, 1996).

Yet many sources have argued, including earlier work by
Hardie, that bittern salts lacking MgSO, components indicate
a nonmarine CaCl source. The strong possibility of temporal
changes in Phanerozoic seawater chemistry from a MgSO,
to a KCI ocean confuses a mineralogical distinction between
marine and nonmarine brine sources. It can be used to argue
that many extensive ancient evaporites, such as the Devonian
Prairie Evaporite Fm. of Canada and the Cretaceous Maha
Sarakham salts of Thailand are in fact marine and formed by
the evaporation of a KCl ocean.
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Figure 2.30. Potash and the secular evolution of Phanerozoic seawater. A) Secular
variation inthe Mg/Ca ratio of seawater estimated from fluid inclusions in marine halites
(vertical bars), compared to predicted seawater secular variations. The horizontal
line at Mg/Ca = 2 is the approximate divide between calcite seas and aragonite seas.
Also plotted are the temporal distributions in the primary mineralogies of Phanerozoic
nonskeletal carbonates (calcite and aragonite) and periods of KCl and MgSO4 evaporites
(after Lowenstein et al., 2001). B) Secular changes in seawater chemistry based on
microanalysis of fluid inclusions in marine halites (after Zimmermann, 2000a).

Holland et al. (1996), while agreeing that there are changes

in ionic proportion of Phanerozoic seawater and that halite
microinclusions preserve evidence of these changes, recalcu-
lated the effects of changing seafloor spreading rates on global
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seawater chemistry used by Hardie
and others. They concluded changes
inionic proportions from such changes
in seafloor spreading rate were mod-
est. Instead, they pointed out that the
composition of seawater can be seri-
ously affected by secular changes in
the proportion of platform carbonate
dolomitized during evaporative con-
centration, without the need to invoke
major changes in global seawater
composition. In a later paper, Holland
and Zimmermann (2000) suggest
changes in the level of Mg in seawater
were such that the molar Mg/Ca ratio
of Palaeozoic global seawater (based
on dolomite volume) was twice the
present value of 5.

Using micro-inclusion studies of
halites of varying ages, Zimmermann
(2000a, b) has proposed that the
evolving chemistry of the Phanerozoic
ocean is more indicative of chang-
ing volumes of dolomite than it is
of changes in the rates of seafloor
spreading (Figure 2.30b). Using halite
inclusions she showed that the level
of Mg in seawater has increased from
~38 mmol/kg H,O to 55 mmol/kg
H,O in the past 40 million years.
This increase is accompanied by an
equimolar increase in the level of
oceanic sulphate. Over the longer
time frame of the Palaeozoic to the
present the decrease in Mg/Ca ratio
corresponds to a shift in the locus
of major marine calcium carbonate
deposition from Palaeozoic shelves to
the deep oceans, a change tied to the
evolution of the nannoplankton. Prior
to the evolution of foraminifera and
coccoliths, some 150 Ma, the amount
of calcium carbonate accumulating in
the open ocean was minimal. Since

then, a progressively larger portion of calcium carbonate has
been deposited on the floor of the deep ocean. Dolomitization
of these deep water carbonates has been minor. Reasons for the

increase in Mg in the past 40 million years are still not clear.
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Ayoraetal. (2001) called for caution in applying general models
of secular changes in seawater chemistry based on assumptions
of worldwide sulphate depletion at various times in the past.
They reconstructed the chemical evolution of several European
Mesozoic and Tertiary marine evaporite basins using mineral
associations, primary fluid-inclusion analyses, and numerical
simulations of evaporation scenarios. The solute proportion
recorded in the fluid inclusions in all basins could be explained
using the evaporation of present-day seawater as a major re-
charge. Sulphate depletion in the brines was responsible for the
type of potash deposit formed, namely potassium-magnesium
sulphates or sylvite. But this sulphate depletion was due either
to dolomitization or to the addition of a CaCl -rich solution
to the basin. Sulphate depletion occurred in varying intensity
in basins of the same age, as well as throughout the evolution
of the same basin negating the notion of changes in seafloor
spreading. They concluded changes in potash mineralogy and
sulphate depletion based on fluid inclusions are not conclusive
arguments in favour of secular variations in the composition
of the ocean.

But, most evaporite workers would now agree that based on a
growing database of worldwide synchronous changes in brine
chemistry in fluid inclusions in chevron halite (e.g. Figure 2.29)
there were secular changes in seawater chemistry, which drove
the two potash endmembers. What is not clear is the magnitude
of this change or the dominant driving mechanism (seafloor
spreading versus dolomitization) nor why the proportion of
K in seawater appears to change very little throughout the
Phanerozoic. What is also not considered by some involved
in the argument are the pitfalls and analytical needs for exact
fluid inclusion interpretation in sediments that may have been
subject to subtle diagenetic alteration (see Goldstein 2001 for
an excellent review and discussion of inclusion studies).

Precambrian oceanic chemistry

Given that ionic proportions of major ions in seawater have
probably changed through the Phanerozoic, how constant was
the chemistry of the world’s oceans since the early Archaean?
For example, does the evaporite evidence support the possi-
bility of a primordial reducing atmosphere or higher levels of
bicarbonate in an ancient ocean?

Some authors postulate that there have been no significant
changes in the major ion proportions in seawater for the past
4 Ga (Morse and Mackenzie, 1998). Others assert that the
Archaean was dominantly a time of little or no atmospheric
oxygen and that ocean waters were reducing fluids (Krupp et
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al., 1994). Yet others propose that the bicarbonate to calcium
ratio was so high in Archaean and Palaeoproterozoic seawater
compared to today that all the calcium was used up in wide-
spread abiotic marine aragonite and Mg-calcite precipitates
(Sumner and Grotzinger, 2000). In this case trona or nahcolite
are likely marine evaporites in the early Archean. Still others
have theorised cyclic changes in oceanic chemistry occurred
throughout the Phanerozoic and much of the Precambrian.
Such changes were related to changes in styles and rates of
sea floor spreading-hydrothermal circulation in midoceanic
ridges (Channer et al., 1997) and the development of tonalitic
continents (Knauth, 1998). Can Precambrian evaporites and
their pseudomorphs give some indirect clues as to which sce-
nario is the more likely?

Given the paucity of preserved evaporite salts prior to the
Mesoproterozoic, the discussion must centre on mineralogical
evidence left as evaporite pseudomorphs. The resulting detail is
farless than when modelling Phanerozoic chemistries, which can
use micro-inclusions and isotope signatures of marine salts.

Pseudomorphs, especially of halite hoppers, occur in marine
rocks as old as Archaean, but are far more common, as are
the actual salts, in Proterozoic and Phanerozoic strata (Figure
2.31). Halite or its pseudomorphs characterise areas of wide-
spread marine chemical sedimentation from the Archaean to
the present. CaSO, distribution is more enigmatic. Possibly the
oldestdocumented CaSO, pseudomorphs are cm-sized growth-
aligned barytes that are interpreted to replace bottom-nucleated
gypsum in 3.45 Ga metasediments in the Pilbara/North Pole
region of Western Australia (Figure 7.71; Barley et al., 1979;
Lowe, 1983; Buick and Dunlop, 1990). They were precipitated
in volcaniclastics in association with what are possibly the
world's oldest stromatolites (Hofmann et al., 1999). Similar
growth aligned baryte crystals, which are also possible gypsum
pseudomorphs, formed in the Nondweni greenstones in South
Africa some 3.4 Ga (Wilson and Versfeld, 1994).

Sequences in both regions are now completely silicified or
barytised. At the time they were first documented, the recogni-
tion of what were considered shallow-water Early Archaean
gypsum pseudomorphs at North Pole, Pilbara Craton, caused a
re-evaluation of models of a totally reducing Archaean atmos-
phere (Dimroth and Kimberley, 1975; Clemmey and Badham,
1982). The presence of free sulphate in surface brines of the
Archaean world was thought to imply at least locally oxygen-
ated hydrosphere. Gypsum precipitating in Archean ocean
waters also meant calcium levels in the ocean waters were
in excess of bicarbonate, as is in the modern oceans (Figure
2.5). The presence of free-standing gypsum on the seafloor is
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quires anoxic conditions. If the aligned
baryte crystals are primary, their
formation still requires sulphate to be
locally present on the seafloor, at least
in the vicinity of the depositional site.
A possible source for local sulphate
production in the shallow waters that
characterised the North Pole site was
shortwave ultraviolet photoxidation of
volcanic SO, (Runnegar et al., 2001).
According to Nijman et al. (1999) the
occurrence of the North Pole baryte in
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Figure 2.31. Precambrian evaporite occurrences and mineralogies (compiled from

listed sources).

incompatible with any model of the Early Archean ocean as
a “soda lake.”

However, in both the Pilbara and the South African sequences
there are no actual calcium sulphate evaporites preserved, only
growth-aligned crystal textures now preserved as baryte. Tex-
tures in baryte ore from Frasnian sediments in Chaudfontaine,
Belgium, are near identical to those observed at North Pole,
Australia. The Belgian barytes are primary sea-bottom precipi-
tates with no precursor mineral phase (Dejonghe, 1990). Some
workers in the Pilbara feel that the growth-aligned baryte in
this region is also a primary precipitate, formed in the vicinity
of hydrothermal vents (Vearncombe et al., 1995; Nijman et al.,
1999; Runnegar et al., 2001). As such, it is not secondary after
gypsum. A similar hydrothermal discharge model has been
developed for aligned barytes in the Barberton Greenstone
belt (de Ronde et al., 1994, 1996).

Levels of Archaean sulphate in the world ocean were prob-
ably less than a few percent of the current levels and probably
remained so until the evolution of an oxygen-producing biota
well into the Proterozoic (Habicht and Canfield, 1996; Kah
et al., 2004). Barium sulphate is highly insoluble in modern
oxygenated seawater. To carry large volumes of barium or
sulphur (as sulphide) in solution to the precipitation site re-

seawater, caused instantaneous oxidi-
zation of sulphide into sulphate that
then, on cooling, combined with the
Ba to precipitate as growth aligned
baryte crystals on the seafloor.

Conflicting notions (replaced gypsum versus primary baryte)
mean that at this stage of our understanding, the bedded baryte
evidence cannot be reliably used to support an evaporite
paragenesis of gypsum and so infer an Archaean ocean with
ionic proportions similar to those of today.

Archaean and Proterozoic distributions of gypsum have been
further complicated by the misidentification of primary aragonite
splays and pinolitic siderite marbles as gypsum replacements
(Warren 1999; Chapter 8). When these misidentifications are
removed from the record it is obvious that calcium sulphate
precipitating directly from Archaean seawater to form wide-
spread beds did not occur, and that precipitation of aragonite
as thick crusts on the sea floor was significantly more abundant
than during any subsequent time in earth history. In contrast
to gypsum, halite pseudomorphs are found throughout the
Precambrian (e.g. Boulter and Glover, 1986; Figure 2.31;
Table 7.1).

Grotzinger and Kasting (1993) argue that high levels of at-
mospheric CO, meant HCO,/Ca ratios were much higher in
the Archaean and the Palacoproterozoic oceans than today. All
the calcium in seawater was deposited as marine cementstones
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and other alkaline earth precipitates well before bicarbonate
was depleted and there was no Ca left over to precipitate as
gypsum. The early Archaean ocean was perhaps aNa—Cl-HCO,
sea, and not the Na—Cl ocean of today (Kempe and Degens,
1985; Maisonneuve, 1982). This early Archaean hydrosphere
had a chemistry similar to that found in modern soda lakes
like Lake Magadi and Lake Natron (pathway I brines in
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temporary early Archaean nahcolite (NaHCO,) as a primary
evaporitic mineral in a very aggressive weathering regime, in
the absence of land vegetation, is best explained by a mixed
CH, and CO, atmospheric greenhouse. CH,/CO, ratios were
<<I and pCO, was at least 100-1000 times the present value,
perhaps as high as several bars (Kaufman and Xiao, 2003).
The formation of large areas of continental crust at 3.2-3.0

Figures 2.12, 2.13). This rather
different marine brine chemistry
would have precipitated halite and
trona/nacholite, not halite/gypsum.
It probably meant that if gypsum
did ever precipitate from Archaean
seawater it did so only in minor
amounts well after the onset of halite
precipitation. Excessive sodium in
the ocean may help explain the ubiqg-
uity of stratiform albitites in much
of the Archaean. They would have
formed throughout the marine realm
as early diagenetic replacements
of labile volcaniclastics/zeolites in
volcanogenic/greenstone terranes
(See Chapter 11, zeolite).

A case for nahcolite (NaHCO,) as a
primary evaporite, along with halite
inthe 3.42 Garocks of the Barberton
greenstone belt was documented by
Lowe and Fisher-Worrell (1999).
Sugitani et al. (2003) reported
silicified nahcolite (the high CO,
form of sodium carbonate salts;
see Figure 2.13a) in =3.2 Ga rocks
in the northern part of the Eastern
Pilbara block, Western Australia.
Coarse, upward-radiating, silicified
evaporitecrystalsintheca.3.47-3.46
Ga Strelley Pool Chert (Lowe, 1983)
show the same habit, geometry, and
environmental setting as nahcolite in
the Barberton belt and also probably
representsilicified NaHCO, precipi-
tates (Lowe and Tice, 2004).

Marine nacholite in the 3.5-3.2 Ga
sedimentary record is thought to be
evidence of surface temperatures
around 70+15°C (Figures 2.13a,
2.32; Lowe and Tice, 2004). Con-
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Figure 2.32. Schematic diagrams showing proposed atmospheric pCH, and pCO,
evolution during Archean and earliest Proterozoic, 3.5-2.2 Ga (after Lowe and Tice,
2004). Diagrams show atmospheric evolution A) without and B) with glaciation at 2.9
Ga. High surface temperatures, 70+15 °C, were maintained from before 3.5 to at least
3.2 Ga by mixed CO, and CH, atmospheric greenhouse with CH,/CO, << 1. Start-
ing ca. 3.2 Ga (point a), enhanced weathering associated with continent formation
began to deplete atmospheric CO,, leading eventually to CH,/CO, = 1 some. 2.9 Ga
(point b) and formation of organic haze, which began to reduce pCH, along a path
defined by CH,/CO, = 1. Declining pCO, and pCH, at 2.9-2.7 Ga resulted in global
cooling and possibly glaciation (point c in lower diagram). Reduced weathering and
continued tectonic recycling 2.7-2.6 Ga led to increasing pCO, (line c-d-e), allowing
a coupled increase in pCH, while maintaining CH,/CO, = 1. When upper limit of CH,
production was reached (point d), CH,/CO, became <1 and methane haze formation
ceased. Enhanced weathering ca. 2.6 Ga (point e) associated with continent building
at 2.7-2.5 Ga once again initiated rapid depletion of atmospheric CO, and decline in
surface temperatures. Increased O, production—associated with latest Archean spread
of oxygenic photosynthetic microbes onto large, shallow-water, continental shelves
developed on older (pre-3.0 Ga) blocks of continental crust (point f)—concurrently
lowered pCH,, maintaining CH,/CO, < 1 and preventing the formation of organic
haze. Widespread glaciation at 2.4-2.2 Ga resulted from decreasing pCO, due to
weathering and declining pCH, due to oxidation.
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Figure 2.33. Proterozoic marine sulphate concentrations. Filled ovals mark data determinations (after Kah et al., 2004).
Marine sulphate concentrations probably remained below 2mM until about 1.3 Gyr ago, rose to, 4.5mM by 1.2 Gyr ago,
and possibly as high as 7-10mM by the mid-Neoproterozoic, although near-complete reduction of oceanic sulphate may
have occurred during Neoproterozoic glacial intervals (arrow). Increased sulphate concentrations coincide with changes in
marine 5"C associated with biospheric oxygenation and are marked by the appearance of bedded gypsum (stars) in the late
Mesoproterozoic and more frequent gypsum deposition in the last two-thirds of the Neoproterozoic.

Ga, including the Kaapvaal and Pilbara cratons, resulted in the
gradual depletion of atmospheric CO, through weathering and
alack of marine nacholite since the early Archaean. By 2.9-2.7
Ga, declining pCO, was associated with climatic cooling and
siderite-free soils.

Transitory CH,/CO, ratios of ~1 may have resulted in the
sporadic formation of organic haze from atmospheric CH,,
and are reflected in one or more isotopic excursions involving
global deposition of abnormally *C-depleted organic carbon
in sediments of this age. Surface temperatures of <60°C after
2.9 Ga may have allowed an increase in the distribution and
productivity of oxygenic photosynthetic microbes (and a de-
crease in sulphur dependant thermophiles). Eventual lowering
of new formed continental blocks by erosion, reduced loss of
atmospheric CO, due to weathering, and continued long-term
tectonicrecycling of CO, resulted inrising pCO, and decreasing
CH,/CO, ratios in the later Archean and eventual re-establish-
ment of a mainly CO, greenhouse. Similar events may have
been repeated in the latest Archean and earliest Proterozoic,
but gradually rising production of O, effectively kept CH,/CO,
ratios to <<1.

By 2.2-2.0 Ga,reliable examples of pseudomorphs after primary
calcium sulphate first appear in the rock record (Figure 2.31;
Table 7.9). Undeniable pseudomorphs are widespread in the
Late Palaeoproterozoic to Mesoproterozoic sediments of the
McArthur Basin, Northern Territory, Australia, and in rocks
of Great Slave Lake in northern Canada. For example, in the
Malapunyah Formation of the Northern Territory, Australia,
the outer portions of numerous decimetre to metre-diameter
silicified anhydrite nodules still retain outlines of felted anhydrite
laths (pers. obs). The oldest reliable sulphate pseudomorphs
after anhydrite and gypsum come from Palacoproterozoic
cherts in the 2.0-2.2 Ga Bartle Member of the Killara Forma-
tion, western Australia (Pirajno and Grey, 2002). These cherts
locally retain small amounts of anhydrite (verified by XRD,
as well as appearing as highly birefringent flecks in thin sec-
tions). Other widespread but younger sulphate pseudomorphs
occur in the 1.2 Ga Borden Basin, Baffin Island, and the 1.2
Ga Amundsen Basin in the Canadian Arctic Archipelago.
Currently the world's oldest documented CaSO, beds outcrop
in the 1.2 Ga Society Cliff Formation in Baffin and Bylot
Islands of the Canadian Archipelago (Kah et al., 2001, 2004).
Sulphate evaporites in all these basins formed beds up to tens
of metres thick and with lateral extents measured in hundreds
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of square kilometres. All were laid down in shallow marine,
coastal, and alluvial environments under an oxygenated Meso-
to Neoproterozoic atmosphere (Jackson et al., 1987; Walker
etal., 1977). By then the hydrosphere contained free sulphate
and Ca/HCO, ratios were lower.

The work of Kah et al. (2004) shows that prior to 2.2 Ga, when
oxygen began to accumulate in the Earth’s atmosphere, sulphate
concentrations in the world's oceans were <1 mM and possibly
<200 pM (Figure 2.33). By 0.8 Ga, oxygen and thus sulphate
levels had risen significantly. Sulphate levels were between
1.5 and 4.5 mM, or 5-15% of modern values, for more than a
billion years after initial oxygenation of the Earth’s biosphere
some 2.2-2.4 Ga and mid -ocean depth waters were anoxic
for most of that time (Brocks et al., 2005). Marine sulphate
concentrations probably remained low, no more than 35% of
modern values, for nearly the entire Proterozoic. A significant
rise in biospheric oxygen, and thus oceanic sulphate, may not
have occurred until the latest Neoproterozoic (0.54 Ga), just
before the Cambrian explosion, when sulphate levels may
have reached 20.5 mM, or 75% of present day levels. This is
a time when thick sulphate platforms first characterised the
salt basins of Oman.

In yet another proposal of hydrosphere-atmosphere evolution,
Huston and Logan (2004) argue that the presence of relatively
abundant bedded sulphate deposits before 3.2 Ga (as baryte)
and after 1.8 Ga (as CaSO, salts), and the peak in banded iron
formation abundance between 3.2 and 1.8 Ga, and the aque-
ous geochemistry of sulphur and iron, when taken together
suggest that the redox state and the abundances of sulphur and
iron in the hydrosphere varied widely during the Archean and
Proterozoic. They propose a layered hydrosphere prior to 3.2
Ga in which sulphate was enriched in an upper oceanic layer,
whereas the underlying layer was reduced and sulphur-poor.
The sulphate was produced by atmospheric photolytic reactions
with volcanic gases in a reducing atmosphere. Mixing of the
upper and lower water masses allowed the banded barytes to
form prior to 3.2 Ga and created an ocean chemistry where
nahcolite was a marine evaporite. Between 3.2 and 2.4 Ga,
decreasing volcanogenesis and sulphate reduction removed
sulphate from the upper layer, producing broadly uniform,
reduced, sulphur-poor and iron-rich oceans.

As a result of increasing atmospheric oxygenation around
2.4 Ga, the flux of sulphate into the hydrosphere by oxidative
weathering was greatly enhanced, producing layered oceans,
with sulphate-enriched, iron-poor surface waters and reduced,
sulphur-poor and iron-rich bottom waters. Gypsum evaporites
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were increasingly likely as marine precipitates. The rate at which
this process proceeded varied between basins depending on the
size and local environment of the basin. By 1.8 Ga, the hydro-
sphere was relatively sulphate-rich and iron-poor throughout.
Gypsum was now a widespread marine evaporite. Variations
in sulphur and iron abundances suggest that the redox state of
the oceans was buffered by iron before 2.4 Ga and by sulphur
after 1.6 to 1.8 Ga.

Gypsum in combination with halite was the marine evaporite
association from then until now. Seawater was a Na-CI-SO,
ocean. Neoproterozoic sulphates along with widespread bedded
halite, occur in the Bitter Springs Formation of the Amadeus
basin, central Australia, its equivalents in the Officer Basin,
the Callana beds of the Flinders Ranges and the Infracambrian
salt basins of the Arabian (Persian) Gulf (Wells, 1980; Cooper,
1991; Mattes and Conway-Morris, 1990; Edgell, 1991).

The transition to calcium sulphate textures in evaporite
pseudomorphs mirrors a marked change in the style of marine
carbonates around 2.2 to 2.3 Ga when herringbone calcite and
precipitated carbonate beds become much less common and
the precipitation mode shifted from the seafloor to the water
column (Figure 1.13; Sumner and Grotzinger, 1996, 2000). The
boundary also corresponds to the “rusting” of the oceans when
oxygen levels became high enough to precipitate widespread
banded iron deposits on the seafloor. Microdigitate stromatolites
cross this boundary with little effect, suggesting the marked
decrease in dissolved iron exerted little influence on them.

The relative scarcity of actual Pre-Phanerozoic salts, not
pseudomorphs, especially in the Archaean has been used
by some to argue that conditions were less favourable for
widespread evaporite deposition in the early Precambrian
(Cloud, 1972). Others, myself included, feel that the relative
scarcity of preserved evaporites in older sequences reflects the
greater likelihood of fluid flushing, evaporite dissolution and
metasomatism in progressively older rocks. It may well be that
sulphate evaporites were less common in the Archaean, and that
sodium carbonates mixed with halite were dominant evaporite
salts in seawater-fed saline giants of the Early Archaean. But
widespread evaporite deposition from sodium-dominated brines
did occur throughout the Archaean in large drawdown basins
isolated from a surface connection with the ocean. A paucity
of preserved bedded evaporite salts in the Precambrian reflects
an increased probability of partial or complete evaporite dis-
solution, remobilisation and metasomatism with increasing
geological age.
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Figure 2.34. Temporal evolution of 8**S from marine chemical sediments (anhydrite,
gypsum, baryte during the terminal Neoproterozoic and early Palaeozoic (after Strauss

et al., 2001 and references therein).

So, by the Late Neoproterozoic marine sulphates are preserved
asactual chemical sediments (anhydrite, gypsum, baryte). Their
impermeable nature means their isotopic signatures are useful
supplements to the much better preserved marine carbon and
sulphide records in defining the transition from the Terminal
Neoproterozoic into the early Palacozoic. Holser 1977, 1984 was
the first to address the specific conditions required to produce
the rapid rise in **S of seawater sulphate during the terminal
Neoproterozoic which he termed the “Yudomski event” after
the regional stratigraphy preserved in SE Siberian evaporites.
His model of stratification-stagnation and subsequent ventila-
tion of the deep ocean and mixing of different sulphur isotope
signatures for dissolved marine sulphate between surface and
deep water was reinforced by subsequent workers (Goodfellow
and Jonasson, 1984; Logan et al., 1995). Recently it has been
placed in the contextural framework of a possible “Snowball
Earth” (Figure 2.34; Strauss et al., 2001). The enrichment in
&*S signature of chemical sediments across the boundary is
real, but its ultimate cause is still a matter of debate.

Holser (1977) favoured brine generation and density/salin-
ity stratification of the Neoproterozoic ocean. Alternatively,
Hoffman et al. (1998) proposed extreme climatic conditions
and coverage of the global ocean with sea ice (Snowball Earth)
followed by a rapid termination of glacial conditions as a con-
sequence of the build-up of large quantities of volcanogenic
CO, in the deeper ocean. Subsequent mixing of water masses
triggered the precipitation of large quantities of cap carbonates

isotopic compositions i.e. carbonate
carbon and sulphate sulphur, reflecting
the biological aspects of the exogenic
cycle (Figures 2.23, 2.34; Strauss et
al., 2001). The temporal record of
the carbon isotopic composition displays intervals of strongly
C-enriched values preceding the Neoproterozoic glacials, a
decline in 8"°C immediately prior to the glacial horizons, and
low 8"*C values in the cap carbonates followed by an evolution
back to more *C-enriched values (Figures 2.33, 5.2¢).

In part, this may reflect severe changes in primary productivity
associated with varying sea ice coverage. Hand in hand with
evolving anoxic conditions in the water column under sea ice,
heterotrophic recycling of organic matter by sulphate reduction
became an important process in the water column, leading to
#S-enriched seawater sulphate. This is clearly documented in
the isotopic composition of resulting sedimentary sulphides
(e.g. Strauss, 1997). Deglaciation and rapid ocean turnover then
transferred **S-enriched water on to the shelf, where marine-fed
sulphate evaporites record this isotopic signature.

Next in the geological history of Precambrian seawater as
preserved in evaporite chemistry comes what is, at least from
an anthropocentric viewpoint, the most significant time in the
evolution of life. It is when metazoans evolved mineralised
hardparts and there was the concurrent evolution of the phylum
Chordata (animals with backbones and our distant ancestors).
Comparisons of chemical compositions of primary fluid inclu-
sions in marine halite chevrons from terminal Proterozoic Ara
Salt (=544 Ma) and Early Cambrian (Toyonian) Angarskaya
Formation of eastern Siberia (=515 Ma) indicate that Ca
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concentrations in seawater increased approximately threefold
across the Precambrian-Cambrian boundary and into the Early
Cambrian (Figure 2.35; Brennan et al., 2004).

The timing of this marked increase in Ca in seawater broadly
coincides with the Cambrian explosion in life, as well as a
brief drop in marine ¥’Sr/**Sr values, and an increase in tec-
tonic activity at mid ocean ridges (see earlier in this chapter
for discussion of how midoceanic spreading rates may link to
oceanic chemistry). Their coincidence suggests a link between
the advent of biocalcification, increased hydrothermal mid-
ocean-ridge brine production, and the changed composition
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Brennan et al. (2004) suggest that the evolution of widespread
biomineralization might be a metabolic detoxification process
induced by large increases in intracellular Ca* as identified
by increases in Ca levels in halite inclusions. During the Early
Cambrian, the ambient oceanic calcium level may have risen
to such a degree that cells could no longer effectively exclude
or expel Ca® ions, causing intracellular Ca® in certain marine
organisms to reach toxic levels (Simkiss, 1977, 1989; Kempe
and Kazmierczak, 1994). Furthermore, high phosphate levels
in Early Cambrian seawater may have amplified the uptake
of Ca®* by organisms (Kempe and Kazmierczak, 1994). Op-
portunistic organisms may have modified their existing cellular

waste-removal systems by binding Ca** as relatively insoluble
minerals (calcium carbonate or calcium phosphate). This

of seawater (Figure 2.35).
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Figure 2.35. Geological and biological changes in oceanic realm during terminal Proterozoic and Cambrian (after Banner et
al., 2004 and references therein). Stages in Early Cambrian are Nemakit-Daldynian (N-D), Tommotian-Atdabanian (T-A),
and Botomian-Toyonian (B-T); Middle (M) and Late (L) Cambrian are also shown. There was dramatic increase in diversity
of animal classes and orders starting in Tommotian time. Phylogeny and corresponding crown group first appearances (time
line) show diversification of animal clades from the earliest Cambrian. Crown groups are the last common ancestor of all liv-
ing members of a clade plus all its descendants. Decrease in marine ¥Sr/2¢Sr ratios * 530Ma during an otherwise increasing
trend in ¥Sr/®Sr ratios likely indicates increase in mid-ocean-ridge spreading rates. Bars indicate possible ranges of oceanic
Ca”" determined from inclusions in chevron halite; open circles represent average values with measured ranges shown in
parentheses in inset table of computed values of seawater composition for the terminal Proterozoic and Early Cambrian with
the composition of modern seawater listed for comparison.
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transition in oceanic chemistry, preserved in halite inclusions,
could have been the starting point of the complex process that
led to exo- and endo-skeletons (and us!).

Hydrology is depositional style

Grains in siliciclastic sediments indicate sediment source or
provenance, grains in a carbonate setting indicate biological
parentage, mineralogy and textures in an evaporite indicate the
nature of the hydrology that created them. During deposition, the
hydrologic framework of an evaporite basin consists of surface
and near subsurface waters flowing into and out of the areas
accumulating salts. It is the upper part of a larger geohydrology
made up of several regimes: 1) the active phreatic/vadose, 2) the
compactional, 3) the thermobaric, and 4) the active-phreatic-

CHAPTER 2

exhumation/uplift regime (Figures 1.1b, 2.36a). Boundaries
are typically indistinct and transitional. The remainder of this
chapter concentrates on syndepositional hydrologies of the
active phreatic regime, where fluid circulation is driven by
solar evaporation and gravity (eogenesis and mesogenesis).
Chapter 8 takes this discussion deeper into the subsurface of
evaporite basins in thermobaric, compactional and uplift re-
gimes (mesogenesis and telogenesis). In the deep subsurface,
where ancient salt masses have spent most of their time, rates
of brine flow are slower, alteration events are longer term and
driven by a combination of temperature, pressure and density
differentials.

Brines and meteoric waters in the zone of active phreatic flow
move under the influence of density/salinity or temperature
gradients at rates controlled by the permeability of the aquifer.
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* Fluid flow driven by mechanical compaction and escape of pore
fluids (overpressuring is possible).

* Waters include: connate waters, modified surface brines and buried
meteoric waters.

* Fluid flow driven by differences in pressure head created by phase
changes. It is a zone of widespread diagenetic alteration
(overpressuring is possible).

* Waters derived by chemical alteration of sediment and ongoing pore
compaction.

* Waters typically entrain hydrocarbons, base metals, CO2 and HoS.

¢ Fluids may be derived by devolatisation of evaporites, the resulting
phases tend to be sodic or Cl-rich.

e Temperatures > 200°C; permeability is negligible.

* Metasomatism is commonplace ion transport mechanism.
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Figure 2.36. Hydrological regimes and processes in evaporitic systems. A) Depth related mechanisms and processes influencing
evaporites. B) Simplified hydrology of the three depositional settings that accumulate evaporites.
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Where areas of strong topographic relief define the basin margin,
as in a continental rift valley or in a transtensional basin-and-
range setting, unconfined and confined meteoric water typically
discharge into the edges of a brine-saturated depression. Fur-
ther out, beneath the more central and topographically lowest
parts of the depression, density-induced brine reflux, and not
meteoric throughput, is the dominant process driving shallow
subsurface flow (Figure 2.36a). In a large evaporite drawdown
basin, such as in the Mediterranean in the Late Miocene, the
level of the discharge zone and the water surface of the per-
ennial brine discharge lake was at times thousands of metres
below sea level. Gravity seepage then moved huge volumes
of marine/meteoric waters into the depression.

Active phreatic/vadose regime

All primary and syndepositional evaporites first precipitate
from brines outcropping at the top of the active phreatic zone
or its capillary fringe. This setting is capable of maintaining
the density or gravity heads necessary to drive, pond and con-
centrate large volumes of brines needed to deposit and preserve
thick salt beds. An active phreatic flow regime encompasses
the zones of seepage outflow, brine ponding, brine reflux and
meteoric flow (Figure 2.36a). The surface of a perennial brine
lake or seaway is the outcropping expression of the regional
water table. In the surrounds, where the regional water table
comes near the landsurface, the top of a capillary fringe may
be the outcrop expression of the same regional water table and
evaporitic mudflats dominate. Solar evaporation drives water
loss at the surface of both settings to form bottom nucleated
and pelagic salts in a standing water body and capillary salts
in a mudflat. Depressions with surface and nearsurface brines
in arid settings indicate groundwater discharge zones and
their ongoing desiccation creates discharge playas and ancient
evaporite seaways. Water lost is replaced by water seeping
in from the surrounds creating a replenishment hydrology
sometimes described as evaporative drawdown. The replace-
ment water can be continental or marine, and can be supplied
via unconfined nearsurface aquifers or via deeply circulating
artesian systems.

Hydrologies in saline basins

Hydrologies that precipitate salts can be divided into two end
members (Figure 2.36b), 1) a perennial brine lake or seaway
(saltern) that at times is density stratified and 2) an evaporitic
mudflat (sabkha) with a landsurface defined by deflation at
the top of the capillary fringe. A common intermediary stage
is an evaporitic mudflat occasionally covered by thin sluggish
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brine sheets (salt pan). Before discussing the significance of
hydrology to evaporitic sedimentation, we first must define
some general hydrological principles (Figure 2.37).

The hydrology of an evaporitic saline mudflat and its landward
surrounds (dry mudflat or sandflat) is controlled by the posi-
tion of the water table in the sediments (Figure 2.37a). Pores
below the water table are filled by water of variable salinity
and constitute the phreatic or saturated zone where the water
volume saturation is total (equals 1 or 100%). The phreatic zone
is the region where gravity-driven groundwaters seep down the
potentiometric slope toward discharge zones (forced-convec-
tion) and dense free-convecting brines, which are created by
the evaporation of free surface waters, sink into underlying
strata (brine reflux).

Above the water table is the vadose zone, where pores are filled
by a combination of soil air and varying levels of water and
brine, water volume saturation is less than one. The vadose
zone in dry mudflats or sandflats contains an uppermost interval
known as the soil moisture zone where the water content can
vary considerably over short time frames. Light rains typically
penetrate the soil moisture zone but are not sufficient to saturate
the whole vadose zone. Pore water returns to the atmosphere,
via evapotranspiration, without ever replenishing the water
table. Fluctuating evapotranspiration levels in this zone vary
widely between storms, reflected in variable metabolic ac-
tivities of the soil biota, variable mean moisture contents, and
varying O, and CO, levels. Pedogenic carbonates and more
soluble salts are typically precipitated as surface crusts and
near surface cements as a result of these fluctuations. With the
next heavy rain the less soluble carbonate precipitates remain,
while any more soluble salts tend to be flushed back into the
subsurface, through a now saturated vadose profile, to re-enter
the phreatic water mass.

Sediments Capillary Rise (cm)
Fine silt 750

Coarse silt 300

Very fine sand 100

Fine sand 50

Medium sand 25

Coarse sand 15

Very coarse sand 4

Fine gravel 15

Table 2.10 Representative thickness of the capillary zone in
various host sediments.
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the mudflat and its landward surrounds. B) Water mass zonation in a perennial brine

lake or seaway.

The process of flushing surface waters to the phreatic zone
is known as infiltration. In a homogeneous medium it re-
quires the whole vadose profile to be water saturated. In an
inhomogeneous medium, such as a karstic or a fractured and
fissured evaporitic landscape, replenishment to the water table
can be more focused. Once the more soluble ions are back in
the phreatic mass they continue to flow as dissolved load down
the potentiometric gradient and ultimately into the discharge
depression where, driven by solar concentration, emerging
waters once again can precipitate salts in sabkhas, pans, brine
lakes and seaways.

been ignored in sedimentological
models of sabkha deposition. First, if
the capillary fringe is relatively thick,
say 0.5 - 1.0 m, then host sediments
must (by definition) have small pore
throats and so must have low permeabilities. A sabkha, by
definition, is a zone characterised by the growth of displacive
and replacive capillary salts. Salinity of pore water in this
capillary fringe is elevated (indicated by the preservation of
gypsum, anhydrite, halite etc.). This low permeability means
that high rates of transient short-term rapid lateral or vertical
flow through a sabkha capillary fringe is impossible. When a
sheet flood covers the 0.5-1.0 m thick saline capillary fringe
of a sabkha with a sheet of fresher surface water (rainwater or
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seawater) this water does not begin to infiltrate until its density
exceeds that of water in the underlying capillary pores. Then,
even when densities do exceed that of the underlying waters,
the low permeability of the narrow pore throats means the rate
of recharge is slow.

To accumulate salts in the capillary fringe the overall solute-
carrying water flow vector over time must be upward, not
downward. It also means that almost all of the water in oc-
casional fresher water sheets covering a sabkha are lost to the
atmosphere. Low permeabilities mean a sabkha is not capable of
maintaining longterm downward reflux flow of water or solute
to the phreatic mass. This is true in all evaporitic mudflats. This
notion of per ascendum rather than per descendum hydrologies
is correctly accommodated in water flow models for most
continental sabkhas and mudflats. This was less so in some
sedimentological models of modern marine margin sabkhas, or
at least this was so until the last decade when detailed hydro-
logical data sets were collected, and coastal sabkha hydrologies
quantified, rather than assumed.

AsWoodetal. (2002) has clearly shown in the Abu Dhabi sabkha
(Figure 3.12b) and Dutkiewicz et al. (2000) demonstrated in
Lake Greenly mudflats and pans (Figure 2.15), solute flux in
the capillary fringe of saline mudflats is largely decoupled from
the effects of water cycling in ephemeral sheets of surface water
and their salt crusts. Most of the solute load precipitated as salts
in a sabkha comes from rising, sometimes deeply circulating
groundwater. It does not come from recharge by occasional
surface floods atop the sabkha. Floods (marine or meteoric) in
a sabkha tend to do little more than redissolve and reprecipitate
surface salt crusts and flush the dissolved contents to the sea
or the basin pan. Floods of surface waters to a sabkha flat tend
to evaporate, not infiltrate. We shall return to this discussion
in more detail in Chapter 3, for now we will just note that any
secondary salts actively accumulating in a sabkha or evaporitic
mudflat at depths of more than a few centimetres below the
landsurface are precipitated by physical and chemical changes
in ascending, not descending, pore waters.

Quantified hydrological observations in the capillary zone of
Owens Lake mudflats by Tyler et al. (1997) underline some
other significant general characteristics of the hydrology of
evaporitic mudflats (Figure 2.4):

1) Effective evaporation rates are higher over brine pools
than evaporitic mudflats, especially those mudflats cov-
ered by a salt crust.

2) Depth to the water table in a mudflat is a significant control
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on the volume of capillary salt precipitated in an evaporitic
mudflat or saline pan. That is, much higher volumes of salt
accumulate in regions where the saline water table resides
closer to the sediment surface for longer periods of time.
3) Because winter and spring water tables are higher (typi-
cally cooler with more precipitation) than summer water
tables, the rate of capillary salt accumulation in some mudflats
can be greater than in the hottest and driest part of a year,
when water tables are lower.

The top of the capillary fringe is the landsurface in those parts
of anevaporitic mudflat (sabkha) that are actively accumulating
surface salt crusts. Heating of pore waters moves liquid water
into vapour thatleaks into the atmosphere only in the uppermost
few centimetres of the capillary zone, immediately beneath the
landsurface. The salinity of the residual brines in this uppermost
zone increases to where various salts precipitate (Figure 2.38).
Lost waters are replaced by the rise of capillary waters from
below in the process known as capillary rise.

There is another general principal of soil physics in operation
here that many sedimentologists working in sabkhas have
ignored. To concentrate a brine to where water is lost in large
amounts happens largely in the uppermost parts of the capillary
fringe, not throughout its whole extent. This is why in every
capillary fringe in every discharging sabkha in every modern
example, the most saline pore waters (and the most saline
salts, sometimes including bitterns) occur in the uppermost
portion of the capillary fringe or in the efflorescent crusts at
its surface (Figure 2.38). The underlying capillary waters show
upward increasing salinities but never attain the salinities of
this uppermost few centimetres where salts can evaporatively
precipitate (Figure 2.38).

And yet, from the displacive evaporite textures seen in the
capillary fringe of most sabkhas and evaporitic mudflats it is
obvious that sabkha salts do not only precipitate as surface and
uppermost nearsurface efflorescences and crusts (Figure 3.6¢).
This leads to the conclusion that preserved calcium sulphate
salts in the classic Abu Dhabi sabkha and probably many
other sabkhas are a type of retrograde evaporite precipitate
known as thermalite salts (Wood et al., 2005). Such salts form
passively and displacively in the bulk of the capillary fringe,
below the uppermost interval of ephemeral evaporative halite
and bitterns. The precipitation mechanism is heating of a rising
capillary pore water solution that is dominated by a retrograde
phase (anhydrite, gypsum) to temperatures above 25-30°C (see
Chapter 3 for details). Sabkha salts in a capillary zone are “true”
evaporites in that the overall precipitation hydrology is driven
by solar evaporation, but the local precipitation mechanism in
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Figure 2.38. Measured moisture and chloride profiles in the vadose zone of two
monitored boreholes in the salt-crusted clay-dominated saline mudflats in Owens
Lake, California. Measurements were made in summer of 1994 and 67 days after
last recorded rain in the region (after Tyler et al., 1997). A water saturated profile
would have a volumetric water content or saturation of 1 or 100%. See figure 2.4

for location, both boreholes are from the saline mudflat site.

the bulk of the capillary zone is more a response to temperature
change than to evaporative concentration.

In contrast, the hydrology that preserves modern bitterns
(carnallite) in the bedded halites of Qaidam Basin is not that
of a capillary fringe in a sabkha about the lake edge. By defi-

the bottom layer does not disappear. The
upper water mass that periodically mixes
is the mixolimnion, the lower permanent
mass is the monolimnion. Oligomictic is
used to describe stratified water masses
that mix or homogenise for short irregular
periods every few years.

Mixing in a saline water mass is controlled by the evaporation
and concentration of the upper water mass until it reaches a
density equivalent to the lower water mass. Then mixing or
overturn occurs. Substantial density differences between the
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upper and lower masses in most density stratified systems
means diffusive mixing across the halocline is insignificant. A
stratified system is a stable system, so that when a hypersaline
water mass is density stratified there is little bottom precipi-
tation of salts. Sedimentation is mainly by a pelagic rain of
crystallites, which first formed either in the uppermost part
of the upper water mass or by brine mixing at the halocline.
Whenever the upper and lower water masses equilibrate and
homogenise, bottom nucleation of salts is possible even at
the base of deep brine columns, as is occurring in the Dead
Sea today (Chapter 4). Whenever a homogenised water mass
restratifies, the rate of brine reflux in to sediments below the
sediment brine interface slows and ultimately stops, for there
is no ongoing mechanism to resupply brines denser than pore
waters in the substrate.

Refluxing brine plumes beneath homogenized surface water
masses sink and at the same time start to spread laterally to-
ward the basin fringes where they mix with incoming forced-
convection waters of the seaway or playa margin. Ultimately
plume waters can return to the surface in a diluted form as a
component of spring or seep waters or they can be lost to the
regional hydrological flow. Reflux-driven convective flow is
an effective way of moving salt load through large volumes of
basin sediments in modern saline depressions (e.g. Lake Tyrell,
Australia: Figure 2.20) and also explains the distribution of salts,
pseudomorphs and dolomites in ancient sediments that underlay
or were adjacent to areas accumulating bedded salts.

Mudflat aggradation mirrors water table changes
Unconfined meteoric and marine groundwaters seeping and
discharging into the edges of an evaporitic depression have
a potentiometric head defined by the position of the regional
water table. The unconfined meteoric water table surrounding
a modern coastal marine-seepage lake is typically a few centi-
metres higher than sea level. In a continental saline lake or an
ancient drawdown saline giant, the water table about the basin
margin is higher than the brine level within the evaporite-ac-
cumulating depression (Figure 2.39a). Once meteoric/marine
groundwater seeps into discharge zones within the salt-ac-
cumulating region of the central depression, it comes into
contact with more saline and denser surface and pore brines.
On average, the throughflowing waters beneath a mudflat or
bajadamargin are less dense (fresher) than hypersaline waters in
the brine-saturated lowermost parts the saline depression. After
a heavy rainstorm or a flood, a shallow fresher groundwater
layer forms along the strandline edge of the permanent brine
lake or seaway as freshwater floats atop a wedge of denser
hypersaline pore waters (Figure 2.39a, b).
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Shallow meteoric sheets and groundwater lenses are typically
transient mudflat features, so without ongoing recharge, these
freshened groundwater outflows within the mudflat dissipate
via capillary evaporation and are replenished by more saline
pore waters. Alkaline earth carbonates and lower salinity salts
can precipitate as surface crusts or nearsurface pedogenic
nodules and crystals in the vadose portions of the basin edge.
During prolonged dry spells, capillary evaporation continues to
lower the saline mudflat water table until flow directions may
be reversed. Brines in aquifers from the basin centre and more
deeply circulating region groundwaters begin to seep into the
margin to replace the lost capillary fluids. Increasingly saline
pore waters in a saline mudflat, mean salts, which crystal-
lised earlier, can now evolve into more saline precipitates via
backreaction and replacement (Figure 2.39c).

With the next inflush of freshened recharge the water table
rises once more in the marginward vadose zone of the saline
depression. At the same time a thin sheet of fresh rainwater
or seawater can cover the surface of the saline mudflat. This
redissolves highly soluble salts of the uppermost capillary
zone, along with any of the more soluble surface efflorescences
(Figure 2.39b). A wedge of freshened water now floats above
a stable body of dense brine, both atop pore waters of the
saline mudflat and atop a dense lower brine mass the central
density-stratified perennial brine lake. This blanket of freshened
water shuts down evaporation of saturated waters and prevents
further accumulation of salts, both in the uppermost parts of the
capillary mudflat and in the salt brine covered regions of the
perennial lake or seaway. The style of surface sedimentation
at this time is sheet flood sands followed by accumulation of
suspended load clays.

Then, as the depression begins to dry out, the brine sheet shrinks
until it only covers the lowermost parts of the lake depression,
the zone of perennial lake waters. Once the saline mudflats are
re-exposed, capillary evaporation begins once more. At some
pointin this desiccation stage, surface water becomes saturated
and crystallites formed at brine surface sink through the brine
column to the lake/seaway floor (pelagic sedimentation of
carbonate and gypsum). Bottom nucleation and intrasediment
prograde precipitation of reflux salts beneath a standing brine
lake recommence when the rising salinity (density) of the up-
per water mass comes to equal that of the lower brine mass.
The two water bodies then mix and precipitation of bottom salt
begins anew (Figure 2.39a).

Near surface sediments in saline mudflat margins experience
the effects of schizohaline pore waters. Salinities in sediments
beneath perennial (meromictic) brine-covered depressions
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tend to be more stable, although a body of freshened surface
water comes and goes. Textures in schizohaline salt beds are
dominated by ongoing re-equilibration reactions, backreactions,
dissolution-reprecipitation and haloturbation, while textures in
beds deposited in perennial brine seaways and lakes tend to be
more stable and dominated by large growth-oriented crystal
beds and brine reflux re-equilibration textures below.

As an evaporite basin aggrades toward its hydrological equi-
librium level (Figure 2.39¢) the depositional surface aggrades
into ephemeral brine sheet (pans) and ultimately mudflats
(filled accommodation space). The progression brine lake to
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amudflat induces schizohaline textures in the uppermost parts
of each shallowing upward hydrological cycle. If there is no
rise in regional watertable, the same textural shoaling occurs
across the whole discharge zone.

Indicators of fluctuating water tables

Because evaporites form by the evaporation of discharging and
ponding waters, any longterm water table fluctuations in an
evaporite basin influence sedimentation style and mineralogy
on scales coarser than the stacked gypsum and tepee trunca-
tion layers and parasequences described in Chapters 1, 3 and
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Figure 2.39. Cross sections showing hydrological stages in the active phreatic zone in an evaporitic seaway or a continental
lake. A) Perennial saline lake accumulating widespread subaqueous evaporites from a nonstratified brine body. Capillary
evaporation of fresher water lenses about the lake margin. B) Perennial saline lake or water full stage with subaqueous brine
lens isolated from solar evaporation processes by a layer of surface water. This shuts down widespread crystallisation in lower
brine body and slows brine reflux. C) Playa stage where ongoing evaporite fill, or lowering of regional water level, means
the sediment surface is mostly subaerial and in capillary equilibrium with saline lake water table. This is a classic evaporitic
mudflat or sabkha hydrology. No fresh water lens exists until after the next flood event.
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Table 2.11. Some examples of modern capillary deflation surfaces or Stokes surfaces.

4. Longterm aggrading water tables (or regional subsidence)
in an evaporite basin enable the capture of formerly vadose
sediment by the damp, sticky to wet conditions that charac-
terise the capillary and phreatic zones and so facilitate the
preservation of formerly vadose and nonevaporite sediment
in the depositional system - sediment that would otherwise be
blown away (e.g. Newell, 2001). It is aggrading water tables
that ultimately preserve almost all ancient sabkha, brine lake
and dune sediments.

Falling water tables enable entry of vadose conditions into
former capillary and phreatic sediments. This leads to the dis-
solution of salt beds, to eolian deflation and to the formation
of residual sediment layers that come to lie at or just above the
regional water table. Episodes of active deflation in the Late
Quaternary have periodically fed the extensive quartzose and
gypsum sand dunes that abut numerous playas in Australia,
Saudi Arabia and the southwest USA. Deflation to the top of
the capillary fringe creates the characteristic flat surfaces of
many modern playas, sabkhas and interdunal depressions. The
hydrological process has been called watertable bevelling as it
is tied to the erosional top of the capillary zone (Bowler, 1986,
Warren and Kendall, 1985). The capillary surface erosionally
truncating underlying sedimentary structures is termed a
Stokes surface.

Stokes surfaces

Stokes surfaces accompany changes in the base level of erosion/
deflation and are commonplace in eolian sand seas or ergs abut-
ting ancient evaporite beds. At the local scale a Stokes surface
defines the top of the sedimentation surface in a degrading wet
interdunal depression (Table 2.11; Stokes, 1968). A succession
of such truncation surfaces can be preserved atop a number of
depositional cycles as successive packages of sediments aggrade

and stack, driven by longterm water table rise. Changes in wa-
ter table level may indicate climatic change or episodic basin
floor subsidence. At the regional scale an extensive truncation
surface in an ancient desert succession, which passes through
various arid lithofacies, is called a super-surface or a super
bounding surface by sequence stratigraphers, but it is really a
glorified Stokes surface.

Stokes surfaces create sharp planation surfaces in eolian
crossbeds, sometimes outlined by a thin veneer of lag sedi-
ment (Fryberger et al., 1983, 1984). Water table control on
their creation is clearly seen in the Umm Said portion of the
Qatar coast south of Doha where large transverse and barchan
dunes still migrate into the sea (Figure 2.40a). This eolian-fed
progradation of the shoreline and the creation of the associated
Stokes surface has been taking place since the early Holocene
sea first intersected the sand sheet (Figure 2.40b, ¢). The Stokes
surface is the surface of uppermost eolian preservation and it
migrates seaward as the dunes build out into the Arabian Gulf.
In all modern coastal dune successions the Stokes surface is the
top of the capillary zone and it approximates sealevel.

Erosion surfaces, defined by the top of the capillary zone also
truncate anhydrite nodules or enterolithic folds in the upper
parts of the coastal sabkhas of the United Arab Emirates (Figure
3.4g). In the fine grained matrices of a sabkha the erosional
truncation of an evaporite is typically up to a metre above the
water table. Stokes surfaces are an integral part of the capillary
hydrology of a sabkha and are very useful in distinguishing
ancient mudflats from subaqueous evaporites (Warren and
Kendall, 1985).

Aggrading water tables in discharge depressions in sand-rich
eolian environments can promote the passive precipitation of
pore cements in the uppermost part of the capillary zone. In
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Figure 2.40. Umm Said Sabkhat, Qatar. A) Transverse and barchan dune moving seaward atop sandflat and coastal sabkha
(Image courtesy of NASA). B) Cross section and core from an Umm Said sabkha in coastal Qatar showing how the deflation
surface that defines sealevel and the top of modern coastal sabkhas is also a Stokes equilibrium surface (indicates the top of
the capillary zone). C) Schematic core taken in position shown in B. (B and C after Shinn, 1973).

modern dunes and sandflats these aggrading salt-cemented in-
tervals are sometimes called salcretes, the evaporite equivalent
of capillary calcretes. They are made up of passive pore-filling
cements (gypsum or halite), not the active displacive nodules
and crystals that typify sabkhas. Schenk and Fryberger (1988)
noted such massive phreatic-gypsum cemented zones act as a
lower limit to any subsequent eolian deflation in the gypsum
dunes of the White Sands dune field, New Mexico. They create
acemented near-horizontal base level to erosion, now seen as a
widespread Stokes surface in the interdunal corridors. Aggrading
salcretes, tied to a rising water table, can help preserve capil-
lary and eolian sedimentary structures. Salcretes were the main
reason why dune topography is preserved in some transgressive
settings where ancient ergs are overlain by evaporite beds (e.g.
Entrada-Todilto and Rotliegende-Zechstein formations).

Megapolygonal desiccation cracks are another expression of
the hydrology associated with a Stokes surface and form in
deflating mudflat or playa sediments in conjunction with a
regionally falling water table (Figure 2.41). Megapolygons can
be up to 300 m wide and separated by fissures up to 5 m deep,
they characterise the modern surfaces of a number of Basin
and Range playas in Oregon, Nevada, California, Arizona and
New Mexico (Neal et al., 1968). Fissures are hosted in fine-
grained playa sediments rich in clays and carbonate minerals.
The fissures, which are up to 1 metre wide, are routinely filled
or partly filled with wind blown sands (mixture of quartz and
gypsum). Individual fissures tend to be discontinuous across
the playa surface and often display en-echelon patterns.
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Megapolygons are the result of shrink-
agein fine-grained lake sediments and
indicate water loss following a fall in
the piezometric head. In some cases
the water table lies 3-20 m below
the megapolygonal surface. As pore
waters evaporate from the upper part
of the newly created vadose zone,
tensile stresses accumulate in the muds
until they eventually rupture into the
polygonal fissure network. Neal et
al. (1968) interpret the fissures as
indicating vigorous desiccation overa
number of years. Some playa fissures
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Figure 2.41. Megapolygonal desiccation cracks, partly filled with sand captured as it
saltated across the deflationary playa surface. Fissures formed by a lowering of the
regional water table and the associated shrinkage during drying of lacustrine clays
(after Neal et al., 1968).

may be related to overexploitation of

the local groundwater resources in the

last 50-100 years, mostindicate the rigorous climatic transforma-
tion that occurred during the Pleistocene-Holocene transition.
Identical sand-filled fissures, up to 18 cm wide and 5.7 m deep,
have been documented in the Pennsylvanian Hermosa Formation
of southeastern Utah (Loope and Haverland, 1988).

Stokes surfaces and palaeohydrology

Recognition of Stokes surfaces, associated interdunal sabkhas
and wet mudflats/interdunes has broader scale implications
in terms of regional hydrological evolution over time frames
measured in thousands of years and to permeability models.
Most modern Stokes surfaces either are a coastal groundwater
response to progradation since the last rise in sea level some
6,000 years ago, or are a hydrological response related to marked
climatic changes in deserts from the Late Pleistocene to the
present, usually toward increasing aridity (Table 2.11).

Changes in the level of ancient regional water tables and
aggradation of base level (creation of accommodation space)
is often preserved in ergs (sand seas) abutting the edges of
evaporite basins in the USA and elsewhere (Mountney and
Thompson, 2002). For example, Havholm and Kocurek (1994)
used the presence of regional discontinuities in the erg succes-
sion to interpret the depositional history of the Jurassic Page
Sandstone of the Colorado Plateau, USA (Figure 2.42). The
Page Sandstone was deposited in a coastal erg where there
was a constant rise and fall of the strandzone of the adjacent
epeiric seaway. These eolian sediments encompass a number
of regional erosion surfaces known as super bounding surfaces
or supersurfaces. Sometimes the interdunal portions of these
supersurfaces preserve giant (5 m high) stromatolites indicat-
ing flooding and longterm at-surface brines in the interdunal
corridors (Eisenberg, 2003).

Correlation of super-surfaces between outcrops defined inter-
relationships between the dune sands and the interlayered

o] Dune sets

Lo

[_] Sabkha sediments
v Supersurface

AN

b WY Supersurface with polygonal fissures
~ Level of sediment surface

annat-a Level of water table

Figure 2.42. Accommodation space for Jurassic Page Sandstone (30-50 m thick) sedimentation was controlled by interaction
during subsidence between deflation (solid curve) and changes in the level of the water table (dashed curve). Surface a is
overlain by sabkha sediments that were not eroded, surface b is overlain by partly eroded sediments, and surface c is an
erosional surface with polygonal fissures. Numbers 1-4 on sedimentation curve indicate type of activity: 1) dune accumula-
tion, 2) deflation, 3) sabkha formation or formation of polygonal fissures, 4) deflation of surface features (from Havholm and

Kocurek, 1994).
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The Jurassic Entrada Formation shows
a similar water table control with its

Entrada dune sands

-with palaeotopography._- -

sea-marginal setting, promoting nu-

merous internal truncation surfaces

B | I tied to deflation to the top of the cap-
e o nﬁﬁgﬁgé gdﬂ— m illary fringe (Crabaugh and Kocurek,
f M Entrada s 1993). Sediments deposited in the pas-

¥ 1ng)|_ T z ~“" dune sands ' % sage of the Entrada Fm. into the overly-
7'( 20m “ 77, ing evaporitic Todilto Fm. are unusual
/ o

for an eolian system. The upper part of
the Entrada is characterised by mass

Limestone limit

™ Gypsum limit

flow deposits and preserved eolian
dune palaeotopographies beneath
sandy subaqueous strata, rather than
the more typical erosional top with
the eolian unit passing up into conti-
nental deposits (Figure 2.43a; Benan
and Kocurek, 2000). Preserved dune
remnants have relief of up to 35 m and
are buried by onlapping, subaqueous,
largely structureless sandstones. The
latter are derived by mass wasting of
the upper portions of the dunes as re-
gional water levels rose. Eolian sands
were redeposited as sediment-gravity

flows, which infilled depressions be-

Figure 2.43. A) Outcrop drawing showing preserved dune palaeorelief with onlapping
structureless sandstones and overlying limestones of the Todilto Formation. The Entrada
Sandstone underlying the preserved relief consists of interbedded dune sets and
evaporitic mudflat (sabkha) deposits (after Benan and Kocurek, 2000). B) Approxi-
mate Late Callovian-Oxfordian(2) palaeogeography of the Four Corners area after
partial marine transgression of the Entrada. Extent of the Todilto Formation shown with
concentric limits of limestone and gypsum within the unit, with surrounding eolian units

tween the dunes. Preservation of dune
palaeotopography beneath mass-flow
deposits argues that flooding of the
Entrada dune field was geologically
rapid and energetically gentle.

(after Lucas and Anderson, 1994).

sabkha and interdunal successions (Figure 2.42; Havholm
and Kocurek, 1994). Sand accumulation in the Page was
episodic and punctuated by the formation of supersurfaces
tied to substantial lowerings of the regional water table. This
created both Stokes surfaces and megapolygonal fissures.
Sabkhas and interdunes aggraded as the water table rose until
sedimentation surfaces sat above the top of the capillary zone.
Then vadose sedimentation, typically eolian crossbedded dunes
sands, dominated once more. Thus the Page Sandstone is a
collection of desert dune-interdune successions preserved in
accommodation space created by an overall rise in the water
table (basin subsidence). The smaller scale sequence packaging
(dune alternating with wet interdune) reflects periodic rises
in the water table, tied to shorter-term variations in climate,
tectonics (subsidence) and changes in the strandline positions
of nearby seaways or lakes.

Flooding heralded the onset of a

restricted density-stratified brine
lake/seaway, which deposited the evaporitic Todilto Formation.
This seaway was a marine-seepage fed drawdown depression
within what was the lowest part of the erg. This type of seepage
encroachment converting the erg to a lake meant there was no
transgression of a high energy marine coastline across the top
of the sand sea (Figure 2.43b). Rather, aggradation of the saline
water table was a relatively gentle process, with preservation
of dune topography beneath lacustrine laminites perhaps aided
by the formation of ephemeral capillary-fed salcretes. Salcretes
precipitate where the capillary zone intersects the eolian land-
scape in any arid zone transition from an erg to a brine lake. A
similar preserved dune palaeotopography, also with ephemeral
salcretes, formed atop the Permian Rotliegend/Wiessliegend
sands of the North Sea and heralded the onset of evaporite
deposition in the saline giant that deposited the Zechstein salts
(Glennie and Buller, 1983).
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The position of the water-table in many ancient sand seas
controlled the depositional style and facies continuity of
various windblown sand units (Figure 2.44). Less permeable
lenses of salcrete-cemented, damp and wet interdune strata
and interdunal sabkhas exhibit an intertonguing, transitional
relationship to the toe-sets of adja-
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the Sahara, Arabia and Mongolia. But these analogs are all
purely continental settings, located a long way from the ocean
and from any other permanent body of surface water with a
hydrology capable of depositing a widespread evaporite seal
over the top of the erg.

cent and overlying eolian dune units
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The reality is that homogenous eolian sand reservoirs are not
all that commonly associated with bedded evaporite seals that
overlie windblown sediments. Typically, thick homogenous
dune sand units are not preserved at or immediately beneath
the contact with a encroaching evaporite seal. The encroach-
ing hydrology associated with the passage from an eolian
system to an evaporite system simply does not allow wide-
spread vadose conditions during the transition. Rising water
tables feed capillary salts that patchily cement the reservoir
sands during passage into deposition of an evaporite seal.
Reservoir quality in these systems is typically a reflection of
intergranular cement intensity (anhydrite or halite) and is not a
directreflection of primary depositional geometries or primary
sedimentary structures. By the time an evaporite seal covers
a unit dominated by windblown sands any loose sands have
already blown on and away into the interior, as is the case in
the central Arabian Peninsula, or have been dispersed into the
shoreface, as in the southeastern Qatari and northeastern Saudi
coastal zones (Figure 3.57).

Preserved sandflats about the edges of most aggrading and
transgressive evaporite seaways are tied to deflation control-
led capillary fringes and aggrading marine water tables. Such
a hydrology must deposit evaporite cements wherever the
capillary fringe intersects the land surface and reflux cements
where brine plumes sink into the underlying sands beneath
brine-filled interdunal corridors (Figures 10.40 - 10.42). In this
hydrological setting the sabkhas, mudflats and salcretes that
characterise the transition to the seal facies create low perme-
ability cement patches within any underlying eolian sediment
sheet. Thick piles of more homogenous vadose crossbedded
dune sand that may have once been present in the region prior
to the encroachment of the evaporite precipitating hydrology
now lie deeper in the succession, and so are of less interest in
terms of modelling hydrocarbon production from sediment
beneath the evaporite seal.

Reservoir models for flow response in eolian sandflats sealed
by evaporites should not assume intraformational continuity
in the sands beneath the seal. Instead, a competing model
with two end-members is more appropriate. At one end of the
depositional spectrum are damp/wet interdune strata in wet
eolian sandflats with shallow water tables. At the other end
of the depositional spectrum are dry dunes with deep water
tables that are flooded by the rapid entry of seawater into the
continental depression. Inputs to the model can be quantified
by the relative proportion of dry eolian version versus wet
interdune structures seen in core or core-calibrated FMIimagery.
Scaling of reservoir geometries can be done using analogues
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for the various styles of watertable encroachment on coastal
dunes as seen in modern marine and lacustrine settings (e.g.
Figures 3.58 - 3.61).

A climbing dune model (relevant for much of the Entrada
Sandstone, in Utah) requires moderate—high sediment supply
in balance with a relatively deep water table. It has a relatively
low potential for widespread capillary salcretes and fine-grained
interdunal sediments (Figure 2.44a). The non-climbing dune
model at the other end of the hydrological spectrum is character-
ised by widespread episodes of non accumulation or hiatii (rel-
evant for climatically controlled supersurfaces as in the coastal
zone of modern NE Saudi Arabia, Sabkha Matti in the UAE,
the White Sands of New Mexico, the Late Quaternary sandflats
surrounding Lake Eyre and their Pre-Khuff counterparts in the
subsurface of Saudi Arabia). It requires periodically low rates of
sediment supply, high rates of deflation and longterm low rates
of creation of watertable controlled preservation space for the
sand sheets. It has a much higher potential for large areas of the
system to be deflationary, for large areas of the sedimentation
surface to intersect the capillary fringe and for the preservation
of widespread capillary salcretes (Figure 2.44f).

Defining which of the various intervening styles of sediment
accumulation in the eolian succession under study is important
inmodelling porosity and permeability extents and in correlating
lateral extents of high permeability zones in ancient sand bod-
ies (Mountjoy and Thompson, 2002; Figure 2.44b-e). Textures
indicative of dry or wet eolian systems and interdunal sabkhas
are discussed in the next chapter. Wet interdune textures are
described in detail by Goodall et al. (2000).

Degrading hydrology and playa capture

Aside from Stokes surfa