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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
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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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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



INTERPRETING EVAPORITE TEXTURE

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.

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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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

M

/COZ

domes and mats dominate in the 4/@0\
schizohaline ephemeral waters of (9\\6‘\\‘5’0
North and South Stromatolite Lakes 006;00

in the Coorong region of South
Australia (Figure 4.5a), while poorly
preserved hydromagnesite-magnesite COy?
stromatolites characterise much of
the present-day playa surfaces of the

C&i&

7-15°C

Yesilova ultramafic complex

N
Salda Golu
hydromagnesite
stromatolites CO,
evaporation
torace )/
errace / 12338 /
Mg 300 ppm 18°C

Na 200 ppm 7.5°C

okm 200m

Caribou Plateau in Canada (Renaut,
1993a). Similar stromatolite domes

characterise the highly alkaline 1999).

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 at the 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

BIOTAL
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PRECIPITATES

Isopachous stromatolites

D Open marine carbonates

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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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 exiremely 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).

Ancient pisolites may be marine-fed or continental; all ac- form about the strandzone margins of continental saline lakes
cumulated in CaCO, saturated waters. Seepage pisolites are

part of a sedimentological association where pisolite crusts are

and salars.

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.himl; 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, [ 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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“in situ” precipitation of laminae and
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place. But younger Proterozoic marine

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.



22

CHAPTER 1

CaSO0:

NaCl

Secondary or
syndepositional
(anhydrite or gypsum)

Primary or depositional
(typically gypsum)

Secondary or
syndepositional
halite

Primary or depositional
halite

Evaporitic mudflat
Brine seaway or lake
(saltern)

Evaporitic mudflat

Brine seaway or lake
(saltern)

&H 1aFes

\J
. . Lo
Displacive nodules @©

@ —
and microkarst ¢ —Cx
. VVYW =

~
o\ = =
Bottom nucleated and —— =5 =
reworked gypsum %2
(ripples and gypsolitves) Bomite
‘0 '9/0.) and belagic
L g sum
6E’o QEO/@,/ P
0, %, & .apon-,es
oy, Nay L ]
apofftes am

Displacive halite and

microkarst cement

ape

EEREX
o]

ons, rafts
and mechanically reworked
(ripples and halolites)

Deepwater halite R Haloturbation and
laminite (inferred) & ¢ chaotic halite
eﬂrb  d 4\\@6
Pf\“‘a‘:o‘:@@
.
amB -ge Goﬂdaﬂ

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

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
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——
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(bird-beak)
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Cool (< 15°C) Hot (>35°C)
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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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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.
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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.
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Figure 1.19. Subaqueous halite A) Thin section photomicrograph of halite from perennial salin

Fow ol W . 4
e 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 Gypsum dunes along the edges of an active continental sabkha formed atop a Jones, 1953
now deflated perennial saline lake

White Sands, New Mexico Gypsum dunes created by active deflation of gypsiferous sediments of Pleisto- Langford, 2003
cene Lake Otero

Salt Flat Playa, New Mexico Gypsum dunes along the edges of an active continental sabkha forming atop a Hussain and Warren, 1988
former perennial saline lake

Laguna Ojo de Liebre area of Gypsum dunes along the mudflat edges of coastal lagoons Kinsman, 1969
Baja California

Continental playas or salt lakes ~ Gypsum lunettes in most salt lakes in zones of continental seepage outflow in the ~ Bowler, 1983

of inland Australia interior of Australia including; Lake Eyre, Lake Frome, Lake Fowler, Lake Malata- ~ Chen et al., 1990
Greenly, Lake Amadeus, Prungle Lakes, Lake Lefroy and Lake Cowan. Other less  Dutkiewicz et al., 2002
saline pans are lined by lunettes of pelleted clay or sand Magee, 1991
Zheng et al., 2003
Salinas of coastal westernand ~ Gypsum dunes formed by late Holocene deflation of lacustrine gypsarenites in Arakel, 1980
Southern Australia a marine seepage lake that is currently filled to within a few cm of sea level (e.g. ~ Warren, 1982b

Lake Macdonnell, Marion Lake, Streaky Bay Lakes, Hutt Lagoon)

Dunes in chotts in South-central ~ Gypsum dunes derived by the subaerial break-up and deflation of gypsum crusts ~ White and Drake, 1993
Tunisia that cover much of the seepage areas in the chott

Table 1.4. Some regions where gypsum dunes (lunettes) are associated with the deflation of saline lake (playa) sediment.

Pleistocene veneer
- mostly calcreted sands |

Adelaide| .
O

o el

QOcean

Backstairs Passsage

Figure 1.21. Late Pleistocene lunettes in saline pans (salt lakes) in semi-arid southern Australia near the town of Yorketown
showing gypsum lunettes at the edges of some of the wind-oriented lakes at the southeastern end of Yorke Peninsula. The larg-
estis a gypsum lunette some 2 km long 100 metres wide and 30 metres thick at the southeastern strandline of Lake Fowler, the
large T-shaped lake with a long axis = 6 km (see Warren 1982b for description of gypsum in the lunette). It was extensively
quarried in the early part of last century. Larger gypsum dunes (lunettes) are shaded black in the geological map (Landsat
image courtesy of NASA).
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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.
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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
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

varves (Dean and Anderson, 1982). If so, it means the broader
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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of stratification in the perennial pond brines in the inter-reef areas (after Talbot et al., 1996).

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
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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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Figure 1.26. Anhydrite characteristics. A) Anhydrite nodule growth into chicken wire and enterolithic anhydrite. Also shows
how successive new anhydrite laths break and rotate earlier formed laths. The end result is a nodule with a margin composed
of laths aligned subparallel to the its edge. Many nodule interiors preserve clusters of subparallel laths showing large nodules
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Shearman and Fuller, 1969; Warren and Kendall, 1985).



40

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



INTERPRETING EVAPORITE TEXTURE

air air
phreatic phreatic

Halite-saturated brine

Halite-saturated brine

Mud and

early salts_, N4

Coarse, clear X
halite cement A

! }

Flooding and evaporation Brine concentration

air
Freshened brine or brackish water
inflow with suspended clays Dissolution

displaced former brine g
__— planation

Subaerial I\\/Iicro-karst voids

N =\ ¢

Vadose

Halite-saturated
pore fluids

@\ﬁ‘@ O > (no dissolution)

4
Brine 4hening
4

Halite-satuated brine

Phreatic

Air

Phreatic

Pristine aggrading
chevron halite

NOV Ty,
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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 structu