Gypsum and Anhydrite of Recent Age,
Trucial Coast, Persian Gulf

ABSTRACT

The infilling of lagoons along the Trucial Coast, by Recent carbonate sediments, has pr
duced a supratidal coastol plain, which extends along 150 miles of coastline, is move than 10
wide in some places, and covevs an avea in excess of 1000 square miles. High temperatuves an
low yainfall give vise to high net evaporation, which vesults in the formation of concentrated, e
water derived, intevstitial brines. Inferstitial precipitation of new minerals takes place and re
actions occuy between brines and initiel avagonitic sediments. Widespyread dolomitisation ocou¥

mid and inmev pavis of the coastal plain, mainly above the watev lable, The anhydrite is chara
tevislically nodular in form. Other assaciated diagenctic minevals ave celestite, halite, and:
huntile. ;

The course of the diagenetic veactions can be closely followed by changes in brine compo:
tion, for example, Mg*™ loss parallels dolomitisation and 80 4 =loss parallels sulphate minevdl

development. Ultimate brines have “Mg™+/%CarT yotios of less than two and S04 = is pres
only trace amounts.

This first widespread development of Recent, natuval anhydrite hus enabled the stability
rvelationskips of gybsum and anhydrite to be defined. I i{s consideved that the relatively kagh te
peratures and high rales of evaporation account for the precipitation of anhvdrite.

The supratidal coastal flat envivonment of the Trucial Coast is compared with szm-zlm‘ a'r
in other parts of the world. In addition, the supratidal flat developments to be expected in cay
bonagte sedimenl sequences ave compared and contrasted with those in noncarbonate sequences
The Trucial Coast developments are proceeding at a vapid rate, and ave developed on a geolo,
cally significant scale. It is suggested that similay envivonments in the past can account fav th

developmenl of penecontemporancous dolomites, and thin evaporite sequences, pavticulariy of
rodular anhydvile bype.

INTRODUCTION

Calcium sulphate minerals are of widespread occurrence throughout much of the geologic
record. Modem, natural occurrences of these mincrals are in general rather restricted and di
rect comparison with many of the ancicnt evaporite sequences has not proved possible. The pu
pase of this paper is 1o describe an area where the calcium sulphate minerals, gypsum (C
2H,0} and anhydrite (CaS04) have been extensively developed during the past few thousand yea
In addition, uther Recent occurrences of these minerals will be reviewed. The gypsum-anhyd:
equilibrium, about which 8o much controversy has centered. will be considered in the light of r
cent laboratary data and the field data from the Trucial Coast. The new data and observations
able at least some of the previous uncertainties, relauing to the origin of anhydrite, to be res
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A more detailed descriprion and analysie of the sedimentary and diagenetic processes at
work along the Trucial Coast of the Persian Gulf is in preparation (Kinsman, 1965a). Only those
parts of the study which bear on the devélopment of gypsum and anhydrite are included in this pa-
per, apart from a general introduction to the environment as a whole,

TRUCIAL COAST ENVIRONMENT

General description

The Persian Gulf is a shallow sea, belng nowhere deeper than 300 feet. The deep water axis
lies relativély close o the northeastern or Iranian shore, whereas water depths off the Arabian
shore are generally less than 100 feet. The Trucial Coast Embayment is a broad shelf lying off
the Trucial Coagt, marine waters shoal gradually shorewards in all directions and along the south-
ern margin the coastline comprises a complex of istands, peninaulas, and lagoons (Fig. 1),
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Fignre 1. Loeation map of Perstan Gull and Trucial Coast.  Area of supratidal Recent catbon-
ate sediments approxinuately indicated by diagonal omament.

The prevailing wind is porthwesterly and thus onshore. Annual precipitation averages less
than 1.5 inches. Coupled with high rates of evaporation a regime of net evaporation rcsults. Sca
water salinities are consequently increased. values ranging from 37-38% in the outer shelf areas,
to 42-43% in the inner shelf areas, to over 00% in very restricted lagoons.

Along the Arabian shore the near-shore zone ig the site of Recent carbonate sedimentation.
Acolian additions are important in some places. Over the Trucial Coast Embayment the bottom
gsediments are essentially a skeletal facies of coarse sands and even gravels on local sea-floor
elevationg, and finer sands and carbonate muds in local depressions. The lagoon barrier along
the inney shelf is a high energy environment of highly variable sedimentary facies. The barrier
islands typically have frontal faces of dune sands of colite facies. Tidal channels, lined with
coarse skeletal lag deposits. cut between the islands and connect the lagoons with the open shelf.
Tidal deltas are typically associated with these channels and are sites of oolite formation. Coral
reefs are developed in front of most isiands and in places behind the tidal deltas, in the outer
lagoon aress. The lagoon barrier is thus seen to have a compiex geometry and the sedimentary
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facies developed vary greatly both across the barrier trend and along its length. The mid-lagoon
sediments are essentially a pellet sand facies in very shoal areas or an aragonite mud facies in
deeper subtidal arcas. In the sheltered inner lagoon. aragonite muds, loosely aggregated and pel-
leted, arc the major sediment type. Algal mats are abundant in intertidal areas of the innermost
lagoons and typically form the final lagoon infilling facies.

The lagoons are being actively infilled, although the pattern of infilling is complex., The
mainland shore is rapidly building out seawards towards the barrier but active sedimentation ig
also oceurring around almost ali the island coasts. particularly those of sheltered aspect. In
general. the more sheltered a coastine, the finer-grained are the sediments laid down. Thus
along the eastern half of the Trucial Coast the infilling of the sheltered lagoons is essentially
achieved by carbonate muds, whereas to the west, the inner coast is less sheliered, as the barrier
lies farther offshare, and in this area the sediments are largely skeletal gands and gravels,

Marine sedimentation of this type can obviously only occur up to high water mark, although
storn: waves will occasionally pile sediment slightly above this level. The result of such sedimen-
tation is the development of a supraridal sediment surface which is only flooded by marine lagoon
waters during pericds of exceptional storm activity. Along the Trucial Coast the supratidal
coastal plain of the mainland is in sume places more than 10 miles in width and covers an area in
excess of 1000 square miles. Similar areas are present on many of the offshore islands, although
they arc not as extensively developed. These low-lying arezs are normally salt-encrusted and are
known locally as "sabkhas™ {an Arabic word denoting salt-flati.

Along the present lagoon shores the algal facies closely delimits the mid and upper intertidal
zone. This facies has been found in many pits dug in the sabkha, some ag far as 7-8 miles back
from the present lagoon shoves, It can be concluded, therefore, that the sedimentation has been
essentially of a similar nature for a considerable period of time. Radiocarbon dates (kindly pro-
vided by Dr. M. Rubin of the U. §. Geological Survey) show the sabkha sediments to all be younger
than 3-4000 years. A levelled profile across the mainland sabkha near Abu Dhabi showed the
imerridal facies to lie at a constant level, near w0 and above present mean zsea level. Several lines
of evidence thus indicate the wide supratidal surfaces or sabkhas o be composed of Recent sedi-
ments of lagoonal type, developed in response 10 a coustant sea level. The gypsum, anhydrite,
and other diagenetic minerals occur within these sediments and are also, therefore, of Recent
age. The marine carbonate sedimentation is obviously highly diachronous, andin the later dis-
cussion it will be seen that the diagenetic processes are also diachronous.

Sabkha description

The sabkha areas in gencral have a surface relief of less than two feet, and lie at about 3-3
feet above mean sea level, Factors affecting the absolute height of the upper surface are; the
initial height to which normal marine and storm sedimentation proceeded; subsequent sediment
compaction; wind crosion of the upper sediments; and the effect of precipitation and the develop-
ment of new minerals in interstitial positions. There is evidence of a 1-3 feer vertical growth of
the surface. resulting largely from the interstitial precipitation of new minerals.

The upper levels of the sabkha comprise an unstable, acolian facies consisting of marine
derived carbonate grains which are being gradually blown across the sabkha surface, commonly
0 accumulate in downwind areas. On the mainland sabkha the windblown sand layer is only an
inch or wwo thick in the seaward areas but across the greater part of the coastal plain the thick-
ness averageos 1-2 fect. This sand pltimately accumulates at the inner margin of the sabkha
against the Tertiary rocks which constituted the old Pleistocene shore line.

Levelled profiles show the ground-water table 1o lie at depths of 1-4 feet below the surface
and o coincide fairly closely with mean sea level. The ground-water table is essentially hori-
zontal and parallels the surface across the outer two-thirds of the mainland sabkha. Where the
sabkha surface rises as a resuit of acolian accumulations in the innermost areas, the ground-
warer table is also found 1o rize. Above the ground-water rable is a continuous capillary zone
where all interstitial pore spaces arc filled with walcr. Higher again is a discoatinuous capillary
zone where only thin films of water cover the sediment particles and in the highest levels the sed-
imens are oiten completely dry.
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The surface layers of the sabkha are gencrally loosely cemented together with halite. This
halire crust is destroyed when the sabkha is flooded during extreme storm conditions. After flood-
ing, much of the flood water drains back into the lagoons, some percolates into the sediments and
some is lost by evaporation. In areas of carbonate muds, there is evidence that surface flooding
causes no dilution of the ground water; ground-water concentrations may well be decreased in
areas of sandy sediments where the permeability is much greater.

Temperatures of this area are high when compared with most earth surface sedimentary or
early diagenetic environments. The intertidal aigal mats are dark olive green or brown in color
and the sabkha surface is medium to dark brown -~ both surfaces will tend to absorb solar radi-
ation. Seasonal air temperatures range 5-47°C, averaging 28°C; it is possible that these dark
surfaces reach 60°C (or up to 80°C) during the summer months. The scdiments and ground water
at 2-4 feet depth range seasonally 26-39°C, averaging 34°C, about 5°C higher than the average
temperature of the marine waters of the lageons.

Evaporation losses from the sabkha surface cause marine lagoon waters to move into the
sediments. Within the igland sabkhas and across almost the entire width of the mainland sabkha,
the ground waters have a marine origin. In the innermost parts of the mainland sabkha the marine
derived ground waters mix with ground waters from the Tertiary rocks of the hintexland. The
marine derived ground-water brines are found to increase in concentration away from the lagoon
shore line. and in any cne position an increage in concentration normally occurs from the ground-
water table up through the capillary zone. This inward and upward concentration of waters re-
flects the normal cycle of pore water movement within the sabkha sediments.

As previously discussed, the sediments of the sabkha are entirely marine in aspect, and are
almost wholly aragonpitic. The evaporitic minerals are all diagenetic, interstirial developments,
with the primary marine sediment serving as host site. The diagenetic minerals result from di-
Tect precipitation from the concentrated sea water derived brines. and also from brine /sediment
reactions. Lithification or the development of surface crusts ~- apart from ephemeral halite

305

R




crusts -~ is not Tound, except very locally in some algal flat arecas; all the diagenetic chang
degcribed take place in soft, plastic sediments.

An interesting and informative approach can be made in these studies in the direction
achieving a chemical balance at various stages of the diagenetic reactions. Studies of the mag;
sediments have anabled their mineralogy and chemistry o be defined. The lagoon waters haw
been analysed, and so the precursor of the interstitial pore fluids has also been defined. In
tion there is almost no evidence of bacterial reduction of S04~ within the sabkha environmen
Thus although the system is a dynamic one and is open, it can be defined endrely except for
chemical species which exchange with the atmospheric reservoir (H;0, €Oy, 0y, ete. )

The diagenetic minerals are all developed in interstitial positions within the marine s

ments. The diagenctc mineral suite compriges aragonite, dolomite, magnesite, huntite, hal %
celestite, gypsum, and anhydrite. 4
Aragonite

Aragonite is present in the algal flat and sabkha areas mainly as a primary sedimenta
mineral. Diagenetic aragonite is precipitated interstitially in some algal flat areas, sometimg
resulting in the cementation of the uppermost half inch or so of the sediments. Aragonite is pr
gresgively replaced by dolomite during later diagenesis, i

Dolomite

Dolomnite is not precipitated in the marine environments and first appears in the upper ¢
illary zone at the algal flat-sabkha junction. With increasing distance inland the amount of do %%
mite at any one horizon increases, and it extends in depth until 7 miles or more {rom the sea the
upper 2-3 feet of sediment are almost entirely dolomitised, and even at 4 feet the initial carbon
sediments are about 50% dolomitised. The dolomite is fine grained (2-3u), is calcium-rich and
a siightly disordered lattice. In these characteristics it is closely similar to Recent dolomite
scribed from other areas. The dolomite is a replacement product of the original carbonate set
ments. In areas where the original carbonate sediments ware medium- and coarse-grained:
dolomite is scarce. The fine-grained (<1-2u} aragonite muds are relatively rapidly dolomitiged:

Magnesite and Huntite

These two magnesium carbonate minerals have been described in more detail elsewhere
{Kinsman, 1965b). They are very fine-grained {<2u}, are volumetrically unimportant membezs
of the diagenetic mineral suite and are only included here for completeness. -

&

i

Halite E:é
Halite is an cphemeral. near surface mineral, loosely cementing together the upper aeo »p;ﬁ:
layer. Rarely, small cubic crystals occur in the sediments of the upper capillary zone. é

Celestite occurs dispersed throughout the sabkha sediments, normally with an abundance o
less than 1%. It first occurs in the uppermost algal flats, associated with gypsum. The crystals
occur singly and as sheath-like aggregates, with good crystal faces, and elongated parallel to ¢
b’ axis. Where the carbonate sediments are doloruitised it is abundant, being a by-product of
the replacement of high strontium-bearing initial aragonite {up to 7000 ppm Sr) by relatively I
strontium~bearing dolomite {< 1000 pprz Sr}.

Gypsum

Gypsum cccurs as a diagenetic mineral in the upper parts of most algal flats or other hig
intertidal areas, and is present throughout the sabkhas of the islands and mainland. It is alway
developed in interstitial positions, never as a precipitate upon the upper sediment surface, __I
some places the gypsum forms more than 50% of the upper 3-4 feet of the sediment. Gypsul
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wgsociated with both sandy and muddy marine sabkha-sediments, and also with the overlying
ieolian sand layer. Several digtinct stages of gyvpsum formation may be disvinguished, and the
issociatlons and habits of the different types are fairly distinct.

The earliest gypsum occurs in the upper algal flats close to mean high water mark. The
-rystals first appear immediately beneath the uppermost algal mat, but with increasing distance
from mean high water mark the gypsum is found to occur at increasingly greater depths below the
surface. The gypsum crystals range up to 9.5 inches in diameter and are commonly clear and
iree from inclusions. Many, however, bear included carbonate particles, often arranged in zonal
satterns which possibly represent earlier crystal face positons. The crystals are discoidal in
shape, flattened normal or nearly normal to the "¢’ axis, and are similar to those from the Laguna
Madre described by Masson {1955). In fact, nearly all Recent gypsum occurrences comprise
-rystals of this habit. Some of the gypsum crystals are deeply corroded by subsequent partial sol-
ation. Cores in the uppermost paris of the algal flat environment commonly show successive algal
mats underlain by clear discoidal gypsum crystals, associated with greater or lesser amounts of
marbonate sediments. Some algal flat areas have gypsum crystal ‘'mushes’ extending 2-3 feet be-
low the surface. Similar crystal mushes occur throughout the width of the sabkha, commonly as-
saciated with algel banded sediments. The crystals of the mushes may be variously intermixed
with sediment or they may occur almost pure. Sometimes, almost pure gypsum layers are found
1o alternate with gypsum free or gypsum poor layers, af least to depths of 4 feet,

A later form of discoidal gypsum crystal is represented by the large gypsum sand crystals
which occur within the upper sabkha sediments or litter the surface as deflation lag deposits in
some places. These crystals have only been found in areas of sandy sediments. The gypsumn sand
crystats grow within the sediments in all orientations and reach 10 inches in diameter. Included
within them are a great diversity of carbonate and noncarbonate grains -- whole gastropads com-
monly occur. Traces of the original sedimentary stratificarion can often be seen running through
the sand crystals. The sand crystals are of a similar habit to those of the algal flats, being dis-
coidal and flattened normal or near normal to the "¢’ axis.

A third type of gypsum comprises extremely flattened, sometimes bladed crystals, up to
4 inches in length, found so far only growing in muddy sabkha sediments of intertidal and lagoon
facies. at depths of 1-4 feet. ‘This type may be only a very flattened discoidal crystal with a com-
nlex surface pattern of growth lines. The crystals are rarely free from fine-grained included
carbonate, commonly arranged in a zonal manner. The crystals grow in all orientations within
the sediment and often bear traces of algal laminae (Fig. 3a). Associated with these gypsum crys-
tals are uncommaon rosettes, up o 2 inches in diameter, which are intergrowth forms of the basic
discoidal crystals, together with single discoidal crystals up to 2 inches in diameter. Discoidal
crystals greater than 0. 5 inches In diameter are always a later development than the early phase
of discoidal crystal formation, found in the algal flat and seaward sabkha areas.

A fourth type of gypsum comprises euhedral crystals, flartened in the 010 plane and similar
to the classically described prigmatic 'selenite’ crystals. This crystal habit has only been found
as a development after anhydrite and the crystals are normally crowded with anhydrite inclusions.
Such crystals have been found up to 2.5 inches in length, and occur widely at the inner edge of the
mainland sabkha where earlier anhydrite is being rehydrated. following contact with dilute ground
water from the inland areas.

The earliest gypsum crystals are thus the small discoidal forms of the mid and upper inter-
tidal zone. These small discoidal crystals do not extend in depth down into the older subtidal la-
goon sediments. But similar, small disceidal crystals also form throughout the diagenetic se-
quence in the uppermost levels of the sabkha, in the aeclian sands. The acolian sand layer is
absent in the intertidal zone and thickens inland across the sabkia, Commonly developed within
it are abundant small discoidal gypsum crystals, indistinguishable from those which are formed
interstitially within the intertidal zone sediments. An example of an extremely late development
is ilugrrated in Fig. 3b which shows discoidal gypsum crystala from the aeolian sand layer near
the inner margin of the mainland sabkha, with cores formed by small anhydrite nodules.

The size of individual discoidal crystals within the old intertidal zone sediments does not
increase with disrance inland away from the shore line. This indicates either that the gypsum
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Figure 3. (b} Small discgidal gypmn
tais of larestage developrgenr pa

Figure 3. (a} Gypsum orystal of extremelv flattened, bladed, or discoidsl
habit from old intertidal sediments. Upper and lower edges are cleav-
ages; crystal 3 inches i length  Orparic algal layers incloded within cozroded by walueion; opagus. whit
crystal, are s lb anhydrite nodules, §

cotes {largest crysial 0,5 incﬁeﬁim

precipitation is limited largely to the intertidal zone, or that further precipitation takes plag
around new nuclel, either at the same levels or at different levels such asg in the overlying &g
sands or in the underlying oid lagoon sediments. Brine analyses, in fact, show gypsum pn
ration not to be limited to the intertidal zone.

The large gypsum sand crystals and flattened bladed crystals arc developed within both:
intertidal and lagoon facies sediments. Within the modern intertidal zone gediments they
sent and thus they postdate the earliest pliase of small discoidal crystal development of th
tidal arcas. These larger crystals generally occur singly within the enclosing sediments ai
not form dense crystal mushes. The two varieties are roughly cocval and the difference
them may well be a reflection of the type of sediment in which they grew. In muddy sedinients:
extremely flattened variety is found. and often included within the crystals. when they-a
oped in okl intertidal sediments. are evidences of primary sediment layering such ag alg
tions {(Fig. 3a). Within the aragonite muds the only trace of original sedimentary layering
vided by the organic algal laminae; layering within the carbonate sediments is entirely des
in shallow lagoon and intertidal facies by organic burrowing activities, particularly by cra
Sandy sabkha sediments often bear traces of sediment layering additional to that of the a
nae (Fig. 5: left core). Gypsum sand crystals growing within such sediments are found': With
original sedimentary layering preserved within them.

The later discoidal crystals grow to largest size {up to 10 inches in diameter) within sz
sediments. There ig evidence of partial shouldering aside of the original sediment graing
general the original graing are incorporated within the crystals. The gypsum is in large
inter-grain void precipitate although each discreet gypsum area has lattice continuity and
separate crystal. ‘The partial moving aside of some grains indicates algo that the crystalinip
grows by displacement. In muddy sediments the late, large-sized crystals include within the
original organic algal layers but little carbonate mud. In this instance it is not possible to
from the textural relationships. whether the inter-algal layer gypsum has physically displag
original aragonite mud, or whether the original carbonate has been replaced by gypsum, b
solution /reprecipitation process. -

Concentrations of gypsum crystals are common on the sabkha surface. Wind deflation:
moves the finer sediment particles, the coarser gypsum crystals becoming concentrated as:
surface lag deposit. On the offshore isiands. dune sands. downwind of sabkha areas. arec
monly found 1o be rich in wind abraded gypsum crystals, In fact, some dune sands compms&
than 70% gypsum crystals.
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nhydrite
The occurrence of anhydrite as a diagenetic mineral within the sabkha environment is of par-
jcular interest as this was the first recorded natural occurrence of Recent anhydrite. “The min-
ral was first found in a sabkha core collected by the author in January. 1962. Subsequent field
:udies have shown it to be of widespread occurrence and to be developed on a geologically signif-
cant scale. Recent anhydrite has since been reported from the Sarykamysh Lakes, USSR by
banov et al. {1964), and from MNevada by Moiola and Glover (1965}, but neither of these occur-
‘ences would seem to be as geologically interesting or significant as that of the Trucial Coast.

Anhydrite has so far been found to occur only in the sediments of the mainiand sabkha. The
airly exteénsive sabkhas of some of the offshore islands have so far failed ro reveal its presence.
‘s with the gypsum, the initial occurrence is within the uppermost inch or so of the sediment.

The anhydrite has been found to always have gypsum lying between it and the intertidal zone. The
listance inland from the intertidal zone, to where anhydrite is first encountered, cannot be defined
n absolute units as this distance may vary from 2-30{ yards 10 more than a mile.

The earliest anhydrite, in the uppermost few inches of the sabkha sediments has been found
1s small nodules 0.05 inches in diameter. sometimes associated with a gypaum crystal mush,
The nodules comprise a felted mass of small anhydrite l1aths. Thin sections of core samples have
:evealed single crystals and multiple aggregates of anhydrite laths to be developing within the sed-
menis. Figure 6d shows the carly development of an anhydrite nodule. the aggregate being only
100u across.

Further anhydrite development takes a variety of forms, and the minerzl has been found to
:xtend to depths exceeding 4 feet in mid and inner parte of the mainland sabkha. In general. the
whydrite occurs within the aeolian sands and oid intertidal sediments above the permanent water
-able, but a few occurrences have been found extending below. In places the upper 3-4 feer of the
sabkha is at least 50% anhydrite, but local variation is great, and the detailed sequence in one pit
§ often not paralleled in a closely situared pit.

Some of the major forrns taken by anhydrite are illustrated in Figs. 4 and 5. The nodule is
‘he characteristic form although occasional thin beds do occur. The beds may be up to 6 inches
3r 50 thick, but generally arc less than 1-2 inches. They may have simple or complex marginal
relationshipg with the sediments in which they occur, and may be horizontal or variously cross-
sutting. Within a bed the texture is usually massive (Fig. 4, upper). None of the beds are in any
way laminated or banded. The majority of beds are free from foreign grains and appear bril-
Hantly white; on occagions, carbonate and other grains occur mixed with the anhydrite and the bed
is then brownish and may have quite diffuse boundaries with the adjacent sediments.

Nodules vary greatly in development. They may range from less than 0,05 inches to more
than 6 inches in diameter; shape ranges from spherical 1o strongly flattened, and they may occur
1s individuals or as complex, intergrown masses of hundreds of noduies. The larter development
commonly gives rize 1o 'heds’ of anbydrite nodules; an example is shown in Fig. 4, middle. Beds
of flattened, plate-like nodules arc fairly common, but this is a growth form; individual nodules
within beds sometimes show a slight tendency towards fiattening but this is uncommon -- this
flattening may well be mechanically induced. Nodules may be packed tightly together with little
or no interstitial marerial (Fig. 4. lower), or they may be separated by greater or lesser amounts
of foreign material {Fig. 4, middle). The former occurrence is common in many ancient evap-
orites associated with back reef and lagoonal deposits, being termed net or chicken-mesh struc-
ture; a Mesozoic example from the Persian Guif is shown in Fig. 6a.

Nodules are usually free from foreign grains, but on nccasions examples are found with
included carbonate and noncarbonate gablha sediment grains (Fig. 5, left). During growth the
nodules are evidently able to shoulder the enclosing sediments aside.

Optical and X-ray examination has shown the anbydrite to be normal and to compare closely
with published data for ancient anhydrites. The crystals are lath-like, although most fragments
are broken along cleavages; on rare occasions when crystal terminations can be seen the crystals
are found to be distally spear-shaped. The crystals are colourless, transparent, free {rom in-
clusions and are elongated normally paraliel o the "¢’ axis. Refractive indices are normal. The
laths may be extremely thin (<2-34) and show a good pseudo-cubic cleavage (Fig. 6b). Crystal
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Figure 4, Forms taben by anhydore (navural sizz), Figmre §. Cores fram sabkha area of carbong’
{a) upper -~ a :hin bed of arhydrite with ro sraves of nodutar wructure, nose trages of laminacion in leftr core;. 3
(b} midcle -- part of a disconrintous layer or ‘bed' of auliyorire nodules: absent from both cores; left core shows 1D

quch o concentratica of (zlarively small nodules {less than 0, layer of anhydeire podules, individual ned
inches) i: uncomman; individual nodules ate fee Som included sore included carbonate grains; large nod o monihy
foreign grains, forerodulsr mazeral consists of aeolian sand grains, core it cormpletely free from Toreign materia,
mainly carbonzze of marie origin per part of right core is a mase of corpplexly int
(e} lower - complex noduies compriting fatergrowth of soverad goown, very safi anhydrive pudules,

mmalier podules, wiesodular matanaly spavse; lefr-hand specimen
wlabed off 1o show clussical chicken~mesh wTuctize.

edges arc usually straight but on occasions ragged edges are found, the crystals having undergon
some secondary solution. Single laths range from less than 2-3u in leagth up t¢ a maximum of
0.13 inches. Normal length to width ratios vary from about 5:1 to 10:1. Thickness ig dependent
on crystal size, but even the largest crystal lathg do not exceed 50-60u in thickness. :

Orientated thin sections of nodules and core samples have shown crystal laths in most in
stances 1o be randomly dispoged and textures to be identical with those found in ancient nodular
anhydrites. An exarple of an exceptionally coarse-grained anhydrite nodule is shown in Fig. 6
where the large laths have a random orientation. Some anhydrite nodules and beds show arcuate
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Figure 6. {a) Mesorole nodular snbydrite showing chicien-mesh structars {compare with Figire 4, lower ief),
{b) Wate: mount of aphydrite laths chowing pseudo-cubic cleavage {largest lath 230 4,
(e} Thin werion of excoprionally canrse-grained anhydrite nodule, show ng feited, ramdenm wxoure {largest kaths
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sinuous pate he;s of laths with subparallel orientation. Mear foreign included grains laths. m.
either show a 'wrap-around’ relaticonghip or show no disturbance at ali.

Sampling over a wide area of the mainland sabkha has shown that there is little ove
sequence in the arrangement of anhydrite beds, beds of podules and individual nodules, ong'
predominating in one area. yel being absent in the next. Similarly, detailed microscopic st
has revealed no constant relationship between the crystal form and size and the major field si
tures. The smallest crystals have been found forming almost pure beds of anhydrite, and rhe
coarsest crystals have been found in anbhydrite nodules, but the wide range of Intermediate
occurs indiscriminately in both beds and nodules.

An unusual occurrence of anhydrite is illustrated in Fig. 3b which shows early anhyun
nodules forming cores w small, discoidal gypsum crystais. The gypsum obvicusly post
anhydrite.

Wind deflarion and erosion of the sabkha surface during flooding expose anhydrite at the-
face. The nodules are fairly resistant and commonly litter some surfaces of erosion. Howe
large quantities of anhydrite crystal laths are distributed across the sabkha surface, p
by the wind, and are a component of the near-surface detrital and aeolian layers.

There is no evidence of the anhydrite being as in situ dehydration product of earlierg:
If the anhydrire origin were to be explamed in this way, it would be reasonable to expect ta
gypsum crystals which had not been fully replaced by anhydrite. Such an occurrence is not.
and, therefore, if it were insisted that this was the origin of the anhydrite, it would have to b
cancluded that once the process started it went to completion very rapidly, so that the Lhanc&s
ever catching a gypsum crystal ‘on-the-hop’ would be slim. Such an explanation is most unlf}

In addition, if early formed gypsum crystals became later replaced in situ by anhydrit
pseudomorphing of the gypsum crystal shape would be expected. No anhydrite nodules have
found with such a shape. The gypsum crystals, if replaced by anhydrite would each be expec
1o give rige to one anhydrite nodule., The large gypsum crystals are found in all orientatic
within the sediments, some having their greatest diameter vertical, yet when anhydrite nod
are found which are appreciably flattened, they nearly always have their greatest dimension
zontal. Within the old intertidal sediments and the overl ying zeollan sands, most of the
exists as small discoidal crystals, less than 0.3 inches in diameter. If such gypsum were
replaced by anhydrite then most of the anlividrite should occur as small nodules such as are
in Fig. 4, centre. In fact, this occurrence of anhydrite is unusual. The anhydrite nodules- in
general have an individual mean volume at least twice and perhaps as high as 3-4 times tha,t o

gypsum crystals.

The volume change involved when gypsum is replaced by anhydrite is almost 40%. Bui: 2
initial gypsum crystal is a solid body with zero porosity. The anhydrite nodules are multicry:
line aggregates with a high porosity, at least 40%, maybe as high as 80%. Thus if a gypsun
tal were replaced there would be no over-all reduction in volume. Following from this it is
sonsble 10 expect that if a gypsum was replaced, it would be almost perfectly pseudomorphed:
Modification of the anhydrite nodule by compaction would still not mask the shape of the original %

.

gypsum crystal, particularly any which had initially been horizontally disposed within the sed
ments. Such gypsum crystals would be expected to give rise to very thin, flattened anhydrite nod %
ules. BSuch forms do not occur. If subsequent anhvdrite nodules had inteimal porosities greatel %
than 40%, an increase in volume would occur following replacement of gypsum, but this increas
would be insufficient to account for the observed volume differences between individual anhydrite: %
nedules and gypsum ¢crystals.

Many gypsum crystals have included carbonate sediment or aeolian grains within them. 1
these gypsum crystals were replaced by anhydrite nodules then the resulting nodules would be €
pected to also have the foreign material included within them. Yet the grear bulk of the nodules =
are entirely free from such inciuded material, indicating that if gypsum crystals had indeed bee
replaced then the nodules somehow excluded these foreign grains during the replacement process.

In oriented thin sections from cores, single laths and very small rosettes of anhydrite
laths {(<50k} can be found within old intertidal sediments and aeolian sands, presumably represen
ing early stages of nadule development. Within the uppermost acolian layers there are aphydri
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laths which have a detrital origin. having been derived {rom earlier nodules and reworked hy the
wind or by the occasional flood waters which inundate and scour the sabkha surface during excep-
tional storms. But such laths have a near parallel orientation with the surface, as would be ex-
paected of detrital pariicles with a strong shape factor. The single laths which are considered to
represent early nodule development, occur im all orientations, some of them even vertical. This
arrangement is most unlikely for detrital anhydrize grains. The laths and small roseties often
occur in old intertical sediments with the nearest gypsum crystal some inches or feet away. The
evidence thus suggests primary nucleation and growth of anhydrite 10 be occurring interstitially
within the sedimenrs.

The process of nodule growth would seem to involve further precipitation of anhydrite im-
mediately adjacent to an initially formed crystal. Later lath development must also take place
within the complex of sarlier laths. Ip this manner, the grains of the surrounding sediments can -
be excluded. If addition of new laths took place peripherally then the nodules would prabably con-
tain much mare foreign material then they do. Even though many of the nodules are soft, some
even plastic, when removed from the sediments, they arc obviously capable of displacing the sur-
rounding sediments.

It could be argued thar the anhydrite represents a replacement of earlier carbonate sedi-
ment. Within the aeolian sands, where much of the anhydrite is found, quartz and other noncar-
bonate graing may amount to 10-20%, If space for the anhydrite were derived by replacement of
carbonate grains then the nodules should either be rimmed with & quartz-rich sand layer or actu-
ally include within them the noncarbonate grains. Neither situation is found. In fact. those nod-
ules which do contain foreign grains have carbonate and noncarbonate grains in the same propor-
tion as exists in the surrounding sediments. In old intertidal sediments, noncarbonate grains are
rare, and so this approach cannot be used. However. by the time the anhydrite first appears
within these sediments, they have often been appreciably dolomitised. Under the solution condi-
tions prevailing, dolomite is apparently the stable carbonate mmineral, and it would be most un-
likely that the dolomite would be replaced. If any remaining arsgonite were replaced by anhydrite
in the process of anhydrite noduie development then the nodules would be expected 1o be replete
with dolomite. Traces of small (<2-3u} dolomite graine are sometimes found within the anhydrite
nodules but this is uncommon, ' '

In summary, it can be seen that several lines of positive evidence and many lines of negative
evidence indicate that the anhydrite nodules represent a primary, early diagenetic, calcium sul-
phate mineral development. The anhydriie bodies do not have a gypsum precursox.

intersiitial Brine Analyscs L o

Diagenetic changes involving precipitation from the concentrated brines or reaction between
brines and original carbonate sediments should be reflected in the brine chemistry. Thus af the
inner edge of the algal flats, where gypsum is usually present in fair quantity. the interstitial
brines should show a relative loss of Catt and S50,~. In areas where dolomitisaticn is taking
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place, brines should show relative loss of Mg™™. However, all the diagenetic developments first Q

take place in the upper levels of the sediments, above the ground-water table. Thus to follow &

their course in detail, samples of pore fluids from the capillary zone are required. EHven so, Z
L

ground-water samples should indicate the general picture, in a 'broad-brush’ manner, and in this
reconnaisgance survey only ground-water analyses have been made.

As the ground waters are derived from the marine waters of the lagoons, the latter were
analysed. Although concentrated up to salinities of 60% these warers showed a simple concerntra-
rion effect for all major tons except Ca™+, which showed a 4% loss. This loss can be correlated
with formation of CaCQy in the rmarine environments.

Intersdtial ground-water samples were taken fxom algal flat and sabkha areas and their

positions are indicated schematically in Fig, 7a. Methods of analysis and detailed discusslon of
the analyses will not be given here but are included in a separate publication (Kingman, 1965a).

B
i

2

2

The analytical results are given in summary form in Table 1. The innermost pair of sam-
ples are slightly contaminated with mainland ground waters, but otherwise the samples are sea
water derived brines. Brine concentrationg increase away from the shore line, ar first rapidly,
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Table |

Analyses of interstitial ground waters from intertidal
algal flat (3) and sabkha environments {5}

Samiple type ALGAL FLAT SABKHA

Water table depth (inches) | 7 6 12 I8 f 32 { 30 f

Ficld temp. °C 26.7 . 275 11 - . 28.4 31.4 }

Rield pH - 1 745 710 ] 755 | 620 6.10 l
Density at 22°C {gms/ec) | 1.G85 @ 1.087 _z.zzsi 1128 | 1.183 1.192 ; 1.203
€17 (gms kgim) 63.8 E 3.9 190.9 11963 1345 | 1506 l 159. 1
|so4“" " 7. 66 | 8.33 Eu.ss ; 8.57 | 2.51 ] 1.98 i 0. 44
catt 0.52 1.12 | 0.93 1,22 2.48 2.56 | 9.00
| Mgt o 4.07 434 | 6.49 6.00 | 5.53 6.81 9. 51
! sett v D.02 | 0602 | 0.02 || 0.03 0.08 0.06 0. 21
’ Kt " ' 1,24 | £.18 | l.e4 || 1.80 2.74 © 3.84 3.13
[ Nt 35.9 35.5 | 50.3 -.i53'3 i 751 81.4 f 75.1 l 65,

then rather more slowly. At the innermost edge of the mainland sabkha plain concentratioﬁ'_s
as the addition of dilute mainland derived ground waters becomes apprecizble,

Lagonn waters showed pH values of about 8. 3; interstitial alga'] flat waters have va_l_u_e_ﬁ._q;
ahout 7.5, and in mid and inner sabkha positions the pH falls fo 6.0-6. 4. .

The ratio mNa*/=Cl~ is constant in all samples except the slightly contaminated Inner
pair, and even here it does not depart widely from the sea water value of 0. 86. .

There is a relative loss of 5-10% of the potagsium, assoclated with organic, algal rema_
{(there are no potassium minerals developed). Analyses for Mgt t show a loss to occur ahmost éx
actly where the first dolomite is found. The loss continues across the sabkha (Fig. 7b) and=
amounts to over 40%. Loas of SO47 from the brines is paralleled by precipitation of gypstm,
celestite and anhydrite. (There is apparently little or no bacterial reduction of SO4%.) Ultimﬁ
brines have only traces of SO~

Analyses for Cat+ and Sr++ show an initial loss of 4% in marine environments and a fu
ther 5-10% in intertidal areas as diagenetic aragonite. Further loss, after brines exceed chi
rinities of about 65%,. is almost entirely as gypsum and celestite {or anhydrite, after chlorinit]
exceed about 120-130%). In mid and inner parts of the sabkha there is a relative increase in G
and Sy++ which can be correlated with the process of dolomitisation. Concentrations of these £
ions may increase to fairly high levels as S0,™ is presemnt in only trace amounts and other pﬁsgﬁﬁ?
salts of these ions are all very soluble.

The relationships between interstitial golutions and associated minerals enable the dlage
processes to be closely delimited both as to type and degree. For example, the curve of 50y
loss can be equated with sulphate mineral precipitation. Ag the loss continues across the sabk
with increasing brine concentration, it can be concluded that sulphate minerals are precszmt'
across almost the entire width of the area. Gypsum is the dominant sulphate mineral in the seg
ward parts of the sabkha and 80% of the S04~ loss is associated with gypsum precipitation (o
amounts with celestite}, Anhydrite first occurs where chlormlties are ahout 130%, and Whe'
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S04~ concentrations have fallen to 20%. Yet in mid and inner sabkha areas, gypsum is the
subordinate mineral, anhydrite being quantitatively much more abundant. The ultimate brinea
almost free from SO4= and thus the remaining 20% of the available SO4~ is apparently precipita;
largely as anhydrite. Yet, this is an insufficient source for the amounts of anhydrite develop:
Thus from a chemical balance standpoint it must be concluded that at high brine concentrationg
(anhydrite being presumably the stable phase) much of the early formed gypsum is dissolved angd
the Cat+ and 804 reprecipitated as anhydrite. The lack of pseudomorphing of gypsum indicate
that the remobilized jons migrate o new sites before anhydrite precipitates.

The ratio "Mgtt/ 20att ig shown in Fig. 7c to vary greatly during the course of the di
genesis.  In the lagoons, the ratio rises from the normal sea water value of 5.3 10 5.5, owing'
aragonite precipitation. Further precipitation of aragonite raises the value slightly higher in
flat ground waters. FPrecipitation of gypsum at chlormmeq above 65% causes the ratio to rige 1
ar least 11 and it is under these conditions of high ™MgT™+/ ®Cat ratms that magnesite is form
and dolomitisarion begins. The rario thereafter falls, even though Catt is precipitated all the
while as gypsum or anhydrite. For the ratio Mgt ¥/ mCa™t to remain constant whilst dolom:

sation and calcium sulpbate mineral preczpltatlon are underway, the moles of Cat? lost from:
tion must equal twice the moles of Mg™™ lost. (This is because the dolomitisation process is
of replacement of CaCQjy and for every mole of Mgt ™ lost, a mole of Ca®™ is added to the sok
tion.)

THE GYPSUM-ANHYDRITE EQUILIBRIUM

The gvpsum -anhydrite equilibrium (CaSO4- 2H,0 = CaSQ,; + 2H,0 liquid) has been the
subject of much research and much controversy for a conmderahie nurnber of years. One maj
problem has been the difficulty with which anhydrite may be synthesized at reasonable rempera
tures {less than 60-7G°C) in the laboratory. Ancther difficulty has been that no Recent occuy
of anhydrite has been available for detailed study, so that apparent equilibria, determined in the
laboratory, could be neither confirmed nor refuted. These two problems have, in fact, led se
eral investigators to suggest that aphydrite is never the primary calcium sulphate mineral ang:
all anhydrite is developed by dehydration of a gypsum precursor. The Trucial Coast anhydri
shows this hypothesis to be incorrect. The occurrence of Recent gypsum and anhydrite along t
Trucial Coast has enabled the equilibrium to be fairly closely defined, in terms of temperatuz¢ ik
brine concentration,

Solubility Measurements

One approach to defining the gypsum-anhydrite equilibrium has been to determine the sok
bilities of the rwo mineral phages at various temperatures and brine concentrations. When g
solubilities of the two minerals are equal, the two solids and associated solution and vapour ph
are all in equilibrium.

The numerous solubility studies which have been carried out on gypsum and anhydrite mwe
been nearly all from the direction of undersaturation. Gypsum readily nucleates and precipitaté
when its solubility product is exceeded and thus it is feasible to approach the gypsum solubility
from both directions. However, anhydrite has proved almost impossible 1o precipitate from sol
tion below 80-100*C and this is difficult to explain. Certainly there is great difficulty in initial
aucleation but even when anhydrite nuclei are added to a solution which is saturated or supersati
rated with respect to anhydrire, gypsum is the usual precipitate. Kinetic factors would seem 10
be playing a dominant role here. Under natural conditions, a solution continues to evaporate, €v
though apparently supersaturated with respect to anhydrite, until the gypsum solubility product i
exceeded, when gypsum is then precipitated.

This peculiar behaviour puts certain restrictions on what can be achieved with solubility _
measurements and also affects the type of data and its interpretation. To discuss this, the sol
bilities of the two minerals in pure water will be considered, although the points raised can be &
plied to solubilities in any solution. Figure 8 shows the farniliar "solubility curves" of gypsum a
anhydrite and their intersection at about 42°C. The data of several investigators bracket the gyp
surn curve quite well, even though they all represent minimum solubility measurements. Zen |
(19635) has recently redetermined the solubility of gypsum, approaching equilibrium from botl
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jgure 3, Solubility curves for Sypewn ané anhivdrite in pure water

(from. Posnjak, 1238 and other published sources). Sotid
curves -- solubilicies of presusned sable minerals, Dashed
curves -~ seiubilities of presumed unstable or merastable
minerals, Note solobility curves intersect at 48° €,

undersaturation and supersaturation, and
finds solubilities about 5% higher than most
of those previously reported. {The gypsum
solubility curve of Fig. 8 is based on the ear~
lier data.) Zen's data are probably nearer to
the true equilibrium gypsum solubility; this
would shift the intersection with the anhydrite
solubility curve to 38°C.

Equilibrium gypsum solubility can only,
in fact, be determined when gypsum is the
stable mineral (the least soluble mineral ~-
marked in Fig. B by a solid curve). Yet, be-
cause of the inability of anhvdrite to nucleate
and precipitate when it is apparently the least
goluble and stable phase, the gypsum solubil-
ity measurements can be extended into the
anhydrite stability field, although the gypsum
is truly metastable under such conditions {in-
dicated by a broken curve in Fig. 8).

Similarly, the anbydrite equilibrium
solubilities can only be determined under
conditions when anhydrite ig the stable min-
eral phase (solid curve in Fig. 8). Because
the anhydrite golubility can only be ap-
proached {rom undersaturation, the deter-
mined values will be minimum values. Undex
comditions when gypsum is the stable mineral
it is not possible 1o determine anhydrite solu-

sility, yet this fact seems to have been tacitly ignored by most investigators. Under such condi-
jons, anhydrite initially is dissolved; before equilibrium anhydrite solubility is anywhere near at-
ained, the solubility product of gypsum is exceeded; gypsum can then be expected to precipitate.

T «— Nagr Equilibrium Solubiiity(?}
> P
L P \Appurent Equilibrium
- pad Solugility
m 7/
-
wd
o
w
TIME

figure 8. Schernmlic representation of measured anhivdrive soiuhiliry.
Value regarded as "gommvat” is probsbly kirerically conuolied by
rate of anhydrte dissoturion and rate of Zypsum precipiration.
So-called “abnormal” solubilities may well represent near-
zquilinriven anhydrite safubility, It is possille chat many in-
vastigators ave nor sammpled neat the neak solaniiiey value and
prexume & solubiliny/time relationship indicated by dashed line,

This situation is indicated schemati-
cally in Fig, 9. The apparent equilibrium
solubility value will not be the true equilib-
rium anhydrite solubihity and will be con-
trolled by several factors;

1, rate of anhvdrite dissolution,

2. rate of gypsum nucleation and pre-
cipitation,

3. initially by supersaturation at which
gypsum first nucleates; later by
gypsum solubility value,

Some investigators {for example, Hara
et al, 1934) have reported anhydrite solubil-
ities 30% higher than "normal values” (appar-
ent equilibrium solubility} and have consid-
cred this to be caused entirely by the higher
selubility of very fine-grained starting mate-
rials, Tt is well known that fine-grained
materials have higher solubilities than
coarse-grained materials but this excess of
solubility is generally limited to 5-10%. An-
hydrite would seem to be unusual in showing
such a marked effect. Following the earlier
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discussion another possibility becomes evident. The apparently high solubilities may well re
sent near equilibrivm anhydrite solubilities and the subsequent decrease could be caused mai
gypsum precipitation and the maintenance of some kinetically controlled intermediate solubil
ing between the solubilities of both miceral phases.

In most solubility experiments moderately large amounts of starting materials have beep
used and runs have commonly not been of great duration. In addition, the solubility of gypsum
anhydrite is relatively low. In time. if the above suggestion is correct, the initial anhydrite s
ing material should become depleted, the solid phase will be entirely gypsum and the ultimate
ubility will be that of gypsum. In solubility investigations, the starting material seems rare
have been minutely examined after the experimental work. I the runs were of short duration @
particularly if Jarge quantities of anhydrite were used as starting material, any gypsum prodige
might well be overlooked. It would seem likely that no runs have been allowed to go to complétis
as the ultimale solubility value would have probably been recognized as that of gypsum,

Some recent laboratory data (Hardie, 1964} indicate that, in fact, the gypsum-anhydrit
equilibrium temperature in pure water is close to 57°C (ot 38-42°C). In a subsequent discuy
it will be shown that this is a much more probable temperature. Figure 10 shows the gypsum
anhydrite solubility curves from Fig. 8 (light dashed curves); in addition, the new gypsum st
ity data of Zen {19653) are shown and are accepted as being more probably correct than the es
data (even if the old data prove correct the gypsum-anhydrite equilibrium temperatuye is onf
shifted about 2-4°C). If the equilibrium temperature is 57°C then we know one point on the an
drite solubility curve. Three cother points at 72°C and 85°C are included; these are the results
runs of one to two years duration and so are probably near equilibrium solubilities (data from:
Posnjak, 1938}, If the gypsum-anhydrite equilibrium lies at 37°C, then anhydrite solubility runa
below that temperature will not give equilibrium solubility values.

As the result of a review of the solubility data, W.T. Holser constructed an equilibrium
gram for the calcium sulphate mineral-sea water system, a modified form of which comprises
Fig. 1. Im pure water the gypsum -anhydrite equilibrium is indicated to lie at about 42°C; whe

10O
T — b4
- —
o =
80~ -,
=}
> ]
pr
— b ®
- €0 27
[as’ e z
3 » e 2)
GOE.2
- EXER
(&) ™
L
20} -
GYPSUM+ARINE
i { i) { | ey
MHG+E, 1
o 20 40 60 80 I0G o ! .
o oz 4 6 8 10 12
TEMPERATURE C CONC (xS.5W)
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gypsum first starts ro precipitate the equilibrium lies at about 31°C and in halite saturated brine
the equilibrium les apparently at about 18*C.

1f the gypsum-anbydrite equilibrium were positioned as indicated by the solubility studies,
then we should perhaps expect to find anhydrite as a common sulphate mineral in Recent near sur-
face evaporite deposits. The occurrence of anhydrite along the Trucial Coeast, and the studies of
Hardie (1964}, indicate thar the equilibrium indicated by the solubility studies 18 incorrect and that
lack of attainment Of equilibrium solubilities is probably the reason.

Thermodynamic Calculations

The thermodynamic properties of gypsum and anhydrite were examined in some detail by
Kelley et al (1941}, The anhydrite solubility data used in this compilation are almost certainly in-
correct, as discussed above., Macdonald (1953}, using this data, calculated the temperanire of the
gypsum -anhydrite equilibrium in pure water to be 40°C.

More recently Zen (1963) has re-examined the data and found it to be internally inconsistent,
Using only internally consistent data he has calculated the equilibrium temperature in pure water
to be 46+ 25°C. [Hardie and Fugster (1965), find 46 21°C.}

Re-examination of the Gypsum-Anhydrite Equilibrium

For application tothe natural sea water system, the equilibrium needs to be defined in terms
of temperature and brine concentration. The eguilibrium may be considered from the standpoint
of golubilities. For example, the solubility product of gypsum,

- - 2
KGypsum = 3cat+-830, * -3°1,0
and the golubility product of anhydrite,
KAnhydrite = 3Catt-250,

Thus for the reaction:
CaSQy,. 2H,0 & CaS0Oy + 2,0
(solid) - (solid)  (tiguid)

the equilibrium constant, K¢, p) = a%y,0

As long as no intermediate compounds of different composition are formed, the equilibrium is a
function only of the activity of H,0 (a?y 20} and is independent of the other ions in solution, except
insofar as they affect ay el

Conley and Bundy (1938) have suggested that the formation of double salts is involved in the
gypsum-anhydrite transition. The compositions of the sclutions from which they precipitated the
double salts, syngenite, K380,. Ca80,4.H,0 and labile salt, ZNa,;80,.Cab0y,. Z2H,0 were rather
different from those of natural sclutions. No double salts were found associated with any of the
evaporite minerals of the Trucial Coast, Conley and Bundy also suggested that in dilute solutions,
trangient surface complexes were involved in the gypsum-anhydrite transition. It seems unneces-
sary w postulate the presence of such complexes, particularly now that the field occurrence can
be reasonably explained in terms of the simple equilibrium relationships.

The value of 3,0 of any solution is defined as the ratio,

PH,0 (Solution)

PH 20 (Pure waier)

For pure water, 3,0 = 1.00 and with increasing ionic concentration this value decreases.
The solutions of greatest importance are brines derived from the evaporation of sea water.
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Published data are available for the vapour pressure of concentrated sea water brines.
and Kientzler, 1954) in the range of temperatures 10-60°C, the range of particular interest
study. In addition, srandard date are available for the vapour pressure of pure water over a
lar range of temperatures (Hodgman, 1962). The sea water brine data are for a sea water wh
was progressively concentrated, the jonic ratios changing as particular minerals, such as gypss
were precipitated. The Trucial Coast brines do not have such a simple history. They are Indegd
sea water derived brines but because of sediment/brine reactions such as dolomitisation, the
composition is not exactly what would be predicted if they had merely undergone simple cong
rration. This difference in composition is unlikely to affect the values of apy, () by more than
probable error of 2% (Arons and Kientzler, 1954). 2 '

Figure 12 shows the vapour pressure curve for pure water between 10-60°C {ay -0 =

Also shown is the vapour pressure curve for a concentrated sea water brine of chlorinity 15
Over this range of temperature, the relarive lowering of the vapour pressure of this solution
23% {ay 0 = 0.77). Sea water (19% chlorinitv) and intermediate brines have values of aH;";D
tween 0.77-1. 00, R

£

Values of ay 4,0 for brines of chicrinity 0-150% are shown in Fig. 13. The relationshi
3,0 to brine concentration indicates that the gypsum-anhydrite equilibrium bhoundary must

negative slope and curvature. Similarly, the metastable gypsum-metastable bassanite boun
a function of 2,0 and this boundary should alsc show a negative slope and curvature,

Hardie {1904} has presented data on the gypsum -anhydrite equilibrium, which he has de
in terms of 31,0 and temperature. The equilibrium was approached from both directions ar
were gometimes as long as one year. Anhydrite was actually produced during the runs. The
on the following page show the three temperatures at which the equilibrium was determined apd
also the extrapolated points for pure water and halite saturated brine. The sea water brine
centrations have been calculated using the vapour pressure data of Arons and Kientzler {1954}
[Hardie and Eugster in a later abstract (1965} have slightly modified the equilibrium temperaty
o the following: 53.5, now 35.0°C; 38.5, now 39.0°C; 24.0, now 23.0°C; 19.0, now 18.0°C

160~
40
F7L2°C
LO P
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& .
T 100 09p
2
E 80 08 b
% 60
I e
0. ! Czu o
40 T
=)
Q6
20
0 0 = L A i i i [ F 1 A -
!'O o 20 40 60 BG 100 120 140 160 laq_
CHLORINITY {GMS. CA/KGM. SOLN.} __ -
Figuez 12, Vapour presswre cupves for prre water Figure 1%, Showing relationship of ajy,0 to sea water brige eoncentiatio
st a voucertrated sea water brine of 1504, {catoadaind from vapeut pressure daza of Arons and Kientzler 198
The latter shows a 8% loweriop 10 vapour The five remperatutes indicated, together with the associated vaiues
pressure Ge, agq = 2.570 of apygy aud brine concentration, define the gypsur-ashydrite

sium finivial data frem Hardie, 1984)
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1. 00 0. 960 0. B43 0.770 0.750

8H,0

T.*C. 5722 53.5 38.5 24.0 19.0
% Lowering of 3H,0 0 4.0 15.5 23.6 25.0
Chlerinity % 0 41 115 151 161

By extrapélation

The temperature and apy 50 data determined by Hardie {(1964) are included in Fig. 13, Fig-

re 14 shows the gypsum -anhvdrite equilibriam boundary superimposed on the stability relation-
hips determined from the solubility measurements, The new position for the equilibrium bound-
ry differs greatly from that indicated by the =solubility studies but is within the range of
smperatures predicted from the thermodynamic calculations {46 25°C),

Q0 }
B8O
o 80
G
At HeB
40
20
GYPSUMY BRINE T G+S
0 i Lot NFGIE E
o 2 4 & 8 10 12 14

CONG {(xS.5.W.}

Figire 14, Gypsurn~anhydrite equilibrium relationships. showing solu-
bility measurement data {same as Figure t1) and new data of Hardie,
1964 (heavy dashed line), Venrtical lines {8} represent Trucizl Coast
Beines  assoviated with either gypsarn {G) or sohydrite (A} and an-
fual brine temperaiure rafige,  Agreemient with Hardie's data is ex-
cellent

Also plotted in Fig. 14 is the temperature range and concentration of interstitial ground
water brines from the Trucial Coagt. The two samples marked "G" are associated with gypsum
and the four samples marked "A" are associated with aphydrite. The two samples with gypsum
1ave gypsum above the ground water table level, associated with the slightly more concentrated
;apillary waters, but also have gypsum below the ground water table indicating prebable equilib-
rium conditiong, between gypsum and ground water brine. The two most concentrated brines have
anhydrite both above and below the ground water table. The anhyvdrite below the ground water ta-
ble Tevel shows no sign of solution (laths with ragged edges, etc.) and can be considered as being
in equilibrium with the brines. The other two brines have anhydrite in the capillary zosie; thus the
concentration of the pore fluids in equilibrium with the anhydrite in these two samples will be
slightly greater than the concentration of the ground water brines. [n other words from a brine/
aphydrite equilibrium standpoint these iwo samples should be shifted slightly to the right, 1o higher
concentrations. It can be seen that the equilibrium relationships which can be derived from the
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Trucial Coast data tie in very closely with the work of Hardie. In fact, even if Hardie's d
not available, the inferred position of the equilibrium boundary would have been in a}mam;.
the same place.

GENERAL DISCUSSION
Recent Gygsum

Gypsum has been widely reported from Recent sediments of a variety of types. Th
has been reporled from continental areas where it is found in salt lake and playa sedimei
example, Great Salt Lake, Eardley and Stringham, 1952} and as a near-surface caliche- ~Lype
pesit in many arid regions. In low latitudes, many tidal flats and semi-isolated marine foc
lagoons have gypsum associated with them (Laguna Madre, Masgson, 1955; Bonaire {sl&nd,‘
et al, 1964; Qatar, Pereian Quif, Wells, 1962; etc.}.

In most tidal flats and areas peripheral to surface hodies of concentrated waters;
is a subsurface, interstitial developmem and is of displacement rather than replacement
Even below some surface bodies of saline water, gypsum crystals develop within the sed
rather than at the sediment /water interface. On the island of Bonaire {Deffeyes et a1, 19
sum precipitates both within tidal flat sediments and apparently on the sediment /water interf
surface pools of concentrated sea water brine. In the Bocana de Virrila, Peru (Morriz and
1957) gypsum precipitates on the bottom from the concentrated brines.

i
(5
2
i
H

S TR S T

Most of the studies mentioned above have not related the gypsum to a parent brine,
Trucial Coast this can be achieved and gypsum can be shown to precipitate when its soly
just exceeded (63% chlorinity). A survey of the other Recent gypsum occurrences, together
the Trucial Coast data and the new gypsum-anhydrite equilibrium data, indicate that gypsum
probably always be the first calcium sulphate mineral to precipitate from a natural sclutio
earth surface climatic conditions. The equilibrium data indicate that a sea water derived
would have to exceed 50°C for anhydrite to precipitate and not be preceded by gypsum (Fig
However, because of the difficulty with which anbydrite nucleates, gypsum will be precipiia
metastably even ahove 50°C, certainly from surface bodieg of brine. Such water bodies w
ably undergo relatively rapid increages in brine concentration, anhydrite solubility will be'x
exceeded, gypsum solubility attained and gypsum precipitated. Given long enough, anhydr
obtviously nucleate and precipitate and it is possibie that such conditions are only attained ifi
stitial brines where rates of concentration may be slower. '

Gypsumn is sometimes, therefore, a sedimentary mineral, resulting from precipitatio
concentrated surface bodies of brine. In most instances these will be sea water derived bri
occasionally they may be of continental origin, such as playa lake waters. Associated sediryien
will be evaporitic in nature. Within intertidal and supratidal flat sediments and within sedim
below and peripheral to surface bodies of brine, gypsum may develop interstitially as an eazl
genetic mineral. Depending on the situation, the associated sediments may obviously rang
normal marine, with perhaps abundant faunal remains, to almost azoic saline lake sediment

Recent Aphydrite and Bassanite

Anhydrite from the Sarvkamysh salt lakes (Rubanov et al, 1964} occurs dispersed w1th1_
silty residue of halite layers and in the underlying clays, as near cubic crystals 20-40y in gize
It forms a fraction of a percent of the gediments and the conditions controilmg its pxempitan._
largely unknown.

Recent anhydrite has also been reported from Clayton Playa, Nevada {Mojola and Glov&'
1965). Barly gypsum crystals have been successively dehvdrated to bassanite and anhydrite
situ dehydration of this kind would ultimately result in pseudomorphing of the original gypsum
anhydrite,

There are several reported occurrences of bassanite in the literature, although acan"_
them may well be the result of sample preparation. However, in the sup, temperatures of &f
80°C can be reached and under such conditions gypsum may be expected to dehydra}:e._ Gyps
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yparently never dehydrates directly to anhydrite. Kelley, et al (1941), experimentally determined
e dissociation vapour pressure of the reaction: L

CasS0y. 2H,0 —» CaS0y4. 1/2H,0 + 1 1/2H,0

It can be calculated from their daia that at 80*C, at relative humidities of less than 809,
ypsum should dehydrate. However, the dehydrarion reactions, gypsum —» bassanite and bag-
inite — anhydrite are nonequilibrium, kinetically controlled reactions and detailed analyszs of
mirolling factors ig probably not very useful or enlightening, at the moment.

On the Trucial Coast, bassanite has not yet been found, although it is possible that gypsuIm
rystals exposed on the surface may at times become partially dehydrated. However, at night,
igh humidity and falling temperature result in all exposed surfaces being covered with dew and
ay bassanite formed during the day would probably be rehvdrated. No bassanite is found asso-
iated with the anhvdrite,

The extremely high surface temperatures recorded along the southwestern shore of the Per-
ian Gulf (Bergstrom and Aten, 1964, have recorded 80*C in Kuwait) will extend only a very small
apth below the surface, probably less than one inch. Anhydrite laths and very early nodules have
zen found growing at depthe of 15-18 inches, where recorded scasonal temperatures range from
J* 0 40°C. Thus, exceptionally high surface temperatures cannot be called upon to e¢xplain the
evelopment of the Trucial Coast anhydrite. Several lines of evidence thus disprove the sugges-
ons of Ostroff (1964), that the mechanism of anhydrite formation is the successive dehydration of
ypsum to bassanite and then to anhydrite, and that in aqueocus salt solutions the dehydration oc-
urs at temperatures above 90*C or above 97°C in pure calcium sulphate solutions.

The anhydrite from the Trucial Coast ig an early diagenetic mineral, developed in supra-
idal areas of marine lagoonal carbonate sediments, by displacement. This is obviously one en-
ironment in which nodular anhydrite can develop. But it is quite conceivable that nodular anhy-
rite could develop within the sediments underlying a surface body of brine, particularly if
ppreciable refiux of concentrated brines through the sediments was taking place. The nodular
abit of anhydrite would seem definitely to be 2 displacement. early diagenetic development within
nlithified sediments.

Murray {(1964) has considered the development of gypsum crystals in exposed supratida}. flat
nvironments ar considers all nodular anhydrite to represent dehydration of such early formed
ypsum crystals. The Trucial Coast nodular anhydrite conclusively disproves the mevagypsum
rigin of all nodular anhydrites. In fact, by applying what can be learned from the Trucial Coast
rea to ancient occurrences, it becomes likely that the majority of nodular anhydrites were never
nitially gypsum. Kerr and Thompson {1963) have algo argued strongly for a metagypsium origin of
nost or all nodular anhydrite occurrences. Certainly there are, in the subsurface, evidences of
uch pseudomorphing of early gypsum by later anhydrite but this is a late diagenetic dehydration
ssociated with hurial; the pseudomorphs, although somewhat similar to anhydrite podules, are
arely able to conceal their original gypsum shapes.

sypsum amd Anhydrite in the Subsurface

in general, gypsum is the common near surface calcium sulphate mineral and anhydrite the
nineral of the deeper subsurface. In cores, anhydrite can often be seen to be gradually replaced
'y gypsum as the surface is approached. The depth of the hydration is generally less than 1, 000
eet but there are records of it being deeper (Murray, 1964). Conversely, there is also abundant
swvidence of early gypsum being replaced by ashydrite after burial.

The preservation of the initial sedimentary or very early diagenetic gypsum or anhydrite will
lepend on temperature, pregsure and pore fluid composition. Because of geothermal heat loss, the
emperature gradient increases with depth from the initial mean surface temperature. Thus on
he Trucial Coast the geothermal gradient will increase from a mean temperature of 33-35°C (ini-
ial temperature will be lower in most other areas). If we congider only the remperature and brine
:oncentration (aj1,0)) variables, and consider a situation of constant ap,(» then increase in tem-
>erature with burial will favour the replacement of early gypsum by anhwdrite, and will also favour
he preservation of anhivdrite formed in near surface positions.
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Changes in the interstitial pore fluids could have a drastic effect on the mineralog
larly at shallow depths, before temperatures exceed about 50°C. For example, if flushin
original pore fiuids by dilute water should occur, then early anhydrite might well be repla
gypsum, but only if temperatures were below about 55° (the more dilwe the pore solution, th
higher can be the temperature: see equilibrium curve of Fig. 14). If for some reason int
brine concentrations increased (aH,0 decreased) then initial anhydrite preservation would

gured, or early formed gypsum would be replaced by anhydrite. Thus various pogsibilities
which would either tend to maintain the initial mireralogy or promote one or other replacer:
In general, however, during early burial the odds are stacked against prolonged gypsum p
tion and surface formed anhydrite is likely to be preserved. ' :

The effect of hydrostatic pressure has been stated to favour the preservation of gyps
{Douglas and Goodman, 1957} as the dehydration of one mole of gypsum to form one mole.
drite and two moles of water involves a volume increase of 9%. This would be $0 only if st
face systerns were closed, but many lines of evidence indicate that most subsurface syste
in fact open and thus the water produced during gypsum dehydration can escape. It is poséible
that anomalously deep gypsum could be explained in this way, the local system having be
tially closed so that the dehydration reaction could not take place.

Models for Supratidal Diagenesis

During the past ten years many investigations of intertidal and shallow water sedimeits
been carried our and analogues have come to be abundantly recognized in ancient rocks: I
netic swdies in Recent sediments have only just got underway, but it is obvious that on g
as in the Trucial Coast area, very early diagenesis is an important geological phenomen

The Trucial Coast study has indicated some of the diagenetic developments to be expe
a pure carbonate sequence under climatic conditions of high temperature and net evaporatis
{(probably applicable particularly, for example, to Permian marginal carbonates and evapo
The carbondre mud area showed rapid dolomitisation to occur, and massive calcium s
eral development; ultimate brines were almost S04~ free, low in Mg™* and rich in Cat:

Although dats are far from gufficient, it might be of interest to point out some of th
ences to be expected if we vary the model of supratidal diagenesis in various ways.

The ohvicus extreme, to contrast with the Trucial Coast would be a climatically sip
area but with poncarbonate gsediments. Laguna Ojo de Liebre, Baja California, would rougt
serve {Fhleger and Ewing, 1962). In such an area, supraridal diagenesis will not involve:
sation, although gypsum will be widely precipitated. However, if there is no source of add
Ca*t*, then the maximum amount of $O,” loss from interstitial brines is 35% as the bri
comes depleted in Cat, Ultimate brines in such a diagenetic sequence are Mg* ™+ rich;h:
60-70%, of their original SO, and are Catt free. W.T. Holser (1965) has found Recent
in this area, replacing early gypsum. From consideration of the interstitial brine composi
this iz an entirely reasonable development to find: ER

2CaS0y4. 2H,0 + &Kt + Mptt + 280, — K MgCa,{SO4)s. 2H20 + 230,
\gypsum) {(polyhalite)

From the composition of the Trucial Coast brines (S04~ free, low Mgt+) polyhal_i_tﬂé ¥
not be expected in such an environment. '

In addition, if we compare these two extreme models, the amount of calcium sulphate I
eral precipitation is seen to differ by a factor of almost 3. The total calcium sulphate minera,
velopment is a function of Cat™ availability and in the one extreme all the Ca®* is derive

sea water, in the other, there is an exceas supply as a by-product of dolomitisation.

The carbonate model can be subdivided. depending on initial sediment characters, iIXe
bonate mucls and carbonate sands. Along the western parts of the Trucial Coast, carbonale
predominate; dolomitisation is here much retarded, and from reconnaissance field studie:
ume of calcium sulphate minerals is less than one half that developed in the east where-in
fine-grained carbonate muds have been rapidly dolomitised. Thus the relative rates at wh
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carbonate sedimemts are dolomitised, controls the amounts of calcium sulphate minerals
developed. It is possible that replacements such as polyhalite replacing early gypsun might be
foundd in areas of slow dolomitisation such as coarse carbonate sands.

Many other variables could be fitted into our models but will only be briefly mentioned. An
important one concerns bacterial reduction of SO,4~, which could reduce 50,% drastically and
thereby affect the volume of sulphate mineral development. If appreciable Cat+ is precipitated in
marine or interstitial positions as CaCQy, before calcium sulphates are precipitated, then this
could reduce the volume of calcium sulphate minerals. Climatic factors, permeability and poros-
ity of sediments (particularly with regard to reflux or ion diffusion) and also hinterland relief and
water table effects can all be variously juggled. The possible variations in the model are immense
and could well account for many or moest of the things we see in ancient, marginal, sedimentary
sequences, with agsociated evaporites. The rates at which sedimentation and diagenesis of this
1ype can occur are particularly noteworthy. For exampie, along the Trucial Coast, the great
areas of supratidal carbonate sediments, together with the diagenetic dolomite and evaporitic min-
erals, have all been developed within the past 3, 000-4, 000 years, a fleeting moment of time when

viewed geologically.
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