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ABSTRACT

Caprock overlying Gulf Coast salt domes is an irvegular
complex of rocks: often composed of anhydrite, caleite,
gypsum and occasionally colestite. Over half of the proved
domes in the Gulf Coast areq are known o have caprock,
with the mantle move Likely to occur and to be thickest aver
the shallow sreuctives.

A study of caprock from 39 salt domes indicates large
fithologic variations as well as varignces in its chemicg!
composition. Previous thearies of origin cannor satisfacio-
rily accouni for these variations in caprock and its relation-
ship to the surrounding enviranment. The previous theories
are: {1} residual avcumuldarion and secondary olteration
and (2) precipitation in place.

Netther of the twa theories can account for all the known
Jearures of caprock: Great thicknesses of anhydrite caprock
means that a tremendous thickness of salt would have had
to be disselved In order to accumulate thick residues. Min-
ergls not found in the salt's less soluble residue are con-
tained i caprock, and their presence cannol always be
explained by secondury alteration. It is difficult to account
Jor the large chemival differences benween the salt anhy-
drite und caprock anhydrite by the residual accumulation
theory. Precipitation alone of anhydrite can result in a thick
caprock, but this provess cannotl accounst for the minor
minerals incleded in the cuprovk which are so similar to
thase in the salt,

Since neither of the previous rheories alone can satisface
torily account for all the known caprock features, it is
Proposed here that its origin may be explained by a combi-
nation of the two theories, with divect precipitation account-
ing for the bulk of the caprock overlying the shellow salt
domes of the Gulf Coast region. The variability of caprock
between domes and on any one individual dome would
result from lucal controls and conditions: Structure would
partially control fiuid movemeni, along with permeability
and osmotically derived pressures in the surrcunding sedi-

ments. The composition of the associated brines would limit
the type af minerals precipitated, and the geochemical envi-
ronment would dictate the types of minerals which precipi-
Late.

INTRODUCTION

Caprock is an irregolar complex of rock, predomi-
nantly anhydrite, which is present oa the top, and occa-
sionally on the sides, of many salt domes in the Guif Coast
arca, Of the 326 proved domes, 181 are known to have
caprock (Hawkins and Jirik, 1966). Both the shallow and
deep seated domes are known to have this mantle, but it
is more likelv to occur and to be the thickest over the
shallow structures. Thickness of caprock may vary from
less than 1¢ to more than 1,500 feet.

A regional study of borehole data from 39 salt domes
has indicated large variations in the character of caprock
from dome o dome as well as on any single dome. These
data were used to define lithologic variances of caprock
and to determine if any qualitative and/or quantitative
relationships exist between caprock and its survounding
environment.

Geochemical analytical methods were devised and em-
ploved to aid in the understanding of caprock genesis.
These include major and trace clement analyses of cap-
rack and the salts’ l2ss soluble residue material, simulation
of caprock growth and diagenesis in controlied laboratory
experiments and solubility experiments on the salt-residue
minerals, Caprock and salt-residue minerals have been
characterized by use of thin sections, the transmission
electron microscope and a scanning electron microscope.

Irregular zones of indursted sediments, commonty re-
ferred to as “false caprock” occur erratically above and

*Rescarch supported by the Institute For Saline Studies, Louisiana State
Liniversity, Baton Rouge and the New Mexico State Hureau of Mines
and Minerai Resonrces, Socorro.
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adjacent to the true caprock of salt domes, These zones are
cemented by various authigenic minerais which were
derived from the true caprock and salt and then trans-
ported to surrounding sedimentary environments which
favored their precipitation. An investigation of the false
caprock has been most helpful in understanding the gene-
sis of the true caprock.

Purpnse of investigation

According 1o current concepts, caprock is believed to
have formed from the accumulation of anhydrite as halite
is dissolved from the uppermost part of the dome by cir-
culating waters, Some anhydrite may subscquently aker to
gypsum, calcite, sulphur and other minerals, This postu-
lated sequence of events considered essential in caprock
development is based on the rather limited information
thai was available during the carly investigations and has
not been experimentally tested except for the sulphur-
isotope investigation by Fecly and Kulp (1957).

The goal of this investigation was to develop a more
thorough understanding of the origin of caprock and its
relationship to the domal salt, the surrounding sediments
and their contzined fluids. In order 1o attain this goal a
comprehensive siudy of all aspects of the nature of cap-

rock and its surrounding environment had to be consid-
ered,

Previous theories of caprock origin are analvzed {0
ascertain whether or not any of them. based on these
ahove data, can satisfactorily account for the character of
caprock and its relationship to the surrounding environ-
ment. This is followad hy a modified theory of origin,
which is postuiated to account for all known facts, Finally,
the sequence of events which may have taken place during
the development of caprock is presented.

Salt domes studied

Figure 1 shows the location of salt domes for which
information was available to the writer. Table 1 gives the
name and location corresponding to the map numbers as
well as the type of information obtained during the study.

GENERAL GEOLOGY OF GULF COAST
SALT DOMES

The Gulf Coastal region is underlain by great thick.
nasses of sediments and sedimentary rocks composed
chiclly of sand, clay, marl, Emestone, chalk and evaporites
ranging in age from ar least late Triassic 1o Recent. Semi-
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TABLE
Map Index of Salt Domes for Which Information Was Available
T Location | Type of Information Obtained
Map County ar  Survey or Lithology Thin Cham,
tngex Dome State Parish Sec, T.R. Bata Samples Section TEM  SEM Analy. Other”
1 Ailen Tax, Brazoria Alley X X X X
? Avery Island La. lheria 39-135-6E X X
3 Beaile Isie L St Mary 28-175-10E X X X
4 fack Bayou la. Cameron 7-125- 12 X )4 X
8 Brenham Tex. Austin Wiliiams, X
A110
8 Bruinsburg  Miss, Claiborne 13-11N-1E X X
7 Chottaw La. iparville 5295118 X X X X
8 Challenger  Abyssal  Guif of 23° 27.3'N, X
Plain  Mex. 42" 36.2'W
g Clay Creek  Tex, Washington  Perry X
10 Clemens Tex. Sraroria Mehieel, X X
A7
11 Cots Blanch  La. St, Mary 23-155-7€ X X
12 Damon Tex., Brazoria hiiHs X
found
13 Danbury Tex. Brazoria Austin, x X
A-14
14, Hockley Tex. Harris Caghili X X X X
15 Hull Tex. Liberty Devore X X X X
15 Humhle Tex. Harris Adams X
17 Jeangrette  La. St. Mary 37135-9E X X
18 Jefferson is. La. theria 59-125-5E X X
19 Jannings L.a. Acadia 47-95-2W X X X
20 Kings Miss. Warren 3% 17N-4E X X X X X
21 Loke Wash.  La, Maguemines 24-205-26E X X
22 McBride Miss. Jefferson 12-8M-4E x
23 Minden La. Webster 20-18N-8W X X X X X X
24 Mapoleonviliz Lz, Assumption 41-1258-13% X
25 Daldey Miss. Hinds 27-5BMN-3W X X
26 Qakyala fiss. Jeff Davis  32-6N-18W X
27 Pine Prairie  La. Evangeling  35-35-1W X
28 Raleigh Mtiss. Smith 17-2N-8BE X X
20 Richmond  Miss. Covington  ZO-6M-15W X X X
30 Ruth MWliss, Lincoin 15-6k-9E X
31 Sardis Miss. Caopiah 29-10M-9E X
Church
3z Secrion 28 La. St Martin 33G5-7E X
33 Stratton Tex. Brazoria Groce X X
Ridge
34 Tatym Miss. tamar 14-2M-168W X X X X X b4
35 Litica Miss. Copiah A-2M-4W X X ) 4 x X
36 Venice La, Piaquemines 26-215-30E X
37 Winion La, Calcasieu 33108-12W X
38 Weeks is. La. iberia 38-148-8E X X
38 Winnfield  La Winn 18-11IN-3W X

Non-Guif Coast Salt

Hutchinson necdded salt, Kansas

Pug Wash Salt Dome, Nova Scota, Canada
Whisky tsland Mine, bedded salt, Michigan Basin
2Zechstein 2, Germany

TEM = Transmission slectron microscopy, SEM = Scanning electron microscopy, * includes water analyses,
Bressure and wmpersture data, étc.
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cylindrical masses of salt have throst their way upward
through these sediments, and have resulied in the well-
known salt domes or salt plugs which are characreristic of
the region. As of 1966, three huadred and twenty-nine of
these structures had been proved to exist in the states of
Texas, Louisiana, Mississippi and Alabama {Hawkins and
Jirik, 1966). The presence of salt domes has since been
established in the Sigsbee Deep arca of the Gulf of Mexico
(Leg 1, Glomar Challenger Project, 1968).

Salf dome minersals

Halite and the water-insoluble residve minerals which
were identified during thus investigation will now be exam-
ined in the order of their abundance.

Halite was found to constitute ahout 89 10 92 percent
of the salt samples studied, and has been reported by
various authors to range from 80 to 98 percent. The halite
which is found in the domes is generally euhedral, with
individual crystals ranging in size from near submicro-
scopic 1o as large as 5 centimeters. The color of the min-
eral, dependent upon the abundance of inclusions, ranges
from almost colorless 1o dark brown. Inclusions occur
within the individual salt crystals {Fig. 2} apparently in
much the same relationship as when originally precipi-
tated (Tavior, 1938). They are scattered throughout all of
the salt crystals with greater concentrations along dark
bands.

These inclusions were removed from the salt of several
domes by dissolving the salt and recovering the water-
insoluhle residue. A size analysis of the residue from one
dome, plus the major mineral components in each rock
size class is shown in Table 11 Chemical analyses of the
water-insoluble residue obtained from four salt domes are
displayed in Table [I1. These analyses indicate small

Figura 2, Thinsection of szit showing <hat the inclusipng eccur
within the individua! ¢rystals, apparentdy in much the same refation-
ship =8 when originally precipitated, AEC salt core, Taum Dome,
Mississigpi, 1813 feer. Optical micrograth, nicol prisms remaoved,

chemical variations in the insoluble residue between
domes.

Anhydrite constitutes approgimately 99 percent of the
waier-insoluble residue. It ranges in size from minute
cleavage fragments to about 5 mm (Table I1), and has been
reported (0 be as large as 14 mm (Taylor, 1938), The
mineral oceurs in two major morphologics; tabular crys-
tals and “stem-shaped™ {Taylor, 193%; used to designate
a morphology having striations simniiar to those of a plant
stem) crystals. The stem-shaped variety, apparenily the
most common type, is occasionally long and slender, but
is generally stubby and often complexly twinned (Fig. 3).
The mineral may contain inclusions of smaller anhydrite
crystals, pyrite, dolomite, sulphur, fluid and possibly car-
bonaceous matier,

TARLE it

Water-Insoluble Residue: Size and Mineralogical Analysis
Tetur Daorme, Miss.,, AEC Well, 1847 faat

Sieve Size {mm) W1, retained onlg) % retained on Mineratogy
1.0 377 1.43 Arhydrite
0.5 95,08 36.15 Anhydrite
0.28 127.81 48,60 Anbydrita
some dolomite
0.125 33,42 12.71 Ankydrits,
doiomite
0.063 2.68 1.01 Anbydriie,
dolomile
Pan .27 48.10 Anhydrite,

dalomite, guart
pagioclese
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Figure 3. Water-insojuble resicie, Teturm Dome, Mismissippi.
Twinned, “stepn-shapad” anaydrite crystals. AEC wetl, 1613 feet.
Optical micrograpk, reflected and plene polarized habhx,

Figure 4. Waterinsoiuble residue, Tatum Dome, Mississippi,
Twinnag dolornite rhomb AEC wett, 1513 feet. Scanning electron
MGy ograk.
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Dolomite iz the next most abundant residue mineral
found, and has been reported to be in all of the domes in
quantities up to several percent (Taylor, 1938). It occurs
as well developed rhombohedral crystals, often twinned,
which range in size from 0.05 mm to as large as 1.3 mm
{Fiz. 4). Many of the thombohedrons contain a nucleus of
a white or dark substance, probably carbonaceous mate-
rial. The crystals are uwsually pale brown, but a few are
coloriess.

Quartz, following dolomite in abundance, occowrs as
weil-developed individual ervstals and as rosettes. The
rosettes are very distinctive in appearance, containing nu-
clei of a white opaque substance, similar to that found in
some of the dolomite rhombs. The individual erystals dare
generally aboul 0.02 mm in length and very rarely as large
as | mm (Fig. 5). Most of the rosettes are about 0.1 mm
in size.

Other less common occurring minerals inclede sul-
phur, barite, feldspar and a bost of very rare minerals, The
readeris referred to Taylor (1938) for a comprehensive list
and description of the rare minerals obtained from Lowisi-
ana and Texas salt residues.

THE CAPROCK

Caprock is an irregular complex of rocks which is
present on the top, and commonly the sides, of approxi-
mately half the known salt domes in the Gulf Coast region
as weill as on the Sigsbee domes in the Gulf of Mexico.
Both the shallow and deep scated domes have recogniz-
able caprock, but it is more likely to be present and 1o be
thickest gver the shallower domes, The average depth to
the salt on those domes having caprock 1s about 2,325 feet
ranging from near surface to greater than 10,000 feet deep.
The depth to the top of the caprock averages approxi-
mately 1,970 feet. Thickness of caprock is very variable,
but averages about 420 feet.

TABLE til
Cremical Composition of Residue Anhiydrite ™

CaGi%) 5{%} Siippm) K{ppm} Fe{ppm} Znlppm) Srippm)
Min. 37.62 23.21 ) ) 57 445 357
Phox. 39.54 23.56 3s 65 125 475 380
Mean 39.372 23.41 7 21 83 453 371
S.D. 0.26 0.03 177 10.50 14.70 257 5.81
C Vit 0.68 1.13 5,89 4892 1787 057 1.85

*Cornpasition of faur sait gomes residues, tan sampies,

Salt domaes are: Tatum, Kings, Allan, Huil
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Figure 5. Wster-insgluble residue, Tatwm Dome, Mississippi. Double
terminated quart? cryswal, AEC well, 1§13 feet. Scanning electron
migrograph.

The caprock commonly consists of three or four differ-
ent vypes of Hthologies. These lithoiogies are predomi-
nantly monomineralic, and contain as their maior
minerals, anhydrite, gypsum, caleite and less commonly
celestite. The term “limestone™ iy not used because of its
genetic implications. Minor minerals inciude suiphur, py-
rite, dolomite, barite and others, The anhydrite portion of
the caprock is generally the thickest; followed in thickness
by calcite, gypsum and cefestite. Interbedded layers of salt
and/or sediments are noted in caprock.

The upper portions of the caprock on many of the
domes have been highly fractured and brecciated, and
these features have been attributed o the pressure exerted
on the caprock during upward maveranent, The caleite cap
is commaonly very cavernous with the cavities ranging in
size from minute voids to over a quarter of a mile in length
(Tayicr, 1938). Hanna and Wolf (1934) noted that cavities
cant comprise up to 50 percent of some caprock. Most of
the hydrocarbons and sulphur found in caprock are con-
tained in these cavities.

The shape of caprock is highly variable. Generally, it
overiies the upper surface and extends down the flanks of
the salt dome, with the top of the cap nearly paralleling
the sali surface. Numerous exceptions fo this generaliza-
tion can be found. For example, caprock extends beyond
the edge of the salt at Barbers Hill Dome, Texas, Allen
Dome, Texas and Tatum Dome, Mississippi. Caprock
may be thickest over the central portion of the dome or
it may be well developed over only 2 portion of the dome
such as ar Beile Isle Dome, Louisiana, Winofield Dome,
Louisiana and Brenham Dome, Texas. Caprock may ex-

tend down the flanis of the dome for several thousand feet
such as at Winnfield and Lake Washington Uomes, Louw-
siana.

Lithology

The basis of the following discussion is derived from
lithelogy data of all wells on each dome for which infor-
mationp was available to the writer, Most of this informa-
tion is harehole data obtained from the files of Freeport
Sulphur Company. Since all of the domes studied are
considered shaflow (generally less than 4,000 feet to the
top of the salt), this description of caprock is only perti-
nent to the shallow domics, as the deep-seated dome cap-
rock may be copsiderably different. However, general
staterments can be made about caprock of the shallow
domes with the assumption that the domes studied are
representative of all shallow salt domes. The lithology
data from all wells on 2ach dowme 15 fisted in Table IV,

The tithology data {Table 1V) were averaged for cach
dome in order to characterize the caprock on each dome
and to determine if any similarities or variations cxiss
between domes (Table V). From this table if can be seen
that the lithology of the caprock of the 24 domes listed is
guite variable. Table V displays information obtained
from a statistical analysis of the average lithology data.
The coefficient of variation (standard deviation/mean X
160} was used to quantify differences in ¢ach variable
between the 24 salt domes. The coefficient ranges from
51.48 percent for the depth 1o the top of salt to as high as
219,59 percent for the anhydrite to gypsum ratio.

As seen in Table V, the top of caprock best correlates
with the top of salt, as one would expect, and there is a
fair negative relationship between it and the gypsum thick-
pess. Caicite thickness does not strongly correlate with
any of the variables, but does show a siight relationship
with the top of sait. Gypsum thickness is negatively re-
lated ta the top of sait and somewhat to the anhydrite and
calcite thickness, Anhydrite best compares to the total
caprock thickness which indicates this js the most abun-
dant kthology. There is a very poor relationship between
caprock total thickness and the top of salt, indicating that
caprock thickness is not a function of depth for this partic-
ular set of shatiow domes. The total sulphate (anhydrite
+ gypsum} to carbonate rativ refates shightly to the total
thickness and exhibits a weak negative trend when com-
pared to the top of salt. The anhydrite to gypsum ratio also
shows a slight relationship with toral thickness.

The sequence of lithology from the top of the caprock
to the base in each well examined is Hlustrated in ¥Figure
6, Flank welis and centraily located wells in the caprock
have also been differentiated in the figure. As summarized
by Mutray (1966), 2 mature caprock would consist of a
caicite-gypsum-anhydrire-sait, top to bottom, sequence of
lithology, This complete sequence is found i only 22
percent of the wells examined with a greater pari of these
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wells heing centrally tovarcd, Six percant of the weils have
tzhologies which are nor in this sequenial orders calcite-
anhydrite-gypeum-satt, in which gypsum 15 overlying an-
hvdrite,  Anbydrite-gypsunpsalt  sequence  and  the
gypsum-calcite-salt distribution. The romuming wells
have one of iwo rock tvpes nussing, bur the sequence
remains vaiid. A caloite-zynsuim-sall sequence is 1he most
conmmon distoibution present, It 5 interesting 1o nowe the
jarge percentage of wells having only caleite caprock with
most of these wells locared on the Sanks.

From the foregoing discussion i cun be seen that cap-
rock 15 guite vartable in lithology and hirhologic sequence.
Furthermore, variability of lithologies are even nuich
greater when the caprock 13 studied in wore detail. Figure
7 displays colummar scotions of boreholes drilled through
the caprock of fon salt domes. Note the celestite zones n
wetls @ and 18 as this mineral has not been previously
poted in this great abunduance. The sequence of hithology
types Is not as simple as most of the literatare suggests,
Columnar sections showing the lithelogic variability of
caprock on a single dome is iflustrated in Figaze 8
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The triangular dizgram of Figure 9 which illustrated
caleite-gypsunt-anhydrite ¢hickness relations for each
dome Bisted in Tabie IV & piotied in s manner fo differenti-
ate the domes of 2ach state. The three components of the
dingram are in feer onits. Measures of the three compo-
nonts were added, converted to percentages, and plotted
as points within the triangis. The diagrum shows quite a
scatter of points, indicating thickness vasiability of the
three componenis. Mississippi caprock points do not scat-
ter as much as the othar two states since gypsum thickness
iy this state s always less than 20 percent of the otal
thickness.

The character of caprock is very complex on a mega-
scopie examination. The complexity increases as caprock
is studied in greuter detaik: The variery of lithologic band-
ing amdd variable nature of the boundaries between the
bands, the presence of relatively large concentrations of
cejesiite in Mississippt caprock, variable thicknesses of
sediments and salt in caprock, crystal morphology, the
chemistey of the minerals, stress effeers and a host of other
teatures all add to this complexity.

TABLE iV v

Average Lithology Data fram alt Wells on Each Dome f

Rome 1e &T T AT T TS Te0, TS0, ggi AUOY roed  iWells

: Gyp

v

Adle=, Tax. 585 B 246.7 1683 420 1394 51 3787 7.3 0.7 {8 15 ;

Belle Isie, La. 354 283 1203 10" 3398 1198 283 1303 046 Qo1 2 7

Black Bayou, La 1g5¢ 783 66 800° @4z 2000 76.3  BO6 1135 121 — 7

Brenham, Tex. 1523 748 - 363 459 2253 748 363 4.85 % 7

Damon Mound, Tex, 220 1319 2TRG - 377 562 1319 2789 211 — 8

Mnokiey, T2x. 452 178.2 1147 419 671 1§24 1282 502 3.8t 35 84 4 ?
Huil, Tex. 418  72.5 2252 883 3231 787 25 255 350 0.4 AR 7
Humble, Tax. 1181 602 — 65.2 1264 1307 802 862  1.10 3
Kings, Miss, 3583 15§ 22 75 252 3845 155 97 062 34 - 1
MaBrice, Kiss. 20095 §55 - - 85.5 2180 955 - - 4
Mirgen, La. 1175 144 - 586 730 1905° 144 588 4.07 - 2
Napolronvitie, La 580 1087 1135 275 1512 773 1047 11286 107 6.2 08 10
Gakvale, Miss. 1548 4.6 - 702 B36 2396 a4.8 702 iAz - 7
Pine Prairie, La. 173 1693 1872 188 356 520 3692 1681 DUYS 01 918 12
Richmond, Wiss. 1717 34 20 1966 228 1950 34 2185 637 98 - 3
fluth, Miss. 7331 4022 — 37T 439 Z700% 4022 37 .09 - 4
Serdis Church, Miss. 1210 @87 23% 400° 1110 2200° 667 423 0.683 174 30 8
Baction 28, La. 1753 20 - - 31.5 1785 20 10 2
Siraiton Ridge, Tex. 1381 1337 10868 1317 2374 1633 1337 2403 .80 1.2 - 8
Tatum, §iss. 1134 1082 35 194.2 348 1620 108.2 223 206 BE - 9
Utica, Miss, 641 494 - 484 3135 494 - — i
Venice, La, 1575 3815 - 744 1125 3000° 3815 744 1.95 — &
- Yinton, La. 528 04 2317 83 4% 888 104 315 303 04 4 5
Winnfield, {a. 106 160 B0 140 366 480 180 200 1.25 23 4

ihgicatds vatue from pupfished gats, TC — top of
tatal thickress, TS = top of sait, TCO5 ~ ot

Fegicates Fone recoverad, T
arvrydrioe theok,, TT -

Cwmsth co tap o faer beiftve sur. Thiczross given in fam, -
LafsrGicic, QT ¢ Cnicite thinkiwss, 37 v gvessn ick, AT ©
Tefhonate, TR0 = wotal silphate, TSag < toty sad in cap,
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Taylor {1938) states “thai the top of the caprack often
must be estimated because of the false caprock which
grades into it, and because of the broken or brecciated
condition of the caprock itself” The term "false caprock”
may be applied to those sediments, abave or around the
true caprock, which have been indurated and often re-
placed by authigenic cement derived from true caprock
{Walker, 19¢8).

The upper portions of the caprock on mest of the
domes have been highly breceiated, with breeciation 2en-
erally decreasing downward towsrd the salt. The breccia
clasts in the calcife cap are usually dark in color and range
in size from minute particles 1o 20 centimeters or greater
in their long dimension. The clasts can commonty be fitted
together, show Litile contact with each other, and appear
to “float” in a matrix of & white to yellow secondary
caleite.

The upper surface of rhe salt, epon which caprock
usually forms, is guite vartable from dome to dome. It
ranges from a near flat surface to a highly rounded surface,
or may be very irregular and asymmetrical, Since caprock
can form on any of the above surfuces, a “solution table™
or flat surface is not a requirement for its formartion.

Generally, the caprock-salt interfuce 1s somewhat gra-
dational; charaeterized by undissobved salt at the bottom,
grading upward into a zone of friable anhydrite sund, and
finally grading into the hard anhydrite caprock. It bhas
been reparted (Tayvior, 1938) thar when the interface is

encountersd in dritkng at Jefferson lsdand and Lake
Wushingror Domes, Louwsiana, a cavity of from a few
inches o several feet is found. The caprock may also rest
directly on the salt with no ntervening anhydrite sand,
such as at Hockley Pome, Texas (Teas, 1931) Some
domes have either caleite or gvpsum tn contact with the
salt, for exampie; Damon Mound, Texas and McBride,
Mississippi,

Tayior (1932) remarked that the leached condition of
the unconsciidated sediments close to the fanks of sal
dames s probably duc to the upward movement of ground
waters, and that the sediments frequenzly contain waler-
insoluble residue minerals from the salt. He further indi-
cates that the shale from near the flank of Darrow Dome,
Lowisizna, contains solution-worn anhydrite graias 4t a
depth of nearly 8,000 feer,

Circumjacent sediments

Figure 1D iflustrates an idealized salt dome and its
sprrounding sediments. Kerr and Kopp (1958) observed
breceiation in deep {7) shale sections surrounding salt
domes. They repors that the brecciation extends laterally
al least for several thovsand feet, with an apparent
rousghly cirenlar but somewhat asymmelyic ground plan
which mav expand in depth. The clasts and matrix are
mineralogically similar, and some fragments can be pleced
together. They conciuded that the mechanism of forma-
tion for these breccias may be a result of domal movement

TABLE V

Statistical Analysis of Average Lithology Data
Correlation Matrix

Variable TC CcT g7 AT 17T TS T8Q, SiC A/G
TC 1.000 0,254 w0‘64_§ G014 ~ {0006 ?ﬂ‘i?_ —~{.202 ~3.177 0.158
cT 0.254 1.000 -{.204 0.072 0.041 0.A08 -(.Q05 -0, 474 0.064
GT —0.643 —{.284 1,008 ~0.310 -3 wO.G]__Q 0.015 {.148 -{.388
AT 0.014 0.072  -0.310 1.000 Q.R11 0.300 0.945 0.659 0.718
TT —0.006 (.09 —~0.073 0.811 1.000 (3.241 0.832 0.b46 0.679
Ts 0.842 0.406 70.570 0.300 0.24% 1.000 0.0BS ~3.028 0,367
TS, -{(.202 .05 0,015 0.945 0.832 0.08% 1.000 0.7:9 0623
5/C -0.177 —3.421 1.148 0.659 0.546 {028 (.738 1.G3G0 0.261
A/G 0.169 0.084  —0.38¢ 0718 0,579 0.357 0.623 £.261 1,000
Variabta Mean Std, Devistion Coeff. of Variation

TE = Top of caprock 1279649 2477 £6.4

CT = Caicite thickness 1727 1597 3.5

GT =~ Gypsum thickness 758 37 4 L

AT = Anbydrite thickness 226 1 G Ti7E

TT = Total rhickngss 4166 270G &5 4

T8 - Top ol saby 1738.2 2357 X

T8Q,; = Yotai suiphate 287 .E Az y i

8/C = 80,00, 2.E R 1058

AIG = AprhydriteGypsun 3.8 533 2188
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exerting an upward and outward pressure which exceeds
the pressare of overburden.

An =zlernate idea is the possibility of osmoticaily
derived Huid pressure, which could exceed the pressure
due 1o the weight of the overburden, could result in brec-
ciation of the shale. Osmuatic pressure is generated when
two aquifers of different salinity are separated by a seni-
permneable membrane, which would be geologically, a fine-
grained sediment {White, 1963). As a result, gradients in
hydraulic head develop, in the direction of the more saline
aquifer. The term “geopressure™ is applied to abnormally
high subsurface fluid pressure, and has been defined as
“any pressure which exceeds the hydrostatic pressure of
a column of water containing 80,000 mg/I (milligrams per
fiter) totad solids™ (Dickinson, 1953},

Adjacent to the Ranks of many salt domes are found
shale sheaths composed of fine-grained clavey material.
The gouge shale, or sheath, (Fig. 10) is quite variable in
age and thickness (Murrsy, 1966), probably resulting
-ffﬁfn the material being dragged high above the immediate
position of the undisturbed equivalent bed during domal
mavement (Hanna, 1953). This shale sheath could possi-
bly behave as a semi-permeable membrane, due 1o i{s

fine-grainess, permitting selective movement of water to-
ward the salt and the development of osmotic pressure.

CAPROCK MINERALOGY AND
GEOCHEMISTRY

The major minerals of the caprock framework are sul-
phates and carbonates, Other associated minerals include
silphides, arsenides, halides, silicates, oxides and a num-
ber of pure elements. A list of minerals which have been
identified by various students of caprock is presented in
Table V1. This table also tabulates the occurrence for each
mineral. Of the thirty minerals listed, only nine or ten are
found in significant quantities.

A somewhat detailed discussion of the more common
minerals will follow. This discussion will inclede such
aspects as spatial distribution, abundance, age relations,
crystal morphology, stress effects, alteration and replace-
ment features, geochemistry, banding and the association
with other minerals and sediments. The order in which the
minerals are discussed is based on a typical sequence
through the caprock from top to bottom. A few of the
rarer minerals are briefly discussed at the end of the sec-
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tion, as well as the sediments found within the caprock,
A total of 118 samples from 9 salt domes were analyzed
by x-ray fluorescence to determine major and trace €le-
ment concentrations of Ca, 8, 8i, K, Fe, Zn, 8r, Ti, Mg and
Na.

Calcite

This mineral is second in abundance to anhydrite. All
of the caprock studied contain large amounts of calcite,
and it is the major cementing mineral of the false caprock.
It is most abundant in the upper zones of caprock and is
occasionally (16% of wells examined) the only major min-
eral constituent of caprock, such as at McBride and Utica
Domes, Mississippt, Calcite may be found as a minor
component in any of the hithologies, and coastitutes from
less than 1 percent to somewhat more than 98 percent by
weight of the individual specimens as determined by acid-
msoluble tests. The crystals vary in size from near submi-
croseopic to over 12 mm in the maximum dimension. The
size of the individual crystals is apparently indicative of
relative age retationships: The finely crystalline variety i3
generally the oldest generation calcite because it is never
found to be cuiting other minerals and is generally the
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Figure 8. Colurminar sections showing lithologic variability of
caprock on o sngle doma. Aiien Dome, Texas.

most deformed; the coarsely crystalline calcite is assdé
ctated with the recementation of fractures which may cur
either of the other two types; an intermediate o coarsel
crystaline calcite may be either older or younger than thé
recementing calcite because of recrystallization at the ex
pense of either of the above mentioned varieties.
Calcite replaces all of the common caprock minerals: '
except the sulfides to varying degrees, and is occasional
replaced by sulphur. =
The concentrations of trace elements in calcite is quite
variable. As the calcite zone is not completely monominer-
alic, the trace element distribution is a function of both
solid solution and other minor phases present. 1t is be-
lteved that most of the silica is in the form of quartz, iron
in pyrite, sulphur as the native element and in pyrite, and
magnesium in delomite. Other trace elements occur pre-
dominantly as interstitial impurities in calcite as in trace -
minerals or in solid sojution. The calculated coefficients of.
vartation indicate that calcium, iron and sodium remain
fairly constant, whereas the other elements are quite vari-
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TABLE VI

Caprock binerals
-jiq?i—nerai Coraposition Mabit Qegurrence”
Annydrite CaS0, Prismatic, radiating, fihrous, “sterem shaped” KEXXKXK
Rarite BaS(, Radiating, tabular, rosettes, prismatic XXX
Celastite 880, Radiating, fiorous, massive, tabular XXXX
Gypsum CalS0y2H, 0 Prismatic, tabuiar, fibenus, massive HKEH MK
Calcite CaCQ, Rhombohedral, scalenohedral, equant 1o bisded KARKHXX
Arggonite CalOy Tabufer, prismatic XX
Dolemite {Ca, MgiCO3l, Rhombohedral REXX
Strantianite SrCO; Acicular KX
Siderite FeCQ, Not reparted X
Smithsonite ZnGOy Mot reported X
Pyrite FeS, Cupes, pyritabedral, octehedral KERKX
Marcasite FeS, Mot reported X
Galena Pbs Cubes XX
Sphalerite Zns Earthy XX
Mauerite MnS, Qctahedral X
Alasbandite Mn3 Tetrahiedrat X
Reaigar A5 S, Prisrnatic X
Chalcopyrite CuFes, Massive P X
Chaivocite Cu.5 Mugsive x
Enargite Cuz AsSy Prismatic X
Halitz NaCl Cribes XXX
Flugrite Caf, Cubes X
Hematite Fa,(Q, Earthy wX
Cuartz 50, Tarminated xis., roscties, chalcedonic KXX
Kaaiinite Al 042810, 24, 0 Tabular, fibrous XX
Tourmaiing Mg rich Rhomponedrat, prismatic X
Sulphur S Orthorhombic xIs, massive XXRXX
Arsenic Ag Coloform X
Gold At Ag inclusions (7} X
Silver Ay As inclusions (7) x

PAXKRA KK very comman; XXX X common; XX XK Teirly common XXX fairly rare; XX rare; X very rare

able, with silica and titaniwm being the most variable.
Banding in the calcite caprock is a very common fea-
ture. One of the most distinctive properties of this banding
ts the rhythmic alteration of colors (Fig. 11). The thick-
ness of any one band may range from about 0.25 mm to
40 mm or thicker. [n the lesser disturbed portions of the
cap the handing is generally horizontal or at a siall angle
from the horizontal. The bands are limited in horizontal
CXIent as they terminate either by pinching out or by
Fruncation, When viewed closely, the bands show many
irregularitios and contortions. Under the microscope the
bands appear to grade inte one another and 1 sharp con-
tact cannot be found. Cavities lined with drusy caleite are
characteristic of the light bands while the dark bands are
tsuaily more dense and may contain considerable pyrite.

The dark bands are somewhar harder (a greater resistunce
to abrasion) than the white bands as indicated by the fact
that when the banded rock is polished, the lght bands are
undercut leaving the dark bands protruding.

White bands have an anomalousiy high concentration
of titanium {up to 3800 ppm) but are generally low in
sulphur and iron. Darker bands are characterized by high
tron, sufphur and often silica but are low in titanium.
Caleite 1s usually the only mineral in the white bands.
Sulphides {predominantly pyrite) and sometimes organic
matter generally constiftute minor phases in the dark
burded calcite.

Brown in 1931 atributed this banding to diffusional
movement, Since that time, litile attention has been given
to the subject. A possible mechanism of diffusion during
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early diagenesis would be that dissolved sulphide is capa-
ble of diffusing out of organic rich material. Diagenetic
models, supported by experimentation, display factors
affecting the migration of iron and suiphur within anaerg-
bic sediments (Berner, 1969). The model which appears io
best explain calcite caprock banding features contains
from four-tenths to ten times the reactive iron concentra:
tion over the initial concentration of reducible sulphur. In
this situation the H,S is able to diffuse cut of the organic
rich layer only after solubilizing species have begun to.
build up fairly high dissolved iron concentrations. Under
these conditions there may be steep and approximately
equal gradients of both Fe*™ and H,S perpendicular to th
organic rich laver resulting in the iron diffusing upward:
and the sulphide downward. Berner adds that due to the
fairty high insolubility of iron sulphide, the concentratio
praduct of the interdiffusing ircn and sulphide will exceed
the solubility product to a sufficient degree so that irg
sulphide will precipitate at some point below the organit
rich layer, giving rise 10 a dark liesegang band. Alternatin
bands may then result from repeated increases of in
diffusing iron and sulphide concenirations succecded b
relief of supersaturation by precipitation. Berner (1971}
lists three principal factors that limit the amount of pyrite.
which may form: (1} concentration and reactivity of o
compounds, (2) the availability of dissolved sulphate an
(3} the concentration of organic material which can B
utilized by sulphate-reducing bacteria to produce Hy8!

The inierface between calcite and gypsum or caleit
and anhydrite is somewhat gradational. Taylor (1938
stales that “in most cases the anhydrite is not in sh
confact with the calehtz zone, but grades into it throu
a transition zone of variable thickuess.” McLeod {1960
believes that there is a “rather complcte separation of th
calcite layer from the anhydrite zone.” Unfortunatels
oniy seven samples of this interface from six domes were
available to the writer, resulting in that a generalizatio
may not be statistically reliable. All of the samples did
show some gradation, but the tfransition zone never ex
ceaded 12 centimeters in vertical distance and average
approximately less than 2 em. The sequence of alteratio
cbserved is the anhydrite grading upward into 2 zo
where calcite appears along cleavage traces in the anh};
drite. Farther upward the amount of calcite increases X
a degree at which about 40 percent of the original anhy
drite remains. At this point there is a fairly abrupt chang
in which anhydrite almost completely disappears and only.
caleite is present. Upward from this peint there is n
evidence of any anhydrite. Alternating sequences of anhiy- .
drite-calcite caprock in one bore hole (Hull Dome, Tex. }'
showed a similar phenomenon. '

Dolomite
Dalomite was noted in each caprock investigated. [
comprises up to about 60 percent of some zones of caprock”
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Figure 11, Corz sampie, Jennings Dome, Louisiana, Polished surface
of calcite caprock fluststing tha chythmic banding which is distng -
wue o this Lithoiogy. The banding s rost suraly devzicped oy
gitfusiarsl aCessss as incicated by chaic orentatian with réspect
to guch other, Th2 bands ave Umited o horrontsl extaat as they
wrmingtz sither by pinching out or by truncaoon, Davifas finend
witn dr gy ceicrle are en daristic of the ioht bend: while s
bands 2@2 usually nure donge asnd may conigin congidpa-ble pynite
lasrows).

and is cnly a minor copstituent i others. It ranges i size
from fess vhan Q.1 mm op to occasionally as large as 1.0
mim, and always displays its characteristic rhomhohedral
form.

The mineral s oae of he major coastibucnts in the
caprock i a 200 foot section of the Ulica Fome, Missis-
sippi and in a 160 {oor section of the Kings Dome, Missts-
sippi. Here dolomite s associated with caleile and/or
celestite. Dolommte as a minor constituent in caprock is
VEFY COIMm.

Texrural evidence indicates that dolomite replaces cal-
cite to varying degrees and possibly celestite and harite to
a very small degree. [t is repluced by calonie and seldom
by gypsum and barite.

Celestite

It is helieved by the writer that 1his is the first tme that
celestite has heen recopnized as a major caprock mincral,
Previous literature (Tayler, 1938; Brown, 1931 Hanna
ancdd Welt, 1934; er al) indicutes the presence of this min-
eral, but only in minor yuaniiiies. The large concenirs.
tions of celestite are found in the caprock overlving
Mississipps domes, where it constitutes over 90 percent in

- some portions of the caprock.

Celestite was ideatified in this study beth optically und
by x-ray diffraction analysis. The mineral is usually asso-
clated with either calcite or dolomite of hoth. When it is
one of the major minerals, tt s generally hrous or in

18t

Figure 12. Core sempie, ihissection, Utica Dome, Mizssissippl, Rz
diai ¢lusters o7 bladed celastite, Borme of the celestite has been pur-
tady raplaced Dy calaits, Lew Litke No, 1 Weli, 2785 feet. QOptical
micragraph, srossed nico's.

radiafing blades (Fig. 12}. Disseminated throughout any
of the lithologies, celestite appears as radiating blades or
as tabular crystals, Celestite is generally thought 1o occur
4% a coprecipitate of the associated minerals, This relation-
ship is based on such textural features as: commonly
curved boundaries between celestite and other minerals,
the tendency for the angles of intersection between three
crystats to be 120 and the alternarion of hands of celestite
with associated mineral, Celestite is infrequendy replaced
by calcite, dolomite and sulphur and it siightly replaces
anfiydnite, gypsum and caleite.

The distribution of this mineral, as previously stated, is
largely restricted to caprock of Mississippi domes. Figure
13 iflusirates the concentrations of five clements asso-
ciated with celestite in one of these domes, The mineral is
generatly characterized by fairly low Si and K concentra-
itons and is commonly associated with dolomite. Two
questions can be asked concerning the presence of this
mineral in fairly large quantities: (1) Why are large
amounts of celestite restricted to the caprock of Missis-
sippi domes? and (2} What is the source of strontium?

The following explanation is offered as an answer
bath of these questions: Mississippi domes are unique be-
caase the mother salt is overlain by a series of carbonate
and evaporite fackes which range in age from Upper Juras-
sic to Lower Cretaceous. The carbonates are composed of
materials which range from oolites to quier water dolom-
itic beds. Recent carbonate analogues of the above facies
contain large concentrazions of strontium: Bahama oolites
contain zhbout 10000 ppm; reef coral aragonites contain
around 8,000 ppm; algal aragonites contain about 9,000
ppm Se (Kinsman, 1969).

During diagenesis of these recent aragonites, the Sr**
content decreases with increasing age of the rocks. Waters
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sedirments, mprock and salt residus.

moving through these carbonate rocks progressively dis-
solve the aragonite and precipitate calcite, which would
result in the ratio (Sr*t/Catt) in solution progressively
increasing. When the solubility product of celestite i
reached, in the caprock forming environment, it will begin
precipitation. The sirontiom to calcium rato will decrease
during precipitation of celestite to a point where the ratio
will reach the equilibrivm value, and then cither CaCO,
or CaSO, will begin to precipitate.

Celestite and caleite are guite commonly neted in alter-
nating bands in the caprock of Mississippi domes. The
bands alternate from a dark gray to white, cach averaging
approximately 1.5 mm in width. These bands were ob-
served in the caprock of Qakley, Clemons and Utica
Domes, Mississippi, with the banded intervals sometimes
exceeding 100 feet.

The darker bands consist mainiy of finelv-crystalline
calcite; the dark color resulting from organic staining and/
or a greater pbundance of sulphides. White bands are
compased mainly of bladed and somewhat radiating celes-
tite crystals. The boundaries between these bands are not
vary distinet as the celestite and calcite gradually grade
into one another. The accessory minerals associated with
the banded caprock imclude quartz in about equal
amounts of ezhedral crystals and rosettes, dolmite rhombs

Figure 14. Core sample, patished sng etched surface, Minden

Dome, Louisiana. Galcite caprock; hente cutring across growth lines
which indicates that it has replacad caicite. Jones No. 1 Well, 1284
fant, Scanning slactron microgragh.

which have been partially replaced by caleite, pyrite, gvp-
sum and anhydrite,

The alternating bands of celestite and caleite are proba-
by due to differences in their solubihity, diffusion of stron-
tium out of calcite in the presence of dissolved sulphate
and the periodic build up of strontium by this diffusion
alternating with a2 lowering of the strontium concentration
by precipitation. _

The interface between celestite and anhydrite is grada-
ticmal, This contact was examined in derail in the caprock -
of Utica Dome, Mississippl. The features, going down
section, are as follows: At 2795 feet only celestite was
observed; at 2805 feet celestiie s still the major mineral
and calcite, dolomite and guartz appear in minor quanti-
ties; a1 2812 feet anhydrite was first noted and continued -
¢ increase in abundance downward to a depth of 2825 feet
where no celestite could be found; at 28235 feet and down-
ward, the anhvdrite contains an anomalous amount of
stroptivm when compared to the other analyses of cap-
rock anhydrife.

Harite

Barite was noted in small amounts in many of the
caprock samples. It occurs predominantly as tabular to
prismalic crystals {Fig. {4}, someumes as radiating blades
and rarely as rosestes. The crystals vary in size from 0.1
mm to large blades over 1.5 mm it their long dimension,
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Barite s generally assoclated with the carbonate miner-
als and has been found 1o be associated with celestite in
gypsum and anhydrite rocks {(Goldman, 1951). Taylor
{1938) siates that tabular crystals of barite in anhvdnite
caprock are of the same age as the anhydrite, dolomite,
quartz and celestite, apparently indicating the mineral is
of residual origin. Barire was 1dentified during this study
i1 both syngenetic and cpigenetic relationships with the
carbonate mincrals. The mineral can replace or be re-
placed by calcite, dolomire, sulphur, or gypsum.

Sulphur

This minerzl, in economic quantities, & largely re-
stricted 10 local areas in the capreck. Small amounis of
salphur are disseminated throughout the carbonate and
gypsum zones and occasionally in the unhydrite caprock.
The sulphur ore zones are imvariably associated with ei-
ther calcite or gypsum, The ore zone sulphur deposits
consist of orthorhiombic erystals which runge in size from
very small to over 18 mm in length, and have been re-
ported to be as jarge zus 3 o in lengrh (Taylor, 1938),

Sulphur is thought 1o be an afteraiion product from the
reduction of anhydrite (Feely and Kulp, 1957). The reduc-
ing agent in the alteration provess may be hydrocarbons
or dead organie matter, aided by sulphate-reducing unaer-
obic bacterta. One tvpe of sulphate reduction reaction may
be

CH, + Ca80, —Bstam 11,8 + CaCO; + H,0

in which methane is used only for stmplicity. Elemental
sulphur may later be formed by the H,S produced in the
above equation being reoxidized.

Gypsum

Grypsum is found on only a little over half of the domes
studied. The thickness of gypsum is quite variable, having
a coefficient of variation of 120 percent, considerably
greater than the coefficient for caleife thickness and some-
what grealer than the coefficient for anhydrite thickness.
Gypsum thickrness generaily increases from an east to west
direction with Texas domes having the greatest amount of
the mineral. The mineral comprises less than 15 percent
of the total caprock thickness on any Mississippi doimne,
while Louisiana and Texas domes nway have gypsum
thickaesses comprising from 0 to 79 percent of the total
thickness,

Gypsum oocurs as prismatic, tabular and fibrous crys-
tals. The tabular selenite variety is the most common form
with the crysials canging in size from less than 1 mm to
% mm in their iong dimension. Minerals associaied with
gypsum include caloiie, which is usually noted to be re-
placing the gypsum and somztimes in an apparent syngen-
¢tie relationship with gypsum, aragonite, barite, suiphur,
plus a few rarer minerals.
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The largest percentage of gypsum resulted from the
direct glteration from anhydrite with a smaller amount of
the mineral resulting from direct precipitation. The hydra-
tion of anhydrite to form pypsum rarely proceeds at
depths greater than 1820 feet {MacDonald, 1953} Gyp-
sum thickness shows a fairly good inverse relationship
with both the depth to the wop of caprock and top of salt
{(Table V) which indicates that the process of hydration
with depth is increasingly less effective.

Anhydrite

Anhydrite is the most abundant mineral with respect to
the total number of domes which have caprock, however,
a few domes with caprock do not contain this mineral in
anv of the wells examvined (Table [VY. Anhydrite thickness
averages approximately 220 feet thick on the domes listed
in Table 4, bur the thickness is quite variabie from dome
to dome as well as on any one single dome. Anhydriie is
most commonly fownd in the lower portions of caprock,
although it is not restricted to this area, and is occasionally
found in relatively smaller quantities associated with other
major minerzls,

Anhydrite occurs in a number of forms; prismatic, ra-
diating, fibrous and “stem shaped.” The prismatic variety
is characteristic of most of the massive anhydrite caprock,
often referred to as “saccharcidal” (Taylor, 1938} or “pile-
of-brick” structure {Brown, 1931} The “stem-shaped” an-
hydrite was noted by the writer to be only present in the
caprock-salf interface, both i the salt and directly above
iire salt, and a search of the literature did not reveal any
mention of this form in the massive anhydrite.

The massive anhydrite caprock is characterized by
prismatic crystals which vary in size from about .05 mm
up to 2.1 mm in their long dimension. The color of the
mineral in thin-section varies from nearly coloriess t0 a
light brown. The anhvdrite crystals form an interlocking
mosaic, resulting in low porosily, and exhibit a slight pre-
ferred orientation trending in a horizontal divection.
Coalescence of crystals has resulted in fairly indistinet
boundaries when a fractured surface of the rock is exam-
med.

Anhydrite s associated with a host of rare oceurring
minerals. These minerals can be dispersed throughout the
anhvdrite cap or can be found i concentrated zones
which normally paraliel the banding. A list of the rarer
minerals, accompanied by a brief description follows: cal-
cite, usually finely-crystalline and found along cleavage
traces and grain boundaries, coarsely-crystailine in veins;
dolomite, ranges in size from minuie inclusions up to 0.8
mm, generally contain, in this zone, small nuclet; quartz,
cceurs as small lerminated crystals and rosettes as inclu-
sions within anhydrite grains; pyrite, minute inclusions;
sulphur, minute inclusions in both anhydrite and dolo-
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mite; barite, smali biaded crystals; celestite, occurs as
small radiating clusters and rarely as rosettes; and a num-
ber of very rare minerals. Barnes (1933) studied saumples
containing metalfic minerals collected from the mine
dump at Winnfield Dome, Louisiana. He indicates that
the samples are probably from the basal portion of the
anhydrite caprock.

Trace element concentrations in anhydrte caprock
vary considerably with depth in each dome analyzed An
abriormally high strontium content in the anhydrite of
Utica Dome, Mississippi, appears to be related to the
celestite caprock which overlies it. This probably indicates
that Srt+ was present during anhydrite formation, The
sirontium is diadochically included in the anhydrite. The
greatest amount of Sr™* included is 0.125 percent, while
the average strontium content of worldwide anhydrite de-
posits, in the absence of celestite, is about 0.2 percent
{Braitch, 1971). The German Zechstein anhydrites range
in strontium content from 0.11 10 0.43 percent, whereas
a recent gvpsum deposit in Trapani, Sicily contains 0.28%
strontiun.

Generally two somewhat different iypes of banding are
common to the massive anhydrite caprock. One type is
composed of irregular and wsually horizontal dark bands,
about a millimeter in widib, aliernating with thicker,
lighter colored bands (Taylor, 1938). The second type of
banding, referred to by Goldman (1933; 1952) as “katatec-
tic” banding, s characterized by near parallel layers, gen-
erally horizonial or dipping at low angles, which alternate
between a band of a centimeter or less of fine-grained
anhydrite and a thicker band of coarse-grained anhydrite.

Afthvdrite displays characteristic features which indi-
cate whether the mineral is undergoing dissolution ot pre-
cipitation. The solubility of anhydrite is slightly different
for each of the three crystal faces {Brown, 1931), resulting
in the pecubar, but diagnostic, shapes formed during ei-
ther of the two processes. Diagnostic dissolution features
are (1) protruding plates and needles which represent the
less soluble faces and, (2) a very irregular surface on all
crysts! faces. The features most diagnostic of precipitation
are (1) pronounced growth lines and, (2) differential
growth rates resulting in platy fype structures.

A comparison of morphological features with trace ele-
ment content, with decreasing depth, in the Tatum Dome
is as follows: The top of the solid salt is at a depth of 1510
feer. The water-insoluble residue from this depth primar-
ity consists of anhydrite. The only anhydrite habit noted
was the “‘stem-shaped” erystals and no dissolution fea-
tures were found. At a depth 1509, just above top of salt,
the anhydrite sand is “stem shaped” (Fig. 15) and shows
dissoiution features. The conceniration of 8, K and Fe in
the anhydrite caprock has increased while Zn and Sr de-
creased with respect to the anhydrite in the salt. The

Figure 15, 1508 feet. The crystols show a falety high degree of

dissoiution and they ars ait of the “stern-shaped’ veriety. Fractured

cofe, scanning electron micrograph,

“stem-shaped” variety and dissolution features still pre-
dominate at 1507 feet (Fig. 16). At this point, no silica was

detected and both K and Fe content decrease by about a

factor of two, with zinc and stronfivm remaining almost

unchanged. At a depth of 1506 feet, crystals abruptly
display a prismatic habit and only precipitation features
are noted (Fig. 17). The crystals at this depth again in-
crease in Sioand K; while Fe, Zn and Sr remain fairly
constant, Above 1506 feet, smaller variations in concen-
trazion ocour except at four different depths, ecach sepa-
rated by approximately 100 foot intervals, where both
sifica and potassium decrease and iron slightly decreases.

The dissolution features of the anhydrite sand just

above the salt indicates thai the interstitial water in this
zone is undersatorated with respect to anhiydrite. The sug-
den increase in 8i, K and Fe above the wlt is oot fully
vaderstood. The decreased concentrations of Zn and Sr
probably mean that they are belng lost to the water during
the dissolution of anhydrite. Above the depth 1506, at
which only precipitation features are found, smaller trace
element concentration varitions exist. This may indicate
that fairly uniform water quality conditions were present
during the formation of the anhiydrite section. The four
abrupt changes in concentraticn ar about 1) foot inter-
vals result from environmental variations at the time of
anhydrite formation. One possible explanation of this vari-
ation would be the upward movement of the salt dome.

Figure 18 illustrates Si-K-Fe concentrations in the en-
tire Ca80Q), caprock and in the salf residue ankydrite for
each dome analyzed. ft can be noted from the figure that
all but one salt residue points plot toward the botiom of
the diagram, and caprock points plot toward the silica
apex. The residue point which groups with the caprock is
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Figure 16, 1507 fzer. The friabie rocik consists of swem-ghaped”
sahydeite crystals which show dissotution features, Fractured core,
sranmng 2lectron micragraph,

a sample brought up in a brine well on the Choctaw
Dome, Louistana, and left on the surface for an undeter-
mined amount of time. The anomalousiy high silica was
probably introduced at the serface. The caprock point
isolated in the center of the disgram represents the Min-
den Dome, Louisiana.

The triangular diagram {Fig. 19} illustrating Si-K-Fe in
anhydrite caprock immediately overlying the salt and in
the average salt residue also indicates fairly large differ
ences berween the two anhvdrites. This difference is
fargely due to the enrichment of silica with respect to the
othrer two elements in the caprock CaSo,.

Figure 20 dispiays Si-K-Fe-Zn-Sr average concentra-
tions in both caprock and salt residue anhydrite for five
domes. Silica, potassium and siropium show the largest
variations in caprock CaSQ, between domes, while con-
centrations of iron show less variation and zinc remains
fairly constant, The most striking feature of this figure 1s
the uniformity of the trace slements in the anhydrile salg
residue, since the domes listed are located in two differsnt
states. This could possibly mean that the salt and included
ashydrite were precipitated contemporaneocusly in one
large basin or thar conditions were very similar in several
smaller basins. Further evidence is the work done by Feely
and Kulp (1957} in which they show that the 5% /8%
1sutope ratios of anhydrite salt residuss from a number of
Gulf Coast domes vary just slightly, even less than the
ratios of modern ses water sulphate.

Figure 17. 1506 feet, The rock is anly slightly friable, crystals show
a prismat:c habit and ondy pracipitation festures are prasani. Frac-
wred core, scanning slectron microgragh,

\ @i cop rack
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r

Figurs 18, Trangllar dmoram iHustraning average Si-K-Fe in enre
CaS0, Caprock ang salt residue for each dome anaiyzad.

Feely and Kulp (1957} indicute that the 82 /8% ratios
of anhydrite caprock vary much more widely than do the
ratios of anhydrite salt residues from all domes. They
further state that enrichment of $%% in caprock may indi-
cate original variations [n the isetopic composition of an-
hydrite salt residue, bused on inclusions of bedded
anhydrite rock in the salf. This does not appear likely,
since the “bedded anhydrite”™ is probably a locally high
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concenération zone of the mineral and should have the
same isotopic composition as the more dispersed anhy-
drite. Isotopic analysis of Spindletop Dome suiphate com-
pounds by Feely and Kuip show that the 8% /8** ratio of
anhydrite caprock is different from that of the salt residue,
but is very similar to the rato of bleedwater suiphare.
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Great thicknesses of aphydrite caprock means that a
tremendous amount of salt would have hiad to be dissolved
off the top of the domes to accwmulate thick residucs.
Accompanying this dissolution of salt should be tremen-
dous collapse arees over the top of the domes of the salt
did not move up as fast as the dissolution rate. Collapse
features, however, are not found above all domes that have
caprock. The surface arza avallable o dissolution at the
top of the dome is guire small in relation 1o its entire
surface area. Waiers moving past the top would soon
approach saturation which would resuidt in a reduced rate
or possibly even halting of the dissolution progess, Anhy-
drite is not insoluble, therefore, a portion of the residue
anhvdrite may go 1nto solation. T'wo models are now pre-
sented 1o tlustrate wwo different processes of obtaining
anhydrite for caprock formation. The first model oanly
considers residusl accumulation of anhydrite and the sec-
oad model Husirates how another process can result in a
source of the anhyvdrite. This second model assumes that
borh halite and anhydriie are dissolved from the flanks of
the dome and that anhydrite can later be reprecipitated.

Model I A hypothetical salt dome; one mitle in diame-
ter, with the shape of a ¢vlinder, containiag 2 parcent of
evenly dispersed anhydrite impunty. 20,000 fect of this
salt would have to be dissolved off the top of the dome in
order to accumulate 1000 {vet of anhydrite {Assuming
that nonc of the anhydrite is dissojved}.

Figure 20, Si K-Fe-Zn-$r avarage concentrations in cap and sob resicue Dab(a,
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Madei 1I' The same hypothetical dome as above. For
a caprock 1000 feet thick and one mile in diameter its
volume would be 21.9 X 107 cubic feet of anhydrite 1fonly
40 feet of sali were dissoived by upward moving waters on
the flanks of the dome for a distance of 10,000 feet,
32.8 W 107 cabic feer of anhydrite would be available, or
approximately 33 percent more anhydrize than necessary
for a 1000 fool thickness.

Less common caprock minerals

Pyrite. This mineral occurs in varying amounts in all
tirhology types, but its largest concentrations afe in the
calcite zone. Pyrite ranges In size from nearly submicro-
scopic 1o as large as 2.4 mm, with many of these crystals
teing euhedral and having the form of cubes, pyritohe-
drons or actahedrons, Pyrite replaces sulphur and gypsum
to a small degree; it i replaced by none of the other
minerals,

Guarrz. This mineral is wsually dispersed i small
amounis throughout the caprock, although guoartz 1s occa-
sionally found in higher concentrations in shesr zones
Quartz is commanly noted as lerminated crystals or ro-
settes, with both forms being generally small in size. The
rosaites often contain dark nuclel similar to those in the
dolomite crysials. Quartz is replaced only by calcite, and
it replaces none of the other minerals.

Hualire. This mineral is probably disseminated through-
out many of the interstitial veids and cavities of the
caprock, but due 1o its high solubility it is probably dis-
solved in the drilling process. Halite also forms as discon-
tinuous beds, or lenses, in any part of the caprock and can
sepurate other lithology types. One well drilled into the
caprock of the Hull Dome, Texas, encountered salt 43 feet
into the cap and had to drill 100 more feet 1o reach its
base. The salt in this well is both overlain and underlain
by anhvdrite. The presence of a small lens of pure salf fho
water-insgluble residue was recovered) i the anhydrite
caprock at Hockley Done, Texas has been reported (Teas,

10T s
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Sediments within caprock

Deirital minerals, either disseminzred or in bedded de-
posits, within the caprock is much more commaon than the
literature would lead one 1o believe. Sediments have been
observed in ail lithology types and arc chicfly composed
of quartz, clay and feldspar detrita} minerals. Clastics
were often noted Bling fractures in the caprock. Napokn-
ville Dome, Louisiana has considershle clay dispersed
through gypsurn; Hull Dome, Texas contains both sand
and clay dispersed in anhydrite; and Vinton Dome, Loai-
SHINE contains quiie an abundant amount of disseminated
saitd in the salcite caprock.

The following is a st of examples of caprock which
contain more or less bedded sediments ard a short de-
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seription of their associations: (Data from F. S. Co. §-
thology togs)

Allen Dome, Tex. Lenses of sandy clay, up
to 111 feet thick, are
found throughout most
of the caleite cap. One
well displays a sandy
shale alternating  with
anhvdrite in beds about

10 feet thick.

A shale bed, which may
be continuous from one
side of the cap to the
other side, separates the
calcite zone 1 one well
and separates the mas-
sive anhydrite at the
same depth but on the
other side of the dome,

Hockley Dome, Tex.

A leas of shale and
gravel about 30 feet
thick separates  anhy-
drite.

Hult! Dome, Tex.

Napoleonville Dome, A fairly continuous bed

La. of shale about 25 feet
thick is located within
the gypsum caprock.

In one well a 450 foot
section of shale sepa-
rates the gypsum cap
from the caicite cap, and
in another well a 20 foot
section of sand separates
the same lithologies.

Pine Prairie Dome, La.

False caprock

The origin of false caprock in the Gulf Coast region is
directly related, and therefore very similar, to that of the
true caprock of the region. The cementing materials of the
rack are the same as the major minerals of the true cap-
rock The form and size of false caprock will be discussed.
A large percentage of the information concerning false
caprock in this section was obtuned from a thesis by
Walker (1968).

All of the samples which were studied are cemented by
calcite to some degree, and the majority contain only cal-
cite as the cementing agent, with the amount of the min-
eral, by weight, ranging from 1.8 o 73.8 percent of the
samples, A smaller percentage of the samples are ce-
mented by other avthigenic minerals to varving degrees,
In a few of the wells, and very locally, gvpsum is the major
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Figure 21. Core sampie, thin-sectian, Bisck Bayou Bome, Louisi-
and, Clasiic graing wiich have Deen partielly ta ghmost completely
reptaced by the watcite cement, F.8. Co, Watking MNo. 5 well, 1132
fupt, Dpticat microgiaph, crossed nicols,

cementing agent, Anhydrite also focally cements some of
the sediments, but never exceeds four percent of the ce-
ment in any of the specimens, Pyrite was occastonally
noted as a cementing mineral, but it s most commenly
found as dissemninated crysials cemented in either caicite
or gypsum.

The average false caprock sample contains about 60
percent clastic material and 40 percent authigenic mate-
rial. These authigenic minerals were found as individual
crystals, in clusters and as the cementing agent. The sam-
ples aiso contain fragroents and individual grains from the
true caprock, and false caprock fragments from other
areas adjacent 1o the dome. When the rocks are highly
fractured, mylonized matenals are likely to be found. It
was noted that many of the samples had contained organic
matter during the time of precipitation. Thus, the constit-
uents which nmake up the false caprock are numerous and
they vary greatly from one area to another.

The primary properties of the indurated sediments
were found to be practically absent in most of the exam-
tned samples. Originatl form and size of grains were often
destroyed by various physical and chemical changes. Very
few of the samples contain any primary porosity and the
largest pereentage of pore space was a result of dissalution
of the cement. The secondary features alter the sediments
to an extent where differentiation between the true cap-
rock and the fafse caprock becomes itapossible. The first
major secondary feature to occur was the cementation of
the sediments by authigenic minerals derived from migrat-
g ffuids. A prerequisite to the induration was environ-
mental factors whichk were favorabie to authigenic mineral
precipitation, but were apparenmly unfavorable 16 the sta.
bility of the major clastic minerals, with the resuit of the
replacenent of the clastics by the stable authigenic miner-
als {(Fig. 21D

THE GEQCHEMICAL ENVIRONMENT

The geochemical eavironment associated with the cap-
rock must be quite complex, as shown by the large number
of mineral species and their variable distribution. Trace
ciemeni analysis of the minerals themselves has also in-
dicated this complexity. A more thorough understanding
of caprock genesis requires knowledge of the interaction
between the solid-water pnases in the enviromment, This
knowledge must melude information on the geochemistry
of imersiitial waters, both in the caproek and in the cir-
cumjacent sediments, Water movemeni in the surround-
ing sediments is also discussed in this section.

Geochemistry of sediment interstitinl waters

01l field brines associated with salt downes contain con-
centrations of dissolved constituents of from less than
25,000 to more than 145,000 milligrams per hrer (Collins,
1970%. The associgied brines are characterized by the pre-
dominance of Cf among the antons, and WNa and Ca among
the cations. Those brines not asseciated with salt domes
contain less total dissolved sofids, butl considerably more
Ca Is present. This greater abundance of Ca is probably
due 13 most of these i} fields being located in the northern
portion of Lowisiana, where Iimestong in the subsurface is
more abundant thau in the southern part.

Abnormal reservoir pressures are encouniered in the
area surrounding sabt domes. Jones (1968) states that the
entrapment of water in geopressured reseevoirs of the
northern Gulf Basin would be geologically short lived
except for osmotic confinement. He believes that water
expetled from the reservoir through clay beds is diluted by
hyperfiltration and dissolved solids in remaining warer are
concentrated antii csmotic pressure opposing the flow
eqoals the head differential due to the overburden,

The distribution of salinity with depth is extremely
variable above depths ranging localty from 8,000 to 12,000
feet in geopressured areas, but below this depth range
there 15 a general progressive freshening (Jones, 1968),
Figure 22 tHustrates conditions which exist in the geo-
pressured area sivrounding Jeaneretic Dome, Louisiana.
A sharp decrease in salinity, accompanied by a fairly
abrupt increase in geopressuring can be noted at a depth
of approximately 12,000 feet, or about 4,000 feet below the
shallowest salt penetration.

Movement of the interstitial water occurs in response
ter potential fields. The potential felds may originaie by
dafferentisl pressure due to the overburden, differences In
glevation, osmotic pressures, differences inn temperature,
movement of the salt dome or by a chemical potential
gradient.

Figures 23 und 24 illustrate that the How of water
moves upward adjacent 1o and above the salt dome. Fresh
water reaches a greater depth toward the flanks of the
dome than in the surrounding area, and 1t is usually absent
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Figure 22, Pressure vs. Depth Plot {source of data classified by
contribume's requestl

altogether over the apex of the dome (Roilo, 1960). Taylor
(1938) notes that the areas in which the more shallow salt
domes occur are characterized by saline and “sour” water
Springs.

Geochemistry of caprock interstitial waters

{nterstitial waters in caprock are of moderate salinites
angd are characterized by an abundance of calcium, sul-
phate and bicarbonate ions in solution. Also associated
with these waters is 2 fairly high concentration of dis.
solved H,S. The cquilibrium distribution of sulphur spe-
cies under standard P-T conditions indicares that

Flaure 23, Wap showing by contours the alijtude of the sese of
Ea“fh #roand water 10 the viomity of Rayburns salt dome Bienville
Tariah. fatter Poho, 19601
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nonequibbrivm conditions probably exist in the caprock
gnviranment due to the expected low Eh and fairly high
pH values in the environment with the association of 30
=, apd H;8. Higher P-T values only slightly effect the
equilibrivurn boundaries, and the iome species are indepen-
dent of the total dissoived suiphur since the bounddries are
only where the ratios of sulphur species are unity. H;S is
the stable species under acid reducing conditions, but 80
=, is the stable sulphur species under basic reducing condi-
ticns which are more likely in the caprock.

The tron minerals present in caprock are also an indica-
tion of reducing conditions. Pyrite is the major iron min-
eral and only rarely has hematite been reported. The
mineral is stable under a wide pH range but is restricted
to negative Eh values above a pH of 6.

The widespread occurrence of the sulphate-reducing
bacteria Deswlfovibrio in the caprock brines is another
indication that the cnvironment is a basic reducing one.
The organisms survive best between a pH of 6 to 10 and
Eh values of +0,2 to -0.4 (Becking, 1960). Fecly and Kulp
{1957) state that acid condditions depress their growth rate
greatly, and a high pH increases the growth rate bat the
stationary popuiation is reduced.

Anhydrite-brine equilibria

The anhydrite-brine equilibrium relationship may be a
most important factor in the development of anhydrite
caprock, The sclubility of anhydrte can be satisfactorily
predicted by a model which lakes into account ionic
strength, temperatare and the amount and tvpe of com-
plexes in the solution (Marshall and Slusher, 1968; Ler-
man, 1970). The following is a discussion of the model
apphied to those brines in and arovnd caprock:

The molar quotient Ca™/(307, + HCO ;) was first
caleutated for each brine analysis. These values were then
plotted agaimst total dissolved solids, and are shown in
Figure 25. The molar quotient is considered an indicator
of whether & brine can become depleted in sulphate (and
carbonates} by precipitation of CaSQ, (and CaCO;) min-

Figure 24. Geoiopic section of Ravburns ssit dorne, Bignwike Parsn,
izftar Rollo, 1960)
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eral phases (Lerman, 1970). Precipitation of anhydrite or
gypsum would not deplete the brine of its sulpbate if the
quetient is smaller than one, but would deplete it if the
value is of greater than one.

In order to determine the anhydrite-brine equilibria
curve of Figure 25 the composition of the brines was
averaged within successive intervals of 25 g/} tofal dis-
solved solids, and the concentrations of Cat™ and SO™,
were calculated for each of the “mean” brines at equilib-
rium with anhydrite at 75°C. New values of the molar
quotient Cat+/(S0™, + HCO-;) were computed and the
smooth equilibria curve was drawn between the caleulated
valtes, The method and the calculations to obtain this
curve were taken from reports by Lerman (1970}, Mar-
shall (1967) and Marshall and Slosher (1968).

The curve was calculated at 75°C becaunse this is re-
garded as reasonabie for the depths of caprock formation.
The brines supersaturated with respect to anhydrite are
the points below the curve {Fig. 25) and those brines
undersaturaied fall above the carve. An increase in tem-
perature would only slightly move the curve upward,
whereas & decrease in temperature to around 30°C would
move the curve considerably downwarg,

It can be seen in Figure 25 that the caprock brines are
either close to equilibrium or are supersaturated with re-
spect to anhydrite at 75°C. Most of the sediment brines
are {airly well undersaturated with respect to anhydrite,
and those supersaturated may indeed be brines located
directly on the flanks of the dome, If Catt and SO, were
added in equivalent amounts o the undersaturated sedi-
ment brines, the values of the Ca™/(807, + HCO,}
guotient would decrease and fall closer to the equilibria
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Figure 28, Molar quotient Ca T80T + HCO3) in saitdome associ-
ated sub-surface brines.

curve. Thus, brines migrating toward the salt would be
undersaturated with respect 1o anhydrite. Upon contact
with the dome and moving upward along the flanks the
brines would increase in Catt and SO, by dissolving the
anhydrite which would result in a decrease of the molar
quo-

tient. At some point the brines could become super-
saturated with respect to anhydrite, and anhydrite would
possibly be precipitated. The addition of HCO-, by the
bacterial sulphate reduction process to the supersaturated -
brines would increase the molar quotient, and CaCO, -
could be precipitated. '

ORIGIN OF CAPROCK

The previcus discussions were primarily concerned
with the features of caprock and iis surrounding environ- -
ment. Table VII sumimarizes these important caprock and
associated features. The features listéd in this table wiil
now be examined to ascertain if any of the theories of
caprock origin can satisfactorily account for the character
of caprock and is relationship to the circumiacent eavi-
ronment. Only two previous theories will be considered;
(1} precipitation in place and (2) residual accumulation
and secondary alteration. Other theories, such as a block
of sedimentary material upthrust by the sait, or the altera-
tion of limestone to form caprock, will not be discussed
because these theories have already been disposed of and
are seldom seriously considered in the present literature
{Taylor, 1938, Murray, 1966; et. al.).

Precipitation in place theory _

Stuart {1931) proposed that precipitation of anhydri
or gypsum would result when meteoric waters containing
dissolved calcium carbonate mixed with salt dome waters
containing soluble sulphates. Paul Weaver in a written
communication with Ralph Tavlor during 1937 (in Tay-~
lor, 1938) states: “There is also the possibility that the
CaS0, may be precipitated from circulating walers origis
nally connate in offside sediments; as these waters, already
contzining some CaSQ, lie along the edge of the salt
dome, they dissolve salt and anhvdrite from the salt dome
until saturated by the latter, and then as upward circula-
tion brings them to the top of the salt dome, they precipi-
tate the CuS0,.”

Residual accumulation and secondary alteration theory
The theory of the origin of caprock most widely ac-
cepted today was first definitely outlined by Hanna (1930)
and Goldman (1929: 1933), and later refined by Tayler
{1937. 1938), The basic idea of this theory is that the
formation of anhydrite caprock results from the accumu-.
lation of the less soluble constituents, chiefly anhydrite
crystals, of the salt domes. The other minerals found in the
caprock result from secondary alteration of the anhydrite;

A S
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TABLE Vil

Summary of Imporiant Caprock and Associated Featuras

i, Physical Features
1. Caprock shape is highly variabie,
2. Caprock may rest directly on the salt with no
intervening anhydrite sand,

3. The upper surfzes of tha salt cen be very variabie,

4, The upper puriions of caprock are mare highly
deformed then portions near the sail.

5. Sedimants adjacent 1o salt domes are generaily
braccigtad.

B. The shale sheath around the salt cotld bebave as
& semipermeanle membirane and permit seiective
movement of water toward the sall and the
deveiopment of germotic pressures,

7.  Caprockis present on the Sigghees Knolls in the
Gyif of Mexico.

it, Lithological Features:
1. The lithological seguence in caprock is variable.

2. Caprock iithology is variable from dome to domae.

ica Caprock Ethology on 2 singla domae can be very
variable.

4. The interface betwaen celestite and anhydrite is
gradational.

B.  The intertface between caicite and anhydrite
caprock s somewhat sharp,

8. Anhydrite can be found anywhere in the caprock
and may alternate with other tithologies,

7. The volume of anhydrite caprock can be more
easity explainad in terms o7 dizzolution gnd
later reprecipitation of the minara! than by
socumulation aone,

8. Sediments are cOMMan in the caprock; as
dispersed irclusions or in beds separating any
iithology types.

IH,  Mineraiogicel Features:

1. Fhe top of the salt is commonty undergoing
gissolution and tha less coluble minerals
accumiiiate in this interface.

2. At least 30 different minarals have been
identified in caprock.

3. Only appraximately 20 different minarais have
tean wentified in the saly,

A brief surmmury of the processes thought to be involved
i this theory of caprock formation is presented:

When a salt dome rises through the basin sediments, it
eventually comes into contact with zoues of grouud water
whick dissolve away the upper portion of the salt, leaving
the inscluble crystals of anhydrite as a residue. These
anhydrite crystals are then compacted and recrystallized

4, Dolomite or celestite may be & maior mineral
in the caprock aver a faw domes.

a. Antwpdrite s the most sbundant caprock minaral,
but net every caprock cantains the mineral.

8. Crystals in the massive gnhydrite caprock form
an interiogking mosaic.

7. Crystals of the massive anivydrite caprock ditfer
from those in the salt in morphoiogy.

8. Diotornite and quartz erystals, charactenstic
of the sait residue, are found in the caprock.

8, Fzise caprock cantains the same authigenic
minarals as the true caprock, and false caprock
grades InTo true caprock.

V. OGeochemical Features:

1. Troce sigment content of residue anhvdrite varies
but siighily frorm dome to dome.

Z. Halite satubility is markadly influenced by other
efectrolytes in solution,

3, Anhydrite solubiiity is a function of ionic
strength, remparature, and the amount and type
of complexes in solution.

4. Trace element concenirations in the massive
anhydrite caprock rangss constderably, but de
show interretationships with each ather.

5. Capeoack banding s largely due to diffusion or
an episodic inttux of minor etements, ar both,

6, Trace slement concentratons differ significantly
between caprock anhydrite and the salt residue
gnhydrite.

7. Waters move upward along the fianks af the
domas and only focaily affect the guatity of
the groundwater.,

B.  The caprock geochsmical environment may
consist of basic and/ar reducing conditions.

9, fast brines are undersaturaiad with vespect 1o
anhydrite in the surrounding sediments put
are at near aquitibrium or supersaturazed in
the caprock envivonment.

to form the massive anhwdrite caprock. This anhydrite
caprock may be locaily hydrated to form gypsum.

The calcite and sulphur comrmonly present in caprock
are thought 10 be alteration produets from the reduction
of anhydrite. The reducing agent in the alteration process
may be hvdrocarbons or dead organic marizr.

Murray (1966) summmsrizes the sequence of events

H
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which he believes probably take place during caprock for-
mation.

1. Intrusion of the salt plug into & zone of active water
circutation,

2. Graduat truncation of the top of the salt plug by
solution, decapitation of the fold in the salt and formation
of a solution table, and accumulation of residual unhydrite
sand,

3. Compaction of the caprock accompanied by precipi-
tation of anhydrite from solution and intergrowth of anhy-
drite grains.

4. Continued solution of the salt, with growth of the
salt plug compensating for removai of salt by solution,
Consolidation of the anhydrite and subsequent shearing of
it by stresses created by upthrust and collapse.

5. Entrance of altering solutions and development of a
transition zong in which anhydrite alters 1o gypsum and
bothy, in turn, aiter to calcite and sulphur; a relic anhydrite
structure is commonly preserved.

6. Transgression of the transition zone downward, es-
cape of hydrogen sulfide, or its oxidation to sulphur in
place or within the overlfying caprock, and deposition of
calcite. Secondary calcite, sulphur, pyrite, other sulfides,
barite and celestite may develop in the upper part of the
calcite zome, or they may replace sulphur in the transition
zone. Influx of hydrocarbons may result in the reduction
of suiphur, its redeposition in another part of the caprock,
or ity escape.

Analysis of previous theorics

A comparison between fact and theory will now be
presented. A fact which agress favorably with one theory
may unfavorably agree with the other theory, Table YHI
lists arguments for and against the “'Precipitation in
Place™ theory. Arguments for and against the “Residual
Accumualation”™ theory are preseuted in Table 1X,

Features compatible with either theory

A number of the features do not give strong preferential
arguments, cither for or against, one or the other caprock
theories. Other less divect features may support the “pre-
cipitation in place™ theory, but the features are ot incom-
patible with the other theory. A discussion of rhese
teatures is fortheoming: Many of the features attributed to
recrystallization and pressure solurions may be features of
precipttation. The “saccharoidal” structure of massive an-
hydrite caprock which was thought to have resulicd from
compaction and recrystallization of residue anhydrite
could also be due to precipitation in place forming the
interiocking mosaic. The deformation at the tops of anhy-
drite and calcite zones has been attributed fo “downbuild-
ing” with an increase in age from the salt-anhydnte
contact upward, but the feature can also be explained by
the caprock forming at depth, with subsequent movement
upward resuiting in deformation. The fact that anhydnite
is the maost abundant caprock mineral can support either
theory since the ultimate source for the mineral must be
the residue anhydrite, The morphological differences be-

TABLE VIl

Argumenis Far and Againsy “Precipitation in Place”” Theary

Compatibde Features

1. Variahility of caprock {ithology in single domes and from one dome 1o anather.

. Most of the caicite is definitely precipitatad in place,
. Dolomits may be a major caprock mineral.

. Large volumes of calestite in some caprock.

~i N B D M
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. Sediments are common (o caprock.
8. Waters more upward along the flanks of the domes,

. Trace eiement concenirations in anhydrite caprock vary consigerably.
. Trace element concensrations differ significantly between caprock anhydrite end the salt residug anhyerite.
. The volume of anhydrite ceprock reguires dissolution of much fess salt from rhe top of the dome than the “residual

10, Most brines are ungersaturated with respect 1o anhydrite in the surrounding sediments but wre at equilibrium or

supersaturated in the caprock,

11, False caprock contains authegenic minerals the same as the true caprock, and faise caprock grades into true caprock.

12, Caprock is present on the Sigshee Knolls,
incompatibie Feature

Dolomite and quart? crystals, characteristic of the salt residue, are found in the caprock,
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TABLE 1X
Argurmenis For and Against ““Residual Accumulation” Theory

Compatibie Features

1. The top of the salt is commenly undergoing dissolution and the less soluble minerals accumulate in this interface,

2. Dotomize and quarts crystals, characteristic of the sali residue, are found in the caprock.

3. The upper portions of caprock are more nighly deformed than poriions near the salt,

4. Antiydrita is the most abundant caprock mineral,

incompatible Features

1. Most of the catcite is definitely precipitated in place.

2. Oolomite may be a major caprack mineral,

3. Large volumes of celestite in some caprock.

4.  Large amount of salt dissolution required from {op of dome.

B, Variahitity of caprock lithelogy,

6.  Trace eiement differenge in caprock and salt residue anhydrite,

7. Presence of false caprock and s gradational boundary with true caprock,
a. Precence of caprock on the Sigsbee Knaoils.

tween caprock anhydrite and sait residue anhydrite would
indicate either that the crystals were teprecipitated from
dissolved residue anhydrite or that the crystals precipi-
tated from CaS0, rich solutions migrating in from exter-
nal sources. The interface between caleite and anhydrite
caprock is fairly sharp, which may resolt from an altera-
tion “front” in which anhydrite alters to calcite in a pro-
gressive, but vertically limited, space or the feature may
be attributed to changes in the geochemical environment
during precipitation.

The fact that caprock may rest directly on the salt with
n0 infervening anhydrite sand indicates that dissolution is
RO Row occurring at this interface. The brecciated nature
of the sediments adjacent to salt domes would increase
porosity and permeabifity allowing greater fluid move-
ment, The shale sheath adjacent to the salkt could serve as
a semipermeable membrane and permit selective escape of
water toward the salt, resulting in osmotic pressures and
a more or bess enclosed channel (bounded by the salt on
one side and shale on the other) in which upward moving
water could flow. The fact that partially dissolved anhy-
drite crystals are found in the shale-salt interface. The
interface between celestite and unhydrite is gradational,
indicating that stronfjum was incorporated in the anhy-
drite during its formation. Direct precipitation is sup-
ported by the fact that anhydrite can be found anywhere
0 the caprock and may alternate with other lithologies or
even sediments.

The arguments presented in Tables VI and IX, and
the discussion on the less direct features seem to indicate
that the caprock is largely formed from direct precipita-
ton. The main feature that the precipitation theory can-

not account for is the presence of dolomite and quartz
crystals, characteristic of the salt residue, dispersed
throughout the caprock. Because of this fact, #t is
propased that the origin of caprock can be satisfactorily
explained by a “medified precipitation in place” theory.

Modified precipitation in place theory

The paragenesis of the caprock minerals is postulated
as follows: aghydrite and salt wouald be dissolved from the
flanks of the dome by upward maving waters, and anhy-
drite would later be reprecipitated, as the caprock, from
these solutions when the geochemical conditions were fa-
vorable 1o this process. A smaller amoant of anhydrite
could be incorporated in the caprock by dissolution of the
upper salt surface releasing the less soluble residue, The
degree of dissalution at this surface, as well as the amount
of included impurities in the salt, would determine what
percentage the residue anhydrite coniributes to the total
bulk. The characteristic dolomife and guartz salt-residue
minerals would be included in the caprock in an amount
dependent upon the above process. Petrographic recogni-
tion of the residue anhydrite in caprock would be most
difficult, if not impossible, because of such processes as
recrystallization and avergrowth. Gypsum can form by
either the hydration and alteration of anhydrite or by
direct precipitation. Sulphur is an alteration product from
the reduction of anhvdrite, Calcite 15 precipiiated from
solutions containing Ca*™ from the upward moving wa-
ters and HCO-, from the anhydrite redaction process.
Celestite is precipitated when sediment interstitial waters
coniaining fairly large amounts of strontium come in con-
tact with the caprock associated waters. Much of the dolo-
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mite could be formed by a similar process as the celestite
but the sediments waters would contain Mg™t. The less
comnmon caprock minerals would largely be formed by the
interaction of sediment interstitial waters with those wa-
ters in the caprock, The remaining less common minerals
have come from the less-soluble fraciion in the sall and by
alteration from other minerals.

DEVELOPMENTAL SEQUENCE OF
CAPROCK

The following is the sequence of events which may have
taken piace during the development of caprock.

. The sait dome is intruded into the overlying sedi-
ments, its movement upward is episodic.

2. Dissolution of the sall along the flanks and the top
of the dome will ocour when the dome encounters walers
which are uadersaturated with respect to halite. Since
saiinity can greatly decrease with depth balow 8,008 to
12,000 feet in geopressured areas, the depihs at which
dissolution first takes piace can be very great.

3. Substantial movement of water probably occurs at
depths as deep as 15,000 feet, moving in response to poten-
tial fields resulting from physical or chemical differentials.
The brines migrating toward the dome would be under-
saturated with respect to both halite and anhydrite. The
waters move npward along the Banks dissolving halite and
anhydrite. Some of the overhangs of salt have been at-
tributed to these circulating waters, such as at Belle [sle
and Anse [a Butte Dome, Louisiana (Tudson and Stamey,
1933).

4. At depths of 4,000 to 10,000 feet, the flow rate of the
hydrologic system would be sufficient enough, as shown
by the presence of caprock at this depth, 1o transport the
dissolved solids toward the apex of the dome. During
periods of quiescence of the episodic growth, the Ca**
and 8O7, incorporated in the waters would become super-
saturated near the upper surface of the sait. Since the
waters would only be supersaturated with respact to anhy-
drite and not to halite, anhydrite would be precipitated
and the sali would continue to dissolve. Because of the two
simuitaneous processes, the newly formed anhydrite
would coniain the less soluble residue minerals such as
quartz and dolomite.

3. The variations i the trace clement concentrations
would then reflect the concentrations of these elements in
the brines from which anhydrite is precipitating. As the
dome moves up episodically, it encounters different qual-
iy brines and therefore the anhydrite changes in composi-
tons. .

6. The anhydrite grows both upward and dewnward in
direction, with the amount of growth depending on the
rate of anhydrite precipitasion and the rate of halite dissey-
tution: off the apex of the dome,

7. Anhydrite continues to precipitate vntil the envi-
ronment changes from acid redocing to basic reducing,
This change occurs at 2 depth where organic material -
(hydrocarbons), along with other favorable conditions,
exist for the growth of the sulphate reducing bacteria. In
this environment the pH would increase because of the
sulphate reduction process. The bicarbonate fon is a re-
duction product, therefore due to differences of solubility
between calcite and anhydrite, the caleite would precipi-
tate, also increasing the pH or at least buffering sbove pH
7.

8. If the supply of orpanic matter was temporarily di-
minished, bacterial growth wonld cease, pH wonid proba-
bly lower due to the tonization of H,8, and anhydrite {or
gypsum) would again precipitate. This conld possibly re-
sult in the alternation of anhydrite and calcite.

9. If the supply of organic matter was deficient in only:
parts of the caprack, different minerals would be precip
tated in different areas.

16. i other elements were present in fairly large quan
tities in the associated brines, they could become incorpas
rated in the caprock. This is the case in some of Mississip
caprock where large amounts of strontiym were incorpo
rated.

11, The upper deformed surface of anhydrite and ca
citz zones simply result from the caprock forming
greater depths, followed by later movement upward and
resulting in the upper surfaces being deformed. '

i2. All of the anhydrite dissolved does not necessari
form in the caprock, but some escapes into the surroun
ing sediments to form the false caprock,

13. The room necessary for caprock growth develor
primarily from the dissolution of the top of salt (in oth
words enty 1K) feet of salt would have o be dissolved o
the top of the salt in order 1o accommodate a 1000 {50
caprock). Other ways of developing room would be ¢
dissalution of the unstable clastics (common to the falg
caprock environment) or simply by the force of crystall
zation (Weyl, 1959).

14. The variability of caprock between domes and ¢
any one individuai dome would result from local contrg
and conditions. Structute would control fluid mevemen
along with permeability and osmotically derived pressure
in the surrounding sediments, The compaosition of th
associated brines would limit the types of minerals precip
tated, and the geochemical environment wouid dictate the:
type of minerals which precipitate from these brines.
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