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ABSTRACT

The presence of caprock on Gulf Coust salt domes is evidence of dissolution of salt
aver long periods of tme. It is reasonable to assume that the thickness of the
caprock provides a measure of dissolution in the geologic past. This record can be
used, with caution, as z basis for determination of present hydrologic stabikity. The
character of the anhydrite at the salt-caprock inerface should provide more defini-
tive cvidence in this regard. Caprock thickness not only establishes the amount of
salt removal, it alse indicates the guantity of sodm chloride added to underground
waters responsibie for dissolution, Complementary studies of caprock and chemical
geohydrology may contribute 1o a better understanding of both geologic elements.
The thickness of caprock s also potentially useful in studies of tectonic stability.
Culculated growth tates of domes must incorporate average rales of caprock forma-
tion. Rates of growth determined from the stratigraphic record must be tncreased in
proportion to the amaeunt of dissolution recorded by caprock thickness. Older cap-
rock studies were facused on the sequential development of the entire caprock or on
later phases. The uses of caprock data for salt dome studies, outlined ubove, are
contingent upon a proger understanding of the accumulation and diagenesis of
anhydrite which constitutes the basal part of salt dome caprock. Continuing research
is yequired to advance knowledge of eatly caprock genesis,

INTRODUCTION

If caprock tepresents the end product of 4 residual ac-
cumulation of anhydrite particles from a salt stock, it consti-
tutes a vahuble record of the history of dissolution of the
salt stock. Although this mode of origin of ¢caprock is now
generally accepted and has a high probahility of being cs-
sentiafly correcl aiternalive explanations have been pro-
posed. Four principal theories of origin were summarized
by Rogers {1918). Among these were the residual acoumu-
lation hypothesis and the precipitation in place hypothosis.
The idea that caprock could form by precipitation i place
of calcium sulphate from migrating ground water was re-
viewed and critigued by Tavlor {1938). His work comple-
menting that of Goldman (1933, 1932) served to advance
the theary of the formation of caprock by residual accumutla-
tion of anhydrite resniting from salt dissolution. An excel-
lent short review of this modern version of caprock forma-
tion from the initial sccumulation of enhydrite through its
final chemicai and physical modifications is given by Mur-
ray (1966). Murray’s summary was later presented in
graphic form by Martinez (§974).

GENESIS OF ANHYDRITE CAPROCK

The varicus processes of modification of anhydrite cap-
rock, including accumulation of native sulphur depuosits, are
all of great scieatific and economic importance, However, the
phase which is critical to a correct interpretation of salt dome
history is the imitial accumuiation of anhydrite. Positive
evidence in favor of the residual theory otfered by Taylor
{1938) included:

{. The presence at the salt-anhydrite interface of trine as-
sociated with the water-insoluble minerals of the salt,

2. The cxistence of a relatively flat-topped solution table
that decapitates the salt folds,

3. The similarity in compositicn of the salt residues and the
anpiydrite caprock and,

4. The greal irrogularity in the development of caprock.

Taylor found no other explanation acceptable at that time.
Walker (£672, 1974, and 1976) reexamined the origin of
anhydrite caprock, with the aid of medern geochemical
technigues. His study was prompred by the extraordinary
amount of salt dissolution reguired to account for large
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thicknesses of capiock, as much as 1.500 feet thick, by

residual sccumulation of anhydrite originally dispersed

throughout the sait stock. He found evidence that he consid-

ered to be incompatible with the residual accumuiation hy-

pathesis. Characteristics cited as constituting such evidence

were ax quotad direerly below:

1. Most of the caleite is definitely precipitated in place,

2. Dolomite may be a major caprock mineral.

3 Large volumes of celestitz in some caprock.

4, Large amount of salt dissclution required from top of

dume,

Variubility of caprock lithology.

6. Trace element differenca tn caprock and salt residae an-
hvdrite.

e

Prasence of false caprock and its gradationat boundary
with true caprock.
%. Proscnce of caprock on the Sigsbee Knolls.

On the basis of his work, Walker proposed a combined
residual accumulation-precipitanion in place explanation. In
essence, he believed that a large part of the calcium sulphate
in the anhydrite caprock was precipitated from brines con-
raining calcium sulphate thal originated from dissolution
along the flanks of the dome hy upward moving waters. The
contribution of anhydrite by residual accumulation at the
upper surface of the dome was thought fo be invoived but
uely o a minor extent, The work by Walker, along with his
data and obsgrvations has added very valuable new informa-
tion 1o the thnd of knowledge of salt dome caprock. How-
ever, his proposal that anhydrite caprock has been essen-
tially precipitated in place is not convincing, It is difficult to
visualize the exact process by which salt is removed by
dizsolution with a simultaneous precipitation of anhydrite
on & iarge scale as postulated by Walker. Such an expiana-
tion Is not coasistent with obscrvations of brine containing
anhydrite sand at the caprock-salt interface. If the anhydrite
were precipitated concurrently with dissolution of the salt,
there should be some indication of this in this youngest
stage of coprock formation, Such evidence is lacking. Axn
appreciable thickness of loose or poorly cemented sand at
the contact without evidence of precipitated anhydrite indi-
cutes a lengthy period of dissolution without simultaneous
precipilation of CaSG,, Furthermore, the entire process de-
pends on undersaturation of the rising brine in NaCl and
sateration of CaSQ,. I is difficult 1o see why this unique
condition would pecessarily exist.

Ome of the exrty arguments favoring the residual aceurnu-
lation hypothesis is the commeon occurrence of a solution
tablc at the upper part of the salt stock. The large amount of
dissalution required to form such a feawre is much more
compatible with the residual accumulation theory than with
an explanation dependent on large scale precipitation of

anhydrite. The cross section of the Henthe salt dome neur
Hannover, Germany shown in Figure 1 is an example of the
extensive dissolution required to decapitate large scale fold-
ing. The thickness of the resulting caprock is indicated.
Trace clement differences hetween caprock and salt res-
idue anhydrite a3 well as morphological differences in the
anhydrite itseif observed by Walker do raise guestions con-
cerning the validity of the residual accumulation theory.
However there are alternative explanarions such as diage-
netic changes after release of the anhydrite from the salt. Tn
any event the essential shuplicity of the resideal accumula-
tion theary as opposed to others 18 in itseif compelling.

PROPOSED INFLUENCE OF SALINITY
ON ANHYDRITE-~ GYPSUM CONVERSION

Previous explanations of the development of zonation of
caprock frum the initial residual accummiation of aphydrite
seem to have overlooked an apparcet paradox. If the basal
anhydrite zone resulted from dizssodution of the sall, why
was it not hydrated to gvpsum by the same solution at the
time of residual accumulation rather than at some later
stage? If this iy due o depth-temperature relationships. as
one can infer from Goldman (1933, 1652), why is gypsum
found in the transition zone above the anhydrite? One ex-
planation is that this hydration occurred after upward
maovement of the anhydrite caprock brought it into a lower
temiperature field. An alternative explunaiion fullows which
is considerad to he more acceptable. The common reiution-
ship of gypsem in the transition zope overlying anhydrite is
considered to be due to hydration of the anhydrite by per-
colating water. Anhydrile-gypsum (transitions have bega
demonstrated to be 4 function of salinity as well as tempera-
ture {Goodrnan, 1954, Experiments by Goodmnan estab-
[ished rhat gypsum is the stable form of caleium sulphate
regardless of concentration up fo approximarely 30°C. He
abso found that at temperatures of 66°C w0 74°C, anhydrite ks
the stable form for concenirations as mech as 5 times nor-
mal sea water. Above that concentration hemibydrate was
found to be stable. The demanstrated stahility of anhydrite
as it accumniates from dissolution of salt to form caprock
suggests that the fatlure to convert w gypswm (or hemihy-
drate) 4t this step in the process is due to the extreme salinity
of the water which results from sal: dissolution, A hypothet-
ical sequence of caprock development which iliustrates this
imerpretation is shown in Figure 2. Somce distance above
the inter{zee salinity would be expected to decrease allowing
gonversion of anfiydrite to gvpsum.

Thus charactenistics of salt dome capreck may furnish
important evidence of stability reiations between anhydrite
and gypsum. Moreover this observarion at the inferface
makes it clear that the fajlure of anhydrite w0 convert to
gypsum ig the salt stock does not vecessarily indicate a lack
of trapped brines in the salt.
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Figure 1. Salt dome of Benthe/Haanover. From G. Richter-Bernburg, International Symposium,
Geology of Saling Deposits, Hannover. Germuny, 1968.

The conclusion that gypsum does not form at the cap-
rock-salt interface because of the high salinity of the brines
is not invalidated hecavse of its virtual absence on some
dames. In such instances, it may well be that another condi-
tion essential for hydration of anhydrite is not present.
There mast also be sufficient permeability of the anhydrite
caprack to permit passage of water to effect hydration. It is
to be expected thai the fracturing and brecciation which
normally provides permeable chennels may not exist on
some domes possibly because of a lower thar normal
growth rate or special characteristics of the intruded mate-
rial.

It is somewhat more difficult to account for a caprock
which has 2 gypsum zone resting directly on the sait with or
withourt anhydrite above. This may be explaingd by a flow
pattern in the aguifer, probably with a higher than normal
velocity, which has the effzct of shifting the critical salinity
lne shown on Figure 2 down nearly o the caprock-salt
interface. However, the important point is that coaditions
do exist which prevent hydration of anhydrite in the basal
part of the caprock where if is intimately associated with
circuiating waters that are dissolved in the sait.

RELATION GF CAPRGCK THICKNESS TO
DISSOLUTION AND GROWTH OF SALT DOMES

Bearing in mind the ramifications outlined in the preced-
ing paragraphs, i is reasonable to assume that the thickness
of the caprock provides a measure of the amaunt of dissolu-
tion in the geolagic past. It is obvious that the reliability of
caprock thickness as an indication of dissolution is depen-
dent on a correct understanding of its mode of origtn. The
hypothesis of 'residual zecumulation’ is adopted here. The
following discussion is contingent upon the correctness of
this decision. In any event the scale of disseiution thus
interpreted will be a maxingurs amount, In an analygis of the
hydrologic stability of salt domes, this approach will pro-
vide the most conservative interpretation,

An upnderstanding of the growth and dissclution history
of sait domes as deduced from the record provided by cap-
rock can provide an important aid in the analysis of rates of
growth of salt domes as well as associated structural and
geomorphic features,

Mazrtinez (1974) called attention to the scarcity of pub-
lished data of subsidence over 1J.5. salt domes as a result of
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Figure 2. Poswlated cffect of salinity in delaving conversion of anhydrite to gypsum.

salt dissolution. Solution collapse features are common over
salt domes in Germany according to Borchert and Mulr
£1964). Lakes and thick, circulur, or elliptical bodies of
Itgnite are found sbove some of these domes. The only two
subsidence features cited by Martinez (1974} were the lake
overlying the Jefferson Island dome in Louisiana and a sub-
sidence feature ¢ver the Chestnut dome also in Louisiana.
Since that time, the comman association of surficial subsi-
dence features with salt domes in the North Louisiana Salt
Dome Basin has been reported by C.R. Kalb (in Martinez,
ct al., 1977}, He considers them o be a result of salt disso-
lution. C.G. Smith {in Martinez, et al., 1976) hus Hsted
several domes with and without topugraphic lows in the
Northeast Foxas Salt Dome Basin.

The presence of wopographic lows or highs or the absence
of either of these features can he explained in principie by
centain processes of growth as modified or not by dissoly-
tion. Martinez {1974) following ideas proposed by Gold-
man (1931) drew an analogy belween salt domne growth, as
modified by salt dissolution, and the flow of 1 glacier of ice.
The advance or retreat of the toe of a glacier is dependent on
the relative rates of flow and melting. Similarly. the vertical
movement of the upper surfece of a salt stock depends on
the relative rates of growth and dissolution. A steady state
can be brought about by an equivalence of these two pro-
cesses in either instance. Figure 3 illysirates diagrammati-
cally the structural and geomorphic effects of several differ-

ent combinations of hypothetical conditions of growth and
dissolution.

Figure 1A, Case |, represents a condition of equilibrium
in which the top of the salt remains in place at the plane of
dissofution 1" as the salt stock continues to move up-
ward. This plane of dissolution is the base of un agnifer
containing moving water of a salinity which will dissolve
sait. Minor uplift persists due to formation and wpward
movement of the caprock. Tt is to be noted that for this set of
conditions the upper part of the aquifer and overlying units
up to and including the surface is arched upward. The base
af the aquifer which coincides with the plane of dissolution
is not disturbed. The upper pant of the caprock s oldest and
the base is youngest, As long as the plane of dissolution
does not move downward, surface subsidence cannol occur.
Thus, if it could be dernonstrated for an actual dome, that
the base of the caprock comncides with the contact between
an sguifer and an squiclude, one could conclude that active
subsidence and major uplift is unlikely, Without uphift and
without subsidence the dome would appear to be tectoni-
cally stable even though the stock itself s still rising verti-
calty. This apparent lack of movement is due 10 the steady
state which is a result of the equilibrium between upward
growth and dissolution.

Stuge 1 of Case 2 shown in Figure 3B represents a situa-
tion in which the top of the slock has moved upward past the
base of the aquifer. For this period of time the rate of
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Figure 3. Growth versus dissolution in a rising salt stock.

growth has exceeded the rate of dissolution. A stock that
has expericneed this rate of growth may or may ot have
developed a caprock. It could be expected to experience a
significant amount of dissohitior in the fulwre with con-
commitant subsidence of the overlying uniis.

This stage rmight be followed by Stage 2 shown in Fig-
ure 3, which represents a sitwation in which the growth
rate of the domse dectines ro less than the rate of dissolution.
Assuming dissolution is concentrated on the upper surface,
subsidence as shown above occurs. If dissolution occurred
arourd the cylinder of salt as well, subsidence would still
occur but the pattern would be more complex. A caprock
would be expected to develop along with dissalution, The
period of rime represented by final growth of the dome
would be indicated by the youngest beds that are upturned
on the periphery. Dating of the latest period of subsidence
might be accomplished by examination of possible collapse
features in the down dropped plug. Sinkholes similar to
those found overlying limestone or gvpsum beds would not

be expected to occur. The basis for this conclusion is that
the sait stock iself would not be fractured so that ground
waters could not percolate through the salt. Dissolution can
only oceur on the upper surface or the periphery. Any de-
pression produced on the top of the salt, unless it is part of a
finear path of dissolution, would be seif-limited in down-
ward growth by density isolafion {stagnation} of saturated
brine int the bottom of such a depression.

Two other possibilities are not illustrated in Figare 3.
One of these is for the stock to stabilize in a position of
equilibrium with its top surface at the uppermost level
shown in Figure 3B. The casuing events would be similar
to those shown for Case 1 in Figure 3A. Finally, growth
could continue to exceed dissolution as in Stage 1 of Case 2
shown in Figure 3B. If caprock had been formed it could be
subject w sufficient stress from movement ahead of the plag
and become quite breceiated and faulted.

All of these postulated examples of the results of growth
and dissolution of a salt stock might have occurred at an
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early period of growth of the dome as it approached an
erosion surface now recorded in the geclogic record as an
unconformity. Dissolation wonld be most Tikely to occur at
such near surface conditions.

This mode! is not expected to be particularly useful as a
predictory wool but should prove 1o be an aid in the interpre-
wtion of geohydrologic, structural, and stratigraphic data
developed in a salf dome invesrigation.

In evaluating the potential utidity of sak domes for the
isolation of radigactive wastes bath the hydrologic stability
and the tectonic stabitity of these structures must be consid-
ered. The degree of development of caprock on sait domes
pravides g geologic record of the past history of dissolution
and thus gives a basis for determining amounts of long time
hydrologic stability and assessing the importance of dissolu-
tion in estimating growth rates.

DEGREE OF HYDROLOQGIC STABILITY
AS DEDUCED FROM CAPROCK DATA

A madel] (Fig. 4) was proposed by Martinez {in Martinez
el ab,, 1975), contrasting coaditions for maximun hydro-
logical stability and instability, Ope of the indicators of
instability incorporated in this analysis is the presence of
caprock. Another is the presence of a plume of saline
ground water “‘downstream’” from the dome. Whereas cap-
rock provides historical evidence of dissolution, a waling
plume demonstrates active dissolution. These two condi-

Salt “lizks” at surface
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lions are not necessarily mutually exclusive. In fact, they
probubly represent & continuum of events. The presence of
an anhydrite sand at the base of the anhydrite caprock would
strongly suggest that the saline plame is a modern mdication
of the jong period of dissclution demonstrated by the cap-
rock. If this is comrect, there should be a positive correlation
between salt content of the aquifer and the amount of salt
that must have been removed 1o produce the thickness of the
caprock found on a particular dome. This, of course, ray
e very difficult to determine becuuse of dispersion over
such long pertods of time. Positive proof of the absence of
such a correlation would suggest significant dissolution of
salt as it penetrated a deeper and older aquifer. C.G. Smith
{1976 and in Maniinez et al., 1976) recorded the presence of
saline plumes in the Wilcox formation which were associ-
ated with the Bullard, Hainesville, Steen, and Whitehouse
salt domes. Based on aguifer permeability, potentiometric
slope, and thickness, Smith estimated rates of salt dissolu-
tion for these domes. In 230,000 years (a critical periad for
isolation of radioactive wastes) he concluded that a thick-
aess of 75 feet would be removed from the top of the Bul-
lard domae, 60 feet from the Hainesville dome, 350 feet from
the Steen dome and 20 feet from the Whitchouse dome, If
these rates of removal have persisted throughout the period
of caprock formation, an extrapofation will provide an esti-
mate for the duration of time involved in the development of
caprock. Based on this assumption and a further assumption
of 5% content of anhydrite in the salt, the 225 foot thick
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caprock of the Steen come has reguired 22.5 million years
to accumulate. The total thickness of caprock on the White-
house dome is not known  The minimum demonstrated
thickness of 67 feet would have required 16.73 million
years for i1 accumulation. Based on the time scale of
Kupfer tn Marrinez et al., 1976) which places the end of
the Wilcox as 50 mitlion years aga, the caprock un the Steen
dome hegan to form 27.5 million years after the close of
Wiicox time and that on Whitehouse began to form as much
as 33.25 million years after the close of Wikcox time and
possibly much sooner. Thus the rate estimates by Smith for
these two domes s rot meonsistent with evidence afforded
by caprock. Caprock thickress on the Bullard dome is not
well estabiished and not known for the Hainesville dome.

It is premature at this fime o carry (his foregoing discus-
ston further, The intent of this presenyation is to indicate the
potential value of including the evidence afforded by cap-
rock in estimates of hydrologic stability of salt domes. It
does seem clear thar the condition of the base of the anhy-
drite ust above the caprack-salt interface can provide a
direct mdication of any possible active dissoiution. If the
basal anhydrite 5 & loose or poorly cemented sand, one
could reasonably conciude that the salt stock i being
oresently dissolved. Conversely, if the basal ushydiiie i3
well cemented, dissolution is probably inactive. This argu-
ment is reinforced by the observed fact that anhydrite sand
pumped 1o the surface in solution mining becomes well
cemented within a few vears (Fig. 3) (Martinez, in Mar-
tincz et al., 1975).

According 1 Taylor (1938) anhydrite sand has been en-
countered next to the sult in a sumber of instances. This
condition wis found on the following domes: Belle Isle.
Chactaw, Darsow, White Castle, Sorrente. Gueydan, and
Calcasieu Lake, La. and Hockley, Lost Lake, and Hawk-
insvitle, Texas. The lutier three were oniginally reported hy
Hznna {(1934). Tt does not necessarily follow thart the entire
surface of the dome is undergoing dissolution at the same
time for Taylor also pointed out that m a fow wells at some

Figure 5. Rock formed at surfuce from anhydrite sand pumped
from a solution mine in the Bayou Choctaw dome, Ibervilic
Parisk, Louisiana. From Martinez {/n Martinez et al., 1975}
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of the above domes und in the shaft at Hockley, Texas
(‘Feas, 1931} caprock was detzemined 0 be resting divectly
on solid salt.

Tavlor also cited the presence of brine in association with
anbydeite sand at or near the contaet as reported by Gold-
man €1933) for the Hockley dome in Texas and for the
Winnficld dome in Louisiana; and reponted by Hanna
{1934 for the Grand Saline dome i Texas. Goldman
(1933} reported that the brine in the Grand Saline caprock at
the salt comtact was under considerable pressure. He also
stated that this same condition existed on the Winnfield
dome where the pressure was equivalent to 4 column of
water from the anhydrite sard extending up to 70 feer sbove
the surface of the ground. Such pressure is possibly the
driving force for salt water springs which commonly are
found over salt domes. It is hy ne means certain what pro-
duces this pressure. One possible source i3 release of
trapped gas from the salt itself by dissolution. Martinez and
Thoms (irx Martinez et at., 19771 based on information pro-
vided by Mr. Francis Palcon, listed & number of domes
which were said to contain ol and gas in the salt More
recent evidence of gas in the Sorrente dome provided by
Mr. William F. Sporfeder was also reviewed in the report
by Martinez et al. (1977). H s generally accepted that
methane as well as C¢ does occur in salt atbeit in small
yuantities, However, dissolution of salt in amounts required
to produce spbstantial thickress of caprock may result in
accumnulation of trapped gas in the caprock under substantial
pressure.

USE OF CAPROCK DATA IN AN
ANALYSIS OF TECTONIC STABILITY

It was suggested by Martinez (1974) that caprock may
serve as a ‘‘speedometer’’ fo indicate relative rates of
growth of salt domes located near each other with their
upper sirfaces at the same clevation but differing in thick.
ness of caprock.

Witliam A. Huckaba in a report by Netherland, Sewell
& Associates, Inc. {1976) made estimates of growth rates of
same domes in the Nortbcust Texas Sult-Dome Basin. He
compited “uplift-vs-time’” values from comparative thick-
ness measurements of time equivalent units over domes and
in the busin. Huckaba recognized that it is also necessary o
factor inro this calculation that part of the growtn rate not
recorded in the structural and sedimentological record be-
cause of salt dissolution. He computed this componeni from
caprock thickmess data based on assumptions of the period
of dissolution and anhydrite comtent of the sait. He found
rates computed on that basis to be much greater thun those
calcubated as “uplift-vs-time”™ valves,

In the same report by Netherland, Sewell and Associ-
ales, Wilitam R. Meehlberger concurred with Huckaba's
approach. Muehlberger also considered that an analysis of
caprock thickness and anhydrite content of the salt gives an
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indication of probable rate of vertical movement of salt
domes.

Kumar (fr Martinez et al., 1977) described i detsi] the
approach required to determine growth rates of salt domes
by measuring the magnitude und the duration of the uplift.
He explained a aumber of the assumptions required in this
kind of calculation. ind recognized the potential value of
using the reiationship between the thickness of caprock and
the amount (thickness} of salt dissolved From a salt stock in
developing estimates of salt dome growih rates. However,
Kumar did nor use this relationship in his analysis ot 18 of
the 19 sali domes in the porth Louisiana sall dome basin
Becausé he did not consider sufficiently precise data on
caprock thickness and dome salt chemistry to be available.
Huckaby’s data, nevertheless, indicate that rates computed
an this basis may be considerably higher than these deter-
mined from uplift data. This demuonsirates the need to de-
velop the quality of information required to include the dis-
sofution component if growth rale estntates are atterpted,

CONCLUSHONS

it is cvident that salt dome caprock preserves a record of
geologic processes, The interpretation of this record 18 ex-
tremely difficult and is not likely at the presemt Hime 0
provide unigue and unequivecal solutions. Conclusions de-
veloped fram an analysis of cuprock can vary widely de-
pending on the hypothesis accepted for its erigin. Fur-
thermore, even when thickness data and aphydrite congem
af the salt stock are knawn, other significant assumptions
are regquired to estimate such irems as -dissolution and
growth rates,

Despite these negative factors, if the most reasonable
hypothesis of caprock origin, residual accumulation, is ac-
cepted, it becames possible to make initizl estimates of rates
of dissolution and growth of domes. [t is possible that
further research will provide a basis for refining esumates
of this kind in the future.

DISCUSSION
R, Kohn

Comment. | would iike 1w pote here one process. which is
going on during the formation of the caprock: that is the increasing
of the volume by the ransition of anhydrite inw gypsum. This
provess may press fogether the infiltration ways of water and there-
fore let stop the formation of further gypsum (of course only, if the
water infiftration doesn’t flow!).
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