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ABSTRACT

Ground waters in the deep aquifers (Nacatoch to Travis Peak) range
in salinity from 20,000 to over 200,000 mg/1. Based on their isotopic
compositions, they were originally recharged as continental meteoric
waters. Recharge probably occurred predominantly during Cretaceous time;
therefore, the waters are very old. Because the basin has not been |
uplifted, there are no extensive recharge or discharge zones. The flanks
of domes and radial faults associated with domes may function as localized
discharge points. Both the water chemistry and the hydraulic pressures
for the aquifers suggest that the basin can be subdivided into two major
aquifer systems: (]) the upper Cretaceous agquifers (Woodbine and shallower)
which are hydrostatic and (2) the deep lower Cretaceous and deeper formations
(Glen Rose, Travis Peak, and older units), which are slightly overpressured.

The source of sodium aﬁd chloride in the saline waters is considered
to be from salt dome dissolution. Most of the disso]ution occurred during
the Cretaceous. Chlorine-36 analyses suggest that dome solution is not
presently occurring.  Salinity cross sections across individual domes do
not indicate that ongoing solution is an important process.

The major chemical reactiohs in the saline aquifers are dome dis-
solution, albitization, and dedolomitization. Albitization and dedo]oj
mitization are important only in the deeper formations. The high Na
concentrations in the deeper aquifers system resﬁ1ts in the alteration of
plagioclase to albite and the release of Ca into solution. The increase
in Ca concentrations causes a shift in the calcite/dolomite equilibrium.

The increase in Mg results from dissolution of dolomite.
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The critical hydrologic factors in the utiiization of salt domes for
disposa1>of high-level nuclear waste iﬁiﬁhether the wastes could leak
from a candidate dome and where they would migrate. The following con-
clusions are applicable to the problem of waste isolation in salt domes.

(1) Salt domes in the East Texas Basin have extensively dissolved.
The NaCl in the saline aquifers is primarily from this process. Major
dissolution, however, probably occurred in the Cretaceous time. There is
little evidence for ongoing salt dome dissolution in the saline aquifers.

(2) If there was a release to a saline aquifer, qute migration wouid
either be along the dome flanks or laterally away from the dome. If there
is a permeability conduit along the dome flanks, then contaminants could
migrate to the f%esh-water aquifers. Calculation of performance assessment

scenarios should use the worst-case scenario of Teakage along the flanks

of the candidate dome.



INTRODUCTION

The suitability of using salt domes in the East Texas Basin, Texas,
for long-term isolation of nuclear wastes is, in part, dependent on the
hydrologic stability of the salt domes and the hydrogeologic characteristics
of the sedimentary formations that the domes penetrate. The two prime
hydrogeologic issues can be defined as follows: (1) Can salt dissolution
result in the breach of a dome and permit a repository leak during\thq life
of the repository? and (2)What is the regional aquifer hydro]ogyktbhaéég}mine3
where radionuclides would migratQ;EQ:(Kreitler, 1979)7? '

In the studies of the Bureau of Economic Geology on the East Texas
Basin much of the emphasis for these two primary issues has been in the
shallow fresh ground water aquifers that surround the candidate domes.

These shallow aquifers, the Wilcox-Carrizo and Queen City’aquifers, repre-
Sent the major watér supply for the region (Fogg and Kreitler, 1982, Foag,
Seni,and Kreitler, 1983). There has also been an abundance of data to
interpret the physical hydrology and hydrogeochemistry.

The fresh-water aquifers, however, represent only a thin upper layer
(maximum thickness of 2,000 ft) to a basin that contains up to 15,000 ft
of sedimentary rocks. These deeper formations are saturated with saline
waters and constitute another hydrologic system that is separate from the
fresh-water aguifers. A potential nuclear waste repository would be located -
at a depth which would be either transitional between fresh and saline
ground-water systems or complete]y within the saline system. Thé two
'issués of dome dissolution and radionuclide migration that have been
addressed for the fresh-water aquifers must similarly be addressed for
the saline aquifers. This report is an attempt to address these problems

in the saline aquifers of the East Texas Basin.



This report addresses the general characteristics of deep-basin
hydrology. Site-specific studies of candidate domes are not condutted,
because of the lack of detailed data surrounding any one dome. The
availability of hydraulic and geochemistry data is much more limited than
for the fresh-water aquifers. Because the Wilcox-Carrizo, Queen City
aquifers are major water suppliers for the region, an extensive data base
has been collected by state agencies .over the years. Study of the saline
aquifers is dependent on data available from oil and gas wells which is
much more 1imited.

Based on the 1imited data from previously analyzed oil field samples

and samples collected specifically for this study, the fallowing approach
= A

[ NI
has been taken to address these two prime issuesfi/Lij Determine the source
of the water by isotopic analyses. The hydrogen and oxygen isotopic values

can be used to indicate whether the basinal water originated as oceanic

ST

waters or were meteor{c waters recharged on the continent. LZ%jBétermine
whether the domes are the source of salinity in the saline form;tions.
Salinities in these deep formations.range from 20,000 to over 200,000 mg/1.
Is the source of this salinify from salt dome dissolution over the history
of the basin? Mass-balance approaches can helpkdefine where and when.the
salt was dissolved. (3) Detérmine the important geochemical reactions
_that occur in the basin.‘ The chemical composition of these Qaters varies
from NQ-CI type fo Na-Ca-C1 type. The three geochemical reactions of salt
dissolution, a]bitizatioh and dedo]omftization'appear to control the chemical
composition. By understanding the evolution of the water chemistry it is |
pqssibie to delineate major hydrologic systems fn.the basin. (4) Determine

the major hydrologic systems from the ﬁressurg'da;p of avai1§b1e drill-stem
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tests. With the information and interpretations from these sections, pre-
lTiminary conclusions can be drawn on the hydrologic characteristics of the
saline aquifers and whether dome dissolution and radionuclide transpert are .

critical prob1ehs.
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REGIONAL GEOLOGIC SETTING OF EAST TEXAS BASIN

The East Texas Basin is one of several inland Mesozoic salt hasins
in Texas, Louisiana, and Mississippi that flank the northern Gulf of Mexico
(fig. 1). About 5,791 m (19,000 ft) of Mesozoic and Tertiary strata are
preserved in the central parts of the East Texas Basin, - These rocks overlie
metamorphosed Paleozoic Ouachita strata, which are prohahly a continuation
of the Appalachian foldbelt (Lyons, 1957; Wood and Walper, 1974, McGookey,
1975). | |

The general stratigraphy (fig. 2) and structure of the East Texas Basin
(fig. 3) have been summarized in many articles (e.g., Eaton, 1956; Granata;
1963; Bushaw, 1968; Nichols and others, 1968; Kreitler and others, 1980, 1981,
wood.and Guevara, 1981). }b |

Basin Stratigraphy

The evolution of this basin is briefly summarized by Jackson and Seni
(in press, 1983)§ The Jurassic Louann Salt was deposited on a planar angular
unconformity across Triassic rift fill and Paleozoic basement (fig, 4), The
early post-Louann history of the basin was dominated by slow progradation of
platform carbonates and minor evaporites during Smackover to Gilmer time.
After this phase of carbonate-evaporite deposition, massive progradation of
Schuler-Hosston siliciclastics took place in the Late Jurassic-Early Cretaceou$:
Subsequent sedimentation comprised alternating periods of marine carbonate and
siliciclastic accumulation. By Oligocene time subsidence in the East Texas
Basin had ceased, and major depocenters shifted to the Guif of Mexico,
Paleocene and Eocene strata crop out in most of the basin, indicating that net

erosion characterized the last 40 million years.
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Agagu and others (1980) in a more detailed discussion characterized

the basin infilling as six regional depositional sequencessi« - .

The Eagle Mills-Louann sequence (Upper Triassic-Middle Jurassic).--

’ This sequence was initiated by deposition of the un‘dated continental Eagle

Mills red beds. The Eagle Mills red beds are composed of red-brown shales,
sandstones, and unfossiliferous limestones, which are unconformably over-

lain by the Werner Formation. Lower sections of the Werner consist of conglomerates
and fine- to coarse-grained sandstones that grade_hpward into ﬁnér clastics and evaporites
in the upper part of the formation. Halite interbeds in Ntﬁ;"We;ner progx;ssively

increase volumetrically y,yard the top of the formation and are transitional into the

conformably overlying [ ouann Salt (Nichols and others, 1968).

- The.i_ouann Salt consists of white, gray to blue halite with minor amounts of
anhydrite. Upper parts of the iOrma{ion exhibit some red plastic shales transitional
into the conformably overlying Norphlet Formation {(Nichols and others, 1968). The
partially restricted nature-of the East Texas Basin during its initial stages of
formation (Wood and Walper, 1974) provided an ideal setting for large-scale evaporitic
processes, which have not been repeated in the basin.

Norphlet-Bossier sequence (Upper Jurassic).--The Norphlet Formation consists of
sandstones, siltstones, and red shales. The basal palr.:c‘contains halite, anhydrite, and
dolomite transitional into the subjacent Louann evaporites (Nichols and others, 1968).
The relatively thin Norphiet Formation is conformably overlain by the Smackover

Formaticn, which documents a.-regressive phase between deposition of the Louann Salt
and the Smackover Limestone, '

The Smackover Limestone here consists of a basal laminated micrite that grades
upward into a pelletal micrite and ultimately into a coated grainstone. The Smackover
Limestone is overlain by and is in part correlative with the Buckner Formation, which

~contains red sandstones in the western and northern margins of the basin and grades
basinward into evaporites, shales, dolomites, and limestones (Nichols and others, 1968).
‘The Smackover-Buckner strata document a shoaling sequence from subtidal in the
lower Smackover Limestone to supratidal conditions in the Buckner Formation. The
Cotton Valley Limestone and Bossier Formation are deeper water, gray, micritic
limestones and gray to black shales (Nichols and others, 1968) that onlap the Buckner

supratidal facies, an indication of a minor sequence boundary above the Smackover

- PP
rorr.aten.
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Schuler-Glen Rose seguence (Upper Jurassic-Lower Crciaceous).--The Schuier

anc Travis Peak Formaticns atrest to the high rate of terrigenous clastic influx during
Late Jurassic and the Early Cretaceous. They compose a thick sequence (300 m, 3,000
ft) predominantly of sandstones interbedded with dull red and green-gray shales
(Nichols and others, 1968). The Schuler-Travis Peak seguence orlaps the subjacent
marine units despite its strongly terrigenous character and is probably an example of

coastal onlap. .

The Glen Rose Group consists of a thick (750 m, 2,500 ft) sequence of shallow

marine, micritic, pelletal, oolitic, and shelly limestones interbedded with dark-gray
shales and anhydrites (Nichols and others, 1968). The predominantly calcareous units,
such as the Pettet, James, and Rodessa Members and much of the Upper Glen Rose
Formation, are deeper water facies. Sandy shale units, such as the Pine Island Shale,
and evaporites, such as the Massive Anhydrite, were deposited during minor influxes of

fine, terrigenous sediment and deposition in supratidal environments, respectively.

~ Terrigenous facies dominate, especially along the north and northwestern flanks of the

basin.

Paluxy-Washita sequeﬁce (Lower Cretaceous).--The Paluxy Formation consists of

interbeds of sandstones and shales, and rare conglomerates lie in the northern half of
the East Texas Basin. Basinward, toward the south, the Paluxy gradually changes in-to
dark-gray shales and micritic limestones (Nichols and others, 1968). The volume of
terrigenous clastic sediment (up to 135 m, 450 ft) and the high rate of deposition
indicate that a major though short-lived phase. of fluvial-deltaic clastic influx
occurred. Limestone and shales of the Fredericksburg and Washita Groups in East
Texas document the Early Cretaceous sea-level high that drowned the Paluxy deltas.

Woodbine-Midway sequence (Upper Cretaceous-Paleocene).--Spasmodic uplift of

the marginal areas of the East Texas Basin during Late Cretaceous to Paleocene
times, accompanied b%%%ivbe]remg of relative sea level, resulted in the terrigenous
clastic influx marked by the Woodbine and Eagle Ford Groups. The Woodbine Group,
composed mainly of fluvial and deltaic sandstone and subordinate shales, marks the
peak of clastic sedimentation during this phase. The Eagle Ford Group, consisting
primarily of shelf and slope'shales and minor sandstones, documents the waning phase
of cfastic deposition. _

The Austin Group initiated the transgressive and submergent phase that ter-
minated in the Paleocene. During this depositional phase, up to 244 m (800 ft) of shelf
chalks, shales, and marls were deposited with rare clastic facies that define minor

variations in this sequence.

e 7




¢ compiey unit mamly composed of fluvio-deltaic sandstones and shales. The Wilcox
Group is a thick (up to 900 m, 2,000 f1) unit of fluvial and deltaic sands, clays, lignites,
and mails that has not yet been regionally eusdi\'ided. The Claiborne Group is similar
o the Wilcox Group. bt it ditsiays some shaly, glautonitic, fossiliferous shelf/embay-
ment units (Reklaw Formation, Weches Formation, and Cook Mountain) that alternate
regionally with more sandy fluvial-deltaic umts (Carrizo, Queen City, Sparta, and

Yegua Formations). The entire Tertiary Sectxon consututes a. major regressive phase,

The permeab]e*;;T;;e_;Brmat1ons in the East Texas Basin are the
Nacatoch, Eagle Ford, Woodbine, Paluxy, Glen Rose (including Rodessa and
Pettet), Travis Peak (Hoston), and Cotton Valley (Schuler). These forma-
tions are considered permeable and are called saline aquifers in the text
because they are oil-producing formations and not because aquifer tests were
conducted to determine their permeable nature. It is implied that these
formations have some permeability because they produce hydrocarbons. A |
more rigorous site-specific study of a candidate dome will require hydrologic
testing of these deep saline aquifers to obtain accurate hydrologic properties.

For this reconnaissance study of the East Texas Basin hydrology, it is suffi-

[

cient to say that these formations have the potential for transmitting water.

Structura'l F ramework

»_,45 5 o alleix. e e e e T L par e At e e B ST NR T I, Lol

A map of the tectonic semnﬂ of the East Texas Basin (fig. 3) reveals that the
western and northern margins of the basin coincide with other geologic structures varying
from Pennsylvanian to Tertiary age. The Pennsylvanian Ouachita fold and vthrust belt
crops out in Arkansas and Oklahoma and extends to southwest Texes beneath Mesozoic
cover (Thomas, 1976). Stratal shortening of Ouachita marine deposits generated
northwest-verging folds and thrusts. Early Mesozoic continental rifting of this Paleozoic

terrane can be inferred from the confinement of the Triassic Eagle Mills rift clastics to

grabens and half grabens parallel to the Ouachita trends (Salvador and Green, 1980).
Further subsidence allowed marine incursions that deposited the evaporitic Louann Salt on
an eroded post-rift, pre-breakup terrane. The updip limit of the Louann Salt (fig.'l’}) is
also parallel to the Ouachita trends, which indicates that during the Jurassic the Ouachita
area was still elevated with respect to the subsiding East Texas Basin. A poorly defined
monoclinel hinge line is present updip of the Louann Salt (ﬁg.3.’) but is too weak to
dehneate the western and northern margins of the basin. This part of the basin margin is
therefore defined by the Mexia-Talco Fault Zone, a peripheral graben system active from
the Jurassic to the Eocene that coincides with the updxp limit of the Louann Salt.(Jacksen, 1982)

_ '
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The Szbinz Arch, a broad structurai come, forms the eastern margin of the basin.
The southern margin of the basin is defined by the Angelina Fiexure, a hinge line that is
generally monoclinal at its ends and anticlinal in the middle. The Elkhart-Mount
Enterprise Fault Zone extends from just north of the western end of the Angelina Flexure
~ to the center of the Sabine Arch (fig. 3) @éon, 1982).

R .

History of Salt Movement

h fﬁglpfeséﬁt»ai;ff%bhfgdn and morphology of salt structures in the
East Texas Basin are shown in Figure 5. A broad amphitheater of undeformed
salt, 2.7 to 4.6 km deep and 225 km long, encircles a heterogenous array
of salt structures. In much of the basin center the Louann Salt is absent
or so thin as to be seismically unresolvable. The salt masses can readily
be resolved into geometric groups, each of which defines a province (fig. 5)
(Seni and Jackson, 1983). (1) An outermost salt wedge consists of apparently
undeformed salt ranging from 0 to 340-640 m thick. 1Its updip pinchout coincides
with the Mexfa—Ta1co fault zone, a symmetrical peripheral graben apparently
formed by basinward creep of the Louann Salt and the post-Louann section
over a decollement zone of salt (Cloos, 1968; Jackson, 1982). (2) Periclinal
salt structurgs with Tow amplitude/wavelength ratios are called Zow amplitude
salt piZZows. These pillows are flanked by synclines of Louann Salt. The
Louann Salt was originally at least 550 to 625 m thick before deformation;
600 m is therefore suggested as the approximate minimum thickness of mother
salt required to allow formation of salt structures in the East Texas Basin.
Overburden thickness was about 500 m throughout provinces 1 through 3 at the
start of salt movement. (3) Intermediate-amplitude salt pillows are commonly
separated by synclines evacuated of salt and are farger than pillows of pro-
vince 2. Original thickness of the salt source layer here is estimated as
550 to }7égix?z3.The salt diapirs of the diapir province in the basin center
are the most mature salt structures. They have all partially "pierced"

their overburden and have risen to within 23 m (Steen Dome) to about 2,000 m

(Girlie Caldwell Nome) of the nresent curfare
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The earliest record of movement in the Louann Salt is in the over-
1ying shallow-marine interval below the top of tﬁe Upper Jdurassic Gilmer
Limestone. This seismic unit thins over salt anticlines of province 2,
indicating the growth of 1oy-amp11tude salt pillows in pre-Gilmer time
(Jackson and Harris, 1981). The overlying Upper Jurassic marine strata
formed an aggrading, slowly prograding, carbonate wedge (Bishop, 1968)
that loaded the salt fairly uniformly (fig. 4b).

In Late Jurassic and Early Cretaceous time the Schuler-Travis Peak clastics
prograded rapidly across the carbonate platform as coalescing sand-rich
deltas. Progradation slowed on crossing the shelf break, but the thick
deltas continued to advance as a Tinear front into the previously starved
basin (fig. 4b).hLoading of the pre-Schuler substrate by the advancing linear
depocenters would have squeezed salt ahead as a frontal bulge to form a salt
anticline (cf. Ramberg, 1981, p. 282-286). Increase in sediment supply
for progradational rate would bury the frontal anticline, thereby initiating
a parallel, but more distal, salt anticline. These anticlines, which may
have been formed partly by gravity gliding as well as differential loading,
were ridges of source rock from which the salt diapirs grew by budding upward.

The evolution of many of the salt pillows to salt diapirs started by mid-
Early Cretaceous time when salt diapirs were growing in three areas around the
periphery of the diapir province, starting at about 130 m.y. ago (Seni and
Jackson, 1983). At least two areas coincide with the clastic depocenters
described above. These early diapirs thus appear to have beeh Tocalized by
loading on the salt-cored anticlines in front of the prograding SchulereTravis
Peqk deltas.

By the mid-Cretaceous when maximum sedimentaiton was taking place in

the basin center, a second generation .of diapirs evolved, via a pillow
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stage, from the thick salt layer there. Sites of diapir initiation
migrated from the basin center northward along the basin axis.
The diapirs on the northern and western margin of the diapir pro-

vince had an entirely different origin. In Late Cretaceous time, sub-

sidence of the East Texas Basin had declined exponentially to relatively
lTow rates. Tilting of the basin margins by loading of the basin center would
have encouraged basin-edge erosion. Local unconformities exist over Haines-

ville Dome (Loocke, 1978), and 150 to 200 km3

of salt are calculated to be
missing. The precursor salt piliow was breached by erosion; salt.withdrawa1
through extrusion formed an enormous secondary peripheral sink, the largest
in the East Texas Basin. Erosional breaching of the faulted crests of salt
pillows might also have initiated diapirism of the first and second generations
of diapirs, but we have no.unequivocal evidence for this hypothesis.

A1l the east Texas domes havé risen very slowly since the end of the
Mesozoic (mean net rate= 35m/m.y.). No effects of salt withdrawal have been

transmitted to the surface since the Paloecene; the diapirs are thus inferred

to have risen by basal necking in the Tertiary.
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ORIGIN OF WATERS IN THE SALINE AQUIFERS, EAST TEXAS BASIN

Introduction

Based on hydrogen and oxigen isotopic data, the saline waters in
the East Texas basin appear to have a continental meteoric origin. If
there were oceanic waters originally present, they have been flushed
by meteoric water. The presence of meteoric water ddes not, however, imply
that these waters are geologically young. The addition of meteoric water

has probably been ongoing since early Cretaceous time.
Procedures

Fifty-waterAsamp1es:were collected and analyzed for §'°0 and 6°H (fig. 6 and
table 1). Analyses were performed by GIoba] Geochemistry Corporation. For
- 680 measurements brine samples were distilled before equilibrium with carbon
dioxide. Table 1 shows the error based on replication of samples.

Fourteen samples are not included in further analysis of data because
these samples were not considered as representative of natural subsurface
conditions. This is based on fhg extremely low Na, Cl1, Ca, Br concentra-

tions for their respective depths (table 2).
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Definition of Terms

Several terms are used in this paper that are used in various ways

in the scientific literature. It is therefore appropriate to define'

these terms to avoid ambiguity.

Meteoric water; Meteoric waters are surface waters or shallow ground
waters. They have not undergone significant isotopic changes of
‘the 62H or §'%0 values because of rock-water geochemical reactions.
The ratio of 62H and §'®0 compositions of waters world-wide plot
on a straight line with the equation &2H = 86150 + 10 (Craig, 1961).

Marine water: Oceanic waters are the ultimate source for nearly all the
waters of the hydrosphere. Marine water has a 82H and §'%0 composi-
tion of approximately 0%, O 6/00, respectively. . The isotopic
composition of a average ocean water (SMOW . (standard mean ocean
water))does not plot on the meteoric water line because of a small
isotopic fraction that results from the evaporation of sea water.
Mariﬁe waters with this 0, 0 isotopic composition are expected to
be trapped with marine sediments during burial.

Continental meteoric water: Continental meteoric waters are those
waters that result from atmospheric precipitation on the continents.
Generally they are on the meteoric water line but are isotopically
depleted in 8%4 and 8*°0 relatively to sea water and follow the

meteoric water line, as defined by the equation D = 88'°Q + 10.
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Isotopic Trends

Three isotopic trends are observed: &*°0 vs,.§2H (fig, 7)

§'%0 vs depth (fig. 8) &%%0 vs C1 (fig. 9)

8180 versus 6%H (fig. 7)

61°0 and §%H values range from -6% (61%0) and -15" (62H) to +6%,(61%0)

and -15%¢(8%H). The trend approaches the meteoric water line at the same
value expected for meteoric water in East Texas. 680 of ground water

samples from-the Wilcox around Oakwood dome was -4.9.

§1%0 versus depth (fig. 8)

The 6*® values increase with depth. The §°0 values from shallow
waters are approxfhate]y the same as the §'%0 values of meteoric water in
the region (8%%0 2-5%). The &'°0 values increase to +6%5; This

trend is consistent for all formations sampled.

6180 versus chlorinity (fig. 9)

The 680 values increase with increasing chlorinity.
Discussion of Isotopic Values

The sa]ine waters in the Nacatoch, Eagle Ford, Woodbine, Paluxy, Glen
Rose, Rodessa, Pettet, and Travis Peak Formations all appear to have a con-
tinental meteoric water origin. The basin has been flushed of any original
oceanic waters and has been replaced by meteoric water. The presence of
meteoric water does not, however, imply that these waters are geologically
young. - The flushing process was probably predominant in Cretaceous time,

These conclusions are based on the following lines. The scattergram of
61%0 versus 82H (fig. 7) trends back to the original isotopic composition

of the meteoric water before the waters equilibrated with the sediments in
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the basin. With increasing depths (and temperatures) the waters reequi-
lTibrate with the oxygen in the carbonate minerals causing an enrichment

of !80 in the waters (a reaction documented by Clayton, 1959, 1961). The
6%H values range between -20 to -30%,,the approximate hydrogen isotope com-
position of meteoric water for this region. Land and Prezbindowski (1981)
found that the 6%H of meteoric waters in Central Texas ranged from =20 |

to -30%,. Knauth and others (1980) found meteoric water in northern
Louisiana (=150 km east of East Texas Basin) with a 8%H value of -30%.

A slight enrichmentof &%H with increased 880 could be interpreted for the
East Texas Basin data. Because of the minimal isotopic variation in the

8%H values, regardiess of enrichment of the 8'°0, the initial isotopic |
composition of the basinal waters was approximately «20% to -30%c. In
contrast marine waters have a 6 value of approximately O %,. Based on

the hydrogen data, the deep basin water originated as a continental meteoric
water rather than an oceanic water entrapped during sedimentation and burial.
| Clayton and others (1966) observed similar relationships for the I1linois,
Michigan, and Alberta sedimentary basins. Isotopic data for each basin
trended back to the 1sbtopic composition of surface water and shallow ground
water of the area. An enrichment of 8§80 with depth (temperature) was also
observed for each basin, as was observed in the East Texas Basin (fig. 8).
They attributed this enrichment with increased temperature to a shift in
isotopic equilibria for the temperature dependent isotopic reaction between
calcite and water. Clayton (1959, 1961) presenté the experimental data that

documents this isotopic reaction.
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Salinity increases as 6'80 values become enriched. This relationship
appears coincidental rather than resulting from any integrated geochemical
reactions. Clayton and others (1966) also observed an increase in 680 with
salinity but offered no explanation for this relationship. This increased
salinity with depth and oxygen isotope composition will be discussed under
Geochemical Trends.

Degen and others (1964) suggested that the oxygen isotope shift resulted
from mixing of meteoric waters with marine waters. The isotopic data for
the East Texas Basin do not agree with this interpretation. The §2H remains
constant over the range of 680 values. If mixing was the mechanism, then
there should be an isotopic shift in 6%H as well as §1°0.

The isotopic shift observed by Clayton and others (1965) for the Alberta,
I11inois, and MIchigan basins is approximately 0.2 %,0'%/°C. The isotopic
shift for the waters in the East Texas Basfn is .16%0013/°C,‘similar to
the range observed by Clayton (table 3). For the %0 values for the
different basins, the initial meteoric waters for the East Texas Basin are
isotopically heavier than the other basins and havé 5180 values in the deep
basin for similar temperature ranges which are also ﬁore enriched. This
enriched isotopic range is consistent with the proximal position of the
East Texas Basin to the coast in comﬁarison to the other basins. If Degen
and others (1964) mixing model is correct, then the slope of the isotopic
shift pef témperature rise would not remain constant for all the basins.

In contrast the 6180 of the deep basin waters (the initial sea water end

members) should remain constant for all basins, which it doesn't. A model
continental

requiring mixing of, meteoric and original oceanic waters is not considered

realistic for the East Texas Basin.
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The presence of meteoric water through the basin does not infer that
the flushing is recent or is occurring at a rapid hydrologic rate. The
timing of fluid movement in the basin is interesting but not resolvable
‘at this point. A brief review of geologic history of the basin points
to hydrogeologic complexity. During Travfs Peak time (Early Cretaceous)
thick alluvial fan delta sediments were deposited. These rocks may have been
flushed by continental meteoric waters and never contained oceanic waters.
From Glen Rose to Nacatoch time (Cretaceous) the major rock units were
marine and therefore contained marine waters. During this time the conti-
nental waters in the uﬁder]ying Travis Peak may have been replaced by waters
with a marine origin. From the Tertiary to present the basin was being
infilled by primarily continental terrigenous sediments that were subareally
exposed. Minor marine sandstones and shales were deposited during Tertiary
time but are considered insignificant in the overall character of the basin.
Incorporation of_meteoric water into the different formations of the
East Texas Basiﬁ may have occurred at different times in the geologic history
of the basin. The isotopic data does not indicate when the water was added,

just that it had a continental meteoric origin.
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~ SOURCE OF NaCl IN THE DEEP-BASIN BRINE AQUIFER, EAST TEXAS BASIN

Introduction

The source of dissolved sodium and chlorides in saline to brine
concentrations in deep-basinal formations has and remains enigmatic, pri-
marily because of (1) the high solubility of halite, (2) the multiple
sources (evaporites, ocean water) or methods in which brines can be con-
centrated (ultra-filtration), (3) the lack of a distinguishing tracer that
could separate different chloride sources, and (4) our generally poor under-
standing of hydrologic and geochemical processes in the deep subsurface.
Researchers have suggested that the elevated NaCl concentrations have
resulted from at”1east 5 sources or mechaﬁisms: (1) "connate" waters
(original sea water) (White, 1965), (2) u]tra—fiﬁtration (reverse osmosis,
e.g., the trapping of dissolved species on the high pressure side of a semi-
permeable membrane (Graf et al, 1965; Hanshaw and Coplien, 1973), (3) drainage
of bittern brine pockets entrapped in the original bedded Louann salt
(Carpenter, 1978), (4) brine leaking up from an unknown or external source
(Land and Prézbindowski, 1981), or (5) dissolution of halite as either bedded
or domal salt (Bassett and Bentley, 1982).

This study has concluded that the source of dissolved NaCl in the
saline aquifers of the East Texas Basin is the result of (5) dissolution of
halite as domal salt. This conclusion is based on two different approaches:
(1) a comparison of the halite that has been Tost (original volume of Louann -
present volume of halite in basin) to the disso]ved NaCl in the aquifers and
(25 a comparison of the amount of halite that was dissolved to accumulate

the volume of Cap rock in salt domes to the dissolved NaCl in the deep-basin
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aquifers. Both approaches indicate that more halite is missing from the
original salt in the basin than can presently be accounted for by dissolved
NaCl. A1l the NaCl that is presently in solution can, therefore, result
from dissolution of halite.

This approach does not prove that dome dissolution is the major con-
tributor of NaCl, but does demonstrate that dome salt is a feasible source
for the basin's salinity. Previous studies on the origin of saline waters have
not. been able to document their salt source (occult salt) or théir mechanism

for concentrating NaCl to brine concentrations.
Dissolved NaCl in Deep-Basin Aquifers

The total volume of dissolved salt in the East Texas Basin is estimated
at 298 km3 (table 4).‘ This estimate is based on the sum of the average
salinity times the average porosity of individual volumes of the Woodbine,
Paluxy, Glen Rose, and Travis Peak formation? the units considered as the

important saline aquifers in the basin.
Salt Loss’

1. Approach 1. Original salt volume versus present éa]t volume
Comparison of the halite still in the basin (domal, anticlinal and
bedded halite) to estimated original Louann salt indicates that approximate-

ly 40 percent of the original halite is missing (6000 km3). Salt loss is
predominantly from the diapirs. Approximately 75 percent of the salt orig-
inally in the diapir province is missing. Salt Toss includes both surface
exfrusion and subareal erosion and subsurface dissolution of salt at diapir

crests and flanks.
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A. Present Volume of Salt

Present volume of salt in the East Texas Basin (table 5) was
calculated by planimetry of a hand-drawn salt isopach map. Four sources

of data were used to construct the isopach map.

(1) }40 km of regional and local depth-converted seismic lines;

(2) Basinwide residual-gravity map;

(3) Salt structure maps of all 15 shallow diapirs from gravity

models; and

(4) 4,600 geophysical logs.

There are three salt provinces in the East Texas Basin: (1) salt
wedge; (2) salt pillow; and (3) salt diapir (Jackson and Seni, 1983).
Present salt volume, original salt volume, and original maximum salt thick-
ness were calculated for each province. The distribution of regiona} seismic
coverage restricted our calculations of salt volume and thickness to the
western half of the basin in the wedge and pillow provinces. Therefore, to
facilitate comparisons, the area and volume of the diapir province was reduced

by one-half.

B. Original Volume of Salt (table 5)
The five techniques employed for calculation of the original maximum

thickness and original volume of Louann Salt in different parts (wedge, pillow,

diapir) of the East Texas Basin are:

(1) Centripetal rate of salt thickness increase

(2) Original volume of salt pillow by sediment thickening during
diapirism;

(3) Original volume of salt pillow by sediment thinning during
pillow growth;

(4) Wavelength of present and Jurassic salt ridges; and

(5) Dome diameter.
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Centripetal Rate of Thickness Increase--This technique is applicable

to salt wedge, salt pillow, and salt diapir provihces. Present salt thick-

ness and geometry was calculated from regional seismic control (Jackson

and Seni, 1983). Original maximum salt thickness was determined by a

straight-1ine extrapolation of present average rate of increase of the salt

thickness in the wedge province td the central axis of the diapir province
(table 5). This technique is conservative because it assumes (and the data

| concur) post-depositional thickness changes were minor in the wedge province.

This technique is advantageous because it is applicable to all provinces and

can be used in conjunction with other techniques that are appropriate only

for the pillow or diapir provinces.

Hainesville Pillow Reconstruction--This technique is applicable to the

original salt volume and thickness in the Hainesville dome region. Present
geometry of Hainesville stock and surrounding strata was determined from a

25 km long Exxon seismic line (Lbocke, 1978) and from 153 logs for three-
dimensional control. A1l thickness varijations in strata surrounding the dome
are assumed to be salt-induced and synsedimentary because of the absence of
basement structure and the inability of structural distortion to account for
the magnitude of observed thickness variations (Seni and Jackson, in press).

Sediment Thickening During Diapirism at Hainesville Dome-~The shallower

seismic-stratigraphic units thicken progressively toward Hainesville Dome.
The volume of strata thicker than regional norms defines the salt withdrawal
basin. This volume is the volume of salt in the‘pi11ow that collapsed during
deposition of these units. The volume of the original salt pillow therefore
equals the volume of the salt withdrawal basin and the present diapir volume.

If the collapse volume equals the present diapir volume, then salt loss would
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be zero and only salt migration into the diapir took place. The volume of
the original salt minus the volume of salt in present diapir indicates the
the amount of salt lost. In the case of Hainesville Dome, 74 percent of the
‘original volume has been lost. If Hainesville dome is analogous to the
other domes in the basin, the original volume can he calculated by the
fo]]owing equation (1):

(1) Original volume of salt = Present salt voTume
in diapir province ' 1 « % volume loss

This approach gives an estimate of original volume in the diapir province
of 2922 km3 with an original maximum thickness of 1570 m (table 5).

Sediment Thinning During Pillow Growth at Hainesville Dome--The deeper

units surrounding Hainesville dome thin progressively toward the dome as a
result of syndepositional uplift of the original Hainesville pillow. The
amount of thinning along each seismic-stratigraphic unit defines the growth
of the pillow during deposition of that unit. Therefore the two-dimensional
size of the piliow (along the seismic line) is the sum of the amount of
thinning represented in the deeper units. Assuming axial symmetry, the
volume of the pillow is derived from the formulas for a right circular cone
and frustum of a cone. Subtracting the present volume of-Hainesvi11e'sa1t
stock from the volume of reconstructed Hainesville salt piliow yields
volume of §a1t lost. Using equation (1), the originé] salt volume in the
diapir province is estimated at 3562 km3 with a maximum original thickness

of 2070 m (table 5).

Wavelength of Present and Jurassic Salt Ridges--Ramberg (1981) showed

experimentally that the wavelength between salt ridges (salt pillows) that

grew by density inversion is a function of the thicknéés of the initial salt
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layer,density contrast and the viscosity contrast between salt and the
overburden (Ramberg; 1981, DAI, Table 7.5). In the pillow province

these Jurassic ridges are now salt piliows. Whereas in the diapir proyince
Jurassic ridges were the sites from which diapirs later evolyed.. The mean
wavelength between 10 salt pillows in the western half of the East Texas
Basin is 7.1 km (standard deviation = 2.1 km). Using Ramberg's tahle 7.5,

a salt-overburden viscosity contrast of 3800 yields original salt thicks<
ness of 0.6 to 0.7 km. The location and orientation of ancestral Jurassic
salt ridges on the diapir province was inferred from 1inear dome families,
structural mapping of salt withdrawal basins, and distribution of salt
pillows. The mean wavelength of Jurassic salt ridges within the diapir
province is 10 km. Using Ramberg's table 7.5, this wavelength yields origi~
nal maximum salt thickness of 1.85 km in the diapir province, In the diapir
province wavelength and dome diameter techniques yielded only original
maximum salt thickness. Average minimum salt thickness was calculated by
using the.value for maximum salt thickness in the~pi110w province from
Technique A as the minimum salt thickness in the adjacent diapir province,
The volume of salt in the diapir province was calculated by mu1t1p1ying
average salt thickhess by the area of the province, Table 5 shows‘origina1
average volume and original average thickness,

Dome Diameter--Parker and McDowell (1955) showed empirically with model

domes and Ramberg (1981) confirmed theoretically that dome diameter equals
the thickness of the salt source layer. Salt structure contours from twelve
East Texas diapirs were used to define the minimum dome diameter. The shaliow

maximum diameter of the dome is controlled by lateral spreading at the salt
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pverhang and so was ignored. The diameter of diapirs whose flanks con-
tinually diverged with depth (resembiing a diapiric salt pillow) also were
not calculated. Mean dome diameter yielded original maximum salt thickness
of 1.9 km and ranged from 1.3 to 3.1 km. The original volume of salt in
the diapir province (mean = 1931 km3) was calculated by multiplying average
salt thickness by the area of the province.

The different techniques for calculating original salt thickness all
indicate salt loss in the salt wedge, salt pillow, and salt diapir province.
Approximately 5,000 ks (for the total basin) have been lost from the origi-
nal volume. This is approximately 17X more NaCl than presently is in solu=’
tion. This mass balance calculation indicates that all NaCl in solution
in the saiine aquifers can be accommodated by dome dissolution,

Salt loss from the original Louann Salt can occur, however, By two
different mechanisms, (1) subsurface salt dissolution and (2) salt dome
extrusion and subareal erosion. For example, Loocke (1978) and Seni and
Jackson (1983) postulated that majority of the salt loss on Hainesville salt
dome occurred by surface extrusion. This dissolution would not contribute to
the NaCl 1oéd in the subsurface waters. The relative amounts of salt lost
by dissolution or by surface extrusion cannot be determined, It is important
to note that the amount of sait loss overwhelms the present amount of NaCl
in solution. A more sensitive technique for calculating sé]t loss by ground-

water dissolution is by calculating the volume of salt that had to be dissolved

to leave the anhydrite cap rock residuum present on many East Texas domes.
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2. Approach 2 Cap!Rock

The volume of halite dissolved by subsurface ground water can be
estimated by calculating the amount of diapir halite that had to be dis-
solved to account for the anhydrite and calcite cap rock that presently
occurs on top and on the flanks of :the djapirs. Using this approach, a
minimum of 790 km3 of salt has been dissolved (table 6). Approximately

2.5X more salt has been dissolved than presently occurs in solution,

Cap rdcks on tep and on the flanks of salt domes result from the
dissolution of salt diapirs, leaving a residuum of anhydrite. Later
diagenesis of anhydrite (or gypsum) by sulfate-reducing bacteria and
oxidation of organics yields calcite and pyrite (Kreitler and Dutton, 1983).
By knowing the total volume of cap rock andithe original CaSO4 percent in
the diapir salt,the amount of salt that had to be dissolved can be
calculated. The following assumptions were used.

(1) The Louann Salt in the East Texas Basin originally contained

98% NaCl and 2% CaSO (This figure represents a mean _from

Balk, 1944 Kre1t]er and Muehlberger, 1981; and Dix ‘and Jackeon,

1982).
(2) There was no removal of cap rock by dissolution or erosion,
(3) No significant volume changes occurred in cap rock during
diagenesis from pure anhydrite to the present mixture of

anhydrite, calcite, and gypsum.

Cap-rock volumes were calculated for 15 shallow domes in the East

Texas Basin (table 6) using gravity models (Exploration Techniques, 1979)

and geophysical logs. The total cap-rock volume is approximately 15.8 km3.
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If the original diapir salt contained 2% CaS0,, then 790 km3 of halite

4?
have been dissolved. This estimate is considered a minimum bhecause the
cap rock on the dome flanks (which is also a dissolution resiuuum) was
not accounted for.

Approach 2 also indicates that all NaCl presently in solution can be

accounted for by salt dome dissolution,
Timing of Salt Dissolution

The argument has been made in the preyious section of this report that
the dissolved NaCl in the saline aquifers of the East Texas basin is the
resd]t of salt dome dissolution, This is an important conclusion in the
context of the suitabi]ify of salt domes for nuclear waste isolation
because it indicates that there has been extensive salt loss over the
geologic history of the domes. The next‘critical question that needs to
be addressed is "Is dome dissolution presently occurring and, if not, when
did it occur?" 'Intefpretatioh of available data suggests that large-scale
dome dissolution by deep basin waters is not presently occurring and much
of the dissolution occurred early in the history of the basin, This con-
clusion is based on three different lines of ihvestigation: (1) salinity
distribution around salt domes in the Woodhine Formétion, (2) 0135 age

dating and (3) timing of rim syncline and cap-rock formation.

Salinity of Woodbine Waters Around Salt Domes, East Texas Basin

Water salinities were calculated for the Woodhine Formation in local
crdss sections across salt domes (fig. 10) and for regional cross sections
through the East Texas Basin (figs. 11-18) to determine if there were cone

sistently higher salinities around the domes, No consistent.pattern of
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increased salinity was found near the domes. High salinities were evident
near seven domes—-Bethel,BrushyCreek, Bullard, Grand Saline, Hainesville,
La Rue, and Palestine, but not seven others--Boggy Creek, Butler, Keechi,
Steen, Whitehouse, Oakwood, and Mt. Sylvan. Often salinities increased
away from the dome. Areas where no domes are present also exhibit high,

erratic salinities (fig. 11-18).

Technique for Calculating Water Salinity of Woodbine Formation
Water salinities for the Woodbine Formation along the cross sections

(figs. 10-18) were calculated using spontaneous potential logs based on
| Dresser Atlas (1975, p. 3-4). Twenty-eight chemical analyses of Woodbine
Formation waters were then compared to the calculated salinity values from
the geophysical logs to correct the calculated values to “true" salinity
values. Figure 20 shows measured and calculated salinities and a linear
regression line of best fit. The correlation coefficient is ,88. The

corrected values were used in the cross sections (figs. 10-18),

Chlorine-36 Age Dating of Salt Dome Dissolution in the East Texas Basin

Based on 36C1 age dating techniques, the chloride in two brine samples
from the East Texas Gasin resulted from salt dome dissoltuion greater than
approximately 1 million years ago.

Chlorine-36 (3601)_is a radioactive isotope of chlorine with a half-life

5

of 3.01 x 10° years (Davis and Bentley, 1982). Because of its long half-life,

it offers an interesting potential for absolute dating of old waters, Measure-
meant of chlorine-36 was made by Harold Bentley on a tandem Van de Graff

accelerator at the University of Rochester Nuclear Structure Laboratory,

36

Rochester, New York., Analyses are given as the ratio of “Cl nuclei to the

total number of chlorine nuclei Xlo’ls.
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Chlorine-36 has two sources in a ground-water system, (1) an
atmospheric and soil surface source and a subsurface production by natural
subsurface neutorn flux.(Bentley, 1978). Because of the interaction of

3607 the 36

these two sources of C1 dating technique has both advantages
and disadvantages of dating saline waters in deep sedimentary basins. If
atmospheric chloride is the only source 6f chloride in aquifers, the maxi-
mum age a water can be dated at is 1,000,000 years old (Davis and Bentley,
36§+ng groundwater chloride declines because
of radioactive decay, there is,an increase in 36C1 by subsurface neutron

1982). As the activity of

bombardment. The two sources reach equal concentrations in the age range

of 800,000 to 1.2 million years old (fig. 21). Waters with Tow S°C1/Cl

36

ratios can only be assigned ages of 1 million years or greater. C1 dating

of saline waters is further complicated because the atmospheric chloride is
swamped by dead chloride from a nonatmospheric source making absolute dating
of the water even more tenuous.

36

Because of the buildup of ““C1 by subsurface neutron flux and the

massive addition of dome salt by salt dissolution, the ages of the waters in
the saline aquifers of the East Texas Basin cannot be determined. However,
minimum ages of dome dissolution can be estimated. Louann salt (i.e., dome

salt) should have no 36

36

C1 because of its Jurassic age. There also should be
no buildup of Ci in halite by subsurface neutron bombardment, because the
dome shields itself from neutron bombardment (Davis and Bentley, 1982).

de halite samples, one from the Kleer Mine, Grand Saline salt dome, East
Texas Basin and the other from Permian Clear Fork Formation, Palo Duro Basin,

West Texas, have 36C]/gm Cl ratios of O To2and1 : 2, respectively. In

contrast, two brine water samples from the Pettit Formation flanking the
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Bethel salt dome and from the Woodbine Formation flanking the Boggy Creek
salt dome have 36C]/gm C1 ratios of 22 and 6, respectively (tab1&7);
these values are considered to be in the range expected for a secular
equilibrium caused by neutron bombardment (Bentley, personal communication,
1982). Based on Table 7and Figure 21 the salt dome dissolution that
resulted in these brines occurred at least one million years ago,

36C1 from a shallow meteoric

Carrizo aquifer flanking the Oakwood Dome. The 360] was measured to determine

In contrast two samples were analyzed for

if the C1 in the shallow meteoric ground water was from dome dissolution.

The 36

C1 values were 230 36C'I/C] and 280 36C'I/C], typical of young waters
with an atmospheric source and not of Jurassic halite. No salt dome dis-

solution was evident from these specific wells sampled for this study,

Geologic Evidence for Early Dissolution

Salinity typica11y increases with depth in many sedimentary basins.
This is true for the Michigan, I1linois, Alberta (Graf and others, 1966),
Palo Duro (Bassett and Bentley, 1983), and San Juan Basins (Berry, 1968) as
well as the Fast Texas Basin (fig. 22). The cause for the continual increase
is asyenigmatic as is the original source of chloride, The following hypoe
theses-have been offered as mechanisms to explain this phenomena., (1) Mixing
of shallow, lower salinity waters with a deeper saline source (Carpenter,
1978; Land and Presbinﬂowski, 1981), (2) As water moves deeper it increases
salinity by dissolving evaporites or other C] so&rces. (3) If there is a
general upWard flow component, salinities in the deep basin are increased
by ‘ultra-filtration through shale membranes (Graf and others, 1965; Hitchon
and,Freedman, 1969).
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The hypothesis that best explains the increased salinity with depth
in the East Texas Basin is that most of the dissolution of salt in the
bésin occcurred early in the history of the basin and those Jurassic or
Cretaceous waters are still present in the formations. Jurassic formations
contain Jurassic and Cretaceous waters and Cretaceous formations contain
Cretaceous waters. If we accept the previous tenent that the NaCl in
solution in the East Texas Basin results from dome dissolution, we may be
able to determine when in the history of the basin that the NaCl was added
to the ground water by understanding when the domes were disso]ved;

Kreitler and Dutton (1983) concluded that the formation of the 600 ft
thick cap rock on Oakwood Dome occurred duriné Late Jurassic and Early
Cretaceous time. "They argued that the evidence for large-scale salt dis-
solution was evident in the rim synclines surrounding a dome, At Oakwood
Dome the only significant rim synclines are in Upper Jurassic and Lower
Cretaceous formations; therefore, major dome dissolution and subSequent

initial cap rock should have formed in this time period,

At Oakwood Dome 50 km3 of salt was dissolved to form the cap rock.

The dissolution of 50 km3 of salt represents Emmajpr geo]ggic.evenﬁ.._u

The Oakwood salt stock contains approximately 5 km3 of halite. Ten diaper
volumes of halite had to pass through Oakwood dome to be able to accumulate
the present volume of caprock. This volume of Tost salt should be evident

in the salt withdrawal basins surrounding a dome. In Cretaceous (Glen Rose

3 of salt Withdrawa] from rim syn-

and later) and Tertiary times only 13 km

clines occurred. Therefore Qbmajority of the dome dissolution occurred
ok

pre-Glen Rose time (table 8).
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A similar approach is applicable for the other domes in the East Texas
Basin. The occurrence of a rim syncline (peripheral sink) in a formation
indicates that there was salt loss either by flowage into the diapir, flowage
into the diapir and extrusion oﬁt of the diapir, or flowage into the dome
and dissolution of the diapir by ground water. Conversely, if there are
no rim synclines, then there was no major salt loss--either by dome disso-
Tution or dome extrusion. Seni and Jackson (in press) determined that most
East Texas salt domes grew fastest during Early Cretaceous (fig. 23).

Their conclusions are based on the presence and rate of sediment.accumulation
in rim synclines. Theréfore, most dome dissolution also occurred during that
time. In contrast to most of the domes, Hainesville and Bethel salt domes
did mést of their growing.ih late Cretaceous. The dissolved NaCl in the
Woodbine and younger formations may result from the dissolution of these
domes in this later time period. Based on this line of reasoning much of

the salt dome dissolution and addition of NaCl to the ground waters may have
occurred early in the history of'the basin. The waters in the deeper forma-
tions therefore are also very old (Jurassic and Cretaceous) and may be stafic.
This hypothesis of greater growth and greater diapir dissolution early in'the
infilling of the basin explains the relationship of increasing salinity with
depth that is observed in the East Texas Basin (fig. 22),.

The trend of enrichment of 820 with increasing salinity (fig. 9) may be
circumstantial. The 8*%0 enrichment of the waters is more logically explained
by increased burial and greater temperatures. These Waters’that have become
enriched in blswere also emplaced in an earlier time where greater amounts
of dome dissolution were occurrihg. This would explain a correlation of

enrichment of §*80 with increased salinities.
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WATER CHEMISTRY

Introduction

The waters in the saline deep basin aquifers appear to have a meteoric
continental origin. They were recharged predominantly during Cretaceous
times. The dissolved NaCl in the aquifers is predominantly from salt dome
solution. The presence of calcium, magnesium, postassium, strontium, and
bromide in the basinal waters appears to result primarily from the inter-
action of the NaCl waters with the rock matrix. The high calcium concentra-
tions may result from albitization of plagioclase. The potassium may result
from either albitization or dissolution of potassic feldspars. The high
magnesium concentrations ‘result from dedolomitization. The strontium
results possibly from‘dome anhydrite dissolution and/or albitization. The
bromide : may result from Br depletion of halite.

Based on the water chemistry there appears to be two major aquifer
systems. The Woodbine and shallower formations are dominated by Na-Cl1 type
waters. Glen Rose and deeper formations are dominated by Na-Ca-C1 type

waters. The Na-Ca-Cl type watefs have evolved from a Na-Cl waters.
Chemical Analysis of Deep-Basin Brines

New Data

Fifty water samples were c011ectéd and analyzed for pH, HC03, 504, F,
C1, Br, I, H,S, Na, K, Mg, Ca, Sr, Ba, Fe, B, $i0,, A1, Ti, Cu, Mn, Zn, Pb,
Li (table 1). These samples were collected and analyzed to verify the trends
obéerved in the data base containing the 813 analyses (Appendix A) and to
collect data on species not analyzed in the earlier data set. The earlier

data set only includes analyses for Na, Ca, Mg, Cl, 804, pH, and alkalinity.
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Sample Collection and Methods of Analysis

Samples were collected as close to the well head as possible. For

Woodbine samples the oil-water ratio was sufficiently high to allow sample
collection at the well head for all but two samples. Deeper samples were
generally collected from a separator or storage tank since water production
was low. O0il wells were sampled in preference to gas wells to avoid con-
densate water contamination from produced gas, but, generally, even gas wells
yielded reliable formation water samples.

Samples were initially filtered through a funnel filled with pyrex
glass'wool to remove o0il and large particulate matter. The water was then
filtered through a 0.45 micron filter using nitrogen pressure to minimize
atmospheric contamination. At each sampling site the following samples
were collected in sequence.from one gallon of sample water: (1)125 ml
preserved with 5 ml CdAc for HZS éna]ysis; (2) one liter, unacidified, for
individually analyzed ions; (3) one liter, unacidified, for storage at the
Mineral Studies Lab; (4) 500 ml, unacidified, for isotopic analysis;

(5) 250‘m1, acidified with 10 ml 6NHC1 for ICP analysis of cations; and
(6). 25 ml, diJuted with 100 ml distilled water, for SiO2 analysis.

A11 chemical analyses were performed by Mineral Studies Lab, Bureau of
Economic Geology, University of Texas at Austin. Bicarbonate analyses were
done in the laboratory rather than at the well head or on pressurized samples
collected downhole and their concentration should only be considered approxi-

mate.

Deleted Data T .

Twelve analyses have not been included in the data base of brine water

chemistry because the analyses (except CH.T.P.) indicated abnormally Tow
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concentrations of Na, C1, Ca, Mg, Br, I, Sr, and B (table 2). Sample (CH.T.P.)
had a hydrogen and oxygen composition that was unrealistic in that it would
have plotted above the metoeric water line (table 2). Eleven of these

twelve samples were not collected at the well head but from storage tanks

or separators where water from another source may have been mixed with the

formation water (table 2a).

Previously Published Data

Eight-hundred-thirteen previously published chemical analyses were
collected from Hawkins and others (1964) and University of Oklahoma (1980)
and are listed in Appendix A. Most samples were collected before 1964.
One-hundred-eighteen énalyses had cation/anion balances greater than I 5%
and were therefo}e considered inaccurate and theréfore excluded. Bicarbonate
and pH analyses should also be considered as approximate because the alka-
linity and pH measurements were probably made in the Taboratory (and not

in the field) at an unknown time a?ter collection.

Comparison of New Analyses to Previously Published Analyses

A comparison of the chemical composition of the recently collected
waters (table 1) to chemical composition of previously published analyses
(Appendix A) for the same field and similar depths shows that the analyses
are similar'(tab1e 9). Two conclusions can be drawn from this conclusion:
(1) the old analyses are correct and (2) secondary recoyery operations (such)
as water flooding) have not altered the water chemistry of the recently

collected samples.
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Geochemical Trends

Several geochemical trends are evident from both the recenlty collected
samples and from the previously published analyses. The trends observed
on individual plots are similar for both data sets; therefore, only those
plots with the recent data are shown in this section. A few identical plots
using the older, larger data set are included to show the agreement,

The following scattergram plots of the water samples collected for
this study also include 20 samples from the older data base from the Paluxy

were sampled for this study. The water chemistry in the Paluxy
Formation. Only two wells in the Pa]uxyAappears,critica1 in understanding
the geochemical evolution of water types between the.shallower saline Nacatoch,
Eagle Ford, and Woodbine Formations and the deeper Gien Rose and Travis Peak
Formations. Twenty Pa]uxy analyses from the older data set are included in
some of the scattergrams (figs. 24, 26, 28, 33, 36, 39, 40) to provide a
hore complete data base.

The scattergrams plot all the data for the formations containing saline
waters. The geochemical trends are not as evident if the data are plotted
solely by formation. The different sampled formations are indicated by
different symbols so that ionic concentrations for each formation are
identified.

In both sets of scattergrams (new data and old data) concentrations
(either as moles (or millimoles) per 1iter or milligrams/liter) are used
instead of activities because of the problem of calculating correct activity

coefficients for varying ionic strengths (up to 250,000 ppm).
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NaTversus C17(figs. 24 and.25)

Natincreases directly with C1 for all samples analyzed. Based on the
slope of the line, there are two subsets of data. Up to Ci concentrations‘
of 2 m/1, the molar ratio of Na/Cl is®l. These data included Nacatoch,
Eagle Ford and Woodbine Formations. Above a C1 concentration of 2 m/1, the
slope drops to 0.6. These data include Paluxy, Glen Rose, Pettet and Travis

Peak Formations.

ca'T.versus C17 (figs. 26 and 27)

CéFEoncentrations remain low up to C1 concentrations of approximately
2 m/1 C1, then Ca concentration increases up to 0.8 m/1; Different trends |
~ for Ca versus Cl occur in the same formations as for Na versus C].‘ High

Ca concentrations begin in the Paluxy Formation.

(N_a+ +2 CéHb versus C1 (fig. 28)

A scattergram of (Nd++ 2ca++)versus C1 shows a slope of 1. Two Ca are
added to the Na to determine whether the 0.6 slope observed for Na/C1 plot
(figs. 24 and 25) was caused by an exchange of Na for Ca, The Ca concentra-
tions are multiplied by 2 to maintain charge balance, If Ca {is exchanging

for Na, then 2 Na will be lost from the brine. The addition of Ca and

depletion of Na relative to C1 appear to be related to the same gecchemical

reaction.

&f versus C1~ (fig. 29)

The scattergram of K versus C1 shows two different trends, For Cl
concentrations less than 2 m/1, C1 increases independently of K. For Cl
‘concentrations greater than 2 m/1, K concentrations increase significantly,

This is a similar pattern as observed for Ca versus C1,
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Br~ versus C1~ (fig. 30)

The scattergram of'Br versus C1 shows two different trends. For C]
concentrations less than 2 m/1 C1 and in that Nacatoch, Eagle Ford or
Woodbine Formations C1 increases independently of Br. For C1 concentrations
greater than 2 m/1, Br increases proportionally with C1 at a Br/Cl1 molar

4

ratio of 7 x 107 . The Br concentration increases at approximately the

chlorinity value where Ca and K increase significantly.

Sr++versu$ €1~ (fig. 31)

The scatfergram of Sr versué Cl1 shows a continual increase of Sr with
greater C] concentrations. In contrast to the scattergrams of Ca versus C1,
. K versus C1, and Br versus C1 (figs. 26, 29, 30), Sr is increasing propor-

tionately to Cl in the shallower formations.

sr™ versus Ca’’ (fig. 32)
In contrast to Figure 31 a plot of Sr versus Ca shows two different
populations of data, data for Woodbine and shallower formations and data

for Glen Rose and Travis Peak Formations.

Mg++ versus Ca' " (fig. 33)

The scattergram of Mg versus Ca shows a continual increase of Mg with
increasing Ca concentrations. The slope of the molar ratio Ca/Mg for the
Woodbine, Nacatoch, and Eagie Ford Formations appears greater than the Ca/Mg

ratio for Paluxy, Glen Rose, Rodessa, Pettet, and Travis Peak Formations.

Br~ versus 1° (fig. 34)
l The scattergram of Br versus I shows no correlation between species.

Br concentrations increase independent of I concentrations.
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Li* versus C17 (fig. 35)

The scattergram of Li versus C1 trends. bFor C1 concentations less
than approximately 50,000, C1 increases independent of Li. For C1 con-
centrations greater than 50,000, Li concentrations increase significantly.
The Li concentrations increase at approximately the chlorinity value where

Ca, K, and Br increase significantly.

C1” versus Depth (fig. 22)
The scattergram of C1 versus Depth shows a continual increase of C1 with
increasing depth. There is a greater scatter of data for the deeper forma-

tions (Paluxy, Glen Rose, Pettet, and Travis Peak).

ca’* versus Depth (figs. 36 and 37)

- The scattergram of Ca versus:Depth shows two different trends. For
samples shallower than 6,000 ft, Ca concentration stays relatively low.
In contrast to the shallow sampling depths, the Ca concentrations for the
deeper sample are significantly higher and show a wide scatter. This
change in trends at app}oximate]y 6,000 ft is also coincident with the
0.2 molar C1 concentrations observed to be important on the Ca versus Cl

(fig. 26), K versus C1 (fig. 29),. and Br versus C1 (fig. 30) graphs.

Br~ versus Depth (fig. 38)

The scattergram of Br~ versus Depth shows two different geochemical
trends which are similar to the trends observed for Ca versus Depth., At
shallow depths Br concentrations are low and consistent. At depths greater

than 6,000 ft, Br concentrations are greater and have a wider scatter.
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Discussion of Water Chemistry, East Texas, Deep-Basin Brines

The ionic solutes in the deep-basin brines result initially from the
dissolution of salt domes by meteoric ground water. The previous discussion
on the hydrogen and oxygen isotopic composition of the waters indicate that
all waters sampled are of a meteoric origin. The mass balance calculations
of original Louann Salt versus the amount of remaining domal salt indicate
that dome dissolution through the geological history of the basin can easily
accommodate for all the Na and C1 presently in solution. Additional geo-
chemical reactions between the water and the rock matrix result in the
addition or loss of ionic species in the water.

If dome dissoluiton appears to be the only important reaction affecting
the Na concentrations in the basin, then the Na/Cl1 molar ratio should be |
approximately 1. This appears to be true for the shallower formations,
Woodbine, Eagle Ford, and Nacatoch (figs. 24, 25). The concentrations of Ca,
K, and Br conversely are small indicating minimal water-rock interactions
(figs. 26, 29, and 30).

The chemical composition of waters in the deeper formations, in contrast,
indicate several geochemical reactions have occurred or are presently occurring.
The molar Na/Cl ratio for the deep brines is approximately 0.7 (figs. 24 and
25). Either halite dissolution was not the mechanism contributing to the Na-Cl
load or Na has been lost from the brines. Thg first hypothesis is not con-
sidered realistic since a lower concentration brine. From which the deeper
waters have appeared to evolve, have approximately a 1:1 Na-Cl ratio. Secondly,

the waters are continental meteoric in origin and not marine.
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The increase in calcium (figs. 26, 27) and loss of Na (figs. 24, 25)
is aftributed to albitization. In this reaction sodium in solution is
exchanged for calcium in the plagioclase. Land and Prezbindowski (1982)
defined the equation (1) as follows.

Equation (1) plagioclase + halite + water = Na-Ca-Cl brine + albite

By adding the calcium (2 Ca, for charge balance purposes) to the Na concen-
trations, there is a close 1:1 molar ratio between Na + Ca/Cl1 (fig, 28),
This 1:1 slope argues that there has been an exchange process that has
caused the depletion of Na and the increase of Ca, This 1:1 slope also
argues against the solution of anhydrite and subseguent reduction of the
sulfate. If sulfate reduction was a dominant reaction, then the Na;Cl
molar ratio should remain constant at 1 and not decrease to the obseryed
0.7 value. The lack of H,S in thé deep~basin brines (table 1) may also
argue against sulfate reduction. Wescott (1983) observed that the most
common secondary porosity in the  Schuler Sandstone (the major sandstone
direct]y‘beneath the Travis Peak) resulted from feldspar dissolution, Many

of the ‘feldspars had been albitized (Dunay, 1981),

Potassium concentrations also increase significantly in the deeper
formations. This increase in K could be attributed to either the dissolution
of K-feldspars or the alteration of K-feldspars to albite (equation 2),

a similar reaction to the albitization of plagioclase.

Equation (2) K-feldspar + halite + water < Na-K-C1 brine + albite

The mechanism which initiates the albitization of potassic and calcic
feldspars may be the ionic strength of the brine and/or temperature. The

sharp increase in both Ca and K starts at 2 molar C1 solutions. The
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approximate temperature is 70°¢C (based on a depth of 6,000 ft and an average
geothermal gradient of 1.6°F GQOC)/IOO ft for the region. This temperature

is lower than the 120°C suggested by Boles (1979) and Milliken and others

(1981) for the a]bitfzation threshold temperature. Though the sharp increase

in concentrations occurs at 2 molar solution and 70°C, the albitization reaction
may be occurring at shallower depths and in less concentrated solutions. Plots
of Na/Cl versus depth (fig. 39) and Na/Cl1 versus C1 (fig. 40) show that the
shift of the Na/Cl1 ratio toward lower values starts in the shallower aquifers

with the lower TDS values.

Magnesium concentrations increase linearly with calcium (fig. 33). The..
Mg probably results from dedolomitization. With the increase in calcium in
solution from the é]bitization reaction, the waters become undersaturated
with respect to dolomite and dolomite solution should occur until equilibrium -
is reestab]ishggyfgg foé;ﬁgzg 3§;u2t§8n+ 2CaC03. These waters are considered
to be in equilibrium concurrently with calcite and dolomite. The waters in
these deep-brine aquifers surely have had time for solutions to reach
equilibrium with the aquifer mineralogy.

With an increase in temperature, the calcite/dolomite equilibrium

shifts toward dolomite, that is, dolomite becomes more stable (Land and

Presbindowski, 1981; Stoessel and Moore, 1983; Land, 1981). This shift in
equilibrium should be observed in the Ca/Mg ratio with increasing temperatures.
Figure 41 is a plot of Ca/Mg for the East Texas brines. A linear increase

in the ration with increasing temperature is observed. Molar concentrations




-41-

of calcium and magnesium are used in Figure 41 instead of the activity
values, based on the arguments of Land and Presbindowski (1981) that

the ratio of concentrations is comparable to the activity ratios. The
Ca/Mg ratio follows the calcite/doTomite equilibrium curve of Stoessel and
Moore (1983) based on Robie et al. (1979) indicating that the waters are
in equilibrium with calcite and dolomite.

The Br composition of the deep basinal saline waters (figs..éog"BB)
also appears to subdivide into two groups: 1low Br concentrations for
Nacatoch, Eagle Ford and Woodbine Formations and significantly higher
concentrations for the deeper units. The source of Br in saline deep-
basinal water has .been enigmatic. Carpenter (1978) suggested that the
bromide results from residual brine squeezed out of the Louann Salt. Land
and Presbindowski (1981) suggest that the high Br concentrations result
from a solution-reprecipitation of the halite which depletes the halite in
Br and conversely enriches the solution in Br. If there is total solution
of halite, then the Br/C1 ratio in the water will be the same in the
original salt. If there has been solution/reprecipitation, then the Br
content will be greater than in the original halite. This second hypothesis

is considered a reasonable explanation for the Br in the East Texas brines.

Carpenter's residual Louann brine concept is considered unacceptable for.
the following reason. The amount of residual brine-pocket fluid needed for
the observed Br concentrations through the Glen Roée and Travis Péak Forma-
tions is too large. If the Br in solution in the deep formation came from
brine pockets squeezed out of the Louann Salt during deep burial, then the volume

~ of the bittern brine can be estimated by (1) knowing the Br in the Glen Rose and
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Travis Peak Formations and by estimating the Br content in a late stage
evaporite fluid. The brine content in the deep formations (Glen Rose and
below) is estimated at 3 x i045 g of Br, Assuming the Br concentration in

a late-stage evaporation brine is 5,000 mg/1 based on approximate Br content
during K-salt precipitation; from Carpenter, 1978), then the estimated

3. This 600 km° constitutes 10

volume of the residual brines is 600 km
percent of the volume of the original salt dome proyince or a porasity of
10 percent. The salt thickness is estimated at 1500-m, Maintaining this
10 percent porosity during the accumulation of 1500 m of halite s considered
'ﬁnrealistic. The solution-reprecipitation mechanism is preferred for the
following reasons. The Br concentation of the halite from Oakwood salt dome
(East Texas) aVerages 45 ppm, which is slightly depleted from 65 to 75 ppm.
Br expected for "first cycle" halite (Holser, 1979). Dix and Jackson (1981)
interpret this depletion as the result of solution and reprecipitation, The
Br in the original Louann Salt may haye been much higher, Kreitler and
Muehlberger (1981) noted that Grand Saline salt dome had undergone yery little
dissolution and the geochemistry of these salts might approximate the chemical
composition of the original Louann Salt. Br concentrations ranged from 100
to 300. If it is appropriate to compare’ Oakwood to Grand Saline, the Louann
Salt has undergone a significant depletion of Br, |
Kumar and Hoda (1978) observed Br concentrations in brine pools and brine

springs in the Neek§ Island and Belle Island salt domes mines that ranged from

1100 to 13,500 mg/1 with a mean of 6,200, Chloride concentrations ranged from
| 194,000 to 276,000 mg/1. These waters should represent hrines that have equi-

. 1ibrated with the mineralogy of the salt stock and are therefore ____ .

ana]ogous to formation waters that have equilibrated with the salt stock on



~43-

its exterior. Their data indicate that high Br concentrations can result
from basinal water reacting with a salt dome. Kumar and Hoda's (1978)
Br/C1 molar ratio of .09 is higher than BF/C] molar ratio (.007) observed
in the Glen Rose and Travis Peak brines from this study. East Texas deep-
basin brines, however, would be the product of both halite dissolution as
well as equilibrating with a Br-enriched halite and therefore have Br/Cl
ratios lower than observed in poo]é and springs observed in the mines.

Cgrpenter and Trout (1978) suggested that Br and I in saline ground water
may result from tﬁe decomposition of organic material. Figure 34 shows no
correlation betweén Br and I. If iodine is coming froﬁ organic decomposition ‘
(a reasonable idea), then the Br is not.

The deep-basinal brinés also are high in Sr. There are at least two pos-
sible sources for the Sr in solution. (1) Disseminated anhydrite in salt
dome halite has a strontium content of approximaté]y 1500 mg/ky (Kreitler
and Dutton, 1983). The dissolution of salt dome halite should result in the
disso]utidn'of some anhydrite and relgase of strontium, (2) Albitization
of plagioclase may release Sr as well as Ca. Smith (1975) measured Sr con-
centrations in feldspars up to 5,000 ppm.

A plot of Sr versus C1 (fig. 31) shows a continual increase of Sr with .
C1 which is in contrast to the Ca versus Cl, K versus Cl and Br versus Cl]
plots (figs. 26, 29, and 30). This indicates that the geochemical reactions
envisioned for brines albitizing Sr-bearing plagioclase in the Paluxy, Glen
Rose and Travis Peak are not the sole cause of Sr in solution., A plot of
Sr versus Ca (fig. 32) shows two different populations of the.data, data
" from Nacatoch, EAgle Ford, and Woodbine Formations and data from Paluxy,

Glen Rose, and Travis Peak. The Sr in the shallow formations may be from
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dissolution of salt dome anhydrite, whereas the Sr in the deeper formations
may be from albitization of plagioclase, Dissé]ution of salt dome anhydrite
could be occurring in the shallower wéters because these waters are low

Ca waters. The high Ca concentration in the deeper brines should preVént
dissolution of anhydrite.

The chemical compositions of the saline waters in the Glen Rose
(Pettet and Rodessa are part of Glen Rose) and Travis Peak is signi-
ficantly different than the chemical composition of the waters in the
Nacatoch, Eaglie Ford and Woodbine Formations. Chemical composition of
waters in the Paluxy appeafs transitional between these deepef and
shallower formation;. Figures 38, 37, and. 38 show an abrupt increase in
Ca and Br concentrations at a depth of approximately 6,000 feet. This
depth is the general depth for the Paluxy and top of Glen Rose. ThisA
depth is also coincident with 2 molar C1 concentration (figure é6) which
appears to be an important conceﬁtration for initiating albitization

and other rock-water reactions.

This break in chemical composition at z5‘6,000A1’e<-:‘1:‘a'lso coiﬁbides with
the hy&rau]ic pressure depth relationships. Shallower than 6,000 ft, the
basin pressures are hydrostatic. Below 6,000 ft, the basin pressures-are
slightly overpressured. (A more detailed discussion of basin pressure is

in a later section.)
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The Na-Ca-C1 waters initially were Na-Cl waters, The addition of
Ca, Mg, Sr, and other trace elements had to have occurred after the
addition of 2 moles of NaCl. If these waters started as a Na-Ca-Cl water,
they should trend to a 0,0 position.rather than the 2 mole position (fig, 26),

These fwo major groupings of water chemistry suggest two major aquifer
systems: The midd1e and upper Cretaceous sediments which represent a
later stage in the basin infilling and the upper Jurassiﬁ and lower Cre-
taceous sediments which represent the early Basin infilling, This concept
of 2 major aquifers is in agreement with the hydraulic data which will be
presented in a 1ater.sectfon.

The transition of a Na-C1 to water to a Na~Ca~C1 water implies but does
not document hydrologic cbntinuity between the Na-C1 waters and the Na-Ca-Cl
waters. Kreitler and others (1978) in a study of Gulf Coast aquifers and
Fogg and Kreitler (1982) in a study of the Carrizo-Wilcox aguifer in East
Texas used the continual change in water chemistry as a ‘tool. for
identifying flow paths. This probah1y”is not a continous flow system from . .
the sha]]oﬁsa]ineaquifers to the deeper aguifers in the East Texas basin,
The féct that the Na-Ca-Cl1 waters evolved from a Na-Cl water'only indicates
that the deeper waters and the shallower saline waters are following the
same geochemical evolution and the deeper waters have evolved significantly
further. | |

The chemical composition of the Paluxy waters appears transitional
between the shallower Na-Cl waters and the deeper Na-Ca-C1 waters (figs,

24 and 26). This may result from two processes. (1) The Paluxy waters may
" be in the appropriate temperature and salinity environment such that a

Na-Ca-C1 water results, or (2) the chemical composition of these waters
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may result from the mixing of the two different water types. Leakage may
be occurring from the slightly overpressured Glen Rose into the Paluxy,

This subdivision of chemical composition in to Na-C1 waters and
Na-Ca-Cl waters appears to be independent of 1ithology within each major
group. The Na-Ca-Cl1 waters occur in both sandstones (Travis Peak) and 1lime-
stones (Glen Rose Group). The change in chemical compositions may be related
to three factors. (1) The two molar NaCl concentration may be a threshold value
value to cause major rock water reactions; (2) The temperatures at 6000 feet
may be sufficient to initiate the.rock-water reactions; (3) The waters in the
deeper formations may be much older and have thus permitted greater rock-water
interaction.

The 1nterprétation of rock/water geochemical reactions is based only
on the chemical analysis of the waters, No petrographic analyses of the
different formations were conducted. This represents a major limitation of
the study. If reactions such as albitization of feldspars or dedolomitiza-

tion have occurred, then they should be evident in the rock record;
Water Chemistry Proximal to Salt Structures

The previous discussion identified the major chemical composition trends
in the saline aquifers, Study of the water chemistry from oil and gas fields
close to salt domes might indicate anomalous hydrologic or geochemical pro-
cesses because of the présence of the dome. Anomalous chemical - composition
- might indicate ongoing dome dissolution or 1eakage from deeper or shallower
fofmations.

' Sixteen water samples of the 38 samples listed in table 1 are near or
overlying salt domes or salt pillows (table 10 ), Seven of these 16 samples
were collected from formations that either laterally abutted.a salt structure

or were less than 1000 ft overlying a salt structufe, There are only a few
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producing oil fields on the flanks of the salt dome; therefore, samples

from dome flanks are very limited. Most of the o0il associated with salt

structures are fie]ds overlying salt anticlines. The salt anticlines

often are very deep and the fields overlying them are shallow in comparison.
Neither the total 16 samples associated with salt structures nor the

7 samples in closer continuity with the salt dome show any anomalous water

chemistry in comparison to the general trends observed for all the water

chemistry analyses (fig. 42 and 43). The salt domes are presently not

affecting the chemical composition of the brines. The conclusion is in agree-

ment with the electric log SP interpretation of the Woodbine.

HYDRAULIC POTENTIAL DISTRIBUTION, EAST TEXAS BASIN
Introduction

The hydraulic potential distribution of the sa]fne aquifers in the
East Texas basin has been evaluated by analysis of drill-stem test data.
Based on these data, there appear to be two major hydrologic systems: the
Upper Cretaceous aquifers and the Lower Cretaceous—Uppef Jurassic Formations.
The Lower Cretaceous-Upper Jurassic system may be a closed, stagnant hydro-
logic system with some leakage into the overlying Paluxy Formation. In the
upper aquifer system the Woodbine Formation which was originally hydrostatic
has been depressurized because of extensive hydrocarbon production. It is
doubtful whether fluid pressures in the Woodbine.would return to natural

Tevels in the near future.
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Methods of Analysis

Approximately 300 drill-stem pressure measurements were obained from

the files of Petroleum Information Corporation and -scout cards (Appendix B).

Final shut-in pressures have been p]ot%éd against depth (fig.-44). The
quality of drill-stem test data is a]wayé suspect because of the normal
difficulties in obtaining good tests. With more data per test, the easier
it is to evaluate the validity of the test. Optimally the test data should
include the trace of the test, including an initial shut-in pressure (ISIP)
and a final shut-in pressure (FSIP) (Bredehoeft, 1964). Too often, however,
only the FSIP is recorded. This is true for the East Texas data. Only

11 out of 300 have both FSIP and ISIP. Fifty-five percent of these tests
had FSIP within iO% of the ISIP. No traces of the actual test were available.
Without this additional information the accuracy of the FSIP cannot be
evaluated. Considering these constraints, it is recognized that the

following discussion is based on a less than satisfactory data base.

Results and Discussion

Two pressure-depth regimes are obseryed in the East Texas.&asin,
The Woodbine and shallower formations approach hydrostatic or are subhydro-
static  (fig. 44). fhe Tower pressures are the result of hydrocarbon
production (Bell and Shepherd, 1951)., In contrast, the deeper formations
(Glen Rose, Travis Peak, Cotton Valley, Sligo, Buckner, and Smackover) are
slightly overpressured (fig. 44)(gradient‘*16 psi/ft). Several tests in
these deeper zones indicate underpressured conditions that probahly have

resu]ted from hydrocatbon production or represent faulty test data,
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These two different pressure/depth regimes represent two major aquifer
systems: (1) the hydrostatic Upper Cretaceous sandstones and limestones and
(2) the slightly overpressured Lower Cretaceous and Upper Jurassic sandstones
and Timestones formations. The Upper Cretaceous hydrostatic system has
better porosity, better permeability and is reasonably interconnected through
the basin, in comparison to the deeper formations. Average porosities for
Woodbine and Paluxy are 25% and 12%, respectively (Tab]e 4). Hydrocarbon
production from the Woodbine Fdrmation in the East Texas Field has caused
pressure declines in the Woodbine through the entire basin;(fig;45)indicating
reasonable permeability and good interconnection. Faults in the Woodbine
and other structural anomalies appear to be the only barriers to fluid flow
in the Woodbine. The Mexia-Talco fault zone functions as an impermeable
barrier on the western and northern edges of the basin preventing pressure
declines across them (Bell and Shepherd, 1951).

Hydrocérbon production in the East Texas field (Woodbine Formation

in Rusk and Gregg Counties) has caused significant depressuring of the

Woodbine for much of the East Texas Basin (fig.,45) (Bell and Shepherd, 1951).

© oy e o s taprira.

The rapid decline in w&adbine pressures throughout the bééfn sugéeéfg iow
storage coefficients and minimal recharge. Hall (1953) estimated the
storage coefficients of the Woodbine in the East Texas Basin at approxi-
mataly 10'5. With final depletion and.abandonment of 0il1 and gas p}oduc'\
tion in the Woodbine it is doubtful whether f]uid pressures would rapidly
return to their preproduction levels. A downward vértica] hydraulic
gradient should remain between overlying fresh-water aquifers and the

Woodbine.
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The Lower Cretaceous-Upper Jurassic hydrostratigraphic system has
Tower porosities, probab]y lower permeabilities and less interconnectedness.
Average porosities in Glen Rose and Travis Peak are 8.5% and 7.0%, respectively.
The overpressuring may result from continued compaction and a minimal leakage
of waters into overlying formations. Overpressuring in deep Cretaceou§
carbonates (S1igo) has been observed in other localities of the Gulf of

probably

Mexico (Land and PreZbindowski, 1981). Its origin,cannot be attributed to
shale compaction or shale diagenesis as is the mechanism for the over-
pressured Tertiary section in the Gulf of Mexico, but may be related to
continued compaction and recrystallization of carbonates and sandstones.
The process is nbt understood. This lower hydrostratigraphic system may be a
relatively closed 'stagnant system. If this system is an active hydrodynamic
system, fluid pressures should have equilibrated to hydrostratigraphic
conditions. This interpretation is in agreement with the observation that
there is a significantly different water chemistry between deep Lower
Cretaceous formations and the Upper Cretaceous formations.

The Paluxy sandstone may be a mixing zone for the Upper Cretaceous

' hydrologic system and the deeper saline system. The Paluxy Formation was

expected to have similar hydrology and geochemistry as the younger
Woodbine Formation, because of its similar depositional character
(terrigenous sandstone with reasonable interconnectedness) and its
similar stratigraphic position (i.e., above the thick Glen Rose car-
bonates). The depth of the Paluxy pressure data {Appendix 579 is where
thé pressure/depth slope starts rising above brine hydrostatic (fig.44).
The chemical composition of the Paluxy water is variable. Some of the
waters are NaCl water, similar to Woodbine, whereas others are Na-Ca-Cl

waters and appear intermediary between the chemical composition of Woodbine
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waters and Travis Peak or Glen Rose waters. The chemistry and hydrology
suggest that waters- from the Glen Rose and Travis Peak Formations are
leaking into the Paluxy. |

The data base is inadequate to construct potentiometric surfaces for
any of the formations. Bell and Sheperd's (1950) surface is outdated since
it was constructed in 1950. and there has been extensive”production since
then. Without potentiometric surfaces for individual formations or the major
aquifer groupings, and without a.better understanding of the hydrology, pre-

diction of flow directions or flow velocities is not possible at this time.

GENERAL HYDRODYNAMICS OF THE SALINE AQUIFERS, EAST TEXAS BASIN

Introduction

A conclusion of the water chemistry and the pressure-depth discussions
of this paper is that the basin has been relatively stagnant over long
geologic time. This lack of an active hydrodynamic system is probably con-
trolled by the general hydrologic conditions of the basin. No major tec-
tonig event has uplifted and ti]ted the basin to establish effective recharge
and discharge zones or steep hydraulic gradients across the basin to facilitate
flushing. The East Texas Basin still has a geometric position which is
largely below sea level. Sedimentary basins such as the Palo Duro, the
San dJuan, the Paradox, and the Alberta Basins have all been uplifted by

postdepositional tectonic events which @hve permitted continued flushing of

earlier formation waters.
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Recharge to the East Texas Basin

Recharge to the saline formations in the East Texas Basin could be
expected where these formations (e.g., WOodbine,lPa1uxy, Travis Peak
(Hosston)) crop out. A1l the aquifers, however, crop out to the west of
both the Balcones and the Mexia-Talco Fault Zones. These faults probably
Timit the influx of young‘meteoric water into the basin (PTummer and
Sargent, 1931; Parker, 1969; MacPherson, 1982). The hydraulic gradient
is either Tow or reversed, neither situation conducive for basin flushing.
The hydraulic gradient for the Woodbine between the outcrop (Dallas, Texas)
and the center of the basin (Tyler, Texas) is 3.8 x 1074, (The elevation

of the hydraulic head is considered approximately equivalent to land

fa evation.) I ntrast, the hydraulic gradient for the Wolfcam
fff,_C? elev n.) In contr J -3 6§§ésett and Bentley, 1983
aquifer in the Palo Duro Basin is 3.5 x 10 “* ten times greater thdn that

estimated for the Woodbine. The hydraulic heads in the Glen Rose and

deeper formations are significantly above land surface because of the

slight overpressuring. Ground-water flow from outcrop downdip into the deep
basin is not expected because of these high pressures in the saline formation.
The Mexia-Talco fault system exhibits greater throw wifh depth because

the faults Were active through a broad range of time (Jackson, 1982).
BecauQe of the increased displacement with depth, the faults may function
as more efficient impermeable barriers at greater depths.' The Travis Peak
and Glen Rose Formations may be more hydrologica]Ty isolated than the

shallower Woodbine.
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Discharge from the East Texas Basin

A deep basin must have reasonable discharge zones as well as recharge
zones to facilitate flushing. The deep saline formations of the East Texas
Basin do not have obvious regional discharge zones. There are no outcrops
of Woodbine, Paluxy, Glen Rose or Travis Peak Formations on the eastern or
southern sides of the basin, where discharge could occur. The only discharge
may be localized along faults or dome flanks (Fogg and Kreitler, 1982).
Because of the Tlimited geégraphic extent of domes and féu]ts piercing through
to fresh water aquifer, the volume of discharge is expected to be small. The
depressuring of ;he Woodbine formation by oil produétion has probably limited

the discharge from the woodbine into shallower aquifers.

False Cap Rock at Butier Dome, An Example of Deep-Basin Discharge

Deep-basin ground-water discharge may have occurred along the flanks
or associated radial faults of Butler Dome, Freestone County, East Texas.
A calcite-cemented sandstone identified as "false cap rock" is being quarried
from the flanks of Butler Dome. This false cap rock appears to have resulted
from'the oxidation of hydrocarbons in hot saline waters being discharged up
the dome flanks. Saline springs were present over the dome before the
depressuring of the Woodbine Formation occurred (DeGolyer, 1919 and Powers,1920).
The springs no longer exfst.

Rocks exposed in the East Texas Stone Company's Blue Mountain Quarry on
the NNE side of Butler Dome comprise the Eocene-Claiborne Carrizo and Reklaw
Formations (fig. 46). Claiborne sediments dip away from the dome's center at

-a maximum of 25°NE, and are unconformably overlain by Quaternary terrace deposits.
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The Quaternary deposits reveal no evidence of warping due to dome uplift.

A normal fault strikes N10° - 30°E, lateral to the western quarry wall, and
dips 70°SE (fig. 47). Claiborne sediments are displaced about 1.5 m.

In the quarry on the downthrown side of the fault, Carrizo sandstone is
cemented with CaCOB. Typically the Carrizo sandstone in the East Texas
Basin is friable. This bell-ringing hard, calcite-cemented Carrizo repre-
sents an anomalous case. Sands on the upthrown side of the fault to the
west are not cemented with CaC03. Large elipsoid calcitic, pyritic con-
cret1ons are scattered randomly through outcrop (fig. 48). , Along the

fault plane calcite has prec1p1tated as fractu}edle1{1gd veins (fig. 49).
The fault appears to have been the_primary path for fluid movement. At the
eastern quarfy wall, the calcareous sandstone has gradually graded into

an uncemented friable sand with bn]y a few patches of CaCO3 cgmented sand-
stone. Some of the sand lenses within the shales and mudstone of the Reklaw
Formation are also cemented with CaCO3, but none of the Quaternary sands and
gravels have CaCO3 cement. This observation suggests that precipitation of
the CaCO3 cement occufred before Quaternary time or that the deeper dis-
charging fluids could not rise any closer to land surface.

Petrographic analyses of these calcareous sandstone samples indicate
that the quartz sand grains are cemented with some pyrite and more commonly
sparry to prismatic ca]cite. Little of the original sandstone porosity exists
and the cement is commonly poikilotopic (fig. 50). Replacement of the clastic
grains by calcite and pyrite is common.

The calcite cement appears to result from oxidation of hydrocarbons by

the reaction:

-
CaSO4 + CH4<-HZS + CaCO3 + H20



The §*°C values of the cements range from -20 to -32 (table li and figs.
51 and 52), indicative of a hydrocarbon source for the carbon (Feely

and Kulp, 1957; Kreitler and Dutton, 1983). The §!°0 values of calcite
cements ranged from -8.2 to -9.4%, which is considered to be indicative
of calcite precipitation from a hot water. Kreitler and Dutton (1983)

observed 680 values for Oakwood Dome cap rock in the range of -9 to -11%,.

Similar depleted 680 values (-8.6 to -10%,) were measured for the calcite
cap rock at Vacherie Dome (Smith and Kolb, 1981). In contrast, the calcite
concretions on the uncemented northern side of the fault ranged from -3.4
to -4.1%q, which is considered to be indicative of calcite precipitation
from shallow meteoric ground water. |

Both DeGolyer (1919) and Powers (1920) observed brine and sulfurous
springs over the dome and attributed them to waters rising from great depths.
The springs were used intermittently for salt since the Civil War. The
springs could not be found in 1980, and it is assumed that depressuring of
the Woodbine has stopped spring flow. The combined evidence of saline springs
and the presence of the false cap rock at the dome indicate that the dome
has functioned as recently as the early 1900's as a conduit for deep-basin
dischargg. _ | N

Palestine salt dome, 5 miles to the north of Butler dome may also have
false cap rock associated with its outcrops of Carrizo sandstone which
surround the dome and are highly cemented. Petrographic analysis identified
a poikilotopic calcite cement similar to the cementation observed at Butler
dome.

These are the only domes in the East Texas Basin where false cap rocks
have been observed. It is interesting to note that they are located in a
Jow of the Carrizo-Wilcox potentiometric surface. The incision of the
Trinity River into the Carrizo has caused this depression in the potentio-
metric surface (Fogg and Kreitler, 1982). Areas of low hydraulic head in
the shallow aquifers could be regional discharge points for the saline
aquifers. Only in such areas would the potentials in the shallow fresh-

water acuifers be low enough for deep basinal discharge.
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SUMMARY-WASTE ISOLATION IMPLICATIONS

Ground waters in the deep aquifers (Nacatoch to Travis Peak) range in
salinity from 20,000 to over 200,000 mg/1. Based on their isotopic com-
positions, they were originally recharged as continenta] meteoric waters.
Recharge probably occurred predominantly during Cretaceous time; therefore,
the waters are very old. Because the basin has not been uplifted, there
are no extensive recharge or discharge zones. The flanks of domes and
radi§1 faults associated with domes may function as localized discharge
points. Both the water chemistry and the.hydraulic pressures for the
aquifers suggest that the basin can be subdivided into two major aquifer
systems: (1) the upper éretaceous aquifers (Woodbine and shallower) which
are hydrostatic and (2) the deeé lower Cretaceous and deeper formations
(Glen Rose, Travis Peak, and older uhits), which are slightly overpressured.

The source of sodium and chloride in the saline waters is considered
to be from salt dome di;so]ution. Mass-balance equations indicate there
has been extensive dissolution of the domes and the amount of dissolution
is greater than presently exists in the formations. Most of the dissolu-
tion occurred during the Cretaceous. The timing of major dissolution has
been estimated by determining when salt withdrawal basin surrounding'the
domes occurred. Chlorine-36 analyses suggest that dome solution is not
présent]y occurring. Salinity cross sections across individual domes do
not indicate that ongoing solution is an important process.

The major chemical reactions in the saline aquifers are dome dis-
solution, albitization, and dedolomitization. Albitization and dedolomiti-

zation are important only in the deeper formations. The high Na concentra-.



-57-

tions in the deeper aquifers system results in the alteration of p1agio—
clase to albite and the release of Ca into solution. The increase in Ca
concentrations causes a shift in the calcite/dolomite equilibrium. Dolomite
should dissolve resulting in the observed increase in Mg. These conclusions
on the dominant chemical reactions are based only on the analysis of the
water chemistry. Petrographic and geochemical studies of the mineral
assemblages are needed to confirm these observatipns.

The critical factors in the utilization of salt domes for dispbsa] of
high-Tevel nuc]edr waste is whether the wastes‘cou1d leak from a candidate
dome and where they would migrate. Salt domes under investigation in the
East Texas, Louisiana, and Mississippi basins are in contact with both
fresh aﬁd saline aquifefﬁ. Thé potential for dome dissolution and radio-
nuc]ide.migrdtion needs to be coﬁsidered for both systems.‘ The saline
aquifers need to be studjed because a potential repositony would be
located at a depth adjacent to saline rather than fresh-water formations.
This study has addressed the problems of dome dissolution in the saline
aquifers and:the general hydrologic characteristics of the saline formations.
The following conclusions are applicable to the problem of waste isolation
in salt domes.

(1) Salt domes in the East Texas Basin have extensively dissolved.

The NaCl in the saline aquifers is primarily from this process. Major
dissolution, however, probably occurred in the Cretaceous time, There is
little evidence for ongoing salt dome dissolution in the saline aquifers.

(2) 1If there was a release to a saline aquifer, waste migration would

either be along the dome flanks or laterally away from the dome, If there



-58-

is a permeability conduit along the dome flanks, then contaminants could
migrate to the fresh-water aquifers. The migration of saline fluids to-
the surface is dependent on two factors: (a) Is the hydraulic head in
- saline aquifer high enough to cause flow at the surface or into shallow
aquifers? A potential repository in a salt dome would probably be located
at a depth adjacent to the hydrostatic-subhydrostatic aquifer system.
The present depressuring of the Woodbine Formation would probably prevent
flow to the surface. (b) Is the hydraulic head in the shallow fresh-water
aquifers depressed in the domal area? Upward fluid migration is dependent
on the potential in the-shallow aquifers as well as the potential in the
saline systems. Potentiometric levels in the shallow East Texas aquifers
are contro11ed by topography. The lower the elevation of land surface,
the Tower will be the 1e§e1 of the potentiometric surface. Salt domes
lTocated in regionally fopographiﬁa]]y Tow areas (e.g., river valleys)
probably have a greater chance for fluid flow up their dome flanks than
salt domes located in areas with higher topography. If contaminants
migrated further into.the aquifer, they probably would not reach the
-biOSphere. The deep-basinal fluids appear relatively stagnant. The
waters are probably very old, and there are no major discharge points
from the basin. There is, however, no‘way_to predict flow paths or travel
times because there are insufficient data to construct potentiometric maps.
Calculation of performance assessment scenarios should use the worst-case
scenario of leakage of the flanks of the candidate dome. |

(3) The observations and conclusions in this paper are based on
information obtained for the East Texas Basin. It is expected that the
research approach and general conclusions would be similar for the North
Louiéiana and Mississippi Basin. Detailed investigations would be needed

to confirm the applicability of East Texas Basin results to other basins.
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Figure 1. Map showing the East Texas Basin, Gﬁlf Coast Basin, location
of inland salt-diapir provinces and salt domes (after Martin, 1978).

Figure 2. Stratigraphic column of East Texas Basin (from Wood and
Guevara, 1978).

Figure 3. Regional tectonic setting of the East Texas Basin (from

Jackson, 1982).

Figure 4a. Schematic northwest—southeast sections showing evolutionary
stages in the forming of the East Texas Basin and adjoining Gulf

of Mexico (from Jackson and Seni, in press).

Figure 4b. Schematic block diagram showing relationships between salt flow
and sediment accumulation during early period of evolution of the East
Texas Basin. A. Initiation of salt flow in Late Jurassic. B. Initiation

of Group 1 diapirs in Late Jurassic-Early Cretaceous (after Jackson and

Seni, 1983).

Figure 5. Isometric block diagram of the East Texas Basin showing the.
three-dimensional configuration of structure contours on top qf
Louann Salt or, where salt is absent, on top ofvbasement (from
Jackson and Seni, in press).

Figure 6. ‘Location map of o0il and gas fields where water samples were
collected. Map indicates where both analyses from this study and
previously published analyses were collected. Data in Table 1
and Appendix A.

Figure 7. Hydrogen and oxygen isotopic compositfon of saline waters,
East Texas Basin. Table 1 includes isotopic values.

Figure'8. 6180 values of saline waters, East Texas Basin versus depth
(temperature). Note enrichment in 880 with increased depth
(temperature). (Temperature based on average geothermal gradient

"of 0.9%C per 100 ft.) Isotopic aha]yses in Table 1.

Figure 9. &'%0 values of saline waters versus chlorinity. Data in

Table 1.




Figure 10. Composite cross section showing distribution o-

sa.inity in

Woodbine Formation across 14 salt domes. . Location of < ~poss sections
in Figure 19.

Figure 11. Salinity distribution in Woodbine Forﬁation a]OHnéhcross
section AA'. Location of line AA' on Figure 19.

Figure 12. Salinity distribution in Woodbine Formation alomng cross
section BB'. Location of line BB' on Figure 19.

Figure 13. Salinity distribution in Woodbine Formation alomng cross
section CC'. Locatioh of Tine CC' on Figure 19.

Figure 14. Saiinity distribution in Woodbine Formation alon.g cross
section DD'. Location of line DD' on Figure 19.

‘Figure 15. Salinity d