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ABSTRACT

| The geometry of Permian bedded salt in the Midland Basin is a product of interaction between
depositional facies and postdepositional modification by salt dissolution. Mapping high-frequency
cycle patterns in cross section and map view ﬁsing wireline logs documents:the salt geometry.
Geologically based interpretation of depositional and dissolution f)rocesses provides-a powerful . -
tqol for mapping the geométry of salt to assess the suitability of sites for developmeﬁt of solution-" -
- mined storage caverns. In addition, this process-based desén'ption of salt geometry complements
existing data about the evolution of one of the best-known sedimentary basins in the world, and
can serve. as a genetic model to assist in interpreting other salt basins.

Solution-mined caverns in salt in the Midiand Basin Salado Formation are low-cost, large-
vplume storage facilities used for chemical feedstock . Caverns are also created when salt is
dissolved to produce NaCl brine for drilling mud and other applications. Recently, solution-mined

caverns have been used for disposal of oil-field wastes. This log-based regional analysis of salt

[¢]

haracter provides basic descriptive information on the geometry of salt needed to site and regulate
the deVelopment, use, and decommissioning of these facilities in the context of an exploration of
fﬂlcies relationships and implications for depositibnal history in this part of the Permian Basin.
Three regional trends hre recognized in the Permian Salado Formation of the Midland Basin.
(1) The thickest (700 ft of net salt) and most extensive salt units in the lower part of Salado
Hormation shows a strong-and consisteﬁt regional thickening toward the southwest across the

_entral Basin Platform toward the Delaware Basin, reflecting accommodation because of

(2]

ibsidence in the Delaware Basin depocenter. Typical salt beds (10 to 30 ft thick) are interbedded
ith mudstone and mud-salt beds (3 to 10 ft thick). Anhydrite beds (2 to 30 ft thick) separate the

<

splt-mudstone units into 5 to 10 intervals (50 to 350 ft thick). (2) Toward the upper part of the
Salado Formation, salt beds are variable in thickness, discontinuous in lateral extent, and pinch out

tpward the Midland Basin margins. This geometry is interpreted as the result of complex




depositional patterns that developed toWard the end of basin filling as wellkasvsalt dissolution -
beneath the sequence boundaries preceding and following Alibates deposition.; (3) Salt beds have -
been thinned as a result of ongoing postdepositional di-ssolution toward the east structural margin

- of the Midland Basin where salt is near the surface.l‘ |

Focused salt dissolution is noted in four areas: (1) over the structural high at the south end of .
th él,Centra‘l Basin P]atform, (2) on the s’outh‘ side of the HowardfGlasscock high; (v3) from both the -
top and the bottom of the Salado vvsé.l't- over the Capitan Reef rimming the Delaware Basin, and -~ ’~ :
(4) over the southern Central Bésih Platféfm structural high in the modern Pecos valley. This
fourth relationship is attributed to locaiization of the drainage in depressions caused by enhanced

salt dissolution where salt is at shallow depth;‘ ,




INTRODUCTION -
Bedded salt is a geologic resource used internationally‘\ to host large underground storage . - - -
failities. Large caverns can bbe created economically by solution mining. In Texas, 648 solution-
rmned caverns are currently licensed, with»about-:2007in:beddedxsalt'areas '.(Seni,and others;:1995). - - -
The Railroad Commission’s records.for 78 of these caverns in the Midland Bvas’in.were_ exainined Y
. during this study. Storage caverns are used by the chemical and petrochemical industry for storage 2
of product and chemical feedstock. ExploratiOn for 51tes for cavern development continues, with ‘
emphasis on loeating suitable salt near facilities such as pipelines and industrial users. Other
cqverns have been created only to extract brine nsed by drilling and chemical industries. In
addition, salt caVerns have been lieensed for subsurface disposal of oil-production waste-in the =
Midland Basin.. |
Salt is a unique host material fof cavern development because its solubility in water permits -
low-cost, highly ﬂexible, and rapid creation of oaverns. Brine resulting from the mining can be
- -sald as a product. Salt has very low permeability, rnaking it an ideal medium for‘containment»of
stored materials. If material should leak from the cavern, transport away from the facility would . - .
generally be slow. Preservation of solublebedded' sait over geologic time demonstrates the -
relatively inactive hydrologic setting
Salt is deposited as horizontal beds‘but, m some lsettings, d_eformation forms salt diapirs
d ackson; 1997). In T exas, the two main types: of salt availabie to.host caverns are pieroement
domes of the Gulf Coast and East Texas_-Basin*and\beddedsalt in'the Permian Basin of the Texas -
Panhandle (fig. 1). In this study, I describe the “characteristic's of bedded salt in the Midland Basin, . .
one of the sub-basins of the Permian Basin (fig. 2). |
The characte'ristics of bedded salt and dornal salt are quite different. Typical Texas domal salt
in| the East Texas and Gulf Coast oasins is derived from the Jurassic Louann Salt and is relatively: - -

pure and homogeneous, however , the lateral extent of domes is limited. Domal salt has flowed -
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Figure 2. Well and cross-section location map of the 31-county study area.



upward to the surface and has been dissolved where it is in contact with fresh water. Concentration
of the impurities in salt produces cap rock at the top and, in some locations, sides of the domes:
Cap rock may have low permeability and armor the dome against dissolution or it may be »
permeable (Kreitler and Dutton, 1983). Structurally introduced anisotropy such as internal-
bpundary shear zones, foliation, bedding, mineralogy, moisture content, and grain-size variation
may. be features of concern in solution mining (Seni and others, 1995).

Bedded salt of the Permian Basin is much less pure than Texas dome salt. Permian saltis .
interbedded with limestone, dolomite, anhydrite, polyhalite (Na,MgK,(SOy) 4 - Hy0), and fine-
grained siliciclastic red beds (mudstone, siltstone, and sandstone). The distribution of these low-
solubility impurities is one of the limitations of engineering solution-mined caverns, and
characterizing impurities is one major focus of this study. Salt beds are typically continuoﬁs ovér
large areas, so that experience with solution mining in one property may be a good indicator of
what to expect at a nearby site. However, salt bcds thin, pinch out, or change facies laterally into
other rock types; in this study I document the Vaﬁousf types of lateral changes in bedded salt.
Permian salt, like domal salt, has been dissolved where it has been in contact with fresh water. In -
the Permian Basin, concentration of impurities does not fofrn a cap rock but, rather, forms a
héterogeneous and mechanically weak insoluble residue. In this paper, I describe the geometries

and criteria for identifying salt thinning as a result of dissolution.

Purpose and Scope of Study

~ The purpose of this report is to present data specific to'bedded salt that will be of interest to -
b()th‘industrial operators. and to government regulators in the context of salt-cavern development.
This information is intended to be both a regional description of bedded salt in the Midland Basin
and a template for useful and geologically based description of salt in other basins worldwide. In -
particular, the objectivés are to: (1) creaté and compile maps and cross sections documenting the

regional extent, thickness, geometry, and quality of salt resources potentially suitable for cavern




development in the Midland Basin of Texas; and (2) identify some of the geologic factors that make "
specific sites more or less suitable for cavern development. To meet the second objective, I present -
conceptual models and interpretations that support and explain the descriptive data. The

stratigraphic distribution and history of salt caverns in the Midland Basin were examined by :
compiling permit, sonar, and pressure tests in the Railroad Commission files.

Some potential applications from this data set are to: (1)‘ provide basic descriptive information
sych as stratigréphic‘nomen‘clatUre and log characteristics for describing existing or newly :
developed facilities; (2) match areas whére storage or disposal facilities are needed with areas of - -
salt of optimal éharactéﬂstics in terms of thickness, depth, putity, and stability; (3) to provide
context for comparing the history and performance of one solution-mined cavern with another; and
(4) provide criteria useful for detailed site characterization of existing or newly developed facilities.-
The data presented here builds upon a previous study (Hovorka, 1997) of gross salt thickness
in the Midland Basin. The maps presentéd in this report supersede the reconnaissance results of

that study. High-quality well location, increased well density, improved log interpretation, and
integration with previous salt dissolution and hydrologic studies are the pn'riciple areas of

improvement upon the previous study.

Methods

Map and cross-section compilation through the bedded salt section in the Midland Basin

included a 31-county area (fig. 2). Basic‘ materials used in this study are 558 photocopied wireline-

[a—
o)

gs from the Bureau of Economic Geology historic log library (appendix:1). This data set-was
s¢lected because (1) older logs more commonly include curves from the salt section, compared
with modern log suites, that focus more on the subsalt-producing intervals, (2) it incllides many
wildcat wells and wells from productive fields and, therefore, provides regional coverage, and

>

3) it is available at no cost. Previous experience suggested that the most useful logs for West

~

Texas bedded-salt mapping are gamma-ray, caliper, sonic combinations. If these log types were . -




npt available in the log files, neutron or resistivity logs were used. SP logs are of minimal use in
salt. The log data base assembled is not exhaustjve; thousands moré logs through the salt interval -
are commercially available but were not incorporated because of the regional scope of the study. -
Denser well data were collected in areas where reconnaissance investigation (Hovorka, 1997) -
showed complex geometry.

We purchased identification information (API numbers) from Petroleum
Information/Dwight’s and georeferenced latitude-longitude locations from Tobin Data Graphics to - - -
improve well-spotting accuracy and to register the data on a 1:24,000-scale georeferenced U.S.
Geological Survey (USGS) county base using ArcInfo' Geographic Information System (GIS).
The 90 wells for which the API number search was unsuccessful were located on a blueprint
survey base (Midland Map Company, 1995) using survey information from the log header. Datum:
elevations were extracted from the log header or from a 1:250,000-scale USGS topographic map. : -
Well location and elevation data were checked by comparing the elevation of the top of the Yates to
a published regioﬁal structure map (Geomap, 1986)V, and logs with erroneous header data were
corrected or discarded. Stratigraphic units were marked on log photocopies and the datum and unit
tops were entered into a spreadsheet and used to calculate unit thickness and structural elevation.
These data were plotted on maps using ArcView GIS. Hand contouring was used to optimize
interpretation of the regional data, using the published Yates structure map (Geomap, 1986),

USGS 1:250,000-scale topographic maps, and surface geology (Barnes, 1992), in coordination -
with conceptual models to guide interpolation.

To supplement interpretation of this data, I have drawn on previous published and

ur published investigations elsewhere in the Permian Basin (fig.. 3). Salt cores collected by the

U|S. Department of Energy (DOE) investigations of bedded salt in the Palo Duro Basin (Hovorka,
1994), cores collected by U.S. Army Corps of Engineers in an area of salt dissolution in the Hollis-

Basin (Hovorka and Granger, 1988), and the Gulf Research PDB-03 core from Loving County, -

"Bnvironmental Systems Research Institute, Redlands, California
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- rapid Mississippian-Pennsylvanian subsidence in the foreland of the Ouachita Foldbelt. Faulting, ... -

exas (Hovorka, 1989; 1990) are outside the Midland Basin study area but provide background

ormation used to interpret the log response and geometric relationships seen in the Midland
asin. These cores are stored at the University of Texas Bureau of Economic Geology Corér
esearch Center. Descriptions of salt geometry in the Delaware Basin used for this study include
dams (1944), Bachman (1984), Anderson and others (1972), and Snider (1966).

- Areas in the Midland Basin were selected for case studies to document salt characteristics and: .

hydrologic processes that are thought to-affect the suitability of salt for hosting caverns and detailed:
crpss sections were prepared across these areas. We used a literature search to document the -

hydrologic setting.

In order to assess the relationships between the characteristics of the Salado Formation and

effective design options for storage caverns, we compiled historic and descriptive data including

formation on well construction, cavern development, use, monitoring history, and maintenance: - -

of|storage and brine-production caverns from Railroad Commission of Texas files and industry

sources. We focused on cavemns that are currently or have been recently in operation, because they

contained more information.

- PREVIOUS WORK: GEOLOGIC SETTING OF THE BEDDED SALT
IN THE PERMIAN BASIN

The evolution of the Permian Basin is very well known because of the long and intense _

story of hydrocarbon exploration in the sub-salt section. The Permian Basin formed as an area of -

~ created areas of slower subsidence that became platforms or-arches and subdivided the Permian =~ -

Pl
Pl

Basin. Subdivisions of significance to this report are, from southwest to northeast: the Diablo -

atform, Delaware Basin, Central Basin Platform, Sheffield Channel; Midland Basin, Ozona:

atform, Matador Arch, and Palo Duro Basin (fig. 4).
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The geometry, quality, and stability of salt depend on interactions among the depositional
character, thickness, and composition of the salt;‘postdépositional uplift and subsidence; and-
* landscape development and resulting ground-water circulation patterns. Few studies have
described the salt within the Midland Basin. Extensive research on the salts in the adjacent -

Delaware and Palo Duro Basins, conducted during characterization of the salts in these areas as

@)

potential hosts for radioactive waste, can be readily applied to understanding the similar salt in the -

Midland Basin.

Permian basin filling began with Pennsylvanian marine shales, limestones, and arkoses (Cys

a Gibsoh, 1988). By early to middle Permian (Leor‘l‘ardian‘)b, the north and east parts of the
Permian Basin had been infilled with sediments. Thé Delaware Basin, at the western edge of the
study area, was a structural and topographic basin that provided the inlet for marine water during
most of the Permian (fig. 3). Connection with mafine environments to the west became poorer
through the Permian and saline brines began to form, first in the marginal parts of the Permian
Basin and then, progressively, throughout the entire basin. Sedimentary patterns show that by the -
Leonardian, sedimentation had mostly leveled topography east of the Delaware Basin, so that the
major structural élements such as the Central Basin Platform, Midland Basin, N orthérn Shelf,
Matador Arch, Eastern Shelf, and Ozona Platform (fig. 4) were expressed only by subtle contrasts
in subsidence rates. This relationship is apparent in the continuity of strata across structural
positive areas with only minor changes in thickness or composition (Adams, 1968; Feldman,
1962; Matchus and Jones, 1984; Fracasso and Hovorka, 1986). The classic and extensively -
studied Capitan Reef is a strongly aggradational Guadalupian carbonate accumulation that rims'the . -
Delaware Basin (King, 1942; Garber and others, 1989; Bebout and Kerans, 1993, Kerans and
Kempter, in press) |

During the Leonardian, evaporite sediments, initially anhydrite and then halite, began to
ac¢umulate in the Palo Duro Basin (Wichita and Clear Fork Groups and lower San Andres
Formation). During the Guadalupian, salt precipitation begaﬁ in the Midland Basin; salt occurs in

the Grayburg, Queen, and Seven Rivers Formations (fig. 5). The thickest salts are generally

12
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‘observed on the parts of the shelf away from the Delaware Basin toward the east and north.

Sgveral cycles of sandstones, anhydrite, and halite of the Yates Formation were deposited across < - -

the platform during a sea-level lowstand; the co'rresponding'deposits in the Delaware Basin are in--

- the Bell Canyon Formation. The deposits of the following highstand, also composed of a number - - -

a

-
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oficycles, are carbonate, anhydrite, halite, and sandstone of the Tansill Formation. The Lamar -

Limestone at the top of the Bell Canyon Formation is the basinal equivalent to the Tansill (Garber.

d others, 1989; Bebout and Kerans,‘.1993,,;vKerans:and-Kempter,»in press).: i -

During the Ochoan, evaporites began to precipitate in the Delaware Basin. The topographic - -

depression was filled by the Castile Formation (Snider, 1966; Adams, 1944; Anderson and others,

72). Deposition of thick salts in the Salado Formation followed. The Salado Formation, like
eceding Permian units throughout the Permian Basin (MeisSner, 1972; Fracasso and Hovorka,

86; Hovorka, 1987), is highly cyclic on a meter scale throughout the Permian Basin (Dean and

AlLderson, 1978; Lowenstein and Hardie, 1985; Lowenstein, 1988; Hovorka, 1990; Holt and

wers, 1990). Cycles began with a flooding event that typically precipitated anhydrite. Sediment -

gradation caused restriction, limiting water movement and causing halite precipitation. In the -

Salado Formation, highly evaporated brines ponded on the saline flat altered previously:deposited .- -

psum to polyhalite. Mud, silt, and sand deposited by eolian and arid-region fluvial processes are
erbedded with the halite. Interbedding of anhydrite, polyhalite, halite, and fine-grained clastics
a centimeter scale reflects the variation in the depositional environment (Fracasso and Hovorka,

86; Lowenstein, 1988; Hovorka, 1990; Hovorka, 1994). Facies within the salt-depositional

enyironment control variations in the:amount, mineralogy; and-distribution of impurities; in the = -

crystal size, shape, and interrelationships; and in the-amount, distribution, and chemistry.-of = - -

indluded water. The facies are complex vertically and horizontally; however, analysis of the facies

rel

19

ationships can be used to map the characteristics of the salt (Kendall, 1992; Hovorka and others,
D3).

Salt deposition within most of the Permian Basin ended with a major transgression that

delPosited the Alibates Formation. This unit contains thin but extensive carbonate and anhydrite

14




beds separated by a siltstone or sandstone (McGillis and Presley, 1981). Although Stratigraphic
nomenclature and relationships are complex in the Delaware Basin (Powers and Holt, 1990) -

genetic equivalence and correlation of the upper Rustler carbonate-anhydrite unit (Magenta and

Forty-Niner Members) with the upper carbonate-anhydrite unit of the Alibates appears reasonable.-

)

. m

verlying the Alibates and the upper Rustler anhydrite are fine sandstones, siltstones, and

hdstones of the Dewey Lake Formation, or equivalent upper Rustler Formation that were the . -

filr%al Permian deposits.

Basin evolution after evaporite deposition is significant for salt cavern siting because the salt

geometry was modified by burial dissolution. Triassic deposition of lake-deposited mudstones and

flyvial sandstones of the Dockum Formation occurred following subtle warping and

reconfiguration of the basin to a large centripetally draining lake basin (McGowen and others, -

1979). Inferred uplift along the margins may have permitted salt dissolution to begin at-this time, « -

athough no dissolution features that unequivocally formed at this time have been identified.

- Complex sedimentation within the Dockum Group and later crosscutting episodes of salt -

digsolution have obscured the record of any dissolution that occurred at this time.

A long unconformity followed Dockum deposition and is represented by erosion and - -

m#ncation preceding deposition of Cretaceous sandstones and carbonates over most of the area - -

(fig. 5). Dissolution prior to Cretaceous deposition is reported in many parts of the Permian Basin

(Adams, 1940; Gustavson and others, 1980; Wessel, 1992a). Regional uplift occurred during the

Cenozoic, and gravel, sand, and finer grained clastics of the Miocene~Pliocene Ogallala Formatiori- ‘

were deposited in fluvial and upland eolian settings (Seni, 1980; Gustavson, 1996). Other. .-

significant Cenozoic deposits include'Pecos River gravel (Bachman, 1984) and surficial sand, : «-

terrace, and colluvial deposits (Barnes, 1992). The current structure of this region (fig. 6) is the.

 result of post-Cretaceous uplift and tilting that reactivated structural elements with the same sense .

of

motion as they had during the Permian (McGookey, 1984), so that, for example, beneath the -

Solithern High Plains and in the center of the Midland Basin the,top of the Alibates is at 500 ft

above sea level, while over the Eastern Shelf of the Midland Basin at shallow depths beneath the

15
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Rolling Plains it has been lifted to 1,800 ft above sea level. The Permian has also been uplifted

over the Central Platform where it lies beneath Triassic units in the Pecos valley. In the Delaware

sin, Permian rocks dip gently toward the east; in the Eastern Shelf, Permian rocks dip gently

toyard the west. Cretaceous rocks are preserved only in the southeast part of the study area, and -
Permian, Triassic, and Cretaceous units have been partly covered by Cenozoic deposits. These

units are now undergoing erosion to create the Caprock Escarpment that rims the Southern High -

Plains (fig. 6).

REGIONAL GEOMETRY OF BEDDED SALT IN THE MIDLAND BASIN
* Midland Basin Stratigraphy

Stratigraphic units selected for mapping in the Midland Basin were adapted from cross.: -

sections and stratigraphic studies (Adams, 1944; 1968; Herélld, 1957; Humble Oil and Refining,
1960; 1964a; 1964b; Tait and others; 1962; Feldman, 1962; Vertrees, 1962-1963; Snider, 1966;

McKee and others, 1967; Mear, 1968; Johnson, 1978; Presley, 1981; Matchus and Jones, 1984;. -

Bg

F
Ca
- fag
PI3
seq
Li
Ba

rns and Shaffer, 1985; McGookey and others, 1988; Hovorka,. 1990). The Ochoan Dewey

L]ﬂ::‘, Alibates, and Salado Formations; and Guadalupian Tansill, Yates, and Seven Rivers

ations are readily identified in the Midland Basin and across the Central Basin Platform.
mplex changes in the character and thickness of stratigraphic units reflecting the results of both
ies changes and salt dissolution are noted near and across‘the west margin of the Central Basin
itform/east margin of the Delaware Basin. These changes are discussed further in following
itions. The Seven Rivers, Yates, and Tansill Formations are laterally equivalent to the Capitan
mestone Reef facies that forms the aggradational and progradational shelf margin of the Delaware

sin. Within the Delaware Basin, stratigraphic units are the Ochoan Rustler, Salado, and Castile -

Formations and the Guadalupian Lamar and Bell Canyon Formations. .

an

d facies relationships in each of these units. Cores through the evaporite sections in the Midland -

17

Log analysis and preparation of cross sections from the Midland Basin show the lithologies . -
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3asin were not available for this study, therefore lithologies have been identified by matching

flidland Basin log pattern to logs of cored sections in the Palo Duro and Delaware Basins. The

SJeven Rivers Formation is composed of cyclically interbedded mudstones, salt, anhydrite, and

olomite (fig. 7). Several thick anhydrite beds at the top of the Seven Rivers Formation were the
10st extensive units in the section and were useful stratigraphic markers toward the basin margins.

Overlying the Seven Rivers Formation is the Yates Formation, a 100- to 175-ft-thick

iliciclastic unit. The moderately high gamma-ray character (fig. 7), regional extent, and consistent
thickness make this unit an optimum stratigraphic marker. Several anhydrite beds of subregional
extent within the Yates provide additional log character. Interpretation of the depositional
environment of the Yates from log character alone is problematic. Cores through the Yates in the
Palo Duro Basin north of the study area contain massive to disrupted (haloturbated) silt and very
fine sandstone with illuviated clays. These fabrics suggest that incipient soil formation occurred in

as eolian flat facies accumulated as water level rose during a period of generally low sea level.

atcrops of the Yates near the Capitan Reef margin in the Guadalupe Mountains show back reef -

bonate laterally equivalent to Capitan Reef facies (Bebout and Kerans, 1993). On the Central

Basin Platform in Ward-Estes Field a complex interbedding of sandstone, carbonate, and anhydrite

dgcument migration of subtidal, intertidal, beach ridge, and hypersaline facies belts (Andreason,

1992).

The overlying Tansill Formation is a highly cyclic and laterally heterogeneous unit about

100 ft thick across most of the Midland Basin. Toward the Delaware Basin, the Tansill Formation

is

dominated by anhydrite with or without dolomite and siliciclastic. interbeds. In depositional - -

updip environments toward the east and north margins of the Midland Basin, the Tansill Formation

18

composed of halite with abundant siliciclastic interbeds. In the middle of the Midland Basin, the

basal part of the Tansill Formation is dominantly anhydrite or dolomite, siliciclastics with halite

interbeds becoming more dominant upward. The log character (fig. 7) of the Tansill is

distinguished from the overlying Salado Formation because it contains more thin cycles and more

abundant thin siliciclastic beds producing multiple closely spaced peaks on the gamma-ray log.
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Because of the cyclic nature of the sediments, however, no adequate stratigraphic marker was

identified to regionally map the Tansill separately from the Salado Formation: Close to the shelf -

margin in outcrop in the Guadalupe Mountains, Tansill facies are dominated by carbonate-

on

sandstone cycles (Bebout and Kerans, 1993).

The Salado Formation is the dominant halite-bearing unit of the Midland Basin, hosts all the

solution-mined caverns inventoried during this study, and therefore was mapped in detail. Based

a model of salinity-controlled anhydrite-halite-mudstone depositional cycles.(Hovorka, 1994), I

used anhydrite beds as the major stratigraphic markers. Anhydrite represents the most-flooded,

least-restricted conditions over the evaporite shelf where wind, storm, and seasonal circulation was

adequate to maintain gypsum deposition. Overlying anhydrite beds are halite, polyhalite, and

mudstone beds.

di

fary

in

Anhydrite beds are recognized by low response on gamma-ray logs, normal bore-hole

gmeter on caliper logs (in contrast, halite is commonly strongly embayed because it is dissolved

contact with undersaturated drilling mud), high count on neutron logs, high velocity on sonic

logs, and high density log response. Anhydrite is typically fairly pure, although bed thickness

linrxits log response from attaining the theoretical values for the thinner beds. Each anhydrite bed -

was flagged, correlated, and numbered. Regionally traceable beds were numbered 20, 30,40, 50,

and 60, and beds of more local extent were assigned intervening numbers (number 10 and 15 were

Al

used to subdivide Tansill stratigraphy, and 80 and 90 were used for anhydrite beds in the overlying

bates Formation). Anhydrite bed 20 was identified across the entire study area and is distinctive

because, in most areas, a thin insoluble residue:of mudstone occurs at the base:(fig. 7). Overlying: - -

anhydrite beds pinch out toward the basin margins or are included in insoluble residue where -

intervening halite has been dissolved.

ob

Anhydrite in the Salado Formation has been partly replaced in some intervals by polyhalite:

(NayMgKs(SOy) 4 - HyO). In core in the Palo Duro Basin and the Delaware Basin, polyhalite is -

served to occur as needles and fine-grained masses that are typically red or pink because of thin

- irop-oxide coatings on polyhalite crystals. It is an early diagenetic replacement of gypsum asa
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sult of interaction with pore water in the subaerial or shallow burial environment. The
stribution of polyhalite is irregular on a fine scale, where it forms fabric-specific replacement
ctures and nodules, and on an intermediate scale, where it rriay replace only the floors of large
lygons (Robert Holt, IT Corporation, 1990, personal communication), as well as on a regional -
ale. Although polyhalite is mined commercially as a potéssium source in the Delaware Basin east
Carisbad, New Mexico, no commerciai uses are noted in the Midland Basin.

Polyhalite produces a'strong; gamma-ray-log response(fig. 7). Polyhalite has relatively low: .-
ubility in brine, so polyhalite beds are intervals of normal hole size on caliper logs, although

n beds within salt are commonly mechanically broken. Neutron-log response is variable because

' co[:mon admixture with anhydrite offsets the log response to the hydrous mineral. Polyhalite is -

xed with mudstone in some settings, and these are also difficult to accurately separate.
Bedded halite is the most common lithology in the Salado Formation. In cores from adjacent
sins (Lowenstein, 1988; Hovorka, 1‘990; 1994), bedded halite contains 5 to 15 percent anhydrite

d mudstone as disseminated impurities and as millimeter- to centimeter-thick laminae. Log

_response and cycle structure suggests that halite in the Midland Basin probably has similar

Cco

an

Cco

arkosic silt and illite-montmorillonite-dominated clays. Mudstone-halite mixtures or “chaotic mud- =+~

be

mposition and fabric. Halite is identified in logs by a'low gamma-ray response similar to

hydrite, oversized hole on caliper log, variable moderate-low neutron response, moderate and - -

variable density and sonic log response, and high resistivity. In boreholes drilled with halite- -

saturated brine, halite beds produce little or no caliper log deviation.

Bedded halite is transitional into mudstone-halite‘mixtures and into mudstone. Mudstone in

res from the Palo Duro Basin (Hovorka;1990;:1994):is:composed of subequal mixtures:of -« .

saﬂf’ (Handford, 1982) are beds composed of poorly or nonbedded mixtures of euhedral or.

corroded halite crystals and mudstone matrix. Mudstone-halite mixtures are transitional into =+ =

mudstone beds with minor inclusions of halite as euhedral or corroded halite crystals. Mudstone . - -

1s in turn are transitional by inclusion of less clay into siltstone and very fine sandstone. All. -~

Y

these fine-grained clastics are collectively known as siliciclastic red beds. - -
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Mudstone and mudstone-halite beds formed during periods of prolonged exposure of the -
halite flat (Fracasso and Hovorka, 1986; Hovorka, 1994). Siliciclastics were transported onto the
flat by sequential dust storm transport bf fine materials, reworking by rainfall, and reworking by
marine-derived saline-storm floodwater. Exposure and water-table drop caused formation of karst"
pits in halite, and these pits were filled with mudstone and mixtures of mudstone and halite. The
regulting distribution of mud is heterogeneous on a fine scale because pit fillings may be several
fegt thick adjacent to areas between-pits:where:mudstone:is:thin-or missing;:

Log response to siliciclastic intervals (fig: 7) is characterized by higher gamma-ray-log
regponse than anhydrite and halite, and distinctly low neutron-log response because of high clay
lattice and capillary water content. Sonic-log resporise is also generally low. Permeability of
mydstones is generally considered to be very low because of high clay content; siltstone and
sandstone porosity is typically occluded by halite cement, although investi gation of the extent to-
which these generalities are true at a site scale may be needed. Borehole size as shown by caliper-
log response in siliciclastic red-bed intervals is variable depending on drilling conditions and mud *
composition; in some boreholes, mudstones, and even siltstones and sandstones, are as strongly
w4 shedyout as halite; in other boreholes, many siliciclastic beds form smaller borehole diameters
than adjacent halite. Log suites were not adequate to consistently separate inudstone—ﬁalite mixtures.
fram mudstone beds or mudstone beds from silty or saﬁdy siliciclastic red beds.

Above the halite-bearing part of the Salado Formation is an interval of insoluble residue. |
Ingoluble residue thickness Varies depending on the amount of salt dissolved and the impurity
content of the salt. In cOres:fromf‘ the Palo:Duro-and:Delaware Basins, examination-of the insoluble: .. -
regidue showed that this interval is composed of impurities in the salt, including anhydrite beds,
muydstone beds, and impurities disseminated within the salt. Water sampling from this interval in
the Palo Duro Basin (Dutton, 1987) showed that the insoluble residue contained brines that have . -

d&

—

gsolved evaporite but are not saturated with respect to halite. Anhydrite beds within insoluble -
regidue are partly to completely altered to gypsum. The insoluble residue interval is commonly

slightly to strongly brecciated containing horizontal fractures, small faults, high-angle fractures,

23
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abundant joints, or collapse breccia. Because the insoluble residue is commonly poorly understood
alrd because it is a potential engineering challenge for caverns sited in the underlying salt interval,
insoluble residues, and the salt dissolution process are described in a following separate section.
Insoluble residue is recognized on logs by high gamma-ray-log response reflecting
concentration of clayey and arkosic mudstone, low resistivity because of saline pore water in
residue, which is more permeable than the underlying salt, and cycle skipping in sonic logs as a
result of fracturing (fig. 9). Comparison of insoluble residue intervals: with adjacent-logs where salt
is|preserved shows condensed thickness and concentration of anhydrite beds as intervening salt
has been removed. Where anhydrite has been partly hydrated to gypsum, increased water content
causes higher neutron count rates. As discussed in detail in a later section, salt dissolution in most
argas is coincident with depositional changes in unit thickness and facies; this is one of the
challenges in understanding these variations. As well as the common occurrence of insoluble
residue at the top of the Salado, salt has also locally been dissolved from the base of the formation.
The uppermost evaporite units in the Midland Basin are a pair of anhydrite beds of the
Alibates Formation. These 10- to 50-ft-thick anhydrite beds and the siliciclastic interval that
separates them form a stratigraphic marker across most of the study area (fig. 8). Where this unit
has been examined in core in the Palo Duro, the anhydrite beds are similar to other anhydrite beds
in|the section. They contain abundant pseudomorphs after bottom-grown gypsum, indicating that
thT unit formed in shallow, areally extensive brine pools. The pair of anhydrite beds of the Alibates
ar¢ homogeneous and widespread over most of the basin. Complexities noted in this pattern
in¢lude local thirining or absence of one or both anhydrite beds and change in log character;: .
suggesting replacement of anhydrite by less dense, more porous, and more radioactive carbonate
or chert. Thinning and compositional changes are common toward the north and east Midland
Basin margins. More than two thick carbonate-anhydrite beds are common in the areas over and -
adjacent to the Capitan Reef but the geometry of these units was not resolved in this study.

Where they have been examined in the Palo Duro Basin, diagenetic alteration in Alibates

anhydrite beds has followed a more complex path than diagenesis of other anhydrite beds
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(Hovorka, 1992). In the Alibates, gypsum has been pseudomorphically replaced by dolomite, so -
that in places, the Alibates is a carbonate unit (McGillis and Presley, 1981). Locally in the Palo

Duro Basin, the Alibates has been extensively replaced by chert. Silicification is a common -

diagenetic alteration of anhydrite but is very minor in other Permian anhydrite beds. In core from -~

h

a

-t

the Oldham nose structural positive on the northwest margin of the Palo Duro Basin, I observed
crpss-bedded, reworked, doubly-terminated quartz crystals with anhydrite inclusions in the upper -
Alibates dolomite bed: I have never observed halite overlying-Alibates anhydrite beds, but = R

brecciated, corroded, diagenetically altered anhydrite-siliciclastic contacts are areas where original - -

alite may have been dissolved. This complex diagenesis is significant because it shows that

Alibates deposition was preceded by an episode of reworking and silicification of older evaporites -

least locally on the basin margins. Conforming to current stratigraphic nomenclature, this break -

is fescribed as a sequence boundary. Additional alteration throughout the Alibates but not

p

enetrating far into the underlying salt suggests that periods of alteration occurred before . -

substantial warping of the Alibates, before or during Dewey Lake or Dockum deposition. These

observations provide context in which to interpret heterogeneities observed within and beneath the

b

AlFbates in the Midland Basin.

Overlying the Alibates is the Dewey Lake Formation, a 100- to 200-ft-thick siliciclastic red-

ed sequence. This interval has moderately high, fairly uniform gamma-ray-log response. In the

Parlo Duro Basin, where this unit was examined in core, it is composed of siltstone and very fine

sandstone deposited in pedogenically modified eolian-flat and cross-bedded wadi-channel

enyironments.

Delaware Basin Stratigraphy

This brief discussion is for the purpose of setting the context for uhderstanding the

relptionship of the Midland Basin salts to the Delaware Basin adjacent to the study area. More -

detailed descriptions are presented elsewhere (for example, Adams, 1944; Anderson and others, - -
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72; Snider, 1966; Lowenstein, 1988; and Hovorka, 1990). The upper Guadalupian section is

mposed of the Bell Canyon Formation, capped by the Lamar limestone, a finely laminated,

organic-rich, silty limestone deposited prior to evaporite precipitation. The Bell Canyon Formation

is the deep-water basinal equivalent of the Seven Rivers, Yates, and Tansill Formations on the

Pl

CO

mi
ha

S€

atform (Garber and others, 1989). Because of its high gamma-ray-log response and sharp

ntact with overlying Castile Anhydrite I, this contact serves as an excellent stratigraphic marker. -
Anhydrite beds of the Castile Formation are laminated likethe Lamar, but the laminae are -
ich thicker, corresponding to more rapid rates of gypsum precipitation. The Castile Formation

s been divided into four anhydrite units designated with Roman numerals (Snider, 1966),

parated by laminated halite having dominantly recrystallized cumulate textures (Hovorka, 1990).

Anhydrite beds I, II, and III and their overlying halite units can be traced widely over the Delaware

Basin (Snider, 1966; Anderson and others, 1972), but near the Capitan Reef in the study area, the

ha

lite units pinch out or are laterally equivalent to anhydrite. Anhydrite bed IV is a composite of

multiple genetic units and, therefore, the stratigraphy and facies relationships are complex over

m

ch of the Delaware Basin as well as all of the study area (Hovorka, 1990); it is therefore

difficult to identify and correlate a contact between the Castile and the Salado Formations. For this

study, I used a unit tentatively correlated with the lower Salado MB 134 of Snider (1966) as a

ge
be

netic break between the Salado and the Castile Formations (fig. 10). This unit was selected

cause, based on previous work on the PDB-03 core from Pinial Dome in Loving County, Texas,

Salado MB 134 was observed to be an inflection point in the gradual upward-shallowing facies

observed in the upper part of anhydrite IV and:the lower Salado Formation. Above this marker, -

- fabrics indicating shallow-water deposition and intermittent exposure are dominant in the halite as .-

well as the anhydrite. A dolomite and magnesite bed within Salado MB 134 provided a moderately

traceable gamma-ray-log kick, but, in some logs close to the Capitan Reef, the position of this

an

nydrite had to be estimated.

The exact equivalence between the Delaware Basin units and the Midland Basin units remains. -

somewhat problematic. Time and facies relationships require that the units equivalent to the Castile
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Formation are thin or missing on the shelf (fig. 11). The Castile evaporite in the basin was
deposited very rapidly because of relatively high kCaSO4 concentrations in marine —derived
evaporite brine and accommodation in the deep basin.. |

I interpret that the most-likely stratigraphic':,equivalent to the Castile is the 'Stacked high-
frequency anhydrite cycles in the lower anhydritic part of the Tansill Formation (fig. 11). The

lithologies in this interval (commonly called the Fletcher Anhydrite)as observed in the Gulf PDB-

carbonate, and red mudstone: I interpret the textures 1n this core:as the product of repeated -
episodes of brine-pool deposition 'folloWed by diagenetic modification of brine-pool gypsum in a
\¢: dose-to-hypersaline ground-water environment. Bottom-grown‘ textures in gypsum have been
intensely modified during exposure episodes. Red mud within the gypsum was introduced during -
exposure. Abundant displacive gypsum sand crjstals'férrned in a shallow ground-water
environment, further disrupting pﬁmary fabrics. This interpretation fits an interpretation of an
alternately flooded and exposed shelf that accumﬁlated éondensed cycles at the same time the basin
was rapidly filling with gypsum and halite.

| If this correlation is accepted, then the shallow-water halite of the Salado Formation above
MB134 in the Delaware Bésin is approximately correlated with the halite-siliciclastic cycles at'the.
totp of the Tansill and base of the Salado Formations of the Central Basin Platform and Midland
Basin. Tentative correlations of groups of Salado polyhalite beds and individual anhydrite beds can -

tHen be made from the Delaware Basin into the Salado Formation on the Central Basin Platform.

beds of the Rustler Formation are tentatively correlated with the two anhydrite-dolomite beds of the
Allibates Formation, and similarly the siliciclastics of the Dewey Lake with upper Rustler
siliciclastics. Additional stratigraphic complexity observed elsewhere in the Rustler Formation
(Holt and Powers, 1987) may be important for resolving the evolution of this part of the section -

but is outside the scope of this study.
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04 core from the iCapitah Reef in NewMexico (Garber:and others, 1989) include anhydrite, minor: - -

In the Delaware Basin, insoluble residue-is commonly included within the:-lower-clastic unit:of === -

the Rustler Formation (Holt:and Powers, 1987).. The two regionally traceable anhydrite-dolomite: .-
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Stratigraphic Cross Sections: Midland Basin

Two regional cross sections were prepared to examine theinternal stratigraphy of the Salado -
Formation and to develop a model for changes in salt thickness and salt quality observed in'the
Midland Basin. The north—south cross section (fig. 12) extends from the Sheffield Channelin .. -

Pgcos County, across the south end of the Central Basin:Platform, across the Pecos River, and up -

the axis of the Midland Basin to the north:limit:of the:Midland Basin: The east=west:cross:section:: - = =«

(f g.k 13) extends from the east 'edge‘ of the Delaware Basin across the Capitan Reef and the
associated salt dissolution and collapse afea, across the Central Basin Platform, the axis of the
Midland Basin, and to the east baSin margin. | |

A number of significant trends can be noted to complement the stratigraphic observations: . -
already made. These are discussed in terms of cycle styles (salt-bed thickness) and cycle
continuity. |

The basic genetic cycle style recognized in the Leonardian through Guadalupian of the Palo

Duro Basin (Fracasso and Hovorka, 1986; Hovorka, 1994) and the Salado Formation of the ;-

D lawarevBasin (Lowenstein, 1988; Hovorka, 1990) is also well displayed in the Midland Basin
and provides the facies architecture needed to describe the thickness and continuity of salt beds and
the distribution of impurities within them. Anhydrite beds formed during relative water-level rise
form the bases of master cycles. Bundled between them are multiple intermediate cycles composed ,
of halite, mudstone-halite, and mudstone. . li
The <200-ft-thick lower part of the.Tansill"Formation contains three to five mapped cycles of -
anhydrite overlain by mudstone. Log cﬁaracter suggests that-the mapped cycles are probably
- composites of more thin, anhydriteJdorr;inated cycles. Cycles lack halite except in the north and - -
east parts of the Midland Basin, iﬁdicating.that although the shelf ’wasv frequently and extensively
- flooded, accommodation was limited and halite either did not accumulate or was dissolved during

exposure at the end of each cycle. Anhydrite thickens and contains more dolomite toward the
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Delaware Basin and the Sheffield Channel. The upper Tansill contains three or four halite-
siliciclastic cycles that thin toward the Delaware Basin and the Sheffield Channel.

The cycle pattern in Salado Formation in the Midland Basin is composed of six regionally
traceable master cycles overlain by multiple complex cycles at the top. Master cycles are defined by
a regionally traceable flooding event that deposited an anhydrite overlain by multiple halite-
mudstone cycles. The lowest master cycle (50 to 150 ft thick) has a thin and discontinuous
anhydrite or anhydrite-polyhalite bed (bed 15) at the base; the flooding event initiating this cycle
was sufficient to end siliciclastic deposition characteristic of the upper Tansill cycles but only
locally deposited an anhydrite bed.

The next master cycle is about 175 ft thick and is defined by anhydrite bed 20 at the base.
This anhydrite bed is one of the thickest (5 to 30 ft) and most distinctive beds in the Salado
Formation. A persistent siliciclastic interval, interpreted as an insoluble residue at the cycle base,
gives bed 20 a distinctive log character. It is commonly labeled Cowden anhydrite on published
and marked logs, but the relationship of bed 20 in the Midland Basin to the named Salado
anhydrite units of New Mexico has not been investigated in this study and, therefore, that
nomenclature is not applied. Five or six traceable mudstone-halite cycles are present within this
master cycle, and several locally traceable thin anhydrite beds are mapped within it. Polyhalite has
replaced anhydrite in several of the mudstone-halite cycles in the central Midland Basin.

Anhydrite bed 30 defines the base of the next 50- to 200-ft-thick master cycle. It shows more
rapid lateral facies relationships than the underlying master cycle, including the occurrence of
multiple and thicker anhydrite beds in the south part of the Midland Basin and greater changes in
thickness across the Midland Basin. A maximum of nine polyhalite+ anhydrite-halite-mudstone
cycles are found in the thick part of the master cycle. Polyhalite replacement increases westward
across the Central Basin Platform and this interval is correlated with an interval containing
polyhalite beds in the Delaware Basin.

Anhydrite bed 40, which defines the base of the next 100- to 200-ft-thick master cycle, is

discontinuous across the basin, and correlation of beds within this interval is therefore somewhat
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arbitrary. This interval contains abundant polyhelite beds that are correlated to an inteﬁal with
abpndant polyhalite beds in the Delaware Basin. Six to ten cycles are found in the master cycle. -
This bed is tentatively correlated with the Union ahhydrite of the Delaware Basin (Snider, 1966).
Anhydrite bed 50 is continuous and well defined across the Central Basin Platform and
Midland Basin and forms the base of the 75-ft-thick master cycle containing three to five halite-
mudstone cycles. This master cycle remains fairly consistent in thickness over much of the area,
forming a straﬁgraphic marker: The master cycle thins:in the northernmost tier of counties of the : -
study area and there, anhydrite bed 50 lies near the fop'. of therS‘alado halite section.'Polyhalite'is - -
minor in this interval.

Anhydrite bed 60 parallels bed 50 throughout its e}(tent and pinches out toward the north edge
of|the Midland Basin. Above bed 60, the cycle pattern Breaks up, and interpretation of cycle
carrelation is unclear. The typical character of the anhydrite bed 60 to the base of the Alibates
inferval varies regionally across the study area. This interval is 175 to 225 ft thick in the center of
the Midland Basin (northwest Ector, east Andrews east Gaines, and Midland Ccunties) There it
cantains two of three halite-mudstone cycles w1th thlcker-than -average mudstone beds, overlam by
several cycles with thin anhydrite beds and unusually thick (as much as 100 ft), relatively clean -
 halite beds. In some areas halite directly underlies the lower Alibates anhydrite bed. Over the:
northern Central Basin Platform (west Andrews and most of Winkler County), the anhydrite bed
6() to base Alibates interval thickens, but much of it is composed of thick mudstone and mudstone-
halite beds, as well as thicker anhydrite beds than in the Midland Basin. Over the southern Central

Basin Platform, this interval is thinner and dominated by-mudstone and insoluble residue. In the -

insoluble residue. In the Delaware Basin, several hundred feet of fairly typical 'anhydrite-haliie-
mudstone cycles with minor polyhalite are correlated with this interval. ’

Stackmg of these master cycles produces a systematlc regional thickening of hahte from the
noprth and east margins of the Midland Basin across the. Central Basin Platform, toward the

Delaware Basin. The conspicuous dissolution-induced variations in this trend over the Capitan
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north and east parts:of the Midland Basin, the interval is thin'and also composed of mudstone and: -



Reef, Pecos River, and south Central Basin Platform area are discussed in following sections.
Inspection of cycle patterns shows no major systematic change in salt quality with respect to salt
purity, bed thickness, or spacing of anhydrite beds across the Midland Basin and Central Basin
Platform. Anhydrite beds are gradually thicker and more numerous toward the Delaware Basin, but
changes in anhydrite-bed thickness are specific to each master cycle, and no evidence for a

consistent break is identified within the limits of the techniques used.

Geometry of Salt: Midland Basin

To look at the regional geometry of salt in map view, I selected key regional markers across
the study area to map. The top of the Yates Formation below the Salado salt and top of the Alibates
Formation (fig. 14) above it are the best-defined regional stratigraphic markers and are used to
define the geometry of the salt. The structure on the top of the Yates Formation (fig. 4) shows the
sum of all the post-Guadalupian deformation in the study area. Facies in the Yates Formation
siliciclastic red beds indicate that it was deposited over the entire area at an elevation near sea-level.
The geometry of widespread anhydrite beds in the Salado Formation above the Yates support the
concept that the Yates was deposited over a low-relief surface. However, at the end of the
Guadalupian significant topographic relief was present at the Delaware Basin margin.

At present, the structural center of the Midland Basin the top of the Yates Formation lies at
500 ft below sea level. East of the axis of Midland Basin, the top of the Yates Formation rises
toward elevations of 2,000 ft above sea level in the Permian outcrop area in the Rolling Plains.
Several areas of anomalous structure are noted within the Midland Basin: an isolated uplift in
Reagan County; a closed depression in Midland County; and several uplifts and a depression at the
Howard-Glasscock High. The top of the Yates also rises to 1,500 ft at the Matador Arch that
defines the north edge of the Midland Basin. Elevation of the Yates Formation rises abruptly over
the Central Basin Platform on the south and east edges of the Midland Basin, reaching 1,000 ft

above sea level over the north part of the Central Basin Platform and 1,800 ft above sea level in the
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Figure 14. Structure on the top of the Salado salt-bearing interval. Top Alibates Formation and
equivalent top of upper Rustler anhydrite are used as markers. Prominent salt-dissolution features
can be identified in Winkler, Ward, and Howard counties.
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puth edge of the Central Basin Platform. The complex pattern of uplifts that defines the structure
[ the Central Basin Platform and creates numerous structural traps is apparent even in the

sneralized regional view shown.

Structure on top of the Alibates (fig. 14) shows the effect that deposition and partial

dissolution of bedded salt as well as postdepdsitional structural deformation had on the overlying -

ratigraphic marker. All of the major structural elements identified in figure 4.are also visible on

the top Alibates structure, showing that the major.components of-the deformation:postdate:Alibates:... - -
dgposition. Many structural features, for-example the east edge of the Central Basin Platform; are
more subdued on the top Alibates structure than the top Yates structure, showing that some of the

deformation seen on the Yates occurred during Salado deposition and created accommodation

flected in Ochoan thickness. Synsedimentary structure influences the Alibates-Salado Tansill

isppach (fig. 15), which shows a general area of thick accumulation along the present structural -

axis of the Midland Basin. Comparison of the map view with cross sections shows that much of

th
th

to

s thickening results from a combination of (1) regional thickening throughout the Salado from
> north and east basin margins toward the west and (2) accumulation of thick Salado units at the
b of the formation above bed 60.

The thickest interval in the Alibates-Salado Tansill isopach (2,000 to 4,000 ft) is in the

De¢laware Basin in the southwest part of the study area (western Pecos, Ward, and Winkler

counties). The lower half of this interval is composed of anhydrite and halite of the Castile

Farmation. A thick Ochoan interval (>1,200 ft) also fills the San Simon channel (western Gaines

County).

In addition to the structural elements seen on the top Yates structure map, the top Alibates

structure map (fig. 14) and Alibates-Salado Tansill isopach map (fig. 15) show additional

depressions corresponding to salt thins. One deep depression on top Alibates and thin in the

isgpach is found in central Winkler and Ward Counties. This corresponds to regionally mapped

thifn, absent, and dissolved salt along the Capitan Reef trend (Girard, 1952; Hiss, 1976;

Bqumgardner and others, 1982; Johnson, 1987; 1989a). Depressions are also found along the
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Figure 15. Thickness of interval containing Salado salt from the top of Alibates Formation and
eqpivalent top of upper Rustler anhydrite to top of Yates Formation and top of Lamar Limestone. -
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Capitan Reef trend into New Mexico (Bachman, 1984; Hiss, 1976). Southward along a related
trpnd is a large depression in the Alibates structure and corresponding thin in the Alibates-Salado- -
Thnsill interval that lies above the south part of the Central Basin Platform in east Pecos and west

Cr0¢kett counties extending east to the Yates oil field area (Adams, 1940; Wessel, 1988a; 1988b;:
19392a; 1992b).

Other areas of thinning over short distances are noted over structural features marking the

Midland Basin margins. Thinning ié noted in Crockett County-over the:Ozona Platform.-Regional -
cross sections (Humble Oil and Refining Company, 1960;19644a; Vertrees, 1962—1963) show -
erpsional truncation of the Permian beneath the Cretaceo‘us in this area. Thinning of the interval to

3?0 or 200 ft corresponds to complete dissolution of the salt in the interval toward its truncated

edge, leaving only the Tansill, Alibates, and insoluble residue after salt dissolution.

anfd Refining Company, 1960; Vertrees, 1962-1963; Geomap, 1986). Another area of salt

n

n

p

The trend of thinning of the salt-bearing interval continues along the eastern shelf (Reagan,

Glasscock, Howard, Borden, Garza, and Crosby Counties). Depositional thinning, salt
dissolution, and erosional truncation beneath the Cretaceous and toward the outcrop are all factors
in|this thinning. Some areas of abrupt lateral thinning and complex geometries are noted in

Glasscock and Howard counties, generally corresponding to a structurally high area (Humblé Oil

thinning lies south of the Howard-Glasscock high. The thin area in the isopach is on the north side
of|a structural depression in both the top Yates and top Alibates structure, so that both the closed

depression in the top Alibates is larger than in the top Yates because the interval thins along the

ortheast edge of the structural depression: A general.trend in-salt thinning continues:around the
orth of the Midland Basin alohg the Matador Arch and Northern Shelf structural and depositional
ositive elements. No areas of abrupt thinning were noted in this area.

A map showing the depth of the Alibates below the surface (fig. 16) was prepared as a simple

wdy of separating the areas where active salt dissolution processes are probable (near surface

settings) from areas where salt thinning may be relict frdm paleohydrologic conditions (deeply

buried). Salt occurs near the surface (<1,000 ft deep) along the east edge of the study area and
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Figure 16. Generalized depth to top of Salado salt-bearing interval from approximate land surface
based on log datum and generalized 1:250,000-scale topographic maps to top Alibates Formation.
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along the trend of the Central Basin Platform, especially in Crane and north-central Pecos Counties-
(Yates oil field area). Salt is deeply buried by Triassic ‘and Tertiary sedirhents along the Midland
Basin, Northern Shelf, and Matador Arch structural elements. There is a prominént increase in

dé pth to salt that corresponds to the prorninenf salt thin:(fig. 15) and depression in the top Alibates
stfucture (fig. 14) in central Winkler and Ward Counties. In the western Delaware Basin, burial to
fhe top of the salt-bearing interval is'modéfafe, generally >1,000 ft, but cbmplicated by dissolution -

alpng the course of the modern:and paleoPecos River. (B‘achmén';;l~984). i

Log‘quality was sufficient to directly measure the amount of Salado salt in 55 logs in the

study area, generally becaﬁse caliper-log response made it possible to reproducibly separate
arJhydn'te from clean salt. Uncertainties remain in distinguishing mudstone-halite mixtures from
mpdstone in wells where the borehole has been enlarged in both lithologies. Additional

measurement uncertainty is introduced by imprecise bed-thickness estimates in typical finely

erbedded lithologies. Comparison of measurements from adjacent logs suggests that error of

about 5 to 10 percent in measuring cumulative salt thickness is expected. In addition to measured

t thickness, dramatically thinned intervals with high gamma-ray-log response were interpreted as

beds from which halite has been dissolved and used for defining the top of salt. From measured -

t thickness, the percent of salt from the salt-bearing intervals was calculated, and results ranged
m 53 to 84 percent. The salt-beaﬁng interval selected for this calculation was a minimum, from
» salt to top Tansill . This removes the insoluble material in the Alibates and above-salt insoluble

idue and variable amounts of anhydrite and siliciclastic beds in the Tansill from the calculation. -

Tyipical values of percent salt were contoured, with the lowest percént salt (<70) over the Central /-~

Basin Platform and the hi ghest percent salt (>75) toward the north and east updip edges of the

dland Basin (fig. 17). Inspectidn of the cross éections (figs. 12 and 13) suggests that thicker

1 more abundant anhydrite beds are the reason for increased impurities on the Central Basin

Platform; in updip areas, decreased anhydrite bed abundance and thickness is partly but not wholly

offiset by increased abundance of siliciclastic beds.

49




—|200— Estimated net salt (ft)

Fig

frd
frd

pe

NEW MEXICO

84%% . .079%
277.:0:0221:
<70% netsalt  |:# - -

L R

1 70-75% net salt

. >75% net salt

—

Caliper log used
o for percent salt
determination

Measured
percent salt

V4%

410  Measured net salt (ft)

/\/

) Well location

50

-

|
|
N

e ——— ———

--.__-;——!
® '
.|
!
-
|
!
l.
!
° L]
g
‘I.
!
i
2y Uy * o 40 mi
o '\!‘. : T 1 T lI T 1 J
!_ J'\' 0 Contour interval 200 ft

QAc2735¢

rure 17. Salado net salt and percent salt. Direct measurements of cumulative salt-bed thickness
m wells with caliper logs in useful log suites are posted. Percent salt is calculated on the interval
m top upper Tansill (marker 15) to the top of salt. Other thickness values are based on regional
rcent-salt average and the top salt to top Tansill interval thickness where it could be determined.



The generalized percent salt in the salt-bearing interval was then used to estimate the salt
thickness in logs from which salt beds could not be directly measured. The thickness from top salt
to top Tansill siliciclastics was multiplied by the decimal percent salt mapped for the area and the
estimated salt thickness calculated. In some logs top salt or top Tansill was difficult to pick and no
value was posted. Resistivity logs are particularly useful in defining this interval because the salt
section has low permeability and, therefore, has high resistivity, in contrast to the conductive
saline-water-bearing insoluble residue and Tansill siliciclastics. The Alibates-Salado-Tansill
isopach was used to guide the contouring of the net salt (fig. 17), and a large contour interval was
used because of the measurement uncertainties.

The net salt map, like the Alibates-Salado-Tansill isopach, shows thick salt in the Midland
Basin Center. Even though the percent salt decreases slightly over the Central Basin Platform, the
net salt continues to increase because the Salado thickness increases toward the Delaware Basin. In
the Delaware Basin, the base of salt stratigraphically equivalent to the Salado Formation of the
Midland Basin was approximated using the top of MB134, as the base of the Salado shows a
moderate thickness increase. Salado thickness in the Delaware Basin is the result of increased
accommodation in a dominantly shallow-water environment in a subsiding basin.

Toward the east margin of the Midland Basin, the net salt decreases fairly abruptly between
200 and O ft of salt, and this is where the depositional trend toward decreased interval thickness is
overprinted by cross-cutting near-surface salt dissolution. A large zero-salt area is mapped over the
south end of the Central Basin Platform and a small area is mapped over the Howard-Glasscock
High. Thin salt was intersected by wells in the depression over the Capitan Reef, so in this area

salt has not been completely removed.
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‘ EVALUATION OF SALT: PROCESSES

The number, thickness; and purity of salt beds reflects the cumulative effects of depositional, '
ocesses, early modification, and multiple episodes of subsurface dissolution. In this section, I - .

)cument the relationships between processes in the sédimentary and burial environment and their

fect on salt quality.

Depositional Processes:

Initial variations in thickness and quality of salt are introduced in the depositional
vironment. Sedimentary fabrics in halite (Hovorka, 1994) show that halite is typically deposited

idly, producing large clear crystals. Impurities are introduced when environmental conditions

shift, and halite deposition pauses. In shallow water, halite precipitates on the brine pool floor as .

ists of crystals that average a centimeter in height (fig. 18b). When the brine pool is flooded by

less highly evaporated marine water or by fresh rainw‘a‘ter (fig 18a), minor amounts of halite
ssolve from the floor of the brine pool. Impurities within the halite accumulate as a lag on the
brine pool floor. If the floodwater is marine, a thin bed of gypsum commonly precipitates before

ha’iite precipitation resumes (fig. 19). When the water level in the evaporite basin falls below the - -

rface of previously deposited halite, halite is exposed to vadose processes (fig. 18c). Halite is

ssolved by rainwater and dew and reprecipitates from shallow ground water as cements and

splacive crystals and capillary crusts (fig. 20a). Dissolution forms microkarst pits several feet

ep (fig. 20b). Si"ljiciclasticmudstonc"is transpbrted-;across:the:dryLﬂat,by eolian and sheetwash: -

processes and is concentrated because of halite dissolution. Repeated dissolution and precipitation

halite in this low-accommodation environment creates chaotic mixtures of halite and mudstone

(H{andford, 1982; Rosen, 1989).

In contrast, syndepositional dissolution is suppressed in high-accommodation settings. In

water more than a few feet deep, both precipitation and dissolution on the basin floor are limited.

The dense, stratified brine reduces communication between the surface of the water mass, where - -
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Figure 18. Dissolution processes active in the salt-depositional environment. (a) Marine
water flooding a shallow-water halite brine pool, resulting in dissolution of pre-
viously deposited halite. (b) Halite precipitation in a brine pool. (c) Halite dissolution,
development of karst, and accumulation of siliciclastics transported by eolian and
surface transport.
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Figure 19. Halite dissolution in the depositional environment as a result of flooding. Halite on
the brine-pool floor dissolved when the flat was flooded by marine water. (a) truncation of halite
crystals contain chevron-grown structures defined by fluid inclusions, accumulation of impurities
forming dark bands in Gulf PDB 03 core, 2,398 ft below datum.
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Figure 19 (cont.). Halite dissolution in the depositional environment as a result of flooding. Halite
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