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PURPOSE AND SCOPE

Research Staff

This integrated study of the structure, tectonic history, physical stratigraphy,
hydrogeology, geochemistry, natural resources, geomorphology, and paleoclimatology of
the Palo Duro Basin in the Texas Panhandle is part of a continuing national evaluation of
ancient salt basins as potential sites for isolation of nuclear waste.

Since early 1977, the Bureau of Economic Geology has been evaluating the Palo Duro
Basin in the Texas Panhandle as part of the national nuclear waste repository program.
The Bureau, a research unit of The University of Texas at Austin, is conducting a long-term
program to gather and interpret all geologic and hydrologic information necessary to
describe, delineate, and evaluate salt-bearing and related strata in the Palo Duro Basin and
vieinity.

The program in fiscal year 1983 (FY 83) includes four broad research tasks, which
were addressed by a surfieial analysis and shallow stratigraphy group, a hydrology and
geochemistry group, and a seismicity and tectonic environment group and a basin analysis
group (fig. 1). The surficial analysis and shallow stratigraphy group collected surface,
subsurface, and remotely sensed data to describe salt dissolution, surface processes, and
paleoclimatie history. The hydrology and geochemistry group continued analysis of shallow
and deep fluid circulation within the basin and rock and fluid geochemistry within the salt-
bearing and other stratigraphic unité. The basin analysis group characterized the salt- and
non-salt-bearing stratigraphic units within the basiri, continued to assess the potential for
generating and trapping hydrocarbons within the basin, and continued studies of salt quality
and core. The seismicity and tectonic environment group continued to study regional
seismiecity, deep-basin structure and tectonic development, structural controls on sedimen-
tation, and surface and subsurface fracture systems.

This report, a summary of progress during FY 83, represents principal conclusions,
methods, and data and maps that were generated. Topical reports discussing various

geological aspects of the Palo Duro Basin and vicinity are published as phases of study are



completed. This research was supported by the U.S. Department

Repository Project Office, under contract no. DE-AC97-83WM46651.

of Energy, Salt



(€861 X.J) wei304g UOIJB[OS] 9}SBM SBXIL 1SOM Y} JO 24n3onJajs [guoljeziuedaQ °[ aandig

8501vV0 SINIW3IT3 HOHV3ISIH

uonepnusp
‘uoIso19

Assiweyooab
pIniy/3o01

s91sAyd %201
‘Aydesbosnad

sisAjeue
92INn0sal

SWwalsAs
|euonyisodap

Anolwsias

‘ainionns

swajlsAs
ainjoely

dNOYHO AHIVHOILYHLS MOTIVHS

ANV SISATYNY 1VIOI4HNS

dNOYD AHLSINIHOO03D
GNV ADOTOHAAH

. dNOHD SISATVYNY NISVYE

dNOYO LNIWNOHIANI OINOLO31L

ANV ALIOINSIIS

HOL103HIQ 103roydd

HO1034H1d

103royd

HOHV3S3H HO4
HO1D3HIA 3LVIOOSSY




PALO DURO BASIN STUDIES--A SUMMARY OF SIXTH-YEAR RESEARCH ACTIVITIES
Research Staff |

The sixth year of investigations was highlighted by analyses of structures and topographic
features related to dissolution and collapse; studies of the relationship of fractures to
* structural trends; stratigraphic analyses of Mississippian, Pennsylvanian, Permian, Triassic,
and - Quaternary strata; analyses of organic carbon and vitrinite in Ordovician,

Mississippian, and Pennsylvanian rocks; studies of evaporite cyclicity; analyses of core to

determine sedimentary structures, diagenetic modifications, fabric, water content, clay
mineral assemblages, and bromine content; studies of geophysical logs to estimate porosity
distribution; isotopic analyses of water from the dissolution zone, saline springs, and the
Dockum Group; hydrologic testing of the San Andres Formation; studies of pressure-depth
relationships and vertical ground-water flow; the development of a regional vertical
ground-water flow model; and studies of eolian processes and rates of denudation.

Analyses of both outcrop and subsurface data in the vicinity of the Canadian River
Valley and Amarillo Uplift indicate that Cenozoic structural deformation in the Texas
Panhandle was extensive and apparently resulted from both tectonic movements and
subsidence induced by dissolution of Permian bedded salt.

Comparison of surface and basement structures in eastern Randall County indicates
.that joint and fracture trends coincide with the dominant NW- and NE-trending basement
faults. Clastic dikes cut strata throughogt the Texas Panhandle, western Oklahoma
Panhandle, and eastern New Mexico. The dikes tend to parallel regional joint orientations
and appear to have been formed by filling subjacent fractures or fissures from above.
Subsidence caused by evaporite dissolution appears to be the most likely mechanism by
which horizontal strain and extension have opened the fractures or fissures. Folding of
Permian strata above a salt dissolution zone has been identified in Caprock Canyons State
Park, Texas Panhandle. Synclinal depressions have been mapped in that area, and the
association between the structural basins, joints, and veins suggests that systematic,
regional joints, which predate dissolution ‘collapse, have influenced salt dissolution.
Fractures may have acted as preferred paths for fluid movement. Stratigraphic analyses

have confirmed ages, environments of deposition, and structural influences on deposition of

various units.



Conodont faunas were recovered from four wells in the Palo Duro Basin area.
Correlation of these faunas with well-established zonations elsewhere in the midcontinent
suggests two things: (1) early (Osage) Mississippian deposition was restricted to the area of
the Anadarko Basin axis, and (2) subsequéntly (during the Meramecian) depbsition spread
throughdut the area as seas transgressed northward in response to the downwarping of the
Ouachita geosyncline‘to the south.

Systematie variations in the completeness of sedimentary cycles and the vertiecal
distribution of thin sheet siltstones in the San Andres Formation allow a subdivision into
informal lower, middle, and upper genetic units. The fundamental mode of cyeclicity is the
same throughout, but the tempo differs in each of the units. These differences may reflect
changes in structural control, frequency of eustatic sea-level change, or both.

Structural activity and orientation of structural trends have influenced deposition of
lower San Andres strata in the Palo Duro Basin. Depositional facies, percent lithofacies,
and lithofacies thickness of eycles 2, 3, and 4 have been affected.

The age of the Quartermaster and Dewey Lake Formations of the Permian Basin is
problematic. Although they are generally considered Late Permian in age, the upper parts
of these units may be Triassic. Discovery of voleanic ash beds in the Quartermaster and
‘Dewey Lake Formations of the Palo Duro Basin, radiometrically dated as Late Permian,
contributes to the resolution of this ambig‘uity.

Analyses of core from the Upper Permian salt-bearing sections in the Palo Duro Basin
have led to interpretations of depositional environments and characteristies of insoluble
residues resulting from dissolution. Cores from two new wells, the Stone and Webster
Engineering Corporation (SWEC) Harman Nd. 1 and the SWEC No. 1 Zeeck, have allowed
further examination of the stratigraphic column in Swisher County, including the base of
the dissolution zone and top of salt, and the San Andres Formation. The Zeeck No. 1 core
also contains parts of the Wichita and Wolfecamp shallow-water carbonates and Pennsyl-

vanian starved basin deposits.



Detailed logging of cores from three DOE stratigraphic test wells in Deaf Smith
County facilitates correlation of zones of mudstone beds, clean halite, and anhydritic
halite within the halite rock of units 4 and 5 of the San Andres Formation.

Cores from seven of the stratigraphic test wells drilled by DOE in the northern Palo
Duro Basin have been examined. Each of the cores contains evidence in the form of
ihsoluble residues that halite formerly occurred stratigraphically higher than today.
Dissolution beneath the Southern High Plains appears to have been a slow, noncatastrophic
process in which rapid ‘collapses did not occur. Two stages of diagenesis, probably
accompanying two episodes of halite dissoluti.on, can be identified.

A classification of halite based on crystal size, erystal shape, amount and composi-
tion of impurities, distribution of fluid inclusions, and characteristic sedimentary strue-
tures has been developed from examination of the Palo Duro Basin cores. Eight distinet
classes of halite‘ are characterized by a variety of fabrics, ranging from those that
originated as primary brine-pool precipitates to those that formed during diagenesis.

Partial and complete regressive sequences, composed of (from the base upward) a
basal black mudstone, limestone, dolomite, nodular anhydrite, bedded anhydrite, and halite,
occur throughout most of the San Andres Formation. Even subtle variations in sediment
character can be traced over large distances within the Palo Duro Basin. The continuity of
these units reflects the extremely flat topography of the area during deposition and
indicates that similar sediments formed contemporaneously throughout the area.

Units of thick-bedded halite in the San Andres Formation precipitated in shallow but
regionally extensive, brine pools that episodically expanded and contracted. Previously
unrecognized 1- to 6-ft-thick subeycles within salt units are characterized by primary
textures and bromide contents of about 70 ppm at the base, altered textures and variable
bromide concentrations near the top, and a thin mudstone cap containing halite veins with

high bromide contents (as much as 342 ppm).



Middle to Upper Permian clastic sediments in the Palo Duro Basin were primarily
deposited in eolian dune, eolian flat, intermittent-stream channel, wind-tidal (?) flat,
shallow normal marine to hypersaline shelf, halite-influenced flat, and low-salinity pond
environments. Sourée areas were probably granitic and medium-grade metamorphic
terrains to the west and northwest of the Palo Duro Basin.

Clay minerals in clastic rocks, dolomite, anhydrite, and halite in the Palo Duro Basin
consist of detrital illite; chlorite; diagenetic, mixed-layered chlorite-vermiculite; chlorite-
smectite; chlorite-swelling chlorite; and saponite. Illite dominates the detrital suite; the
relative occurrence of mixed-layered clays is sensitive to geochemical conditions in the
diagenetic environment.

Exploration for hydrocarbons in the Palo Duro Basin has been successful only along
the northern and southern margins. Recent analyses, however, indicate that both
Mississippian and Ordovician basinal shales and carbonates have sufficient organic content
and thermal maturity locally to have been hydrocarbon source rocks.. Analysis of organie
matter content and thermal maturation of Mississippian and Lower Ordovician carbonates
in the Palo Duro and Dalhart Basins indicates that these rocks may also have acted as
petroleum source rocks. Their source rock potential is far less, however, than equivalent
rocks in the oil-producing Hardeman Basin to the east. Vitrinite reflectance of samples
from Swisher and Oldham Counties indicates that shales in the Palo Duro Basin below
depths of about 7,000 ft (2,100 m) are mature source rocks. Pyrolysis data support the
interpretation that Pennsylvanian basinal shales reached the oil-generation zone.

Pennsylvanian granite wash and carbonates are important oil reservoirs in the north-
western Palo Duro Basin. Fields are primarily controlled by structure, and traps are
provided by simple or faulted anticlines.

Studies related to basin hydrology include porosity determinations from cross plots of
geophysical logs, testing of the deep-basin aquifer and dissolution zone, mapping of

distributions of hydraulic head, analyzing pressure-depth relationships, and hydrologic



modeling. The neutron-density cross-plotting methods are superior to neutron-sonic
methods for making quantitative carbonate-lithology and porosity determinations in
Wolfcamp deep-basin aquifers. ‘This is true because the former method can be used to
detect secbndary porosity,and to determine lithology more accurately.

Quantitative estimates of porosity distributions within Wolfeampian stfata of the
Palo Duro Basin offer improved recognition of porous zones, which can be applied to
(1) ground-—water modeling. simulations, (2) delineating porous fairways for hydrocarbon
exploration, and (3) determining changes in porosity along locaily or regionally correlatable
units or hydrologic flow paths.

Hydrogeologic properties of the San Andres Formation within the Palo Duro Basin are
being measured for verification of a regional ground-water flow model. Six drill-stem tests
and one pumping test have provided estimates of hydraulic head and permeability in Deaf
Smith, Randall, and Swisher Counties. Formation-water samples will be collected, after
cleanup of drilling contamination, and analyzed to help determine the flow path of ground
- water in the San Andres in the Palo Duro Basin. |

Test wells have been constructed in the Palo Duro Basin to provide data on the
hydrogeology of the salt-dissolution zone. The bases of the test zones are within 7 to 49 ft
of the upper surface of bedded salt. The test zone in three of the four wells was drilled
~ with an air-mist foam to reduce the extent of contamination of strata to be tested.
Hydrologice tests and chemical analyses of water samples will be conducted to determine
the source of ground water that dissolves the salt and the rate and timing of the salt-
dissolution processes. |

The map of the potentiometric surface of the Wolfcampian aquifer has been updated
using head data from the Stone and Webster Engineering Corporation J. Friemel No. 1 test
well and using refined kriging parameters in the Palo Duro Basin area.

An objective geostatistical method was employed to map the hydraulic head

distribution of heads measured in Upper Pennsylvanian rocks of the Palo Duro Basin and



surrounding areas. Geostatistical analysis was used to describe data variation. Kriging was
then used to estimate head values based on available data with minimum estimate
variance. Resulting estimates were contoured using CPS-1.

Pressure-depth data from drill-stem tests indicate that the Deep-Basin Brine aquifer
is ﬁnderpressured. Potential exists for downward flow from shallow aquifers, through the
salt section, into the subsalt brine aquifer. Within the Deep-Basin Brine aquifgr, potential
for vertical flow varies across the Palo Duro Basin. These variations may affect the
lengths of potential flow paths to the biosphere.

Several factors determine the reliability of pressure-depth plots for hydrologie
interpretation in confined- regional aquifers: fhe quality, quantity, and distribution of
available data, and the variability in the components in the hydrogeologic setting, namely
potentiometric surface, aquifer structure, and surface topography. Failure to recognize
the effeets of such factors can result in misinterpretation of pressure-depth plots and
i‘naccurate analysis of the potential for vertical flow within the confined aquifer.

Ground waters in the Wolfcamp aquifer flow to the northeast toward the semi-
impermeable granitic Amarillo Uplift. The Wolfecampian potentiometric surface can be
reasonably simulated only when permeability of the granite wash that flanks the uplift is
about 260 md. The best simulation results indicate a travel time across the basin from 1.2
to 2.0 m.y. Total discharge through the Wolfcampian aquifer is about 680,000 m3/yr.

A cross-sectional ground-water flow model was used to simulate stream lines in
addition to the hydraulic heads in the Palo Duro Basin. The model indicates that the
spatial distribution of relatively permeable granite wash largely controls the ground-water
flow pattern in the deep-basin aquifer. In general, stream lines show downward flow into
the basin in the center of the cross section. East of the basin, stratigraphically higher
granite wash causes the stream lines to deflect upward and then to parallel the
preddminantly horizontal formations in the basin interior. Potential discharge of deep

basinal brines is indicated by upward-trending stream lines in the eastern Rolling Plains.



Extensive research on borehole sealing has been done since the initial problems with
the proposed Lyons, Kansas, nuclear waste repository site. Most emphasis has been placed
on laboratory development and testing of grout plugs. The Bell Canyon Test at the Waste
Isolation Pilot Project (WIPP) site neér Carlsbad, New Mexico, is the only major in situ
test to date. Information from that test indicates that flow rates in boreholes in the Palo
Duro Basin will be greater as a result of a steeper hydraulic gradient than at WIPP.

Geochemical analyses of ground waters in the Texas Panhandle include determination
of water content in salt, salinity and composition of deep-basin brines, and chemical and
isotopic composition of shallow aquifers. A standardized procedure of soxhlet extraction
in anhydrous -meth‘anol and Karl Fis;cher titration has been established for the analysis of
water content in salt. Values determined on more than 100 Palo Duro Basin salt samples
range from <0.2 to >15 weight percent water. Clay-rich salts typically contain an order

of magnitude more water than samples with dolomite, anhydrite, or no impurities.

Highly saline Na-Cl brines from aquifers below the San Andres Formation at three
sites in the Texas Panhandle are capable of dissolving both halite and anhydrite. Although
there are not yet sufficient data for detailed evaluation of the chemical evolution of fluids
along flow paths within specific units, results of analyses to date suggest that cross-
formational mixing of brines may be significant.

The hydi‘ogen (8D) and oxygen (§180) isotopic composition of shallow ground waters
indicates typical meteoric water in the Palo Duro Basin area. Values of 8D and 6180
range from -829/00 to -41°/00 and -11.469/00 to -5.369/00, respectively, showing a general
increase toward the east, which reflects the general decrease in altitude and the heavier
isotopic composition of precipitation in the Gulf Coast area. The isotopic composition of
ground water from the Dockum Formation in Swisher County suggests an origin further to
the west at higher elevations and the absence of significant mixing with isotopically

heavier Ogallala water.

10



Chemical constituents and isotopic compositions of salt-spring and shallow-
subsurfaée brines in the Rolling Plains show characteristics typical of halite dissolution by
meteoric ground water as well deep-basin brine discharge. Geographic distribution of brine
types correlates well with numerical modeling of ground-water flow.

Surface and Quaternary studies include investigations of the relationship of structure
to dissolution, Quaternary sedimentation and surface physiography, analyses of rates of
erosion and deposition, and further discussion of late Quaternary/Holocene paleoclimate.
The vertical juxtaposition of structure, lithofacies, dissolution, and physiographic features,
ranging in age from Paleozoic to Plio-Pleistocene, suggests continued control by tfle same
structural elements in eastern Deaf Smith and western Randall Counties, Texas.

Quaternary alluvium as much as 250 ft (76.2 m) thick covers an area of more than
3,000 mi2 (7,800 km2) on the western Rolling Plains of Texas. Neither the continuous
extent nor the complex stratigraphy of these deposits had been recognized before the
present study. Late Quaternary paleoclimatic and paleoenvirdnmental changes are
reflected in this alluvial sequence. Deposition appears to have been structurally controlled
in part, and the deposits themselves are faulted and downwarped locally. This new
evidence of structural activity and effects on geomorphic processes during the late
Pleistocene and Holocene Epochs may have implications for disposal of nuclear waste on
the High Plains.

Downwarping and faulting contemporaneous with deposition of late Quaternary
terrigenous sediment are recorded by exposures in southeastern Briscoe County, Texas.
Deformation was probably caused by subsidence of the Permian suberop owing to
dissolution of bedded salt at depth. Fluvial sands and gravels and lacustrine clays filled the
subsidence basin, producing a locally thickened Quaternary section. A well-developed
paleosol above the lacustrine deposits was tilted and laterally truncated prior to modern

eolian deposition at the site.

11



Hypsometric analysis of representative drainage basins indicates that when the
effeets of salt dissolution are removed from ldng-term estimates of denudation, present
rates of denudation are considerably larger than previously estimated rates for periods
- longer than 100,ﬁ00 years.

Statistical analysis of erosion-pin measurements indicates significant differences and
variability both within and between monitoring stations. The data are normally distributed
about a mean value of -0.135 em. Field investigators have confirmed the existence of
differing levels of pin activity, consistent with the magnitude/frequency concepts implied
by the normal distribution. Analyses also suggest that increasing the length of the data
record or measurement‘interval may not affect the frequency distribution of the data or its
validity.

A statistical study of amounts and rates of erosion and deposition for the period
1978-1982 indicates that although mean net erosion has increased for a 3-year period, the
mean rate at which it proceeds has effectively decreased. A pr.obabilistic approach to rate
projection provides an alternative to linear extrapolations of rates into the future.
Geomorphic thresholds may be important factors to consider in any rate calculation.

Eolian processes have substantially modified the landscape on the Southern High
Plains within historic time. The maximum inferred rate of deflation was 18.9 mm/yr at a
site in Bailey County, Texas, a region of loose, sandy soils and frequent, seasonal dust
storms. At least locally, agricultural land use practices have accelerated natural rates of
erosion and deposition by winds.

Preliminary data derived from six dust traps installed on the Southern High Plains
show that dust deposition varies locally and seasonally in response to natural and man-
induced factors. Monthly rates of dustfall at individual stations ranged from 0.658 g/m?2 at
Muleshoe to 13.441 g/m2 at Palo Duro Canyon. Dust deposition contributes significantly to

the renewal of the High Plains surface.
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SEISMIC REFLECTION SURVEYS FOR SITING A PROPOSED NUCLEAR WASTE
ISOLATION FACILITY, TEXAS PANHANDLE

Roy T. Budnik

The long-term geologic stability of an area is an important factor in the selection of a site
for the disposal of high-level nuclear waste. Approximately 625 mi (1,000 km) of seismic
reflection data have been acquired in the Texas Panhandle to assess the stability of the
Palo Duro Basin.

One of the aims of the West Texas Waste Isolation Project has been to determine the
stability of the Palo Duro Basin during the past 1,500 m.y. The study entered a new phase
in 1982 when the Department of Energy funded a program to acquire seismic reflection
- data to aid structural and stratigraphic interpretation in areas of poor well control,
primarily in Deaf Smith and Swisher Counties. Stone and Webster Engineering Corporation
(SWEC) contracted surveys specifically for the projeect and acquired proprietary surveys
made for petroleum exploration.

The Palo Duro Basin comprises more than 4,000 ft (1,200 m) of Pennsylvanian and
Lower Permian marine sediments and a comparable amount of Middle and Upper Permian
evaporite and related strata (Dutton and others, 1982). The marine strata are marked by
rapid lateral changes in lithology (velocity); the evaporite section has rapid vertical
changes in lithology (impedance). Lateral changes in velocity complicate struectural
interpretations; large changes of impedance produce multiples and the loss of energy to
deeper horizons. In addition, the top of the basement is not a good reflector, and the
basement contains many internal primary reflectors. These problems have made elucida-
tion of basement structure difficult.

The first body of data acquired for this study was a brokered proprietary twelvefold
regional survey collected by Bendix-United Geophysical Company in 1972 (fig. 2). These
data can be used to define large, deep structures but are too low frequency (12-40 Hz) to
define smaller structures that may affect the host rock horizon (the San Andres

Formation). Following preliminary interpretation of these data, a program for obtaining
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additional data was proposed. A grid of four lines in Deaf Smith County and two
perpendicular lines in Swisher County were recommended to -tie into existing DOE test
wells. G.dJ. Long and‘Associates, consultants to SWEC, recommended that the data be
acquired with a high-frequency (20-110 Hz) éource and a short geophone spread length to
maximize the resolution of structures within the host rock.

Approximat_ely 80 mi (125 km) of 24-fold data were collected in Deaf Smith County
and 30 mi (48 km) in Swisher County during the summer of 1982. An additional 35 mi
(55 km) were collected in Deaf Smith County in the spring of 1983 (fig. 2). Only short line
segments could be permitted for certain parts of the SWEC survey. Western Geophysical
Company was the contractor. An 85-mi (135-km) 48-fold proprietary line across Deaf
Smith and Randall Counties in Texas and Curry and Quay Counties in New Mexico was also
purchased from Western Geophysical (fig. 2). Two short lines were shot in central Randall
County to tie tpgether the Western and United proprietary lines (fig. 2). In addition, SWEC
participated in the acquisition of four proprietary lines in Castro and Swisher Counties by
- STM Corporation (fig. 2). |

Velocity control for interpretation of the seismic data is based on 14 proprietary
velocity surveys and 12 integrated sonic logs from petroleum exploration wells, 4 velocity
surveys, and 2 vertical seismie profiles for DOE wells, and 7 synthetic seismograms, also
from DOE wells (table 1 and fig. 2).

Structural and stratigraphic interpretation of the data is continuing. As discussed
earlier, the top of basement is very difficult to determine, especially on the lines acquired
with a short geophone spread (figs. 2 and 3). The top of the Pennsylvanian and top of
Wolfcampian (Lower Permian) are poor to fair reflectors. Tops of the San Andres and Tubb
Formations are represented by moderate, relatively continuous reflectors. The tops of the
Alibates, Seven Rivers, ‘and Red Cave Formations produce strong, continuous reflections,
as do the evaporite cycles within the lower San Andres. Few faul‘_cs have been interpreted

in the post-Pennsylvanian part of the section; vertical resolution limits recognition of
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faults to those with throw greater than 150 ft (50 m). Deformation of the entire Paleozoic
section was seen on line SWEC J in central Randall County (fig. 4). Apparent salt-
dissolution structures are present on line SWEC G-3 in central Swisher County (figs. 2 and
5). Disruption of the Alibates reflector and loss of the San Andres reflector on line SWEC -

H-2 in northern Swisher County (figs. 2 and 6) also may be the result of salt dissolution.
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Well number

1

2

10

*Velocity data

Table 1. List of DOE test wells.

Well name
DOE/Gruy Federal Rex White No. |

Stone and Webster Engineering Corp.
Mansfield No. 1

Stone and Webster Engineering Corp.
Sawyer No. !

DOE/Gruy Federal Grabbe No. |

Stone and Webster Engineering Corp.
Detten No. |

Stone and Webster Engineering Corp.
G. Friemel No. | )

Stone and Webster Engineering Corp.
Harman No. |

Stone and Webster Engineering Corp.
Holtzclaw No. 1

Stone and Webster Engineering Corp.
J. Friemel No. |

Stone and Webster Engineering Corp.
Zeeck No. |

ISL Integrated sonic log

SS  Synthetic seismogram (geogram)

VS Velocity survey

VSP Vertical seismic profile
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County
Randall

Oldham
Donley

Swisher

Deaf Smith
Deaf Smith
Swisher
Randall
Deaf Smith

Swisher

Velocity data*

ISL

ISL

ISL

ISL, SS

ISL, SS

ISL, SS

ISL, SS, VS

ISL, SS, VS

ISL, SS, VS, VSP

ISL, SS, VS, VSP



EVIDENCE OF BASIN AND RANGE-AGE DEFORMATION IN THE TEXAS PANHANDLE
Roy T. Budnik

Anomalous thickening of the Ogallala Formation (Neogene) in the Carson County basin
appears to be related to Basin and Range-age extension to the west. Late Paleozoic,
Mesozoic, and Neogene sediments thicken into the basin. Structure maps on pre- and post-
salt units are similar. The Carson County basin probably formed as a result of renewed
strike-slip motion along preexisting faults.

A major extensional event in the Neogene formed the Basin and Range province in
the Western United States. Related deformation in Colorado, central New Mexico, Texas,
and Mexico produced a series of north-south-trending fault-bounded structures that define
the Rio Grande Rift (fig. 7; Eaton, 1980). Extension, in part along preexisting faults,
controlled the position of the rift (Kelley, 1979). Axial grabens along the Rio Grande Rift
are filled with as much as 13,000 ft (4,000 m) of alluvial and lacustrine deposits of the
Santa Fe Formation (fig. 7; Kelley, 1977). These sediments accumulated during the period
of highest rates of extension 12 to 2 mya (Chapin and Seager, 1975). Coeval (11 to 2 mya;

Schultz, 1977; Stormer, 1972) alluvial and eolian deposits (the Ogallala Formation) were

shed eastward as a thin apron across what is now the High Plains (fig. 7; Baldwin and

Muehlberger, 1959). In the Texas Panhandle, the Ogallala Formation is generally less than

300 ft (100 m) thick (fig. 2; Seni, 1980). Locally, for example in the Carson basin, the
Ogallala is in excess of 800 ft (250 m) thick (fig. 8).

The Carson basin (Rogatz, 1939) is part of the Whittenburg Trough, which lies along
the south side of the Amarillo Uplift (fig. 9; Soderstrom, 1968). The trough and adjoining
uplifts formed in the Early Pennsylvanian, probably as a result of strike-slip motion on
preexisting faults (Kluth and Coney, 1981), and influenced depositional patterns throughout
the Pennsylvanian and Early Permian (McGookey, 1981; Budnik and Smith, 1982; McGookey
and Goldstein, 1982). Depositional patterns in Middle and Upper Permian strata are
difficult to determine, as the San Andres Formation .and younger units have been

extensively modified by Cenozoic salt dissolution in the vieinity of the Amarillo Uplift
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(Gustavson and others, 1980b). In Carson County, salt is present in these units over the
structural high bounding the Carson basin on the south but is absent‘ elsewhere in the
county (fig. 10). Within the area where the salt is absent; the remaining non-salt part of
the interval is thickest in the basin and thins over the Amarillo Uplift (fig. 10), indicating
that the uplift influenced depositional patterns during the Middle and Late Permian.
Triassic strata (Dockum Group) are preserved in the Carson basin but are absent over the
uplifts surrounding it (fig. 11). The Ogallala Formation is thickest in the Carson basin and
thins over the remainder of the area, including the deepest part of the Whittenburg Trough
(fig. 8).

Structure developed on the base of the Ogallala Formation is not solely a dissolution
phenomenon. Dissolution has removed Middle and Upper Permian salt from all but the
southwestern part of the county (fig. 10); salt is present in Lower Permian units throughout
the county. Salt in the Middle and Upper Permian may have been thicker in the Carson
basin, as suggested by the thickening of the non-salt part of the interval, but there is no
evidence to indicate that there was enough salt present to account for the entire greater
thickness of the Ogallala in the basin. Similarity of structure maps of both post-salt (base
of Ogallala and top of Alibates; fig. 12a and b) and pre-salt units (Tubb, Wolfeamp, and top
of basement; fig. 13a, b, and c) indicates a similar structural history for both. A
proprietary seismic reflection line across the eastern extension of the Carson basin
confirms the presence of a graben in the pre-salt units (fig. 13); reflections from higher
units were not recorded during the survey. Location of the anomalous thickening of the
Ogallala Formation in the Carson basin coincides with thickening in the pre- and post-salt
units (figs. 11, 12, and 14). Similarity of the isopach of the Ogallala Formation and the
structure on the base of the Ogallala and all underlying units indicates basement control
during deposition.

To the west, in Potter County, several hundred feet of coarse sandstone and

conglomerate (the Potter Formation; Patton, 1923) accumulated in the Whittenburg Trough

23



during initial Ogallala deposition. Ogallala sediments that fill the Carson basin may be of a
similar nature. The pattern of deposition in the Ogallala Formation throughout the Texas
Panhandle reflects the influence of basement structure. The Ogallala is thickest in the
Anadarko, Dalhart, and Palo Duro Basins and thins over the Amarillo Uplift, the Bravo
Dome, and the Cimarron Arch (fig. 8). Major channels, in general, follow structural lows
(fig. 15).

Contemporaneity of the Ogallala and Santa Fe Formations suggests that deformation
in the Carson basin occurred at the same time as Basin and Range extension to the west.
The Amarillo Uplift is perpendicular to the Rio Grande Rift and parallel to the direction of
extension in the rift (fig. 7). This orientation is-such that the stress field that produced
extenéion in the rift may have produced strike-slip motion along the uplift. Geometry of
the Tertiary part of the Carson basin is consistent with that of other pull-apart basins
around the wofld (fig. 16), suggesting, but not proving, a similar origin.

Neogene Basin and Range extension, which deformed a large part of the Western
United States, appears to have subtly affected the Texas Panhandle. The syntectonic
Ogallala Formation reflects the influence of basement structure, most notably along the
Amarillo Uplift, during deposition. The Ogallala Formation has been broadly folded over
the top of the John Ray Dome and other structures that lie along the northern edge of the
Whittenbﬁrg Trough (fig. 17), suggesting continued deformation after the end of Ogallala
deposition. Present seismicity (fig. 18) indicates that faults bounding the Carson basin

may still be active.
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Figure 8. Isopach map, Ogallala Formation (Seni, 1980).
major basins and thins over the intervening uplifts.
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Figure 11. Isopach map of the Dockum Group (Triassic) in the Carson basin.
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Figure 12a. Structure map of base of the Ogallala Formation, Carson basin (Knowles and
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OCCURRENCE OF CLASTIC DIKES IN THE TEXAS PANHANDLE
Edward W. Collins
Clastic dikes cut strata throughout the Texas Panhandle, western Oklahoma Panhandle, and
eastern New Mexico. The dikes appear to have been formed from the filling of fractures or
fissures from above. Subsidence caused by evaporite dissolution is the most likely
mechanism by which horizontal strain and extension opened the fractures or fissures.

Clastic dikes are among the brittle deformational features observed in outerop in
Randall, Potter, Moore, Oldham, Hartley, and Hall Counties of the Texas Panhandle, as
well as at localities in the Oklahorﬁa Panhandle and in eastern and northeastern New
Mexico. These clastic dikes usually range in thickness from about 15 em to 3 mm, aIthough
one dike measured in northeastern New Mexico is 1.5 m thick. In the Texas Panhandle poor
exposures prevent tracing the vertical and lateral extent of most of the dikes. Almost all
of the dikes cut upper Triassic strata although clastic dikes have also been observed in the
Pliocene Rita Blanca Formation in Hartley County and in Pleistocene deposits in Hall
County.

The mechanics of dike emplacement are difficult to determine unless the dikes can
be traced in outerop to source beds. The composition of a dike usually cannot indicate a
definite source bed because Triassic, Tertiary, and Quaternary sediments have similar
lithologies.

The dikes appear to have been formed by filling from above of fractures or fissures.
At Buffalo Lake in western Randall County, dikes from the ow)erlying Tertiary Ogallala
source beds cut Triassic Dockum sediments. Where a dike termination can be observed
with depth, the dike thins and pinches out. The trends of these dikes are very similar to
fracture orientations measured at this loeation (fig. 19). Dikes throughout the Texas
Panhandle and eastern New Mexico also appear to be due to fracture filling (fig. 19).
Subsidence is the most likely mechanism by which horizontal strain and extension opened
the fractures or fissures. In the Texas Panhandle, geomorphic features such as recent

fissures, sinkholes, collapse basins, and breccia-filled chimneys have been attributed to

40



subsidence processes caused by evaporite dissolution (Gustavson and others, 1982). Sub-
sidence created by differential compaction is another mechanism that can develop fissures
(Jachens and Holzer, 1982), although in the Texas Panhandle evaporite dissolution is the
most likely cause of subsidence.

Most of the clastic dikes in the Texas Panhandle were emplaced during the Cenozoic.
Dikes cutting Triassic sediments at one locality in Palo Duro Canyon State Park, however,
appear to have originatéd from a siltstone unit within the Dockum Group and are probably
Triassic in age. The predominant dike trend at this locality is the same as the joint trends

(fig. 19).
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Figure 19. Comparison of clastic dikes and joint orientations in the Texas Panhandle and
eastern New Mexico. Data were collected from the following localities: (A) near Buffalo
Lake dam, western Randall County, Texas; (B) U.S. Highway 385 at the southern edge of
the Canadian River Valley, eastern Oldham County, Texas; (C) New Mexico State Highway
93 at the western caprock escarpment, Quay County, eastern New Mexico; and (D) 1.8 km
north of Lighthouse Peak at Palo Duro Canyon State Park, eastern Randall County, Texas.
The clastic dikes cut Triassic Dockum Group sediments, and the joints were measured in
Triassic Dockum Group (Trd) and Tertiary Ogallala Formation (To) strata. The joint data
from the Buffalo Lake locality (A) are from Finley and Gustavson (1981, p. 25).
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GEOMETRY AND ORIGIN OF SYNCLINAL DEPRESSIONS AT CAPROCK CANYONS
STATE PARK, BRISCOE COUNTY, TEXAS

Edward W. Collins

Folding of Permian strata above a salt-dissolution zone has been identified in Caprock
Canyons State Park, Texas Panhandle. Synclinal depressions have been mapped in the area,
and the association between the structural basins, joints, and veins suggests that
systematic regional joints that predate dissolution collapse have influenced salt dissolution.

Synelinal depressions have been mapped in upper Permian strata at Caprock Canyons
State Park, Briscoe County. This area is within a regional sal.t—dissolution zone (Gustavson
and others, 1982; Gustavson and others, 1980b). It has been suggested that systematic
joints that predate dissolution collapse could have acted as preferred pathways for fluid
movement and caused low-amplitude folding (Collins, 1983a, b; Goldstein, 1982). Detailed
structural mapping has defined the geometry of the syneclinal depressions and has shown the
relationship between the structural basins and vein-filled joints.

Three types of gypsﬁm veins are present (Goldstein and Collins, 1984; Goldstein,
1982): veins that are nearly vertical, veins that parallel bedding, and veins that cut the
bedding at 30 to 60 degrees. Where the veins intersect, vertical veins are evefywhere cut
by ineclined veins and nearly everywhere cut by horizontal veins. The gypsum fibers in the
vertical veins are horizontal, indicating that these veins formed by horizontal extension.
The vertical gypsum veins mineralized in systematic joints that predate dissolution collapse
(Goldstein, 1982, p. 27). The mineral fibers of the inelined and horizontal veins are
vertical, indicating that mineralization occurred during vertical extension. These vein-
filled fractures developed during dissolution collapse of the strata (Goldstein, 1982, p. 27).

The style of folding exhibited at Caprock Canyons State Park is best described as
chaotic. Gentle folds cause the beds to dip usually less than 15 degrees. Synelinal
depressions or basins that have been mapped in the area vary in shape from elongate to
circular. These basins are up to 1.5 km in length. The synclinal depressions are composed

of conical synclines and anticlines that gently plunge as much as 10 degrees toward the
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center of the basin (fig. 20). The amplitude of these folds is usually less than 10 to 15 m.
Rim anticlines or "domes" may also occur around the periphery of the basins, commonly
separating two basins. Smaller scale folding also exists, and although the folding may be
associated with the development of the larger synclinal depressions, some of the smaller
foldé are prbbably due to expahsion associated with the coﬁversion of ahhydrite to gypsum.
A close association exists among the joints, veins, and structural basins. Within a
specific basin the most significant trend of the near-vertical veins is the same as the basin
axis, and even though the inclined veins strike in all directions, the dominant strike
direction is the same as the oriéntation of the basin (fig. 21a and b). Systematic joints that
predated dissolution collapse probably provided pathways for fluid migration and enhancéd
salt dissolution. Collapse of strata oceurred within zones »of enhanced dissolution and

developed synclinal depressions and nonsystematie joints.
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Figure 21. (a) Rose diagram exhibiting trends of vertical gypsum veins for map area in
fig. 20. The vertical veins represent gypsum mineralization in regional, systematic joints
that predate dissolution-collapse. (b) Schmidt net plot (lower hemisphere) of poles to
inelined veins for map area in fig. 20. The inclined veins represent gypsum mineralization
in nonsystematiec joints that occurred from dissolution collapse.
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MISSISSIPPIAN CONODONT BIOSTRATIGRAPHY IN THE PALO DURO BASIN AREA
Stephen C. Ruppel

Conodont faunas were recovered from four wells in the Palo Duro Basin area. Correlation
of these faunas with well-established zonations elsewhere in the midcontinent suggests that
early Mississippian (Osage) deposition was restricted to the area of the Anadarko Basin axis
and that subsequently (during the Meramecian) deposition spread throughout the area as
seas transgressed southwestward across the Texas Panhandle.

The Mississippian System of North America is subdivided into four series, wh.ich are,
from youngest to oldest, Kinderhook, Osage, Meramec, and Chester (Dott, 1941; Cheney
and others, 1945). Although proper correlation of these units requires biostratigraphic or
chronostratigraphie control, in the midcontinent region, especially in the subsurface where
paleontologic data are generally lacking, these units have been extended primarily by
lithologie similarity. Biostratigraphic studies in Kansas (Thompson and Goebel, 1969) have
supported the time-stratigraphic accuracy of these correlations and suggested that
Mississippian lithologies are synchronous throughout large areas of the midcontinent. A
necessary corollary of this assumption is the idea that depositional conditions were
relatively uniform during the Mississippian over widespread geographic areas. Recent
biostratigraphic studies of the Mississippian rocks in the Palo Duro Basin based on
conodonts, however, do not support this model.

Three Mississippian series are commonly recognized in the Palo Duro Basin (fig. 22)
on the basis of lithologic correlation from Kansas and Oklahoma (Cunningham, 1969).
Conodonts have been recovered from "Osage" and "Meramec" rocks in cores from four
wells in the Texas Panhandle area (fig. 23). Specimens recovered from the upper part of

the Chappel Formation (correlative with the "Meramec" of the Palo Duro Basin) in the

Hardeman Basin (Hardeman County; tables 2 and 3) are representative of the Apatognathus

scalenus -Cavusgnathus Zone of Collinson and others (1962, 1971) and of the Cavusgnathus

Zone of Dutro and others (1979) and Sandburg (1979). This indicates at least a middle to

late Meramecian age for these rocks, which is generally consistent with previous
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interpretations that the Chappel contains an upper Meramec part and a lower Osage part
(Mapel and others, 1979). However, the presence of these middleb to late Meramécian
conodonts near the base of the upper Chappel suggests that the lower Chappel (chrelative
with the "Osage") is younger than previously assumed.

Conodonts were recovered from 12 samples in core from Childress County (fig. 23)
representing both the "Meramec" and the "Osage" (correlative with the upper and lower
parts of the Chappel, respectively, in the Hardeman Basin). Conodonts obtained from the
"Meramec" (table 4) are essentially the same as those recovered from the Hardeman Basin
coi'es. The fauna recovered from the lower ("Osage") Mississippian in Childress County

(table 4) differs slightly (it contains Taphrognathus as well as Cavusgnathus) but neverthe-

less also implies a middle Mernmecian age (Collinson and others, 1971; Dutro and others,
1979). This indicates that rocks of Osage age are either absent in the area or represented
by a thin layer (about 40 ft [12 m] of Mississippian at the base of the Childress County well
was not cored). Correlations bétween this well and tnose in the Hardeman Basin based on
lithologies and conodont faunas suggest that most of the Chappel Lower and Middle
Mississippian section in the area is of Meramecian age (fig. 24).

Because of Pennsylvanian erosion, only the lower ("Osage") part of the Mississippian
section is present in northern Donley County. Conodont samples were taken from 36 ft

(11 m) of core taken in the upper part of the section (fig. 24). Faunas obtained in this well

(table 5) represent the Taphrognathus Zone of Dutro and others (1979) and Sandburg (1979)\
and are thus significantly older than any of the others studied. Because this zone spans the
Osage-Meramee boundary, it is impossible to accurately date these rocks. However, the

abundance of Taphrognathus favors a Meramec age (Collinson and others, 1971). The

presence of 200 ft (61 m) of Mississippian section below the studied interval suggests that
Osagean rocks are the oldest known Mississippian rocks of ‘the area (fig. 24).
The conodont faunas indicate that the earliest Mississippian deposition in the

southern Panhandle area began in the northern part of the Palo Duro Basin (Donley
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County). Although local sediment accumulation may have begun in the Hardeman Basin
during the Osagean, major deposition in the area did not commence until the Meramecian.
On the basis of these relationships it appears that the Palo Duro and Hardeman Basins were
flooded (transgressed) progressively from north to south. This is consistent with thick-
nesses and lithologies of supposed early Mississippian rocks in the Anadarko Basin. As was
true through much of the Paleozoic, the Anadarko Basin was a site of relatively greater
subsidence than surrounding areas. Therefore it would be expected that the earliest
Mississippian deposition would be in the basin and along its margins. The relatively old
Mississippian deposits in Donley County may represent the southern margin of the

Anadarko Basin during the Osagean.
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Table 2. Conodonts recovered from Core 1, Hardeman County
(Standard Oil Co. of Texas, Coffee No. 1).

Upper Chappel Formation

Apatognathus sp.

Cavusgnathus charactus

Cavusgnathus convexus

Cavusgnathus unicornis

‘ Cavusgnathus sp.

Gnathodus bilineatus

Gnathodus commutatus commutatus

Gnathodus texanus

Hindeodella sp.

Ligonodina levis

Ligonodina sp.

Lonchodina sp.

Lonechodus sp.

Neoprioniodus tulensis

Neoprioniodus spp.

Spathognathodus eristulus

Spathognathodus seitulus

Spathognathodus spp.
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Table 3. Conodonts recovered from Core 2, Hardeman County
(Sun Oil Co., Quanah Townsite Unit No. 1).

Upper Chappel Formation

Apatognathus sp.

Cavusgnathus charactus

Cavusgnathus convexus

Cavusgnathus unicornis

Cavusgnathus spp.

Gnathodus texanus

" Hibbardella spp.
Hindeodella spp.

Ligonodina levis

Ligonodina tenuis

Ligonodina spp.

Lonchodus sp.

Neoprioniodus loxus

Neoprioniodus tulensis

Neoprioniodus spp.

Ozarkodina curvata

Ozarkodina spp.

Spathognathodus ecampbelli

Spathognathodus eristulus

Spathognathodus scitulus

Spathognathodus spiculus

Spathognathodus spp.
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Table 4. Conodonts recovered from Core 3, Childress County (Wes-Tex, Kewanee, and
Coastal States Gas Producing Company, Steve Owens No. 1-A).

"Meramec" Series

Cavusgnathus regularis

Cavusgnathus unicornis

Cavusgnathus spp.
Hindeodella spp.

Ligonodina levis

Ligonodina spp.
Neoprioniodus tulensis

Taphrognathus varians

Taphrognathus-Cavusgnathus transition

"Osage" Series

Apatognathus sp.
Cavusgnathus echaractus

Cavusgnathus convexus

Cavusgnathus regularis

Cavusgnathus unicornis

Cavusgnathus spp.
Gnathodus texanus

Hindeodella spp.
Ligonodina tenuis

Ligonodina spp.
Lonchodus spp.

Neoprioniodus loxus

Neoprioniodus tulensis

Neoprioniodus spp.

Ozarkodina spp.
Spathognathodus scitulus

Taphrognathus varians

Taphrognathus-Cavusgnathus transition

New genus
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Table 5. Conodonts recovered from Core 4, Donley County
(Service Drilling Co., Kathleen C. Griffin No. 1).

"Osage" Series

Apatognathus spp.

Gnathodus texanus

Hibbardella spp.
Hindeodella spp.

Ligonodina spp.

Neoprioniodus spp.

Ozarkodina spp.

Taphrognathus varians
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PRE-PENNSYLVANIAN CARBONATES AS POTENTIAL HYDROCARBON SOURCE
ROCKS, PALO DURO AND DALHART BASINS, TEXAS

Stephen C. Ruppel

Analysis of organic matter content and thermal maturation of Mississippian and Lower
Ordovician carbonates in the Palo Duro and Dalhart Basins indicates that these rocks may
have acted as petroleum source rocks. Their source rock potential is far less, however,
than equivalent rocks in the oil-producing Hardeman Basin to the east.

Although no petroleum production has been established in the pre-Pennsylvanian
rocks of the Palo Duro and Dalhart Basins, numerous shows in these rocks (figs. 25 and 26)
indicate that hydrocarbons have been generated in the area. To determine the likelihood of
hydrocarbon accumulatioﬁ in the pre-Pennsylvanian sequence it is important to ascertain
the extent of potential source rocks. Dutton (1980a, b; Dutton and others, 1982) has
recently characterized the source rock potential of the area by studying the organic matter
content of shaly rocks throughout the stratigraphic section. Because shales are essentially
absent from the Mississippian and Ordovician (Ellenburger Group) .carbonates that consti-
tute the pre-Pennsyl-vanian part of the section, Dutton's work concentrated on Pennsyl-
vanian and Permian rocks. Although shales are often considered to have the highest
potential as source rocks, recent studies have illustrated that carbonate rocks may have
petroleum potentials equal to shales containing twice as much organic matter. Shales
normally must have a minimum of 0.5 percent total organic carbon (TOC) to produce
commercial quantities of hydrocarbons (Tissot and Welte, 1978), whereas ecarbonates,
because they contain higher percentages of liptinic organic matter, may be effective
sources with as little as 0.12 percent TOC (GeoChem Laboratories, 1980).

To determine source rock potential of the pre-Pennsylvanian carbonates, analyses of
TOC were conducted at selected carbonate intervals in 52 wells in the Palo Duro and
Dalhart Basins. Samples from five additional wells in the Hardeman Basin were analyzed
for comparative purposes (figs. 27 and 28). A total of 101 samples were analyzed, 74 from

cuttings, 27 from core (table 6). To avoid possible contamination from Pennsylvanian shale
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cavings, all cuttings were carefully picked to remove shale fragments. Because the type of
organic matter present is at least as important as the amount, determinations of organic
matter type were made for 15 wells (table 7); usable vitrinite reflectance (Ry) values
(useful for determining thermal maturity) were obtained for 9 of these wells (table 7).

The avérage TOC value for all pre-Pennsylvanian samples analyzed in the Palo Duro
and Dalhart Basins is 0.107 percent. This is lower than the average values for carbonates
reported elsewhere (about 0.2 percent TOC; see Tissot and Welte, 1978; Hunt, 1979) and is
also below the minimum usually given for carbonate source rocks. Total organic carbon
values from the Mississippian "Csage," however, although variable, are generally higher
than those from other pre-Pennsylvanian units; 41 percent of the "Osage" samples exhibit
TOC values greater than 0.12 percent, and 16 perceht are higher than 0.20 percent TOC
(fig. 29). Thus somev "Osage" rocks probably have sufficient organic matter to produée
hydrocarbons. The Mississippian "Meramee" and the Ordovician Ellenburger Group have the
lowest TOC contents and are not likely source rocks A(table 6, fig. 29). Insufficient TOC
values were obtained from the Mississippian "Chester" to characterize its source rock
potential. Total organic carbon values from the Hardeman Basin are generally higher
although they exhibit greater variability (table 6, fig. 29). @ The highest values
(0.726 percent, 0.934 percent TOC) were obtained from calcareous shales and shaly
carbonates (Barnett Formation), although a relatively pure limestone (Chappel Formation)
measured 0.668 percent TOC.

The organic matter that comprises the pre-Pennsylvanian carbonates is primarily
sapropelic (containing mostly algal and amorphous material, spores and pollen); the greater
the amount of sapropel, the greater the potential hydrocarbon generation (Hunt, 1979).
Samples from tﬂe "Osage" contain an average of 68 percent sapropel (32 percent vitrinite
and inertinite). Other pre-Pennsylvanian units average about 50 percent (table 7). The
"Osage" thus also appears to have the greater potential for hydrocarbon production on the

basis of organic matter type.
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Even if a potential source rock contains adequate kinds and amount of organic
matter, it cannot generate hydrocarbons unless it has reached a minimum state of thermal
maturity. Both vitrinite reflectance (R,) and kerogen color (table 7) have been used to
interpret the degree of thermal maturity of the pre-Pennsylvanian sequence in the area. A
vitrinite reflectance of about 0.5 percent R, is commonly accepted as indicative of the
minimum level of maturation necessary for major oil generation (Tissot and Welte, 1978.).
On the basis of reflectance values obtained in the Palo Duro and Dalhart Basins, this
degree of maturity is reached at about 7,500 ft (fig. 30). Pre-Pennsylvanian deposits lie at
depths equal to or greater than 7,500 ft throughout most of the central and southern parts
of the Palo Duro Basin. Kerogen color studies (expressed in terms of Thermal Alteration
Index [TAI]) tend to support the conclusion that most pre-Pennsylvanian units in the Palo
Duro and Dalhart Basin; are at or near the minimum level of maturation necessary for
hydrocarbon production. Most (75 percent) of the samples studied are classed as
immature-mature; the remainder (25 percent) are mature (Schwab, 1977).

Although most indicators suggest that the pre-Pennsylvanian carbonates in the Palo
Duro and Dalhart Basins have reached the threshold of hydrocarbon generation, equivalent
rocks in the Hardeman Basin to the east, which are currently producing hydrocarbons, are
considerably more mature. Kerogen color studies indicate that all three samples examined
are fully mature (table 7). Independent studies of conodonts support this conclusion.
Mississippian conodonts are progressively darker in color from the eastern Palo Duro Basin
into the Hardeman Basin (table 8), indicating a higher degree of thermal maturity (Epstein
and others, 1977). Finally, although only two samples were studied, vitrinite reflectance

indicates the presence of much more mature rocks in the Hardeman Basin (fig. 30).
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Figure 29. Frequency distribution of total organic carbon abundance in pre-Pennsylvanian
carbonates from the Palo Duro, Dalhart, and Hardeman Basins.
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Table 6. Total organic carbon.

Number of 9% Total organic carbon (TOC)
Unit analyses High Low Mean Std.dev. Median
Palo Duro and Dalhart Basins
Mississippian 66 0.460 0.000 0.111 0.088 0.096
Chester 2 0.322 0.100 0.211 0.157 —
Meramec 27 0.264 - 0.000 0.089 0.067 0.076
Osage 37 0.460 0.014 0.123 0.09¢4 0.104
Lower Ordovician
(Ellenburger) 21 0.306 0.002 0.090 0.080 0.080
Cambrian? 1 0.026 0.026 0.026 -— ——
Totals 88 0.460 0.000 0.107 0.086 0.094
Hardeman Basin
Mississippian 13 0.934 0.002 0.197 0.355 0.142
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Table 8. Conodont color trends: Palo Duro and Hardeman Basins.

Conodont Color Alteration Index (%)

Well 1.0 1.5 2.0

Northern Palo Duro Basin

Core 4,

Donley County -— 87 13
(4226 £t-4260 ft)

Eastern Palo Duro/Western Hardeman Basin
Core 3,

Childress County -— by 55
(5780 ft-6195 ft)

Hardeman Basin

Core 2,

Hardeman County -—- ——— 23
(8142 ft-8144 ft)

Core I,
Hardeman 42 -— -— 10
(8700 £t-8703 ft)
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REGIONAL CORRELATION AND CYCLICITY OF THE SAN ANDRES FORMATION
(PERMIAN, GUADALUPIAN), PALO DURO BASIN, TEXAS PANHANDLE

Mi¢hae1 A. Fracasso

Systematic variations in the completeness of cycles and the vertical distribution of thin
sheet siltstones in the San Andres Formation allow a subdivision into informal lower,
middle, and upper genetic units. The fundamental mode of cyclicity is the same
throughout, but the rate of cyclic oscillation differs in each of the units. These differences
may reflect changes }'n structural control, frequency of eustatic sea-level change, or both.

Small-scale “cyclicity within the San Andres Formation in the Palo Duro Basin has
been previously documented (Presley, 1979a, 1979b, 1980, 1981) and has led to an informal
two-fold stratigraphie division into a lower unit in which éycles are prohounced (informally
designated as cycles 1-5) and an upper unit in which cycles are much less marked (Presley,
| 1979b). Recent detailed studies of correlation within the San Andres reveal that cyclicity
is a vertically pervasive feature and that cycles can be correlated throughout the entire -
formation within the present-day structural limits of the Palo Duro Basin (fig. 31).
Systematie variations in the completeness of cycles and the vertical distribution of thin
siliciclastic sheet siltstones allow furthér subdivision of the San Andres into informal
lower, middie, and upper genetie units.

An idealized San Andres cycle, based on examination of continuous cored intervals
(Hovorka, 1983a), is an asymmetric carbonate-evaporite vertical sequence that reflects
‘upward-increasing salinity. The base of each cycle is defined by a dissolution surface and
overlying detrital insoluble residue that truncate the evaporitic upper unit of the ecycle
below. Overlying the insoluble residue are, inysequence, carbonate, anhydrite, and halite
(fig. 32; cycle 4). The relatively thick, complete cycles of the lower San Andres
(informally designated as cycles 1-5) are commonly more complex, exhibiting frequent
minor fluctuations in salinity that are supérimposed on the primary episode of increasing
salinity that produced the generalized vertical sequence of lithologies .(fig'. 32; lower cycle

3, top lower cycle 4).

3
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Siliciclastic beds of two main types are represented by sharp peaks to the right of the
‘low salt/anhydrite baseline on gamma-ray logs that reflect an abrupt rise in API values.
These high API gamma-ray peaks were correlated with cores and distinguished by analysis
of éore samples. The first type of siliciclastic bed is a detrital insoluble residue that
characteristically forms the base of a eycle of increasing salinity. An infiux of low-salinity
water, possibly refiecting marine transgression, caused dissolution of the upper exposed
portion of the halite of the preceding cycle and concentrated its disseminated clastic
component. -The‘second type of siliciclastic bed represents a clastie prog'radation across
the evaporite facies tract and may or may not have been associated with a major episode
of brine freshening. Both types of siliciclastic bed can be readily distinguished in core by
their internal pefrologic characteristiecs as well as their position in vertical facies
sequences (Hovorka, this volume, "Cyelicity in the San Andres Formation").

One key to the correlation and recognition of cyclicity in the San Andres Formation
is the identification of the largely siliciclastic de;crit'al insoluble residue that defines the
base of each cyecle. Insoluble residues that define the bases of the complete, relatively
thick cycles of the lower San Andres (lower cyecles 2, 3, and 4) produce characteristic
asymmetrie signatures on gamma-ray logs (fig. 32). The log pattern displays, from the base
upward, a high API basal peak, representing the siliciclastic insoluble residue, that is
sharply set off from the low-API anhydrite-halite baseline below and is topped by a gradual
shift back toward the low baseiine.

The insoluble residue-carbénate couplet- of the thin cycles characteristic of the
middle and upper San Andres (couplet thickness ranges from approximately 2 to 18 ft)
produces a single sharp, high—API gamma' peak that cannot be differentiated from the
gamma peaks produced by progradational siliciclastic beds (see figs. 33, 34, and 35;. interval
above "base middle cyecle 1"). Recognition and correlation of such abbreviated cyecle bases
and primary clastic beds on a regional scale require their absolute identification in core

samples and extrapolation to correlative gamma peaks in other wells.
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The regionai continuity of cyele bases and systematic differences in the vertical
distribution of both completeness and thickness of cycles permit recognition of three
discrete genetic packages that are best differentiated in the basin center (figs. 31, 33, and
34). The San Andres in the Palo Duro ‘Basin may acéordingly, be divided into informal
lower, middle,‘ and upper units. The lower San Andres genetic package corresponds to the
previously recognized lower San Andres division and includes the previously designated
cyeles 1-5 (figs. 31, 33, 34, and 35). These relatively thick cycles possess a complete
veftical facies sequence from the basal insoluble residﬁe to the upper halite. Cyecles 2-5
together comprise slightly more than half of the total thickness of the San Andres
Formation in the Palo Duro Basin center. The existence of relatively thick carbonates at
the bases of these cycles implies prolonged episodes of open circulation and near-normal
marine salinity at moderate water depths, probably a minimum of several meters. Such
conditions would most likely exist during times of relatively rapid basin subsidence that
kept pace with high carbonate production during transgressive events.

The newly recognized middle San Andres genetic unit corresponds to the largely
anhydritic lower half of the previously recognized upper San Andres (figs. 33, 34, and 35;
interval above base of middle eyecle 1 and below base of upper ecyecle 1). Cycles of the
middle San Andres are thin and incomplete compared with those of the lower San Andres.
Halite facies at the tops of cycles are not preserved. However, their former existence is
inferred from the insoluble residues that define the bases of the abbreviated siliciclastic-
carbonate-anhydrite vertical facies sequences. Thus, the lower and middle San Andres
genetic units exhibit a common fundamental cyclic pattern of vertical facies sequences.
Therefore, the thin, abbreviated cycles of the middle San Andres suggest a change in the
tempo, rather than the mode of cyelic depositional style. This change in tempo may have
been caused by a lowering of the basin subsidence rate, an increase in the frequency of

eustatic sea-level change, or both.
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The newly recognized upper San Andres genetic unit corresponds to the halite-bearing
top portion of the previously recognized upper San Andres division, above the T—marker bed
(figs. 33, 34, and 35; interval between base of upper cycle 1 and below base of Queen-
Grayburg sequence). Cycles of the upperl San Andres are characterized by thin basal
carbonate-anhydrite units very similar to those of the middle San Andres, yet the halite
facies in the upper portions of the eycles are also preserved. Moreover, prominent and
relatively thick progradational red beds are interspersed throughout the upper San Andres
interval (figs. 33, 34, and 35). Again, the fundamental mode of cyclicity appears to be the
same as that of the lower and middle San Andres, but the tempo differs from both. A
pronounced asymmetry in the rate of eustatic sea-level oscillations relative to those of the
lower and middle San Andres, superimposed on a relatively constant regional basin
subsidence rate, might produce such cycles. Alternatively, fluctuating regional basin
subsidence rates, relative to those of the lower and middle San Andres, superimposed on
symmetric rates of eustatic sea-level osecillation, could produce the same effect.

The marked increase in thickness and frequency of primary depositional red beds in
the upper San Andres interval appears to be genetically unrelated to San Andres cyclicity.
These clastic interbeds are lithologically very similar to the overlying Queen-Grayburg red
bed sequence (S. D. Hovorka, personal communication, 1983) and are probably each minor
pulses that preface the major Queen-Grayburg progradation. This clastic influx may
represent a reactivation of tectonism in the source area or a change in the regional clastic

dispersal pattern.
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facies sequence, whereas cycle 3 exhibits a more complex salinity fluctuation as shown by
the interbedded anhydrite and carbonate units. See figure 31 for well location.

Cycle 4 displays the idealized cyeclic
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[llustrated wells are not

proportionately spaced, although absolute distance between the two endpoints is accurate.
Thirty-three wells were originally used to establish the illustrated correlations, and the

average well spacing was 3.96 mi.

labeled.
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Not all regionally correlative horizons have been
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LATE PERMIAN VOLCANIC ASH BEDS IN THE QUARTERMASTER-DEWEY LAKE
FORMATIONS, TEXAS PANHANDLE

Allan Kolker and Michael A. Fracasso

The age of the Quartermaster and Dewey Lake Formations of the Permian Basin has
generally been considered to be Late Permian; however, the possibility of an early to
middle Triassic age has also been suggested. The discovery of volcanic ash beds in these
formations in the Palo Duro Basin, radiometrically dated as Late Permian, establishes the
age of these units with greater precision.

The lithologically correlative ,Quartermaster (Tevxas‘ and Oklahoma Panhandle
outerops), ‘Dewey Lake (Panhandle and Midland Basin subsurface), and Pierce Canyon
(Delaware Basin outerop and subsurface) Formations (location B, fig. 36) are progradational
continental red-bed sequences that represent the culmination of a regional, cyelie trend of
marine regression from the Permian Basin that began in the early to middle Permian (King,
1942). The age of these units is questionable because they are unfossiliferous.

The underlying and conformable Rustler Formation in the Delaware Basin and
Alibates sequence in the Palo Duro Basin contain carbonate and evaporite beds that
represent the last trvansg'ression of the Permian sea. Late Permian (Ochoan) impoverished
and poorly preserved invertebrate faunas have been reported from both units (Baker, 1915;
Roth and‘ others, 1941; Dunbar and others, 1960). The overlying Dockum Group is widely
regarded as Late Triassic in age, largely on the basis of continental biostratigraphie
‘zonation. The Quartermaster, Dewey Lake, and Pierce Canyon Formations are usually
regarded as Ochoan in age because of their apparent genetic/lithologic continuity with the
underlying conformable Ochoan sequence (King, 1942; Miller, 1966). Their contact with the
overlying Dockum Group has been described as both unconformable and conformable. The
possibility of a locally conformable relation with overlying Late Triassic strata has been
the main basis for consideration of an early to middle Triassic age for at least part of the
Quartermaster-Dewey Lake-Pierce Canyon sequence. For the most part, the question of

time conformity may have been confused with the geometric property of stratal
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concordance, and the Dockum and underlying units may be locally concordant but
nonetheless unconformable throughout ‘their areal extent.

Two voleanic ash beds have recently been discovered in the Quartermaster (outerop)
‘and Dewey Lake (subsurface) Formations in the Palo Duro Basin. The lower ash bed, which
ranges in stratigraphic position from 13 to 66 ft above the top of the Alibates unit, has
been dated by the K-Ar method at 251 + 4 and 261 + 9 m.y. Both values are well in the
range of Late Permian ages. The upper ash bed has not been dated. The contact between
the Dockum and Quartermaster-Dewey Lake unit varies from concordant to discordant at
the locations of ash sample sites and measured sections (figs. 36, 37, and 38); the level of
the lowest Dockum biota has not been determined at these sites.

Stratigraphic sections in the Quartermaster and Dewey Lake Formations were
measured and sampled at several outcrop and subsurface sites (continuous cored sequences)
in the Palo Duro Basin (figs. 36, 37,‘ and 38) to document the areal distribution and
stratigraphic position of fhe ash beds. Illustrated lithologies were determined by the
greater-than-50-percent lithology in each 2-ft interval of the original measured sections.
For example, a 2-ft-thick sequence of 60 peréent massive mudstone and 40 percent 1- to
2-inch-thick very fine sandstone interbeds was illustrated as 2 ft of mudstone. The top of
the Alibates unit was used as a lower datum wherever possible, and sections were measured
either to the base of the Dockum Group or to a thick, massive cliff-forming sandstone
commonly present in the uppermost Quartermaster just below the Dockum.

The Dewey Lake sequenée was not examined in detail in the DOE-Gruy Federal Rex
White No. 1 core (location A, fig. 36), but the presence of both upper and lower ash beds is
noted. The lower ash bed there is situated approximately 18 ft above the top of the
Alibates. The lower ash bed was identified in all sections, but the upper ash bed was
located only in Caprock Canyons State Park and in the DOE-Gruy Federal Grabbe No. 1
and Rex White No. 1 cores. This may be a function of differential thickness rather than a

real difference in areal distribution. The lower ash bed is commonly several inches thick
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(1/8- to 8-inch observed range) and weathers to a prominent pink-white, whereas the upper
ash has a maximum observed thickness of only 1 inch and weathers to a light purple to
maroon, providing less contrast against the surrounding brick—red Quartermaster-Dewey
Lake sediments. |

Th‘e lowver ash bed is visibly cross-laminated in both outcrop and core samples
(fig. 39 a, b). Its apparently wide areal distribution and blanket-like geometry seem to
preclude deposition in restricted channels. The primary structures thus imply syndeposi-
tional reworking by gentle bottom currents. The upper ash bed is sporadically distributed
and displays no internal primary sfructures in outerop or core. It is present as a
concentration of millimeter-scale intraclasts dispersed in a 2-inch-thick intraclastic zone
in the Grabbe No. 1 core, implying reworking subsequent to pai‘tial induration.

Mineralogy and texture of the lower ash bed are the same in each sampled
occeurrence, ihcluding Palo Duro Canyon State Park, lower Palo Duro Canyon, Caprock
Canyons State Park, and the Swisher County No. 1 Grabbe core (fig. 40). Each sample
contains varying amounts of subhedral to euhedral phenocrysts in a well-crystallized cl'ay
matrix having no distinet outlines of relict shards (fig. 39¢). Locally, the orientation of
clay grains is highly random and may be inherited from devitrified shards. Common
phenoerysts include sanidine, quartz, biotite, and minor amounts of apafite, zircon, and Fe-
Ti oxide. A large proportion of sanidine grains are hollow, possibly a diagenetic feature
(fig. 39d). Some quartz grains are embayed. The presence of euhedral biotite and apatite
indicates that transport has been minimal. The upper ash at Caprock Canyons State Park
contains plagioclase in addition to sanidine and has a larger proportion of phenocrysts to
matrix than the lower ash beds. Phenocrysts are coarser g'raihed, and hollow sanidine is
less common in the upper ash.

The matrix of each lower ash bed sample consists of nonexpansive clay having a
10 &  basal spacing, probably illite (fig. 40). A minor amount of expansive‘ clay (smectite)

is present in sample PD-2 (Palo Duro Canybn) and was probably derived from alteration of
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illite. The upper ash at Caprock Canyons (samble 072982) contains only expansive clay
(smectite) having basal spacings of 15.5 X when air dried and 17.12 when glycolated,
which collapse to 9.8 )\ upon heating to 550°C for 2 hours.

K-Ar age determinations on biotite in ash beds at Caprock Canyons State Park (two
determinations) and in the Swisher County No. 1 Grabbe core give Late Permian ages
ranging from 261 + 9 to 251 + 4 m.y. (table 9). All ages are within the range of overlap of
experimental errors. K-Ar ages of 251 + 4 and 257 + 9 m.y. were determined by different
labs for two splits of a 785-mg concentrate of biotite from Caprock Canyons. Only 110 mg
of biotite was separated from tuffaceous material in the No. 1 Grabbe core. Sample size
was limited by the lower overall biotite concentration and limited volume of core available
for processing. Duplicate analyses of K-Ar40 were performed on this material, but the
second Ar40 analysis is considered less reliable because of a malfunction in an induction
furnace used to reduce contamination by atmospherie Ar40, The proportion of radiogenic
Ar40 to atmospheric Ar40 s only 0.178 in this analysis compared with 0.718 to 0.850 for
previous determinations. Because of the small sample size, no biotite concentrate was left
to repeat the second Ar40 analysis for S-915. Using the first Ar40 determination gives an
age of 261 + 9 m.y., as reported in table 9; an age of 271 + 9 m.y. is obtained if an average
of the two Ar40 analyses is used.

The presence of hollow sanidine in the Pierce Canyon red beds and elsewhere in the
Dewey Lake Formation has been noted by Miller (1955, 1966). Local concentrations of
apatite, biotite in excess of muscovite, and embayed euhedral quartz were also recognized
in the Pierce Canyon Formation. Overall, the grain size of sanidine in samples from the
Palo Duro Basin (x = 0.095 mm) appears to be less than that observed in the Pierce Canyon
red beds (0.13 mm), suggesting that the Delaware Basin is closer to the source area. Some
variation in grain size may be due to changes in wind velocity during transport (Williams

and others, 1954).
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The consistent stratigraphic position, similarity in mineralogy and texture, and
agreement (within experimental error) of K-Ar ages indicate that the "lower" ash bed
observed in all the localities is correlative and represents a unique event. Correlation 6f
the "upper" ash bed(s) is more difficult to ascertain because of their reduced thickness and

sporadic exposure.
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Figure 36. Structural elements in the Texas Panhandle region (after Nicholson, 1960) and
locations of measured sections and voleanic ash beds in the Quartermaster and Dewey Lake
Formations. (A) DOE-Gruy Federal Rex H. White No. 1; (B) Palo Duro Canyon State Park,
section K-3-83; (C) Texas Highway 207/117 crossing Palo Duro Canyon, section K-4-83:
(D) DOE-Gruy Federal Grabbe No. 1; (E) Caprock Canyons State Park, sectlons K-1-83, K-
2-83, and K-5-83.
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Measured sections K-4-83, K-3-83, and DOE-Gruy Federal Grabbe No. 1,

Quartermaster and Dewey Lake Formations, Texas Panhandle. See figure 36 for locations.
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Figure 39.
Formations, Texas Panhandle.

Canyons State Park. (b) Ripple cross-lamination, core sample, DOE-Gruy Federal Grabbe
No. 1. (c) Photomicrograph of subhedral to euhedral phenoerysts in erystalline elay matrix;

no reliet shard outlines. (d) Photomicrograph of hollow sanidine grains, possibly diagenetic
in origin.

Lower voleanic ash bed of the Permian Quartermaster and Dewey Lake
(a) Ripple cross-lamination, outcrop sample, Caprock
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Table 9. K-Ar ages and geochemical data from biotite in volcanic ash beds, Quartermaster and
Dewey Lake Formations, Texas Panhandle.

Sample 072982, Caprock Canyons State Park, Briscoe County, Texas (34°24'52"N, 101°5'51"W)

Sample weight 590 mg 195 mg

%K 783% 7,409 (avg.) 7.542
7.383

Art0* 0-1438  4.1420 ppm (avg.) 0.1406 ppm
0.1402

Ar40* : 0.823 79%

Total Ar40 0.850

Age : 257+ 9 m.y. 251+ 4m.y.

Laboratory Krueger Geochron Labs, The University of Texas at Austin,
Cambridge, MA Department of Geological Sciences

(F. W. McDowell, analyst)

Sample S-915, DOE-Gruy Federal Grabbe No. |1 Core; Swisher County, Texas (34°39'44"N, 101°37'55"W)

Microprobe analysis Ions per 24 (O,0H;F)
average of 10 analyses on
5 grains, weight percent

Sample weight 110 mg

%K 7329 7 361 (avg.) Siop  38.77 si 5.844
7.393 TiOy  3.84 Ti 0.436
Al203 13.15 Al 2.337
Ar40* 0.1435 Feob 13.99 Fe 1.765
0.15523 MgO lu.t4 Mg 3.243
Naz0 0.47 Na 0.139
K20  8.90 (K=7.39%) K 1.711
Arh0* 0.718 OHC  3.97 OH 2.000
Total Ar40 0.1782 Total 97.53 Total 17.475
Age 261**+9 m.y.
Laboratory Krueger Geochron Labs,

Cambridge, MA

Ar#0*  radiogenic Ar#0

a - incomplete sample decontamination
b - total Fe as FeO

¢ - calculated

*%* - see text

Constants used:
g = 4.963 x 10-10/yr
Ae = 0.581 x 10-10/yr

K40/K = 1.167 x 10-4
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PRELIMINARY STRATIGRAPHIC CORRELATIONS AND STRUCTURAL IMPLICATIONS
OF THE DOCKUM GROUP, PALO DURO BASIN, TEXAS

David A. Johns

Preliminary stratigraphic correlations in the Late Triassic Dockum Group indicate the
present geometry of the basin reflects Triassic and later tectonic events. Cross sections
show regional and local thickening of sandstone units due to tectonism contemporaneous
with deposition. Well core and cross sections illustrate the variable erosional contacts at
the base of the Dockum in the basin.

Previous studies of Dockum Group strata have focused primarily on outerop interpre-
tation (Seni, 1978; Boone, 1979; McGowen and others, 1979, 1980; Seni and others, 1980),
whereas subsurface studies have not been as extensive, particularly in the Palo Duro Basin
(McGowen and others, 1980; Granata, 1981). Since these studies were completed,
additional well control has become available, particularly from the drilling and coring
operations of the West Texaé Waste Isolation Project.

The Late Triassic Dockum Group conformably and disconformably overlies the
Permian Dewey Lake Formation. It is disconformably overlain by Cretaceous strata in the
southern part of the basin and is separated from the overlying Ogallala Formation in the
central and northern portion of the basin by an angular unconformity (fig. 41). Two cross
sections constructed across the basin (figs. 42, 43, and 44) show that the upper erosional
contact with the Ogallala is easily identified and locally cuts deeply into Dockum strata.
Where present, Cretaceous rocks are commonly difficult to identify using available
geophysical logs because their gamma-ray response is similar to that of Triassic rocks
(fig. 45). The basal Triassic contaect is also not readily detected, possibly because the lower
Dockum rocks are composed of reworked Permian sediments (Page and Adams, 1940). Four
Department of Energy wells cored the Permian-Triassic boundary interval, providing an
excellent opportunity to visually identify the contact on the basis of criteria applied at
outcrops and to note its corresponding geophysical log response. Such procedures allow a
higher degree of confidence in subsurface correlations and permit more accurate regional

stratigraphic analysis that combines the use of subsurface and outcrop data.
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The Palo Duro Basin is a broad syncline gently plunging to the south-southeast |

(figs. 43 and 44). The base of the Dockum, although locally disconformable owing to
erosion (McGowen and others, 1979), is structurally concordant with the underlying

Permian strata. These units have been warped into a synciine and illustrate that the

present geometry of the basin, largely a relict late Paleozoic structure, also reflects

Triassic and later structural changes. However, there is some evidence of development
during early Dockum deposition. A west-to-east cross section (fig. 43) across the basin
shows that the basal sandstone package is roughly uniform in thickness, thus indicating no
areas of preferred sand deposition.. The north-to-south section (fig. 44) shows that the
basal sandstone package is thicker in the middle of the present-day basin and thins over the
Matador Arch. This suggests that the arch was a positive structural element during
sandstone deposition. Evidence of differential subsidence within the basin can be inferred
from figure 43, which shows the nonsandstone section between the basal and middle
Dockum sandstone packages thinning to the east. This eastward thinning is probably due to
two factors: (1) nondeposition in the east because of greater subsidence in the western
part of the basin and (2) erosi_on of the nonsandstone section by headward-eroding streams
during a period of low lake level (McGowen and others, 1979). Differential subsidence
could cause a relative lowering of base level. It is possible that the high-stand/low-stand
cycles of deposition noted by McGowen and others (1979) could be due to both climatic
variations and structural activity.

Depositional styles of Triassic strata contrast with those of Permian strata. The
Permian evaporite environments were replaced by lacustrine and fluvial-deltaic environ-
ments, possibly resulting from climatic changes and reactivation of older structural
elements due to the opening of the Gulf of Mexico (McGowen and others, 1979). Although
the fluvial-deltaic deposits in the Dockum generally lack vertical and horizontal continuity,
some sandstone packages, particularly in the basal package, can be traced laterally for

miles and can be used to illustrate effects of Triassie tectonic activity. For example, in
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Lamb Coﬁnty (fig. 44) the basal sandstones thicken southward into a structural low (well
no. 67), suggesting a structure contemporaneous with deposition. This structural low could
have originated from eifher tectonic activity or dissolution in the underlying Salado salt
section. The cross section shows that thickness of Salado salt in well no. 67 is about 80 ft
less than that of well no; 58. Because this amount is also fhe difference in thickness of the
basal Dockum sandstone package, a logical conclusion would be that dissolution of salt
occurred contemporaneously with sandstone deposition. The cross section, however, shows
that about 250 ft is offset on the top of the Alibates Formation (fig. 44), of which 80 ft can
be attributed to salt dissolution. The remainiﬁg 170 ft of offset is readily explained by
faulting. Because reactivation of old structural elements is thought to have initiated
Dockum deposition, it is more likely that faulting ocecurred first, possibly creating
permeable conduits along which ground water could have flowed to the salt beds.

Seni (1978) noted the erosional nature of the lower Dockum contact in Palo Duro
Canyon State Park. Analysis of core from the DOE-Gruy Federal Rex White No. 1 well
(Randall County No. 25), located near the park, also displays a pronounced erosional
boundary (fig. 45). Delineation of this contact is very important because the coarse
siltstone at the top of the Dewey Lake Formation appears to be widespread in the basin and
is difficult to differentiate from the basal Dockum sandstones on older, less sensitive
gamma-ray logs.

In the Tule Canyon area, in western Briscoe and eastern Swisher Counties, Boone
(1979) noted a gradational contact at the base of the Dockum. Analysis of core from the
nearby DOE-Gruy Federal Grabbe No. 1 well (Swisher No. 17), although inconclusive
because of recovery problems, suggests that the contact lies at the base of a fine-grained
sandstone (fig. 45) that, judging from gamma-ray log character, appears to have a sharp
lower boundary similar to that in thé Rex White well. This diserepancy between outcrop
and core may be due to local channeling at the base of the Dockum, thus emphasizing the

highly variable character of the pre-Dockum surface.
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Figure 41.

GENERAL

Stratigraphie column and general lithology of the Palo Duro Basin.
Budnik and Smith (1982).
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Figure 45. Core description of the Dewey Lake Formation and Dockum Group correlated
with geophysical well log patterns, Rex White No. 1 (Randall No. 25) and Grabbe No. 1

(Swisher No. 17).
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LITHOSTRATIGRAPHIC SECTIONS: STONE AND WEBSTER ENGINEERING CORPORA-
TION HARMAN NO. 1 AND ZEECK NO. 1, SWISHER COUNTY, TEXAS

Susan D. Hovorka, Sterling Thomas, Barbara A. Luneau, and Stephen C. Ruppel

Cores from two new wells, the Stone and Webster Engineering Corporation Harman No. 1
and the Stone and Webster Engineering Corporation Zeeck No. 1, have allowed further
examination of the stratigraphic column in Swisher County, including the base of the
dissolution zone and top of salt and the San Andres Formation. In addition, the Zeeck No. 1
core contains parts of the Wichita and Wolfcamp shallow-water carbonates and Pennsyl-
vanian starved basin deposits.

The Stone and Webster Engineering Corporation (SWEC) Harman No. 1 well in north-
western Swisher County was completed to 5,052 ft total depth; 1,475 ft were cored. The
SWEC Zeeck No. 1 well in central Swisher County was completed to 7,645 ft, and 2,083 ft
were cored. The stratigraphy and lithology of these wells are illustrated in plates I and II
(in pocket), which include a suite of geophysical logs, stratigraphy, a generalized lithologic
log, and a graph of percent halite of the cored intervals of each well. This paper describes

the lithologies present in these cores, emphasizing features that have contributed new

insight into depositional and diagenetic processes of these rocks.

Stone and Webster Engineering Corporation Harman No. 1

The upper cored interval from the Harman No. 1 well (1,072 to 1,302 ft) contains the
lower half of the Alibates Formation, the Salado-Tansill Formation, the Yates Formation,
and the top of the Seven Rivers Formation. Insoluble residues of this interval left after
dissolution of bedded halite in the Salado-Tansill Formation are less abundant than this
interval in other cores (Hovorka, this volume, "Evidence of Halite Dissolution in Core from
beneath the Southern High Plains, Texas"). The Yates Formation is thicker and is
composed of a higher percentage of very fine sandstone, compared with the same interval
in the other cores.

The uppermost halite in the Harman No. 1 core (1,196 to 1,260 ft, Yates Formation)

occurs as isolated halite crystals corroded and rimmed with a thick layer of multifaceted
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dolomite or anhydrite (fig. 46). The top of the uppermost halite bed occurs in the Seven
Rivers Formation at 1,264 ft; horizontal veins filled with halite occur above and below this
unit (fig. 47). Such veins have not been identified within the salt section and, therefore,
are tentatively interpreted as being related to mobilization of halite during dissolution.
Preserved halite in the interval cored contains no primary structures, which is interpreted
as being due to moderate recrystallization within the Permian depositional environment,
under present conditions or at some time in between.

The lower cored interval includes most of the San Andres Formation, from the base
of unit 2 carbonate to the top of the formation, and 155 ft of the overlying Queen-
Grayburg Formation. The new informal division of the San Andres into cyclic genetic units
(Fracasso, this volume) is used here. Interesting features observed in this core include well
developed grainstone sequences in the unit 4 limestone, many of which fine upward
(fig. 48). Many of the grains are skeletal fragments or coated grains. Also present are
large productid brachiopods, possible phyloid algal fragments, and mollusk fragments, some
with preserved skeletal fabric. The top of the unit 4 carbonate is dolomite with anhydrite
nodules and contains oncolite grainstone and possible mud cracks, evidence of subaerial
exposure (fig. 49). The unit 4 anhydrite is unusually thick and colored dark by the large
amount of admixed mudstone. Good examples of anhydrite fabrics are present within the
San Andres. Single anhydrite crystals greater than 20 em tall w‘ith well-preserved fine
growth laminae are present at 2,145 to 2,147 ft (fig. 50). Large pseudomorphs after
gypsum are also present at 2,626 and 2,648 ft. Irregﬁlar bedding surfaces with pseudo-
morphs after gypsum ecrystals radiating outward, rather than upward, can be seen at
2,168 ft and 2,561 to 2,564 ft (fig. 51).

Dominant lithologies in the overlying Queen-Grayburg Formation are very fine and
fine sandstone with dissipation structures (Ahlbrandt and Fryberger, 1981) (fig. 52) and lag
deposits of polished medium sand forming a bimodal texture indicative of eolian origin.

The contact between the Queen-Grayburg sandstone and the underlying San Andres halite is
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marked by 10 ft of mudstone characterized by deformed flaser bedding in the upper part

and displacive halite crystals and wavy anhydrite beds in the lower part.

Stone and Webster Engineering Corporation Zeeck No. 1

The upper cored interval of the Zeeck No. 1 weli includes the lower part of the
Alibates and the upper part of the Seven Rivers Formations. Contorted structures in the
Alibates are tentatively attributed to an early episode of diagenesis, possibly accompanied
by dissolution and collapse (Hoirorka, this volume, "Evidence of Halite Dissolution..."). The
upper part of the Salado-Tansill is mudstone with a minor amount of gypsum and anhydrite.
It exhibits abundant slickensided joints in mudstone, high- amplitude wavy lamination in
thin anhydrite beds, and mudstone-anhydrite breccias. These features are interpreted as
being due to dissolution of halite (Hovorka, this volume, "Evidence of Halite
Dissolution..."). The uppermost occurrence of halite in this core is at 1,101> ft in the
Salado-Tansill Formation in the form of vertical white halite-filled veins partially replaced
by anhydrite (fig. 53). Because of their similarity to vertical halite-filled fractures
common within the halite section, these veins are tentatively interpreted as relict early
diagenetic fractures. Beds sﬁrrounding the uppermost halite-filled fractures are mudstone-
anhydrite insoluble residues, indicating that smaller halite erystals have been dissolved
from this interval. In the 15 ft below the uppermost halite, halite occurs as corroded,
partially anhydrite-replaced crystals and as cement in a clean sandstone bed. Below
1,117 ft, halite occurs as typical mudstone-halite. A few fractures in mudstone-halite at
1,123 ft, some magnesite nodules at 1,129 ft (fig. 59), and unusually coarse halite crystals
at 1,140 to 1,143 ft are interpreted as possible evidence of reecrystallization due to the
penetration of ground water into this interval (fig. 54-55; Hovorka, this volume).

The lower cpred interval includes the top of the unit 2 halite and overlying San

Andres Formation and 120 ft of the Queen-Grayburg Formation. Notable features of the
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San Andres Formation include plant fragments in the unit 3 carbonate (3,082 ft and
dolomite intraclast beds with scoured bases (storm scour chanﬁels, fig. 56) stratigraphically
equivalent to the unit 4 anhydrite in other cores. The unit 4 anhydrite in the Zeeck well is
less than 1 ft thick. The upper part of an anhydrite bed within unit 4 halite (2,814 ft)
contains red-brown mudstone in horizontal and vertical pockets, possibly due to microkarst
in the gypsum precursor to anhydrite (fig. 57). An anhydrite bed deformed by collapse into
a small karst pit in halite is present at 2,244 ft in unit 5.

Good examples of chevron structures in halite are present at 2,773 to 2,778 ft (large
flawed chevrons with even zonation) and at 2,656 (chevrons oriented with coigns pointing
sideways as well as upward), 2,859, and 2,848 ft (chevrons truncated by mudstone beds).
Examples of recrystallized halite at the tops of cycles are present at 2,827 (beneath
anhydrite bed within unit 4 halite), 2,736 (top unit 4), and 2,565 ft (top of incomplete cycle
in middle San Andres).

Three intervals cored below the halite section are the lower part of the Wichita
Formation and top of the Wolfeamp, an interval of Wolfecamp basinal shales, and an interval
of Pennsylvanian basinal shales. The Pennsylvanian sequence (7,300 to 7,370 ft) is
composed of dark claystone containing abundant beds of very fine sandstoﬁe and coarse
siltstone with starved-ripple lamination. Sparse, compacted horizontal burrows, normal
and reverse graded beds, and intervals with abundant pyritized plant fragments are present.
Identification of this interval as Pennsylvanian is based on regional correlation of
geophysical logs. The Wolfcamp basinal facies (6,058 to 5,909.8 ft) is composed of dark,
calcareous claystone and argillaceous limestone. Compacted burrows, whole and frag-
mented brachiopods, and plant fragments are common. A carbonized impression identified
as Caulurpa sp. found at 5,969.2 ft has been preserved at the Texas Memorial Museum.

The upper cored interval (5,309 to 5,780 ft) has 228 ft of dark, variably calcareous
claystone with sparse brachiopods and foraminifers. Two carbonate units are present in

this interval: crinoid-brachiopod mudstone coarsening to packstone at 5,701 to 5,727 ft and
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fossiliferous packstone and wackestone containing abundant oncolites at 5,604 to 5,642 ft.
The upper carbonate unit has been partially dolomitized, and some grains have been
replaced or cemented by anhydrite. Skeletal carbonates of the Wolfecamp shelf facies begin
abruptly at 5,552 ft, where they are burrowed and cross-laminated grainstones and
packstones (fig. 58) containing ooids and coated grains. Porous, sucrosic dolomite occurs
between 5,470 and 5,510 ft. The gradational contact between the Wolfcamp and the
Wichita Formation is marked by upward decrease in grain size and allochem diversity.
Abrupt vertical changes betweén oncolite grainstone, algal lamination, small stromatolites
at 5,429 ft, and ripped-up organic rr;aterial at 5,441 ft suggest that these sediments may
have accumulated in intertidal and supratidal environments. @ Much of the partial
dolomitization of carbonates in the Wolfcamp-Wichita transitional interval is tentatively
interpreted as diagenetic rather than syndepositional because the dolomite is sucrosic and
its distribution is not facies controlled. Anhydrite is present only as replacive masses. The
contact between the Wolfeamp and Wichita Formations is placed at 5,452 ft on the basis of
regional correlations, but Wolfecamp-like coarse grainstone occurs as high as 5,392 to
5,398 ft, and large amounts of nodular anhydrite are not present below 5,370 ft, indicating
that hypersaline Wichita conditions in this area were established g'radually. The Wichita in
the upper part of the cored interval is composed of alternating dolomitized, fine, coated
grain grainsto‘ne and packstone, dolomitized carbonate mudstone, nodular anhydrite mosaiec,
and minor siliciclastic mudstone and claystone, similar to Wichita rocks in the SWEC

Sawyer No. 1 core.
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Figure 46. Uppermost occurrence of
halite in Stone and Webster Engineering
Corporation Harman No. 1 core com-
posed of corroded halite ecrystals (H)
rimmed with anhydrite and dolomite (A),
Yates Formation, 1,198 ft.
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Figure 47. Halite-filled vein (H), inter-
preted as possible evidence of local
reprecipitation of halite associated with
regional dissolution. Stone and Webster
Harman No.1 core, Seven Rivers
Formation, 1,261 ft.



Figure 48. Typical limestone of unit 4 of
the San Andres Formation, showing the
burrowed coarse grainstone (G) at the
base of one upward-fining sequence
overlying the fine wackestone (W) at the

top of the underlying sequence. Stone
and Webster Engineering Corporation
Harman No. 1 core, 2,862 ft, core width
10 em.
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Figure 49. Possible supratidal dolomite
at the top of San Andres unit 4 showing
thin bedding, oncolite grainstone, and
possible desiccation crack. Stone and
Webster Engineering Corporation
Harman No. 1 core, 2,834 ft, core width
10 em.



Figure 50. Tall, finely banded halite and
anhydrite pseudomorphs after bottom-
nucleated gypsum crystals. San Andres
Formation, Stone and Webster Engineer-
ing Corporation Harman No. 1, 2,146 ft.
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Figure 51.
crystals
irregular bedding surface. San Andres
Formation, Stone and Webster Engineer-
ing Corporation Harman No. 1, 2,167 ft.

Pseudomorphs after gypsum
radiating outward from an
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Figure 52. Typical fine sandstone with
irregular, millimeter-thick clay concen-
trations called dissipation structures (D)
in the Queen-Grayburg Formations,
Stone and Webster Engineering Corpora-
tion Harman No. 1 core, 1,934 ft.
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Figure 53. Halite-filled vertical frac-
tures (F) separated by thin horizontal
partings of anhydrite (A) in the upper-
most occurrence of halite in the Stone
and Webster Engineering Corporation
Zeeck No. 1 core, Salado-Tansill
Formations, 1,102 ft.



Figure 54. ' Unusual magnesite nodules
indicating the probable penetration of
diagenetic waters into the halite of the
Salado-Tansill Formations, Stone and
Webster Engineering Corporation Zeeck
No. 1 core, 1,129 ft.
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Figure 55. Extremely coarse crystals in
Salado-Tansill halite indicating the pene-
tration of ground water deeper than the
interval in which dissolution occurred.
Stone and Webster Engineering Corpora-
tion.Zeeck No. 1, 1,143 ft.



Figure 56. Oncolite grainstone at the

top of unit 4 carbonate,

Webster Engineering Corporation Zeeck

No. 1 core, 2,918 ftf

Stone and
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Figure 57. Possible karst pits in an
anhydrite bed within the unit 4 halite
filled with mudstone and halite. Stone
and Webster Engineering Corporation
Zeeck No. 1 core, 2,814.5 ft.



Figure 58. Cross-laminated carbonate
grainstone in the Wolfeamp, Stone and
Webster Engineering Corporation Zeeck
No. 1, 5,494 ft.
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CORRELATION OF CLEAN, MUDDY, AND ANHYDRITIC ZONES IN HALITE, SAN
ANDRES FORMATION UNITS 4 AND 5, DEAF SMITH COUNTY, TEXAS

Susan D. Hovorka, Barbara A. Luneau, and Sterling Thomas

Detailed logging of cores from three DOE stratigraphic test wells in Deaf Smith County
has established a basis for correlation of zones of mudstone beds, clean halite, and
anhydritic halite within the halite rock of units 4 and 5 of the San Andres Formation.

The results of previous studies of the thick halite rock intervals in the San Andres
Formation are difficult to interpret. Handford (1981) studied bromide content of halite, a
trace constituent useful for interpreting fhe composition of the brine from which the halite
for‘med, and found no apparent trend in the San Andres unit 4 halite. Ruppel and
Ramondetta (1982) mapped the salt quality (mudstone content) of the San Andres units 4
and 5 on the basis of gamma-ray log response. Trends shown on the salt quality maps are
spotty and difficult to interpret.

Recurring sequences with‘in the halite units of the San Andres Forrhation have been
observed during logging of seven new DOE cores. Detailed logging using a variety of visual
logging techniques hag identified 1- to 3-m-thick zones that are traceable between the
three Deaf Smith wells (figs. 59 and 60). Logging techniques used are (1) visually
estimating volume pefcent composition, (2) mapping sedimentary structures, (3) identifying
dominant salt type on the basis of textural classification of halite (Hovorka, this volume,
"Textural Classification of Salt with Genetic Significance"), and (4) 'mapping the location,
composition, and thickness of all interbeds or partings of any thickness within halite.

Figure 59 illustrates two thin anhydrite beds from the unit 5 halite. These beds are
correlatable in three wells. Comparison between the cores shows the continuity of thin
units over tens of kilometers; it also documents the presence of facies variations. For
example, the thicker lower anhydrite bed in the J. Friemel (2,430 ft) and Detten (2,436 ft)
cores overlies several thin mudstone partings, but in G. Friemel at a»bout 2,295 ft no

mudstone is present below the anhydrite, but three partings are present above it.

110



Figure 60 shows one of a number of sequences in unit 4 of clean, slightly anhydritic
salt with well-preserved primary fabric overlain by abundant mudstone beds and zones of
chaotic mudstone-halite rock. Individual mudstone and anhydrite partings are not
correlatable between wells, but zones in which partings are concentrated can be corre-
lated.

This kind of correlation is possible through all of units 4 and 5 in Deaf Smith County,
and preliminary logging suggests that in Swisher County similar zones are correlatable.
The most difficult zone to correlate is the upper 10 ft of halite in each cycle.

A depositional model for the origin of these zones is based on study of sedimentary
structures and bromide composition (Fisher and Hovorka, this volume). Clean, anhydritic
halite with abundant primary fabric such as shown in the lower part of figure 60 was
deposited in shallow, regionally extensive brine pools. Continued connection with the
marine environment allowed episodic influx of marine-derived brines. These brines
(1) slightly corroded the halite on the floor of the pools and (2) precipitated a minor amount
of anhydrite before (3) evaporating sufficiently to continue to precipitate halite. If more
complete connection with the marine environment were established, probably because of an
increase in water depth, the resultant salinity decrease might lead to an episode of
anhydrite deposition, as illustrated by the two beds depicted in figure 59. The mudstone
beds represent episodes of influx of clastics into the basin. Most of the mudstone beds
overlie 1- to 30-em-thick layers of halite that has been corroded, pitted by karst processes
and recrystallized, suggesting that mudstone deposition occurred when the halite was sub-
aerially exposed. Mudstone beds were probably deposited when input of brine was shut off,
causing the flat to become dry.

That these zones, reflecting subtle variations in the halite environment, can be
correlated from well to well indicates that the factors controlling facies in the halite
affected large areas. Halite was deposited not in isolated brine pools but, like the

underlying carbonate and sulfate parts of the cycle, in a shallow but extensive water body.
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Figure 59.

Example of detailed logs of Stone and Webster Engineering Corporation

J. Friemel No. 1, Detten No. 1, and G. Friemel No. 1 cores, San Andres Formation unit 5,
showing correlation of two thin anhydrite beds.
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Figure 60. Example of detailed logs of Stone and Webster Engineering Corporation,
d. Friemel No. 1, Detten No. 1, and G. Friemel No. 1 cores, San Andres Formation unit 4,

> showing correlation of zones of anhydritic halite with primary fabric and the overlying
zone of muddy halite with many mudstone interbeds.
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- EVIDENCE OF HALITE DISSOLUTION IN CORE FROM BENEATH
THE SOUTHERN HIGH PLAINS, TEXAS

Susan D. Hovorka
Cores from seven of the stratigraphic test wells drilled by DOE in the northern Palo Duro
Basin have been examined. All of the cores contain evidence that halite once existed
above its present uppermost occurrence. Dissolution beneath the Southern High Plains
appears to have been a slow, noncatastrophic process in which rapid collapse did not occur.
Two stages of diagenesis, probably accompanying two episodes of halite dissolution, can be
identified. ’
Features formed during dissolution of thick sequences of bedded halite in the San
Andres Formation beneath the Rolling Plains physiographic province were examined in the
Stone and Webster Engineering Corporation (SWEC) Sawyer No.1 core from Donley
County, Texas (Hovorka, 1983c). A related but different suite of dissolution zone features
that result from dissolution of stratigraphically higher bedded halite beneath the Southern
High Plains was identified in cores from seven DOE stratigraphic test wells (fig. 61):
(1) wavy-laminated anhydrite-gypsum-multifaceted dolomite: insoluble residue
from the dissolution of relatively clean, anhydritic halite beds (fig. 62);

(2) mudstone—anhydrite—g'ypsum-multifaceted dolomite: insoluble residue from
dissolution of chaotiec mudstone-halite rock (figs. 63 and 64);

3) fractured mudstone with slickensided surfaces: a result of collapse of beds
overlying areas of halite dissolution (fig. 65);

(4) horizontal and high-angle fibrous gypsum-filled veins, opened duriﬁg collapse
as underlying halite was x;emoved (fig. 66);

(5) hydration of anhydrite to gypsum under the influence of penetrating ground
waters (fig. 67);

(6) recrystallization of anhydrite to a coarser grain size, probably due to interac-

tion with invading ground water (fig. 68); and

(7 recrystallization of halite to coarse grain size, probably also due to interaction

with invading ground water (fig. 69).
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The evidence that these features are related to dissolution is

(1) the features are confined to the part of the stratigraphic section above or

intertonguing with the uppermost halite; and

(2) the features are restricted to stratigraphic intervals that contain salt in other

areas.

Some -evidence of the timing of dissolution can be gained from examination of the
core. Most of the dissolution at the top of the salt section is identified as occurring in the
burial rather than the depositional environment, therefore occurring in ppst-Permian or
latest Permian time. Multifaceted dolomite is abundant in residues. This dolomite is a
late diagenetic produect not presént in residues formed in the depositional environment
(Hovorka, 1983b, c) and therefore indicates a late timing of dissolution. Halite has been
dissolved from all depoéitional environments from the most evaporitic to the most
terrestrial, indicating dissolution did nof occur in the Permian depositional environment.
The top of halite occurs in a different stratigraphic position in each well (fig. 61), and its
removal due to dissolution ecrosscuts facies boundaries.

Comparison of the seven cores from the Southern High Plains and the SWEC Sawyer
No. 1 core from the Rolling Plains east of the Caprock Escarpment shows that (1) less
halite has been dissolved from the High Plains because of penetration of dissolving waters
to stratigraphically shallower intervals, (2) cavern formation and collapses producing
breccias have not been identified in the High Plains but are commonly observed in the
Rolling Plains both at the surface (Simpkins and others, 1981) and in core, and (3) anhydrite
has been less extensively hydrated to gypsum in the High Plains cores, perhaps because the
lower permeability of enclosing sediments decreased the availability of fresh waters.
Dissolution of bedded halite is clearly an active process in the Rolling Plains. The
processes of dissolution in the Southern High Plains appear to be sluggish, and the current
rate of dissolution is not apparent from core studies. However, there is no evidence of

post-dissolution diagenesis, which suggests that dissolution may be an ongoing rather than a
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relict process. Specific examples of apparently ongoing dissolution are open pores left
after the removal of halite and before the precipitation of gypsum (fig. 70) and euhedral
gypsum replacing anhydrite (fig. 71).

An early stage of diageﬁesis and probable accompanying dissolution is recognized by
precipitation of caleite and replacement of sulfates by carbonates (figs. 72, 73, and 74).
"This type of diagenesis is confined to the uppermost stratigraphic units--the Dewey Lake,
Alibates, and top of the Salado-Tansill Formations--ﬁnd does not occur in the crosscutting,
therefore younger, areas of dissolution. Precipitation of carbonates occurred in a
geochemical regime different from the present one, and because of its restriction to
uppermost stratigraphie horizons, probably formed before development of the present basin
geometry and topography. The Alibates Formation is microfaulted and folded at many
intervals in core; this is tentatively attributed to removal of halite cement from carbonate
and anhydrite and collapse of the resulting dolomite silt ooze when underlying halite was
removed (fig. 75). Similar deformation of carbonate after removal of halite cement has
been observed in the SWEC Sawyer No. 1 core, which recovered some intervals of soft
dolomite silt coze. Siltstone casts of halite hopper crystals in the Dewey Lake Formation
were observed in outecrop by Kolker and Fracasso (verbal communication), and deformed
intraclastic texture attributed to churning of sediment during growth and removal of
displacive halite in the depositional environment has been observed throughout the
forrhatioh.

The early calcite-precipitating waters probably caused dissolution of halite from the
Dewey Lake, Alibates, and top of Salado-Tansill Formations at some time or times during
the latest Permian or Mesozoic. A change in environment causing locally deeper,
apparently slow but still ongoing dissolution produced the suite of most recent features

observed in all cores.
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Figure 62. Typical fabries in the dissolu-
tion 2zone, Seven Rivers: Formation,
Stone and Webster Engineering Corpora-
tion . Detten No. 1 core, 1,327.8 to
1,329.3 ft. Anhydrite (A) at the base of
the core is overlain by an insoluble
residue of anhydrite, gypsum, and multi-
faceted dolomite with characteristic
wavy lamination (IR). Mudstone (M) has
been fractured, and some fractures are
filled with gypsum cement. Anhydrite at
the top is coarse (CA) and may have
originated as an insoluble residue or by
recrystallization of an anhydrite bed.
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Figure 63. Insoluble residue breccia of
mudstone, anhydrite, gypsum, and multi-

faceted dolomite in core, DOE-Gruy
Federal Rex White No. 1, 613 ft, Salado-
Tansill Formations, width about 8 em.



Figure 64. Photomicrograph of insoluble residue of
mudstone, anhydrite, gypsum, and multifaceted dolomite.
Euhedral crystals are multifaceted dolomite, mudstone is
dark, gypsum (G) has a fibrous texture. Stone and Webster
Engineering Corporation Mansfield No. 1 core, 608.4 ft,
crossed nicols, width 3.25 mm, Seven Rivers Formation.
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Slickensided surfaces of
fractures, some coated with gypsum vein

Figure 65.

fillings. Same mudstone core as shown
in figure 62, Stone and Webster
Engineering Corporation Detten No.1
core, 1,328.5 ft, Seven Rivers
Formation.
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Figure 66. Fibrous gypsum-filled veins,
Salado-Tansill Formations, DOE-Gruy
Federal Rex White No. 1 core, 528 ft.



Figure 67. Nodular anhydrite hydrated
to gypsum in isolated spherical patches
(dark areas); Stone and Webster
Engineering Corporation Detten No. 1
core, 1,147 ft, Alibates Formation.
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Figure 68. Photomicrograph of spherulitic, coarsely
crystalline anhydrite in the dissolution zone, DOE-Gruy
Federal Grabbe No.1 core, 1,040.9 ft, Salado-Tansill
Formations, crossed nicols, width 7.7 mm.
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Figure 69. Coarsely crystalline halite
texture characteristic of the uppermost
halite preserved. The planar surfaces at
the broken ends of core are along cleav-
age through single halite crystals, Seven
Rivers Formation, DOE-Gruy Federal
Grabbe No. 1 core; 1,164 to 1,168.8 ft.
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Figure 70. Dissolution zone at 1,263 to
1,266 ft in the Stone and Webster
Engineering Corporation G. Friemel
No. 1 core at the base of the Seven
Rivers Formation. Halite remains in
pockets in anhydrite in the lower part of
the core. In the middle of the core,
halite has been dissolved and the pockets
are open voids. In the upper part of the
core, the pores have been filled with
gypsum. Halite in the middle of the core
appears to have been dissolved more
recently than that in the upper part
because gypsum has not yet had time to
fill the voids, suggesting dissolution may
be an ongoing process in this area. Core
is 10 em wide.



Figure 71. Euhedral gypsum replacing fine anhydrite mosaic.
The anhydrite is an insoluble residue from Permian or more
recent dissolution of halite. The faces of the gypsum crystal
indicate that it is the most recent replacing phase, probably
the result of penetration by ground waters 327 ft into the
halite section. Upper San Andres Formation, Stone and

Webster Engineering Corporation Mansfield No. 1 core,
1,153.5 ft.
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Figure 72. Replacement of gypsum
crystals by anhedral dolomite (D) in
anhydrite matrix in the Alibates
Formation, DOE-Gruy Federal Grabbe
No.1 core, 958.9 ft, width 7.7 mm,
crossed nicols. This type of replacement
has been observed only in the Alibates
Formation.
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Figure 73. Caleite cement (C) in bimodal eolian sandstone,
Dewey Lake Formation, DOE-Gruy Federal Grabbe No. 1
core, 740.9 ft, width 0.85 mm, crossed nicols. Calcite-
cemented sandstone is observed only in the Dewey Lake
Formation because of early removal of halite cement.
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Figure T74.
coarse euhedral gypsum ecrystals in mud-

Calecite (white) replacing

stone. The: coarse crystals are unlike
any found in the younger dissolution zone
or in the unaltered salt section and are
interpreted to have formed during an
early dissolution event. Invading ground
water first mobilized sulfate and repre-
cipitated it as coarse gypsum crystals,
which were then replaced by caleite.
Stone and Webster Engineering Corpora-

tion Mansfield No. 1, 585.0 ft, width
7.7 mm, plane light, Salado-Tansill
Formations.
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Figure 75. Microfaulting and folding
typical of the Alibates Formation, Stone
and Webster Engineering Corporation
Harman No. 1 core, 1,096 ft.



TEXTURAL CLASSIFICATION OF SALT WITH GENETIC SIGNIFICANCE

Susan D. Hovorka

A classification of halite based on crystal size, crystal shape, amount and composition of
impurities, distribution of fluid inclusions, and characteristic sedimentary structures has
been developed from examination of cores of Upper Permian bedded salt from the Palo
Duro Basin. Eight classes are characterized by a variety of fabrics, from those that
originated as primary brine-pool precipitates to those that formed during diagenesis.

Analysis of nine cores through Permian bedded halite in the Palo Duro Basin has
required development of a classification of halite textures. Most of the ’halite studied in
detail has been from the San Andres Formation units 4 and 5; although similar fabries occur
in the selected intervals from other parts of the Permian section examined. Halite is
classified on the basis of examination of slabbed core; however, geochemical and
petrographic studies have aided in the development of this classification.

The fabries used to classify halite and the resulting eight classes are shown in
table 10. Each halite type is identified by a letter symbol, used for measured sections and
geochemical data, and a type name. Typical crystal size, shape, composition and ldcation
of impurities, and fluid inclusion distribution are given for each type. The associated halite
types, a summary of identifying characteristies, and a sketeh of typical fabric are shown.
The first five classes (chevron halite rock; color-banded, vertically oriented halite rock;
chaotic mudstone-halite rock; equant muddy halite rock; and equant anhydritic halite rock)
are fabrics arranged, left to right, from those showing the most primary fabries to those
showing the most altered fabries. The remaining three classes of halite (displacive halite,
cavity-filling halite cement, and fibrous fracture-filling halite cement) are fabries pro-
» duced by halite introduced into sediments during diagenesis.

Chevron halite rock (type A) is characterized by abundant minute (less than
50-micron) fluid inclusions. Variation in the density and size of the inclusions defines
relict growth faces of the crystals (chevron structures), showing that the crysté.ls grew

upward as a crust on the brine-pool floor (fig. 76). Most crystals are elongated vertically
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as a result of competition for space. Truncation surfaces formed by lowered salinity,
probably during addition of marine-derived brine not yet evaporated to halite saturation, |
are visible as and anhydrite partings (figs. 77 and 78). Anhydrite in partings as well as
between crystals is the most common impurity in chevron halite, typically 1 to 5 percent of
the rock, and in combination with the abundant fluid inelusions imparts a conspicuous white
color to the rock. |

The fabric of chevron halite in almost all examples has been disturbed by recrystal-
lization along grain boundaries and by formation of karst pipes and pits. Karst pits are
several centimeters wide and 10 em to as much as 2 m deep and can be recognized as areas
where primary fabrics have been dissolved and the cavity filled with coarse, clear halite
cement and/or concentrations of siliciclastic mudstone (figs. 79 and 80). The floors of pits
are blanketed with anhydrite or mudstone left as a residue when the halite was dissolved.
Pipes are narrow (1-em-wide), anastomosing, vertical flaws in the halite where halite was
* recrystallized or dissolved, presumably along fractures that have now been healed. Pits
and pipes appear to have been superimposed on brine-pool fabries during episodes when the
brine-pool dried up and the halite was exposed to corrosion by meteoric water. Many but
not all pits and pipes can be traced upward to mudstone beds that are thought to have been
deposited on the surface during the formation of pits and pipes.

Color-banded, vertically orienfed halite rock (type B) resembles chevron halite rock
in the abundance of anhydritic partings and the vertical elongation of the crystals, but the
minute fluid inclusions and the chevrons they define are absent. Dark color due to trace
amounts of élay and organic material is typical. Variations in the intensity of the color
define bedding (color banded) (figs. 80 and 81). Vertically oriented crystals, anhydrite
partings, and color bands are commonly associated but occur separately in a few intervals.
Color-banded, vertically oriented halite rock, like chevron halite rock originated as a

brine-pool precipitate. The difference in fabric is due to as-yet-unidentified subtly
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different environmental eonditions. Color-banded, vertically oriented halite rock contains
abundant pits and pipes.

Chaotiec mudstone-halite rock (type D) is composed of masses of siliciclastic mud-
stone between relatively coarse, euhedral to anhedral halite crystals (figs. 81 and 82). No
bedding is preserved, and the origin of this fabrie is in many exampleé enigmatic. A model
for formation of chaotic mudstone-halite rock has been developed on the basis of
examination of intervals in which some texture is preserved. The parent material was
color-banded, vertically oriented or chevron halite rock. Extensive alteration during
prolonged exposure resulted in destruction of most primary fabric by the formation of pits
and pipes and recrystallization of halite. Mudstone accumulation was favored by several
factors: (1) The dry condition of the flat prevented precipitation of halite, but input of fine
siliciclastic material, probably fallouf from duststorms, continued in this environment.
(2) The dry condition of the flat favored transportation of siliciclasties by fluvial and
sheetwash processes. (3) Impurities in the halite were concentrated at the surface and on
pit floors as halite dissolved. Any or all of these processes result in accumulation of
mudstone at the surface and within pits. A second process contributing to the development
of chaotie disrupted fabrie in chaotic mudstone-halite rock is displ,acive growth of halite
erystals ‘within the sediment. This halite precipitated when halite-bearing waters of either
marine or meteoric origin were evaporated from the flat. Repetition of the sequence of
pipe and pit formation followed by precipitation of displacive halite produces the chaotic
fabric characteristic of chaotic mudstone-halite rock.

Equant muddy halite roekb(type E) is a catch-all class for halite with no identifiable
primary fabric and no evidence of the kind of intense alteration that has affected chaotic
mudstone-halite rock. A minor amount (1 to 10 percent) of mudstone is present, but it is
not concentrated in pits or in beds (fig. 83). The origin of this fabrie is not clear, and
possibly not all intervals identified as equant muddy halite rock have the same origin. This

fabric, under certain conditions, formed from color-banded, vertically oriented halite that
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recrystallized under the influence of waters penetrating along grain boundaries or along
now-obscure fractures. In other circumstances, a minor amount of claystone or gypsum
deposited with halite may have released enough water during diagenesis to recrystallize
halite. Some halite may have been deposited without fabries recognized as primary, and
would, therefore, fall into this elass even though it had never undergone recrystallization.

Equant anhydritie halite rock (type F) is the equivalent of equant muddy halite rock
without mudstone or with mudstone concentrated in scattered spots. Much of it appears to
have formed as a result of recrystallization of chevron halite rock. A few scattered
intervals have a salmon-pink color, suggesting that the invading waters may have altered a
few percent gypsum or anhydrite to polyhalite. The mineralogy of these intervals has not
been determined by petrography or geochemistry.

Displacive halite (type G), in contrast to the halite rock types disc.ussed previously, is
a minor element in other lithologies. Displacive halite is a common constituent in
mudstone and siltstone beds, especialiy those associated with halite rock. Displacive halite
also occurs in anhydrite beds within, beneath, or overlying halite rocks, and in a few
locations is found within ecarbonate rocks close to halite. Displacive halite forms cubes,
slightly skeletal erystals (hopper crystals), and extremely skeletal erystals (fig. 84).

Cavity;filling halite cement (type H) is most abundant as a filling in karst pits. In
these locations the crystals can be extremely coarse, in many examples larger than the
10 em core width (fig. 85). In some examples, the presence of a pit is deduced from the
presence of an interval of very coarse halite. The cavity-filling halite cement is typically
clear, clean halite with large fluid and vapor-filled inclusions. Impurities associated with
the halite are the insoluble residue that typically defines the pit floor and anhydrite and
mudstone that fell into the pit as cement was precipitating. Halite cement is abundant in
other lithologies, especially sandstone and carbonate grainstones.

Fibrous fracture-filling halite cement (typeI) is common throughout the halite

section, especially in mudstone interbeds within halite rock. It also occurs within fractures
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in carbonate rocks and dark anhydritic mudstone beds at the base of eyeles (fig. 86).
Halite-filled fractures do not occur in anhydrite beds, apparently because any fractures
that developed were healed by anhydrite. The fibrous fracture-filling halite is very similar
in appearance in all lithologies.' It characteristically hask a deep-orange color. All
fractures are vertically oriented and most do not appear to widen upward toward
paleosurfaces, indicating that they are formed in the subsurface. A few examples
examined in thin section are tentatively thought to have formed later than most diagenetic
features such as multifaceted dolomite and anhydrite but before precipitation of these
- phases ceased. Fibrous halite precipitation, therefore, occurred as one of the last early

diagenetic process.
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Figure 76. Minute fluid inclusions con-
centrated along relict growth faces of
bottom-nucleated halite crystals defin-

ing chevron structures. Thin section,
width 7.7 mm, plane light, from the San
Andres Formation, unit 5 at 1,377 ft in
the Stone and Webster Engineering
Corporation Mansfield No. 1 core.
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Figure 77. Typical chevron halite rock
from wunit 5 of the San Andres
Formation, Stone and Webster Engineer-
ing Corporation Detten No.1 core,
2,398.2 ft. Note the white color of the
halite due to abundant fluid inelusions.
Darker bands are truncation surfaces
marked by anhydrite.



Figure 78. Photomicrograph of chevron halite truncated by a
corrosion surface above which anhydrite (A) has been depos-
ited. Width 3.25 mm, plane light, from unit' 5 of the San
Andres Formation, depth 1,438.0 ft, Stone and Webster
Engineering Corporation Mansfield No. 1 core.
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Figure 79. Dark pit filled with coarse,
muddy halite and formed by dissolution,
introduction of mudstone, and recrystall-
ization of primary chevron halite rock
along a vertical fracture. Top of core
shown is a mudstone bed that may have
been at the sediment surface during
development of karst. The upper 12 ecm
of the core is chaotic mudstone-halite
(M) formed by diagenetic alteration of
halite rock during exposure. Core is
from wunit 4 of the San Andres

Formation, Stone and Webster Engineer-

ing Corporation G. Friemel No. 1, depth
2,531 to 2,539 ft.
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Figure 80. Pit filled with coarse cavity-

filling halite cement in color-banded,
vertically oriented halite host. Pit is
outlined. Core is 10 em wide, from unit
4 of the San Andres Formation, Stone
and Webster Engineering Corporation
G. Friemel No. 1, depth 2,580 ft.



Figure 81. Pit in color-banded, verti-
cally oriented halite filled with, in
succession, (1) halite eceement (H),
(2) siliciclastic = mudstone (M), and
(3) displacive halite cubes (D). Core is
from the upper San Andres Formation,
Stone and Webster Engineering Corpora-
tion Zeeck No. 1 well, depth 2,039.4 ft.
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Figure 82.

Typical chaotic mudstone-
halite rock in which primary fabric has

Core from the upper
San Andres Formation, Stone and
Webster Engineering Corporation
Harman No. 1 well, depth 1,955 ft.

been destroyed.



Figure 83. Recrystallized muddy halite
rock from a halite interval within the
Queen-Grayburg Formations. The recry-
stallization is intense in this rock,
probably because of interaction with
meteoric water either in the depositional
environment or when this interval was
penetrated by ground waters. Core from
Stone and Webster Engineering Corpora-
tion Zeeck No. 1, depth 1,909.0 ft.
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Figure 84. Displacive halite cubes in mudstone beds, unit 5,
San Andres Formation, Stone and Webster Engineering
Corporation Mansfield No. 1 core, depth 1,494 ft.
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Figure 85. Cavity-filling halite cement
‘forms very coarse crystals (H) in a pit in
color-banded halite rock. The floor of
the pit is draped with anhydrite-
mudstone insoluble residue (IR). Core
from unit 4, San Andres Formation in the
Stone and Webster Engineering Corpora-
tion Mansfield No. 1 well, 1,276 ft.
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Figure 86. Fibrous halite fracture-fill in
carbonate mudstone of unit 4, San
Andres Formation, Stone and Webster
Engineering Corporation Mansfield No. 1
core, depth 1,930.5 to 1,933.5 ft.
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CYCLICITY IN THE SAN ANDRES FORMATION

Susan D. Hovorka

Partial and complete regressive sequences, composed of a basal dark mudstone, limestone,
dolomite, nodular anhydrite, bedded anhydrite, and halite, occur throughout most of the
San Andres Formation. Even subtle variations in sediment character can be recognized
over large distances within the Palo Duro Basin. The continuity of these units reflects the
extremely flat topography of the area during deposition and implies that throughout the
area studied similar sediments were forming contemporaneously.

Reconnaissance work in the Palo Duro Basin identified five cycles in the lower San
Andres Formation on the basis of interpretation of geophysical log response (Presley,
1979b). Examination of parts of nine cores drilled in the northern part of the Palo Duro
Basin has improved understanding of the nature of these cycles. Fracasso (this volume) has
traced cycles throughout the Palo Duro Basin and into adjacent areas.

A typical cycle is composed of a basal anhydritic dark mudstone, skeletal limestone,
dolomite, nodular anhydrite, bedded anhydrite, and halite. This sequence forms as the
result of gradually increasing salinity of the depositing water. body (fig. 87).

Basal anhydritic dark mudstone accumulated during transgression as marine waters
dissolved the halite of the underlying cycle and red mudstone and anhydrite interbeds
within the halite remained as a residue. The upper part of some mudstone beds is ripple
laminated, or fissile and organic-rich, and represents sediments deposited during trans-
gression (fig. 88). The dark color of the mudstone is characteristic and reflects pyrite and
organic material.

The carbonate part of the cycle is composed of a limestone overlain by dolomite.
Facies variations within the limestone are due to migration of high-energy bar sediments
across lower energy interbar sediments (fig. 89). The dolomite in the upper part of the
carbonate cycle was deposited during initiation of hypersaline conditions. Skeletal grains
are sparse or absent and rippled ooid or coated grain grainstone and carbonate mudstone

drapes are the most typical sediments.
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The anhydrite part of the cycle displays a consistent, well-formed sequence (fig. 90).
The contact betweeh anhydrite and dolomite is gradational. Anhydrite nodules are found in
the upper few tens of centimeters of the dolomite. Nodular anhydrite mosaic with and
Qithout internodular dolomite makes up the lower part of the anhydrite unit, whereas
bedded anhydrite with halite or anhydrite pseudomorphs after gypsum constitutes the upper
part. Near the top of the anhydrite, halité replaces not only large gypsum crystals but also
much of the sulfate matrix, leaving the remainihg anhydrite as coarser felted blades in
halite cement.

Halite rock with anhydrite and mudstone interbeds and disseminated impurities forms
the upper part of each cycle. The halite part of the cycle does not 5how a well-developed
sequence in textures or geochemical profiles but is composed of 1- to 4-m-thick sequences
of muddy and anhydritic halite (Hovorka, this volume, "Correlation of Clean, Muddy, and
Anhydritic Zones in Halite...").

Cycles in the San Andres Formation différ from the idealized cycle in four ways:
(1) The initiating transgression may not bring normal marine water into the study area, so
the lower units of the idealized cyele may not be deposited; therefore, the cycle may begin
with dolomite, nodular anhydrite, or bedded anhydrite above a thin residue; (2) The ecycle
may be aborted by another transgression before halite deposition is reached, causing the
upper units of the ideal eyecle to be missing; (3) The halite at the top of the cycle may be
completely removed during the transgression at the base of the next cycle; and (4) The
cycle may be interrupted at any stage by introduction of clasties. San Andres unit 5 is a
composite of three incomplete ecycles (fig. 91). The first cycle was initiated by a
transgression that lowered the salinity only to anhydrite saturation and produced a thin
residue. The transgression initiated the second cycle, which deposited ripple lamiﬁated
dolomite and nodular and bedded anhydrite with halite pseudomorphs after gypsum. The
third transgression wavered between dolomite and nodular anhydrite deposition before

producing bedded anhydrite with pseudomorphs after gypsum, and finally, halite. The
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anhydrite bed within the halite might represent the updip pinch-out of a fourth eycle. The
lower two cycles probably deposited some halite that was removed by the next trans-
gression. Evidence of the former presence of halite is (1) the presence of fabrie similar to
that characteristic of the contact between the anhydrite and overlying halite, (2) the
influence of halite-saturated brines on the diageriesis of the anhydrite, notably the halite
pseudomorphs after gypsum, and (3) the presence of dark anhydritic mudstone insoluble
residue (fig. 92).

Subtle variations in the sequence of salinity-controlled facies can be correlated
across the northern Palo Duro Basin study area (fig. 93). The occurrence of subtle changes
across all the cores indiéates that, although the water depths were very shallow, sediments
in the study area were deposited from a continuous, extensive water body. The
westernmost core, Stone and Webster Engineering Corporation Mansfield No. 1, shows a
pattern of cyelicity similar to other wells, but the facies present in some cycles differ
from the facies present in the equivalent cycies in other wells. The facies differ both by
being deposited from water of nearly normal marine salinity (burrowed dolomite rather
than anhydrite at 1,140 to 1,150 ft, halite removed at 1,229 ft) and by being deposited by
more hypersaline water (deposition and/or preservation of a thicker halite unit at 1,152 to
1,180 ft). The Mansfield well is located in a structurally complex area near the western
end of the Amarillo Uplift, where variable subsidence may have influenced sedimentation.
Comparison of lithology and structures of additional cycles in more cores will improve

understanding of the controls on continuity and variation of facies in the Palo Duro Basin.
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TYPICAL SAN ANDRES CYCLE

Base nexi cycle

Halite

Bedded anhydrité™

Nodular anhydrite

Dolomite

Limestone

Dark mudstone

—_

Textural zones

Red mudstone beds
and chaotic mudstone-halite

Anhydritic halite with
preserved primary fabric

~ TN N TN T T

Figure 87. Idealized San Andres cycle
showing sequence of lithologies and sedi-
mentary structures that would result
from an uninterrupted increase in salin-
ity.
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Figure 88. Dark mudstone at the base of
a cycle. The lower part is strongly
disrupted mudstone with light patehes of
anhydrite that accumulated as a residue
of the insoluble components left as their
halite host was dissolved during trans-
gression. The upper 4 em of the core
piece is finely ripple-laminated and
originated either by input of additional
clasties or by reworking of the top of the
residue. Stone and Webster Engineering
Corporation Detten No. 1 core, depth
2,288 ft, upper San Andres Formation.
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Figure 89. Correlation of San Andres Formation unit 4 carbonate showing that facies in
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top of the carbonate sequence. The base of the carbonate is an incomplete cycle exhibiting
the effects of increasing salinity and is tentatively correlated with halite deposition in the
Stone and Webster Engineering Corporation Mansfield No. 1 core.
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Figure 90. Examples of sequence of lithologies in
the anhydrite part of the cycle. The vertical
sequence (shown from left to right) is (1) nodular
anhydrite with internodular dolomite at the base,
(2) bedded anhydrite, (3) bedded anhydrite with
halite pseudomorphs after gypsum, and (4) top of
the anhydrite unit and base of the overlying halite,
where anhydrite fabric has been extensively
altered during diagenesis by halite-saturated .
water. Examples from Stone and Webster
Engineering Corporation G. Friemel No. 1, upper
San Andres Formations, depths 1,967.5, 1,962,
1,957, and 1,956 ft, core width 10 cm.
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Figure 91. Cyeclicity in San Andres unit 5, Stone and Webster Engineering Corporation
Mansfield No. 1 core. The unit 5 is a composite of three incomplete cycles, each initiated
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depositing minor transgression within the halite part of the upper cycle did not dissolve
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Figure 92. An incomplete cyecle in the
upper San Andres Formation Stone and
Webster Engineering Corporation Detten
‘No. 1 core, depth 2,357 ft. = Mudstone
insoluble residue in the top 10 em of the
core (M) formed by accumulation of in-
soluble components when halite was
removed by the transgression that initi-
ated the next cyecle., Other evidence
that halite was initially deposited is the
abundant halite pseudomorphs after
gypsum in the lower part of the core (H),
indicating halite-saturated waters were
important in earliest diagenesis, and the
area of disturbed fabric at the top of the
core (D) where removal of halite has
altered fabries like those seen in
figure 90 at the anhydrite-halite con-
tact.
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GEOCHEMICAL AND TEXTURAL EVIDENCE OF PRIMARY AND ALTERED HALITE,
PERMIAN SAN ANDRES FORMATION, PALO DURO BASIN, TEXAS

R. Stephen Fisher and Susan D. Hovorka

Thick-bedded halite units of the San Andres Formation precipitated in shallow but
regionally extensive brine pools that were frequently and episodically flooded and sub-
aerially exposed. Previously unrecognized 1- to 6-ft-thick subcycles within salt units are
characterized by primary textures and bromide contents of about 70 ppm at the base,
altered textures and variable bromide concentrations near the top, and a thin mudstone cap
containing halite veins having high bromide contents (as much as 342 ppm).

Bromide (Br) content of halite has been used as an indicator of geochemical
conditions prevalent when halite was precipitated (Holser, 1979). Sea water is the
dominant reservoir of Br in sedimentary environments, and the distribution coefficient of
Br in halite is such that the first crystals formed from evaporating sea water will contain
approximately 65 ppm Br. With continued evaporative concentration of the brine, the Br
content of halite will increase to about 250 ppm at the onset of sylvite precipitation.
Dissolution in a halite-undersaturated solution and subsequent concentration-precipitation
will result in halite with Br concentrations lower than 65 ppm (Holser, 1979).

Classic thick halite deposits typically have depth-versus-Br profiles in which Br
concentrations chahge smoothly across vertical distances of 100 ft or more (fig. 94). The
well-developed regressive sequence of lithologies characteristic of the San Andres Forma-
tion (black mudstone-limestone-dolomite-nodular anhydrite-bedded anhydrite-halite) sug-
gests that a similar sequence of systematically changing brine compdsition should be
reflected in the Br content of San Andres halite. However, such orderly profiles are absent
(Handford, 1981; Fisher énd Kreitler, 1983; figs. 95, 96, and 97), which suggests frequent
short-term fluctuations in geochemical conditions rather than an overall trend of continued
evaporative concentration of a large volume of brine for a long period of time.

Textural and geochemical evidence indicates that halite precipitation occurred in

shallow but regionally extensive brine pools that were episodically flooded and subaerially

exposed. Within individual halite units, 1- to 6-ft-thick subcycles resulting from frequent,
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brief interruptions of halite precipitation have been recognized from textural character- .
istiecs. These subeyeles contain primary textures (chevrons and vertical crystals) at the
base, altered and disrupted textures (chaotic mud-salt mixtufes, replacive, displacive,
cavity-fill, and recrystallization features) near the top, and a thin mudstone cap, commonly
contaihing red, fracture-filling halite veins (fig. 98). Halite having primary chevron-shaped
growth bands defined by fluid inclusions has Br concentrations ranging from 55 to 82 ppm
(average 70 ppm), indicating that evaporative concentration did not proceed much beyond
the point of initial halite saturation because of continual communication with the marine
environment. Episodic influx of less saline brine resulted in dissolution of a minor amount
of halite and precipitation of a thin anhydrite la'yer on the corroded surface (fig. 99).
Continued evaporation brought the brine pool back to halite saturation, and halite
precipitation resumed. Cessation of continued influx of marine-derived brine resulted
either in further evaporative concentration of the brine or in partial dissolution and
recrystallization of halite in contact with ffesh water. Highly variable Br concentrations
(28 to 163 ppm) in the upper part of the subeycle resulted. Interruption of halite deposition
permitted a thin mudstone bed to accumulate at the top of the cyele, a product of
sheetwash and eolian transport of terrigenous clastic material. Halite that fills shrinkage
cracks in these mudstone layers has Br concentrations as high as 342 ppm, recording

precipitation from the most highly concentrated brine.
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Figure 98. Typical subeyele, Stone and
Webster Engineering Corporation Detten
No. 1 core.
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- Figure 99. Type "B" halite with anhydritic bands, Stone and
Webster Engineering Corporation Detten No. 1 core.
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CLAY MINERAL ASSEMBLAGES IN EVAPORITE HOST ROCKS,
PALO DURO BASIN, TEXAS

R. Stephen Fisher

Clay minerals in clastic rocks, dolomite, anhydrite, and halite in the Palo Duro Basin
consist of detrital illite and chlorite, and diagenetic, mixed-layered, chlorite-vermiculite,
chlorite-smectite, chlorite-swelling chlorite, and saponite. Illite dominates the detrital
suite; the relative occurrence of mixed-layered clays is sensitive to geochemical conditions
in the diagenetic environment.

The abundance, type, and distribution of clay minerals in the Palo Duro Basin are
significant both as controls on radionuclide transport and retardation and as indicators of
the geologic history of the region. Clays commonly have a net-negative lattice charge, a
capacity for expansion anc‘l.contraction in response to wetting and drying, and a large
surface area/volume ratio. The high cation-exchange capaecity of clays, and thus their
ability to retard radionuclide migration, is favorable for nuclear waste repository siting,
whereas their expanding and contracting behavior and consequent physical instability is a
disadvantage. Clastic layers, even if initially halite-cemented, are likely to be the
preferred pathways for movement of halite-undersaturated fluids in an evaporite sequence
consisting of dolomite, anhydrite, and halite, and elay minerals will be the most effective
barrier to the transport of radioactive cations within the clastic units. Furthermore, the
capacity of clay minerals to undergo changes in chemical ecomposition or structure in
response to the conditions of the depositional and subsurface environment enables their use
as indicators of paleogeochemical conditions.

Palmer (1981) and Bassett and Palmer (1981) reported the clay mineral assemblage
found in various lithologies from the DOE-Gruy Federal Rex White No. 1 and Grabbe No. 1
wells; the dominant clays found were chlorite-vermiculite, chlorite-smectite, chlorite-
swelling chlorite mixed-layer phases, and discrete illite and chlorite (fig. 100). The cation
exchange capacity and expansive nature of these clays are known, and the behavior of
interlayered mixtures is predictable (Carroll, 1969; Weaver and Pollard, 1973). During the

past year additional samples were analyzed, and X-ray diffraction patterns were inter-
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preted and clay minerals identified according to criteria used by Bassett and Palmer (1981).
These latest samples are the clay-sized methanol-insoluble fraction of salt samples
selecfed for water-content analysis.

~ Figure 101 presents relative occurrences of clay minerals for three sample groups:
(1) nonh/alite rocks more than 10 ft (vertically) from bedded salt, (2) nonhalite rocks
interbedded with sélt, and (3) the insoluble residue of salt rocks.. Chlorite-vermiculite
occurs only in the clay t‘i‘action of rocks associated with salt; it is present in minor amounts
in clastie rocks and dolomite interbedded with salt and is common in salt roeks (fig. 101).
These observatiqns, based partially on discussions in Palmer (1981), are interpreted as
follows. The detrital clay assemblage in the Palo Duro Basin consists of discrete illite,
chlorite, and mixed-layer illite-smectite. The progressive increase in chlorite-vermiculite
occurrence from salt-free to salt-associated to salt-dominated environments (fig. 101)
reflects the effects of clay diagenesis in inereasingly magnesium-enriched environments.
See figure 102 for the effect of evaporative concentration on the composition of the
residual brine; see Bassett (1959), Weaver and Pollard (1973), Douglas (1977), and Palmer
(1981) for the effect of a high-magnesium environment on clay diagenesis.

The current conceptual model of clay diagenesis, illustrated in figure 103, is now
being tested. If clay mineral assemblages can be demonstrated to be a function of
diagenesis in a high—fnag’nesium{ environment, determining clay mineralogy will complement
the use of bromide content of salt as an indicator of the extent of evaporative
concentration of sea water in halite-precipitating environments. In addition, the
mineralogical and chemical composition of clays may be used to determine areas of
paleodissolution of salt beds, that is, regions where salt was initially present and has since

been removed in solution.
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Figure 100. Host-rock lithology and -clay
mineralogy of samples from (a) DOE-Gruy
Federal Rex White No. 1 core and (b) DOE-
Gruy Federal Grabbe No. 1 core.
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Figure 101. Histograms showing relative occurrence of clay minerals on three groups of

samples: (a) no salt within 10 ft of sample, (b) nonsalt samples within 10 vertical feet of
bedded salt, and (c) insoluble residue within salt rocks.
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PETROLOGY AND DEPOSITIONAL ENVIRONMENTS OF POST-WICHITA/PRE-DOCKUM
SILICICLASTIC ROCKS (LEONARDIAN-OCHOAN), PALO DURO BASIN

Allan Kolker, Susan D. Hovorka, Douglas A. McGookey, and H. Seay Nance

Middle to Upper Permian post-Wichita Leonardian through Ochoan siliciclastic sediments‘ in
the Palo Duro Basin were primarily deposited in eolian dune, eolian flat, intermittent
stream channel, wind-tidal(?) flat, shallow normal marine to hypersaline shelf, halite-

influenced flat, and low-salinity pond environments. Source areas were probably granitic
and medium-grade metamorphic terrains to the west and northwest of the Palo Duro Basin.

Objectives

Objectives. of this report are to describe the textural and compositional character-
istics of siliciclastic rocks whose component sediments were deposited in a variety of
related environments during Leonardian, Guadalupian, and Ochoan stages in Palo Duro

Basin.
Methods

Forty-seven samples were collected and disaggregated from core recovered from
DOE-Gruy Federal Grabbe No. 1, DOE-Gruy Federal Rex White No. 1, Stone and Webster
Engineering Corporation Mansfield No. 1, and SWEC Sawyer No. 1. Textural character-
istics of the sand traction (2 to 64 mm) were determined by use of a Rapid Sediment
Analyzer (Nelson, 1976) and of the mud fraction (64 to 0.5 mm) by Coulter TAII Electronic
Fine Particles Counter (Shideler, 1976). Statistical textural parameters were reduced
according to Folk (1974). Compositional summaries w.erc.e based on petrographic interpreta-
tion of 33 of these samples in which 100 to 300 points per sample were counted. Heavy
mineral separates were prepared for sand and silt grain sizes, and the relative abundance of
heavy mineral species was estimated.

Post-Wichita Middle to Upper Permian clastic rocks in the Palo Duro Basin are
remafkably similar in grain size, mineralogy, and sedimentary structures. These rocks

consist largely of subangular to subrounded coarse silt and very fine sand mixed with a
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lesser amount of terrigenous clay. Siliciclastic material coarser than fine sand occurs only
as lags of well-rounded grains in a subangular to subrounded matrix of finer material.
Clastic rocks in the Glorieta and Queen/Grayburg Formations are generally coarser than
the remainder of the section and include several intervals of clean, very fine to fine
sandstone.

Preliminary analysis of sedimentary structures and vertical facies sequences in
Department of Energy cores permits interpretation of seven environments in which
terrigenous clastic sediments were deposited: (1) eolian dune, (2) eolian flat,
3) ihtermittent stream channel, (4) wind-tidal(?) flat, (5) shallow normal marine to

hypersaline shelf, (6) halite-influenced flat, and (7) low-salinity pond.
Eolian Dunes

Sediments deposited in the eolian dune environment are characterized by packages
6 inches to 3 ft thick of high-angle (20 to 35 degrees) crossbedded fine sandstone. Good
sorting, the presence of bimodal lags in some beds, and possible toe structures of sand-flow

deposits are further evidence of an eolian origin (Presley and McGillis, 1982).
Eolian Flats

Sediments deposited in the eolian flats are characterized by poorly defined ripple
cross-lamination and thin discontinuous layers of clay matrix (dissipation structures of
Ahlbrandt and Fryberger, 1981). Petrography and grain-size analyses show that many

examples of eolian flats are also bimodal.
Intermittent Streams

Intermittent stream channel deposits contain thick sequences of climbing ripples and
may include ripples and small scour features associated with eolian sediments. Lenticular

and flaser bedding are thought to be produced in a wind(?)- or tidal(?)-flat environment
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where alternation of currents deposits rippled sand and silt and slack water deposits clay

drapes. The position of this environment in the facies tract is not clear.

Shallow Shelf

Clasties deposited in shallow marine to hypersaline shelf environments are identified
by their stratigraphic position beneath dolomitized skeletal or oolitic grainstones or
anhydrite beds. Extremely thin (1- to 2-mm-thick) lenses of siltstone and very fine

sandstone are typical of these environments.

Halite-Influenced Flats

Halite-influenced flats are characterized by flaser and lenticular bedding that has
been disturbed or destroyed by crystallization of displacive halite within the sediment,
alternating with dissolution of halite and collapse. These processes probably result from
encroachment of halite-saturated water, followed by leaching of halite due to minor

fluctuations in the position of halite-saturated brine pools.

Low-Salinity Ponds

Sediments in low-salinity ponds are commonly laminated and have thick clay drapes,
fluid escape structures, load casts, and other features resulting from soft sediment
deformation. No evidence of the former presence of halite was observed.

All the various samples are positively (fine) skewed in texture (table 11). Grain-size
parameters of the halite-influenced flats are most consistent. These samples have the
most pronounced truncation of the coarse fraction, contain the largest proportion of clay-
sized material, and are consequently the most poorly sorted (fig. 104a). None of the
samples from halite-influenced flats have a bimodal grain-size distribution, whereas more
than half of the samples from the eolian flats have some bimodality (fig. 104). Samples of

the eolian flats contain less clay and are better sorted than the halite-influenced flats.

167



The eolian flats have the greatest range in skewness values, partly owing to offset of the
fine-skewed trend by the addition of varying amounts of medium sand as a subordinate
mode (figs. 104b and 105). Grain-size parameters of fluvial samples vary the most overall,
but the ranges in vélues are only slightly greater than those for the eolian flats (table 11;
fig. 104c). |

Mineralogy typical of the entire section includes "plutonic" quartz, feldspar
(orthoclase > microclineS plagioclase), micas (muscovite, chlorite, and biotite in subequal
proportions), clay matrix or pseudomatrix, and framework carbonate grains commonly
having euhedral overgrowths on rounded cores (fig. 105). Feldspar grains are largely
unaltered. Identified rock fragments include composite (metamorphic) quartz, chert,
aphanocrystalline carbonate rock fragments, and hematitic clay and mud clasts. In the
siliciclastic rocks sampled for this study, halite is the dominant cement where it has not
been removed by dissolution.

Quartz:feldspar:rock fragment (Q:F:R) ratios of all 33 samples analyzed petrograph-
ically scatter around a composition of quartz-rich lithic arkose (fig. 106). The average
Q:F:R is 72.1:19.2:9.7. Some variation in ratios is due to the local occurrence of clay and
mud eclasts, counted as sedimentary rock fragments, and the introduction of medium qﬁarfz
sand to fine-grained feldspathic sediments.

Although Q:F:R values overlap considerably for different formations, samples above
the base of the San Andres Formation tend to have less quartz and more rock fragments
than samples below the San Andres (Hovorka and others, 1982). Most of this difference
may be due to the Upper and Lower Seven Rivers and Yates Formations, which were found
to have the lowest average quartz contents, on the basis of only seven samples (fig. 106).
Using a t test, the difference in Q/F + R above and below the base of the San Andres
Formation was found to be significant at the 91 percent confidence level, on the basis of 33
total samples (Nie and others, 1975). The difference in F/R is not statistically significant,

which may be due to the small number of samples.
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Heavy mineral concentrates were prepared for all 47 samples, and a consistent suite -
of minerals was found to be present in the entire seciton. The most abundant heavy
minerals are opaque Fe-Ti oxides and their alteration products, ineluding "leucoxene" after
ilmenite and hematite (now goethite?) after magnetite. Common nonopaque heavy
minerals include at least two types of zirecon, green, brown, and minor blue tourmaline
garnet, rutile, and staurolite. Rutile is the least abundant of the common heavy minerals. ‘
Garnet and staurolite have the greatest variation in proportions, probably because of
selective preservation rather than original compositional differences. If present, apatite
would not have survived acid treatment during sample disaggregation. The presence of
staurolite was confirmed for three samples by examining energy-dispersive spectra. Both
garnet and staurolite have idiomorphic surface features attributed to euhedral diagenetic
overgrowth (Simpson, 1976) or chemical etching (Bramlette, 1929; Rahmani, 1973;
Gravenor and Leavitt, 1981).

The limited and consistent range in grain size of Middle to Upper Permian clastic
rocks suggests a common history of sediment sorting prior to deposition in a variety of
environments in the Palo Duro Basin. The positive skewness values and bimodal sands are
consistent with eolian transport but are not singularly diagnostiec (Folk, 1966, 1971;
Friedman, 1979; Ahlbrandt, 1979; MeLaren, 1981). A broad area of eolian environment was
present to the west and northwest of the Palo Duro Basin during late Glorieta time (Presley
and McGillis, 1982).

The predominance of quartz grains having straight extinction characteristic of
plutonie rocks coupled with abundant K-feldspar suggests a largely granitic source terrain
(Folk, 1974). The presence of staurolite and metamorphie rock fragments indicates a lesser
contribution by at least medium grade (amphibolite facies) metamorphic rocks. Positive
areas surrounding the Palo Duro Basin that were exposed during the Middle to Upper
Permian include the Marathon-Ouachita fold and thrust belt to the east and southeast, the

Wichita-Arbuckle Uplift to the northeast and east, and the Pedernal and Uncompahgre
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Uplifts to the west and northwest. With the exception of the Ouachita foldbelt, granitic
rocks were being eroded from each of these areas during the Middle to Upper Permian.
Staurolite-grade metamorphic rocks were absent in exposed portions of the Ouachita
foldbelt (Flawn and others, 1961; Nicholas and Rosendal, 1975). In the Wichita prbvince,
basement country rocks are generally low grade, except in the vicinity of intrusive bodies.
The rocks were covered by clastic sediments during the Early Permian (Wolf'campian)
(Powell and Fischer, 1976; Powell and others, 1980). Positive areas to the west and
northwest of the Palo Duro Basin contain granitic and pelitic rocks regionally meta-
morphosed at the amphibolite facies and thus appear to have the most likely overall
composition for source areas (Gonzalez and Woodward, 1973; Grambling, 1979; Nielsen and
Seott, 1979; Tweto, 1980). Staurolite is particularly abundant in parts of the Sangre de
Cristo range (Rinconada Formation) of New Mexico (Miller and others, 1963; Barrett and

Kirsehner, 1979).
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Figure 104. Representative grain size frequency distributions of (a) sample 0-748.3, lower
Seven Rivers Formation, halite-influenced flat facies, Stone and Webster Engineering
Corporation Mansfield No. 1 core, (b) sample S-1687.9, Queen-Grayburg Formations, eolian
flat facies, DOE-Gruy Federal Grabbe No. 1 core, and (c) sample S-3095.5, Glorieta
Formation, channel facies in flats, DOE-Gruy Federal Grabbe No. 1 core.
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Figure 105. Bimodal very fine to medium sublitharenite.
Note fresh appearance of all grains, including 7 percent
orthoclase, 1 percent miecrocline, and 1 percent plagioclase;
good sorting in fine sand and good rounding in medium sand.
Stone and Webster Engineering Corporation Mansfield No. 1
core, 928.8 ft, Queen-Grayburg Formations, width 3.25 mm,
plane light.
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Figure 106. Quartz:feldspar:rock fragment (Q:F:R) ratios for 33 Permian samples and 3

Dockum Group samples.

173



(¢)yery uerjoa 09°0 9h*1 L1°6 8°¢10%-S qqnl

1e[3 [duueyd Ie°0 0¢°0 8L°¢C 0°6$8¢-S qqnL
1B paduan[yuI-aiIfey © 9070 AR 9¢°¢ 2°669¢-S 3104 1e’D
(¢)1duueyd €m0 mr . L0°¢ Z°L0he-S 3404 1B3[D
(¢)yery ueroo nh°0 So°1T T 0" h1ee-S B131I0[D
[suueyd 65°0 16°0 19714 hrehle-S B131I0[D
[suueyd 69°0 9C°1 €61 §°660€-S B13LIoTD
}e[y ueros st 0 0e" 1 s0°¢ 9°0862-S B131I0[D
1B} paduanjzur-aiifey 99°0 0n° 1 8L % 7°14h2Z-S saJpuy ueg Jaddn
1e[} uerjos LL°0 81°1 L9°¢ 0°6Z81-S 3inqAein-usand
[ouuBRyd (¢)Iepl3 10 [RIAN(Y 61°0 €h°0 9e°¢ 0°LILI-S 3ingqAeln-usand
1e[F ueros 70°0 0%°0 8h°¢ 6°£891-S 3inqAen-usand
1By ueros 8h°0 12°0 08°¢ 0°€T91-S 8inqAesn-usand
1B[J Uerod Sh°0 0°0 96°¢ 8 LhST-S SI9ATY USASS J9MO7]
1®e[J UBI[O3/[BPII-puUIM 86°0 6.°0 g6°¢ 0°T0S1-S SI9ATY USASS 1aMmO7]
1®e[F ueros - 6¢°0 6L°0 70" 4 0°€0hI-S SIBATY USASS JamoT]
e[y uerjos 29°0 88°0 nl'e €°0I€l-S SI9ATY UaA3g Jaddn
1e[} uerjo? 89°0 1z 1 0z h 0°8411-S SI9ATY USASG 1addpn
1e[§ Uerod 91°0 20°1 Is°¢ §°9601-S _ sa1eA
1e[} paosusnjul-aiiey en’0 0C°1 96" 1% 0°9201-S [1isue/opereg
[auueyd L6°0 0L°1 96°¢ £°668-S e Aamaq
[auueyd L2°0 €1°e 06°# 6°0h.-S ()ade1 Aemaq
S3IO®J PaLidJul SSoUMXS (1yd) (1yd) srdweg uorIeWwIo g
3urzaog ueay

*210D [ *ON 9qqedn ‘wn3ooq yYy3noayz qqnj
jo sajdwes aAneluasaidal 1oy saroey euoriisodap patiajur pue sidlaweed azis-uredn *[] 9[qeL

174



THERMAL MATURITY OF SOME SOURCE ROCKS IN THE PALO DURO BASIN

Shirley P. Dutton

Vitrinite reflectance of samples from Swisher and Oldham Counties indicates that
hydrogen-rich kerogen should be mature at depths below about 6,800 ft (2,070 m). Pyrol-
ysis data support the interpretation that Pennsylvanian basinal shales in Swisher County
reached the oil-generation zone.

Geochemical analyses of cores and cuttings from the Stone and Webster Engineering
Corporation Zeeck No. 1 well, Swisher County, and the Mansfield No. 1 well, Oldham
County, were used to measure the quality and thefmal maturity of potential source rocks in
these areas of the Palo Duro Basin. Total organiec carbon (TOC) content of Pennsylvanian
basinal shales is generally greater than 0.5 percent, indicating that they are fair to good
hydrocarbon source rocks (table 12). Permian shales (Wolfeampian and Leonardian) tend to
have lower TOC content (table 12). The organic matter in both Pennsylvanian and Permian
shales consists of amorphous material (fine-particulate), woody debris (vitrinite), plant
tissue, coaly debris (inerts), and spores and pollen.

Thermal maturity was assessed by vitrinite reflectance (Ry) and pyrolysis. An R of
0.5 percent is considered to be the beginning of the oil-generation zone for hydrogen-rich
organic matter by the lab that performed most of the analyses (Lab 1). Plots of vitrinite
reflectance versus depth indicate that shales below about 6,100 ft (1,860 m) in the
Mansfield No. 1 well have reached 0.5 percent R, (fig. 107a). Shales in the Zeeck No. 1
well were analyzed for vitrinite reflectance by two laboratories, and the Ro values they
reported for equivalent samples were significantly different (table 12). Differences in R,
measurements could be caused by microscope calibration differences or by differences
between operators in the type of vitrinite grains they chose to measure. Two different
regression lines were calculated for vitrinite reflectance versus depth--one that uses only
data from Lab 1 and another that uses data from Lab 2 (fig. 107b). Lab 2 uses an R, value
of 0.6 percent as the boundary between immature and mature hydrogen-rich kerogen. The

line for Lab 1 data indicates that a vitrinite reflectance of 0.5 percent is reached at a
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depth of 6,800 ft (2,070 m); the regression line using only Lab 2 data reaches 0.6 percent
R, at 6,650 ft (2,030 m). Thus, there is agreement between the different labs on the depth
of the oil-generating zone for hydrogen-rich kerogen despite considerable difference in
measured Rg values. |

Pyrolysis was performed as another method to determine the thermal maturity of
Wolfcampian and Pennsylvanian shales from the Zeeck No. 1 well (table 13). The results
suggest ‘that tﬁe Pennsylvanian shales from about 7,300 ft (2,225 m) have reached the oil-
generation zone (fig. 108). The Wolféampian shales are probably immature, but they have
anomalously high S1 values (fig.‘ 108). The pyrolysis and vitrinite reflectance data indicate

that hydrogen-rich kerogen below about 6,800 ft (2,070 m) probably is thermally mature.
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Figure 107. Trend of vitrinite reflectance with depth for two wells in the Palo Duro Basin.
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“Figure 108. Plot of pyrolysis T-max (°C) against the ratio S1/S; + S9 defining the oil-
generation zone (GeoChem Laboratories, 1980). See table 13 for a definition of T°C Max
and S1/(Sy + Sq). Pennsylvanian shales from Sw1sher County plot in the oil zone, but
Wolfcampian shales are probably immature.
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OIL FIELDS IN THE NORTHWESTERN PALO DURO BASIN

Shirley P. Dutton

Pennsylvanian granite wash and carbonates are important oil reservoirs in the northwestern
Palo Duro Basin. Fields are primarily controlled by structure, and traps are provided by
~ simple or faulted anticlines.

: Although most of the Palo Duro Basin does not produce oil, several fields have been
discovered in the northwestern part of the basin. Discoveries have been made in
Pennsylvanian granite wash and carbonates (table 14) in east-central Oldham and western
Potter Counties (fig. 109). This paper summarizes the éublicly available information about
those fields based on hearing files and annual reports of the Railroad Commissfon of Texés.
Information about granite wash is available from core samples that Were recovered from
the Stone and Webster Engineering Corporation J. Friemel No. 1 well in Deaf Smith
County, 12 m (19 km) south of Vega (fig. 109).

Calculations of oil in place indicate that the largest fields in Oldham County initially
contained about 10 million barrels of oil (table 14). The amount of oil that ultimately can
be recovered is less. An estimated 1,560,000 barrels of oil are recoverable from Hryhor
field, assuming a 17-percent recovery factor (Railroad Commission of Texas, 1982).
Cumulative oil production from these 12 fields was 6,078,283 barrels by January 1, 1983
(table 14).

Traps in the fields are mainly provided by simple or faulted anticlines. A map
submitted to the Railroad Commission of Texas indicates that Sundance, Hryhor, and
Lambert fields, three of the largest fields in the area, are located on adjacent fault-
bounded anticlines (fig. 110). Manarte (Granite Wash, Upper) field is formed by a
combination structural and stratigraphic trap. Oil is trapped on the eastern side of the
field by granite-wash pinch-out at the margin of a north-south-trending channel (Railroad
Commission of Texas, 1969). On the other three sides of the field oil is trapped by a

southwest-plunging anticline.
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Granite wash is the most important reservoir facies in the northwestern Palo Duro
Basin (table 14). The samples of granite wash from the J. Friemel well are probably similar
to, but older than, the productive granite wash in Oldham County. The grain size of the
samples varies from granular, very coarse sandstone to sandy pebble conglomerate. The
samples are poorly to moderately sorted, with subangular grains. The framework grains are
mainly quartz, feldspar, and micrographic granite fragments, so the sandstones are
classified as arkoses (Folk, 1974). Abundant micrographic granite indicates that the source
area was the Bravo Dome in western Oldham County (Flawn, 1956).

| Porosity in fhe Deaf Smith granite wash was measured by porosimeter as 16.1 to 17.9
percent. Porosity measured in thin sections ranged from 12.0 to 17.5 percent. The
difference is probably caused by mieroporosity within eclay cements and elsewhere that
cannot be seen in thin section but can be measured by a porosimeter. Both primary
porosity and secondary porosity, which formed by dissolution of framework grains, are
présent, The porosity has been somewhat reduced byv the precipitation 6f quartz

overgrowths, ankerite, and kaolinite.
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Figure 109. Location of oil fields in Oldham and western Potter Counties.
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COMPARISON OF NEUTRON-DENSITY AND NEUTRON-SONIC

CROSSPLOTTING METHODS IN DETERMINING LITHOLOGY AND POROSITY

IN WOLFCAMP CARBONATES ‘

Robert D. Conti

The neutron-density crossplotting methods are superior to neutron-sonic methods for
making quantitative carbonate-lithology and porosity determinations in Wolfcamp deep-
basin aquifers. This is because the former method more precisely detects secondary
porosity and, consequently, more accurately identifies lithology.

Two crossplotting methods were used to derive felative percentages of dolomite and
limestone in the predominantly carbonate sequences of the Palo Duro Basin Wolfcamp
strata. Neutron porosity (@ n), density porosity (@ p), and interval transit time (At) values
wére read and recorded from Schlumberger's Compensated Neutron-Formation Density
Log, Compensated Neutron-Litho-Density Log, and Borehole Compensated Sonic Log in
intervals of "known pure" carbonate lithologies as identified by macroscopic core analysis
and recorded in detailed core logs (vertical scale: 1 inch = 100 ft) (Ruppel and Hovorka,
1983&, ’b; in pocket). Each porosity log is a recording of unique physical properties of the
rocks, so that by simultaneous analysis of two logs, "their separate responses to different
minerals allow a quantitative distinction of both mineral ecomposition and pore volume"
(Borneman and Doveton, 1983). Crossplotted porosity-log responses (Burke and others,
1969) employ values read from neutron, density, or sonic logs that reflect lithology, fluid
content, and porosity so that porosity values can be calculated in intervals of simple-
matrix (that is, monomineral) lithology (Schlumberger_, 1972). Wolfcamp strata, however,
consist mostly of complex lithologies, necessitating simultaneous analysis of two porosity
logs.

Wolfcamp core was recovered from U.S. Department of Energy (DOE) test holes in
Donley County, Stone and Webster Engineering Corporation (SWEC) Sawyer No. 1 (3,082-
3,924 ft); Oldham County, SWEC Mansfield No. 1 (4,502-4,990 ft); and Swisher County,

SWEC Zeeck No. 1 (5,472-5,618 ft).
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Lithologie logs of Wolfcamp core from three DOE test holes in the Texas Panhandle
were examined for intervals of 100 percent limestone and 100 percent dolomite. After the
depths of each interval were recorded, depth-equivalent neutron—porosity, density-porosity,
and interval-transit-time values were read from the Schlumberger porosity logs and plotted
onto Schlumberger charts CP-1d and CP-2b (Schlumberger, 1979) for neutron-density
analyses (figs. 111 and 112) and neutron-sonic analyses (figs. 113 and 114), respectively.

A comparison of crossplotting methods (figs. 111 and 113) for pure-dolomite intervals
shows that data cluster more closely to the dolomite line in the neutron-density plot
(fig. 111) than .they do in the neutron-sonic plot (fig. 113), indicating the neutron-density
method yieids a more accurate discernment of dolomite. The neutron—dens‘ity plot
(fig. 111) also shows higher maximum porosity values than the neutron-sonie plot (fig. 113).
For example, in the neutron-density plot (fig. 111), maximum porosity in the SWEC Sawyer
No. 1 well equals 0.27. In the neutron-sonic plot, maximum dolomité porosity in the
Sawyer No. 1 well equals 0.21. In the neutron-sonic plot, maximum dolomite porosity in
the SWEC Mansfield No. 1 and Zeeck No. 1 wells equals 0.21 by neutron-density plotting
(fig. 111) and 0.19 ﬁnd 0.17, respectively, by neutron-sonic plotting (fig. 113).. Lower
maximum porosities in figure 113 probably result from the sonic log's inability to detect
secondary porosity (Burke and others, 1969; Schlumberger, 1972; Fertl, 1981; MacCary,
1983).

Comparison of neutron-density (fig. 112) and neutron-sonie (fig. 114) ecrossplotting
methods for limestone also indicates that when the former technique is used, limestone
data cluster more closely to the limestone line than when the latter technique is used.
Again, this indicates a more accurate differentiation of lithology through neutron-density
crossplotting. As in the previous dolomite example, the neutron-density technique yields
higher maximum porosities than the neutron-sonic method. For example, maximum
neutron-density porosity in the SWEC Sawyer No. 1 limestone (fig. 112) equals 0.30.

Neutron-sonie (fig. 114) maximum limestone porosity in the Sawyer No. 1 well equals 0.25.
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Neutron-density maximum porosities in the SWEC Mansfield No. 1 and Zeeck No. 1 wells
equal 0.28 and 0.22, respectively (fig. 112), whereas they equal 0.19 and 0.17, respectively,
for the same wells in the neutron-sonic plot (fig. 114). Again, maximum porosities
identified in the neutron-sonic plot are probably lower because the sonic log does not
detect secondary porosity (Burke and others, 1969; Schlumberger, 1972; Fertl, 1981;
MaecCary, 1983).

Comparison of lithologic determinations derived from two standard crossplotting
methods in Wolfcamp dolomite and limestone shows consistently greater variation in
lithologic identity resulting from neutron-sonic crossplotting. This is especially true for
the 100-percent limestone intervals studied. Pure-limestone neutron-sonic responses
identify silica, anhydrite, and éalt, in addition to widely varying ratios of
limestone/dolomite (fig. 114). Pure-limestone neutron-density responses in figure 112,
however, only indicate limestone/dolomite and limestone/silica permutations. The
presence of silica in the neutron-density plot-‘almost always coincides with chalcedony
replacement of fossil fragments or the presence of chert grains, as indicated in core logs
(Ruppel and Hovorka, 1983a, b; in pocket).

This study of crossplotted porosity-log responses in the Palo Duro Basin Wolfeamp
carbonate intervals shows that neutron-density crossplotting is superior to neutron-sonie
crossplotting in deriving quantitative estimates of (binary-mineral) lithology ratios and
porosity values. This initial finding from Wolfcamp-specific studies supports use of the
more generally preferred neutron-density logs for analysis of lithology and for evaluation
of porosity in predominantly carbonate sequences (Raymer and Biggs, 1963; Schlumberger,

1972; MacFadzean, 1973; Fertl, 1981; MacCary, 1983).
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Figure 111. Neutron-porosity values plotted against the density-porosity values for "pure"
dolomite. The data cluster more closely to the dolomite line than they do in the neutron-
sonic plot for the same intervals (fig. 113). Maximum porosities in the Stone and Webster
Engineering Corporation Sawyer No. 1, Stone and Webster Engineering Corporation
Mansfield No. 1 and Stone and Webster Engineering Corporation Zeeck No. 1 wells equal
0.27, 0.21, and 0.21, respectively. Generally the maximum porosities shown in figure 113
are lower for each of the three wells.
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Figure 112. Neutron-porosity values plotted against the density-porosity values for "pure"
limestone. The data cluster more closely to the limestone line than they do in the neutron-

sonic

plot for the same intervals (figure 114). Maximum porosities in the Stone and

Webster Engineering Corporation Sawyer No. 1, Stone and Webster Engineering Corporation
Mansfield No. 1 and Stone and Webster Engineering Corporation Zeeck No. 1 wells equal
0.30, 0.28, and 0.22, respectively. The maximum porosities shown in figure 114 are lower
for each of the three wells. :
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Figure 113. Neutron-porosity values plotted against the sonie-transit-time values for pure
dolomite. The data cluster more closely to the dolomite line in figure 111 than they do in
this plot for the same intervals, indicating inferior lithology resolution by neutron-sonic
crossplotting. Maximum porosities in the Stone and Webster Engineering Corporation
Sawyer No. 1, Stone and Webster Engineering Corporation Mansfield No. 1 and Stone and
Webster Engineering Corporation Zeeck No. 1 wells equal 0.21, 0.91, and 0.17, which are all
lower than the maximum porosities shown in figure 111. Maximum porosities are probably
lower because the sonic log does not detect secondary and vuggy porosity.
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Figure 114. Neutron-porosity values plotted against the sonie-transit-time values for
"pure" limestone. The data cluster more closely to the limestone line in figure 112 than
they do in this plot for the same intervals, indicating inferior lithology resolution by
neutron-sonic crossplotting. Maximum porosities in the Stone and Webster Engineering
Corporation Sawyer No. 1, Stone and Webster Engineering Corporation Mansfield No. 1, and
Stone and Webster Engineering Corporation Zeeck No. 1 wells equal 0.25, 0.19, and 0.17,
respectively, which are all lower than the maximum porosities shown in figure 112.
Porosities are probably lower because the sonic log does not detect secondary and vuggy
porosity.
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'HYDROGEOLOGIC TESTING OF THE SAN ANDRES FORMATION
IN THE PALO DURO BASIN, TEXAS PANHANDLE

Alan R. Dutton

Hydrogeologic tests support predictions, based on a regional study, of hydrogeologic
characteristics of the unit-4 carbonate unit of the San Andres Formation in the Palo Duro
Basin. The hydraulic-head gradient across the Palo Duro Basin is to the southeast, and the
average permeability, 0.038 md, is very small. Salinity of formation water exceeds
330 g/L: - Isotopic shifts in deuterium a:zd oxygen are reguirsd s_o produce the isotopic
composition of San Andres water, §D = -159/00 and §180 = 2*/-19/00 (SMOW), from
meteoric recharge water.

Thick salt deposifs in the San Andres Formation in the Palo Duro Basin are being
considered as a medium for a high-level nuclear waste repository. However, information
on the movement and composition of ground water in the carbonate rocks that underlie the
salt deposits in the San Andres Formation is very limited. Therefore, hydrogeologic
characteristies of the lower San Andres carbonate units were predicted with more plentiful
data from the regions surrounding the Palo Duro Basin (Dutton, 1983; Orr and Dutton,
1983). Result_s of hydrogeologic tests in the San Andres verify those predictions.

Regional study of hydraulic head suggested that, although the San Andres Formation
in the Palo Duro Basin is part of the Evaporite aquitard (Bassett and Bentley, 1983), lateral
movement of ground water is possible in the carbonate units of the lower San Andres
(Dutton, 1983; Orr and Dutton, 1983). Ground water in the Palo Duro Basin should flow to
the southeast with an average flow velocity as small as 2.4 em/1000 yr (assuming
permeability of 0.038 md, hydraulic conductivity‘ of 10-4-65 m/day, and hydraulic-head
gradient of 0.003).

Results of six drill-stem tests in the unit-4 carbonate of the San Andres Formation
have a geometric mean of 0.038 md and a range of 0.2 md; the standard deviation of the
logarithm (base 10) of measured permeability is 0.526 md (table 15). No clear pattern of
variation in permeability with geographic location, lithology, or diagenesis is apparent

(fig. 115). However, there is a southeastward decrease in hydraulic head from the

J. Friemel No. 1 well to the Zeeck No. 1 well (table 15). The southeast gradient is
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consistent with the prediction for the Palo Duro Basin that was based on earlier, more
limited data (Orr and Dutton, 1983).

A fresh-water head, assuming water weight of 0.433 psi/ft, and a salt-water head,
assuming water weight of 0.515 psi/ft, are given in table 15 for each test location.
Equivalent fresh-water heads have been calculated for various formations in the Palo Duro
and other basins (Bond, 1972; Bassett and Bentley, 1983; Orr and Dutton, 1983) because
actual density of water at each test site may be unknown. Fresh-water head values for the
San Andres Formation are considered unreasonable because they are greater than the
potentiometrie surface of the upper, post-Permian clastic aquifer and about equal to
ground-level elevation (table 15). Brine is known to be in the San Andres unit-4 carboﬁate,
and the values of salt-water head agree well with results of modeling of ground-water flow
in the Palo Duro Basin (Senger and Fogg, this volume).

As meteoric water moves into the Palo Duro Basin from recharge areas in New
Mexico, it dissolves halite and anhydrite and approaches saturation with respect to these
minerals (Dutton, 1983). Preliminary samples of ground water from the unit-4 carbonate
unit at the Zeeck No. 1 well in Swisher County have a total content of dissolved solids in
excess of 330,000 mg/L; the water is calculated by the computer program SOLMNEQ
(Kharaka and Barnes, 1973) to be undersaturated with respect to halite by roughly 0.3
orders of magnitude. With estimated values of 8D = -15 ©/0o and §180 = 2+/-1 9/00
(SMOW), the isotopic composition of the San Andres water from the Zeeck No. 1 well lies
in a trend off the meteoric water line among waters from granite-wash sandstones and
Wolfeamp carbonate. rocks in the Palo Duro Basin (Kreitler and others, 1985). The 8D of
the San Andres water is unlike §D of shallow ground water either in East-Central New
Mexico or across the Texas Panhandle (see Senger, Richter, and Kreitler, this volume).
Isotopic shifts in both deuterium and oxygen are required to produce the isotopic

composition of San Andres water from meteoric water.
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WATER SAMPLING AND HYDROLOGIC TESTING IN THE SALT-DISSOLUTION ZONE OF
THE TEXAS PANHANDLE

Alan R. Dutton
Test wells have been constructed in the Palo Duro Basin to provide data on the
hydrogeology of the salt-dissolution zone. The bases of the test zones are within 7 to 49 ft
of the upper surfdce of bedded salt. The test zone in three of the four wells was drilled
with an air-mist foam to reduce the extent of contamination of the strata to be tested.
Hydrologic tests and chemical analyses of water samples are carried out to determine the
source of ground water that dissolves the salt, and the rate and timing of the salt-
dissolution processes.

The zone of salt dissolution in the Palo Duro Basin is being tested to determine the
hydrogeology, timing, and rate of salt-dissolution processes. Stone and Webster Engineer-
- ing Corporation Sawyer No. 2 near Clarendon in Donley County, Mansfield No. 2 near Vega
in Oldham County, Detten No. 2 near Hereford in Deaf Smith County, and Harman #1 north
of Tulia in Swisher County are being used in these tests (fig. 116). Interpretations are
based on data from chemical analyses of water samples and from tests of hydrologic
properties of the dissolution zone. The scope of field activities is to obtain and analyze

uncontaminated samples of ground water from the test zones and to conduct drawdown and

recovery tests of hydrologiec parameters.
Stratigraphy of Salt-Dissolution Zone

The broad zone of salt dissolution that encompasses the Texas Panhandle lies to the
west under the Pecos River valley, to the north under the Canadian River valley, and to the
east below the Rolling Plains (Gustavson and others, 1980, 1981c). The elevation and
location of the deepest zone of salt dissolution varies across the Panhandle (figs. 117 and
118). Toward the center of the basin, the position of the uppermost salt bed climbs higher
in the stratigraphic section. At the Sawyer No. 2 well, the uppermost salt is in the lower
San Andres Formation (fig. 119). At the Mansfield, Detten, and Harman wells, the highest

salt lies in the Seven Rivers Formation (figs. 120, 121, and 122).
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Design and Construction of Test Wells

The test wells aré designed to obtain sampleé of water involved in the dissolution of
salt. Test zone bases are within 7 to 49 feet of the upper surface of bedded salt (figs. 119
through 122). The test intervals include the strata considered most likely to transmit
water through the dissolution zone on the basis of study of core and elecfric logs.
Thiocyanate (SCN-) tracer was to be used in the drilling fluid to indicate the degree of
contamination of the ground water.

The Sawyer No. 2, Mansfield No. 2, and Detten No. 2 test wells are offset by 100 to
200 ft from deeper hydrostratigraphic test wells that had been completed as part of studies
on nuclear waste isolation feasibility. The approach to constructing these three wells
generally was to drill to the top of the test zone, make geophysical-log surveys, and case
the wellbore. The test zone itself was then drilled or cored with an air-mist foam to
reduce the volume of drilling fluid that could contaminate the strata. After total depth
ﬁas reached, ground water was produced from the tést zone for several hours by foreing
compressed air through the drillpipe and out at the test zone. The Sawyer and Mansfield
wells yielded about 50 to 80 gallons per minute with this production methbd. The Detten
No. 2 well did not yield water by this technique. No other well development or stimulation
was done.

Unlike the three offset wells, the Harman No. 1 well was originally drilled to 3,041 ft
below land surface using salt-based mud (10.4 pounds gallon weight). It was converted for
use as a dissolution-zone test well by placing a cement plug in the borehole below the zone
of interest, leaving a 148-ft interval between the base of casing and the top of the plug.
Therefore, the test zone at the Harman well is much more contaminated with drilling fluid
than are the zones at the other three sites.

Further details of well construction are reported by Stone and Webster Engineering

Corporation (1983).
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Testing and Sampling Procedures

The general approach being used at each well is to conduct tests to determine
hydrologic properties while pumping to remove ground water that might be contaminated
with drilling fluid. A submersible turbine is used at the Sawyer and Mansfield wells where
transmissivity is fairly high. At the Detten and Harman wells, where transmissivity is
rather low, water is bailed from the well. The concentration of thiocyanate tracer is
monitored to document the removal of drilling contaminants. The produced water is stored
on-site and hauled away for subsurface disposal. ~

Once the concentration of tracer indicates that cleanup is complete, sampling of
ground water for chemical analysis takes plgce. Determinations are made of termperature,
pH, Eh, caleium, sodium, magnesium, potassium, strontium, iron, sulfate, sulfide,
bicarbonate, chloride, bromide, iodide, and the isotopes of deuterium (HZ), oxygen-18,

sulfur-34, carbon-13 and carbon-14, chloride-36, and iodide-129. Sampling techiques vary

according to the specific constituent or parameter being measured.
Preliminary Results

The concentration of thiocyanate tracer several months after well construction but
before the start of tests was essentially 0 ppm at the Sawyer and Mansfield wells and about
30 ppm at the Detten and Harman wells. Natural movement of ground water in the
dissdlution zone was great enough to partly (70 percent) or entirely flush the small amount
of drilling contamination away from the test well. At the date of this report, no conclusive
results have been found from tests at the Detten and Harman wells.

Ground water from the Sawyer No. 2 well is saline with total concentration of’
dissolved solids of 94,924 mg/L. The water is about 1.6 orders of magnitude undersaturated
with respect to halite. Ground water at the Mansfield No. 2 well is also saline with total

concentration of dissolved solids of 67,537 mg/L. This water is undersaturated with
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respect to halite by about two orders of magnitude. Clearly, the saline water in the

’ stratigraphic intervals being tested at these two wells is derived from the dissolution of

sélt by percolating ground water.
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the Seven Rivers and Salado Formations, where both the beginning of salt dissolution and
the limit of salt are shown, the limit of salt for the younger formation marks the
approximate beginning of salt dissolution for the next older formation (from Gustavson,

1982).
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Depth below ground surface
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Figure 119. Stratigraphy and construction of the Stone and Webster Engineering Corpora-
tion Sawyer No. 2 hydrochemical test well. (A) Gamma-ray log in the Stone and Webster
Engineering Corporation Sawyer No. 1 well. (B) Gamma-ray log in Stone and Webster
Engineering Corporation Sawyer No. 2 well. (C) Stratigraphic setting of test zone. (D) As-
built drawing of the test well (modified from Stone and Webster Engineering Corp., 1983).
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Depth below ground surface
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Figure 120. Stratigraphy and construction of the Stone and Webster Engineering Corpora-
tion Mansfield No. 2 hydrochemical test well. (A) Gamma-ray log in the Stone and Webster
Engineering Corporation Mansfield No. 1 well. (B) Gamma-ray log in Stone and Webster
Engineering Corporation Mansfield No. 2 well. (C) Stratigraphic setting of the test zone.
(D) As-built drawing of the test well (modified from Stone and Webster Engineering Corp.,
1983).
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Figure 121. Stratigraphy and construction of the Stone and Webster Engineering Corpora-
tion Detten No. 2 hydrochemical test well. (A) Gamma-ray log in the Stone and Webster
Engineering Corporation Detten No. 1 well. (B) Gamma-ray log in the Stone and Webster
Engineering Corporation Detten No. 2 well. (C) Stratigraphic setting of the test zone.
(D) As-built drawing of the test well (modified from Stone and Webster Engineering Corp.,
1983).
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Figure 122. Stratigraphy and construction of the Stone and Webster Engineering Corpora-
tion Harman No. 1 hydrochemical test well. (A) Gamma-ray log in the test well.
(B) Stratigraphic setting of the test zone. (C) As-built drawing of the test well (modified
from Stone and Webster Engineering Corp., 1983).
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POTENTIOMETRIC SURFACE OF THE UPPER PENNSYLVANIAN AQUIFER,
TEXAS PANHANDLE '

D. Anderson Smith

An objective geostatistical method was used to map distribution of hydraulic heads
measured in upper Pennsylvanian rocks of the Palo Duro Basin and surrounding areas.
Geostatistical analysis was applied to describe data variation. Kriging was then used to
estimate head values on the basis of data with minimum estimate variance. Derived
estimates were contoured using CPS 1.

Pennsylvanian drill-stem-test (DST) data from 3,797 wells in the Palo Duro,
Anadarko, Dalhart, Hardeman, and Midland Basins and parts of New Mexico west of the
Palo Duro Basin were studied. Data were differentiated for the upper and lower
Pennsylvanian. The upper sequence includes the Canyon and Cisco Groups, and the lower
includes the Bend and Strawn Groups. Maximum thickness of the Pennsylvanian section is
2,000 ft in the center of the Palo Duro Basin and 7,600 ft in the center of the Anadarko
Basin and thins onto uplifts exposed during the Pennsylvanian Period. The upper
Pennsylvanian sequence thins onto the uplifts and ranges in maximum thickness from
1,500 ft in the center of the Palo Duro Basin to 5,000 ft in the center of the Anadarko
Basin.

This upper and lower Pennsylvanian subdivision was based on a vertical change in
facies noted by Dutton and others (1982). Dutton reported that the lower Pennsylvanian
sequence is composed of terrigenous clastics and thin interbedded limestones with thick
limestone buildups common in the upper sequence. Because of this vertical change in
facies, mapping each sequence separately produces a more realistic representation of the
head distribution in the Pennsylvanian.

The Petroleum Information (PI) data base of the upper Pennsylvanian consisted of
DST pressures from 1,799 wells. Using the criterion of a gradient greater than 0.3 psi/ft,
776 pressures were initially considered reliable. Gradient is defined as the shut-in pressure

divided by depth. Two hundred seventy-five head values were deleted from this data base

because they were either significantly lower or higher than nearby head values. Eleven
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values derived from either DOE wells or from actual DST charts were added to the data
base. These additions resulted in a final data file of 512 head measurements.

Kriging was selected as a statistical method of objectively estimating the hydraulie
head values because it provides an estimate of the value, calculates the estimate in sueh a
way that the estimation variance is minimized, and provides values for the estimation
variance that can be mapped as a measure of confidence of the head values. This mapping
technique was used previously to map the potentiometric surface of the Wolfeamp aquifer
(Smith and others, 1983).

Variograms of the upper Pennsylvanian head data for the entire data set and for
subareas of the study area were generated. Geostatistical analysis showed that there was
no single structure that could model the entire region, but that separate regions of the
study area could be modeled by‘different variograms. Separate spherical variog’réms were
calculated for the Anadarko Basin (fig. 123) and for the Palo Duro Basin (fig. 124).

The variogram parameters from the Palo Duro Basin variogram are

| range of influence (a): 26,000 m

random variance (nugget Co): 31,000 £t2

spatial variance (C): 40,500 ft2

total variance (sill C + Co): 71,500 ft2
In the Palo Duro Basin variogram model the random variance is slightly smaller than the
spatial variance, indicating that kriging can account for more than half of the total
variation in the data. The average krige block variance is 21,604 ft2, which is comparable
to the nugget, or random, variance.

The variogram parameters from the Anadarko Basin variogram are

range of influence (a): 20,000 m
random variance (nugget Co): 195,000 ft2
spatial variance (C): 125,000 ft2

total variance (sill C + Co): 320,000 ft2
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In the Anadarko Basin variogram model the random variance is larger than the spatial
variance. This indicates that random variance dominates the data base and that, although
kriging will give valid bléck estimates, kriging accounts for less than half of the total
variation. The average krige block variance is 69,248 ft2, squared which is much smaller
than the nugget or random variance.

The variation in the Anadarko Basin model is more than four times as large as the
v_ariation in the Palo Duro Basin model. The larger variation in the Anadarko Basin model
may be due to the pressures in the basin being universally affected by oil and gas
production.

Each region was then kriged using the variogram parameters from its respective
variogram and the data in its respective area. In much of the Palo Duro Basin the data
distribution was too scarce to allow a krige block to be estimated. In these areas, those
raw data values considered to be of best quality were included with the krige block
estimates to form the contoured data base (Orr and Dutton, 1983). The krige block
estimates and selected raw data values were then contoured using CPS-1, a Radian
Corporation contouring package.

The upper Pennsylvanian potentiometric surface map implies a general east to
northeast component of flow across the Palo Duro Basin (fig. 125). Further east the
inferred flow direction is more to the southeast. Hydraulic heads in the Anadarko Basin
are highest in the central deepest parts of the basin. Flow is inferred to be to the
southeast and east along the Amarillo Uplift and to the north and northwest out of the
basin. Our map of the potentiometric surface of the upper Pennsylvanian aquifer shows a
similar trend to that of the potentiometric surface of the Wolfcamp aquifer, buf we infer a
more west-east component of flow across the Palo Duro Basin. The head values and
gradients are similar, suggesting that the Wolfcamp and upper Pennsylvanian may act as a

single hydrologic unit.
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Figure 123. Semi-variogram of upper Pennsylvanian equivalent fresh-water heads calcu-
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INTERPRETATION OF PRESSURE-DEPTH DATA FROM CONFINED AQUIFERS
Elizabeth D. Orr and Charles W. Kreitler
The quality, quantity, and distribution of available data, and variability in the potentio-
metric surface, aquifer structure, and surface topography determine the reliability of
pressure-depth plots for hydrologic interpretation in confined regional aquifers.

Pressure-depth plots are a relatively new tool for characterizing regional ground-
water flow. The reliability and accuracy of these plots have not, however, been addressed
in any published research. The purpose of this investigation is (1) to identify and document
easily neglected factors that impede accurate interpretation of pressure-depth plots, and
(2) to suggest a method whereby pressure-depth plots can be more reliably used for
hydrologic interpretation.

Whereas a potentiometric surface indicates regional horizontal flow directions,
pressure-depth data can indicate whether flow withih the aquifer has an upward or
downward component (Téth, 1978, 1979). Potential for vertical flow is best indicated by
plotting two or more pressure-depth measurements from each of several closely spaced
wells: an upward component of flow is indicated when the slope of the pressure-depth
regression line is greater than hydrostatic (no flow or horizontal flow conditions), and a
downward component is indicated when the slope is less than hydrostatic (fig. 126a). The
intersection of the regression line on the depth axis indicates depth to the potentiometric
surface (fig. 126b).

One factor that impedes accurate interpretation of pressure-depth plots is limited
data. Available data, usually obtained from drill-stem tests (DST's) in petroleum
exploration wells, may be of questionable quality and exhibit anomalous features (fig. 127).

Pressure-depth plots may also vary and exhibit scatter because they reflect changes
in the hydrologic configuration of the regional aquifer, specifically variations in the
potentiometriec surface, the geologic structure of the aquifer, and the surface topography

(fig. 128). In large areas that are relatively homogeneous with respect to surface
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‘topography, structure, and the potentiometric surface, a plot of pressure-depth data from
several wells will reflect the same conditions as in individual wells (fig. 128a--no flow).
However, if any of the three hydrogeologic factors vary significantly, the regression line
through pressure-depth data from several wells will be different in slope and intercept than
a regression liné through data from an individual well. Figure 128b is a model for parallel
flow up the inclined Deep-Basin Brine aquifer from Lamb County to Potter County in Palo
Duro Basin. The northeasterly direction of flow is inferred from the potentiometric
surface of the average Deep-Basin Brine aquifer (Wirojanagud and others, 1986). A
regression line through computed data for five widely spaced wells indicates under-
pressured conditions and a strong potential for upward flow within the aquifer. HoWever,
the pressure-depth data from each individual well indicates a very minor upward
component of flow that is undetectable on a pressure-depth or head-depth plot. The
upward flow component indicated by the regression line through all the data grossly
exaggerates the true component of upward flow indicated by a single well. The intercept
on the depth axis erroneously indicates a depth to the water table that is deeper than the
maximum possible in this hydrogeologic setting. A similar problem occurs where there is
horizontal flow with increasing topography, as shown in figure 128c. The pressure-depth
plot, however, would indicate an erroneous upward component of flow.

In some cases, closely spaced data that look accurate can be, in fact, misleading.
Figure 128d reflects parallel flow in a direction of decreasing topography and increasing
aquifer elevation. Computed data for individual wells correctly indicate a slight upward
component of flow. However, the regression line through all the data indicates a downward
flow component and depth to water at land surface.

Because there is rarely enough accurate DST data from any one well to compare with
trends indicated by all data within a specific area, it is important to identify the effects of

the hydrogeologic setting before drawing conelusions from pressure-depth plots.
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Accurate interpretation is hindered further because DST data are not uniformly or
even randomly distributed. Oil and gas exploration wells target particular stratigraphic
units and areas. In the southeastern part of Palo Duro Basi'n,‘ most DST's in the
hydrologically connected Deep-Basin Brine aquifer are from Pennsylvanian carbonates. In
the northwestern part, most DST's are from Granite Wash deposits and Wolfcampian
carbonates. The slopes ‘and intercepts of pressure-depth regression lines may vary
considerably depending on how the available DST data are distributed.

In summary, accurate interpretation of pressure-depth plots is best facilitated by
having sufficient high-quality, uniformly distributed DST data from small areas having
minimum variation in the potentiometric surface, the aquifer structure, and the surface
topography. When analyzing less than ideal data, it is important to first understand the
possible effects that a varying hydrogeologic setting and uneven data distribution may have
on plotted pressure-depth configurations. A suggested method is first to compute pressure-
depth data for a given hydrogeologic setting assuming parallel flow, and then to compare
the plotted results with the field data (fig. 129). Significant differences in the regression
lines of the plots would indicate real potential for vertical flow. Similarities in the
regression lines would suggest no potential for vertical flow: the slopes of the regression
lines, even if different from hydrostatic, may be an effect of the hydrogeologic setting or

data distribution and not the hydrologic conditions within the confined aquifer.
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surface topography.
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scatter due to mixed quality data, (2) depressured zones due to high oil and gas production,
and (3) abnormally high pressure values possibly due to drilling mud invasion.
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Figure 129. Comparisons of drill-stem-test data and modeled pressure-depth data for the

confined Deep-Basin Brine aquifer in areas east of the Caprock Escarpment: (A) eastern
Motley County, north to southwestern Donley County. The slope of modeled data (0.469),
(B) Childress, Cottle, and northeastern King Counties.
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VERTICAL COMPONENTS OF GROUND-WATER FLOW IN THE PALO DURO BASIN
Elizabeth D. Orr and Charles W. Kreitler

Pressure-depth data from drill-stem tests indicate that the Deep-Basin Brine aquifer is
underpressured. Potential exists for downward flow from shallow aquifers, through the salt.
section, into the sub-salt brine aquifer. Within the Deep-Basin Brine aquifer, potential for
vertical flow varies across Palo Duro Basin. These variations may affect the lengths of
potential flow paths to the biosphere.

The vertical component of ground-water flow is a consideration in assessing the
length of potential paths from a nuclear repository to the biosphere. Contaminated waters
m regions of potential upward flow may make their way to the biosphere sooner than
- contaminated waters in regions with potential downward flow; flow paths may therefore be
longer or shorter than estimates based on parallel flow.

The Deep-Basin Brine aquifer (Wolf‘campian age and older permeable formations) is
underpressured with respect to fresh-water hydrostatic conditions in the overlying Ogallala
and Dockum aquifers. The potential for downward flow from the shallow aquifers into the
Deep-Basin Brine aquifer has been documented by Bentley (1981) and Wirojanagud and
others (1986). Pressure-depth data from drill-stem tests (DST's) plot below the fresh-water
hydrostatic line and a predicted hypothetical brine-hydrostatic line (figs. 130 and 131).
Underpressuring in the Deep-Basin Brine aquifer results from (1) the evaporite aquiclude,
which prevents the equalization of pore pressures in the beep—Basin Brine aquifer with
those in the Dockum and Ogallala aquifers, (2) inadequate recharge from New Mexico, and
(3) highly permeable facies within the Deep-Basin Brine aquifer, which act as a hydrologic
drain (Senger and Fogg, this volume).

Thé potential for vertical flow within the Deep-Basin Brine aquifer was investigated
by analyzing‘ pressure-depth relationships across the basin. The 446 data points in
figure 131 are a sample of DST data from 276 petroleum exploration wells (fig. 130). The

pressure vaiues used were the larger of either the initial or final shut-in preésures; of

222



these, only that data with gradients (pressure/depth) greater than or equél to 0.2 were
considered valid. |

Pressure-depth plots were constructed for small areas arbiti‘arily delineated by
contours of surface elevation and the elevation of the top of the Wolfcamp (fig. 130). The
contour intervals are not equal but were chosen (1) to facilitate the most even data
distribution possible and (2) to display the most distinet trends in the plotted pressure-
depth data. Each area is relatively homogevneous with respect to the depth to the Deep-
 Basin Brine aquifer; effects of variations in topography, aquifer structure, and the
potentiometrie surface could therefore be minimized on pressure-depth plots.

Statistical test of regression lines indicated that data from certain areas could be
grouped and plotted together (figs. 132 and 133). The slopes and intercepts of plots in
figures 132 and 133 vary frorﬁ area to area, indicating that the high scatter in figure 131
may in part be a result of superimposed pressure-depth relationships from different
regions. These variations may also indicate varying potential for vertical flow. However,
some of these variations may be the result of the hydrogeologic setting and data
distribution. Consequently, modeled data were computed for each area assuming parallel
flow in a similar hydrogeologic system (Orr and Kreitler, this volume, "Interpretation of
Pressure-Depth Data from Confined Aquifers"). Tests indicating statistically different
slopes of the regression lines of DST data and computed data imply a potentiai fdr vertical
flow.

Of the seven areas in figure 132, four areas, C, D, E, and G, have pressure-depth
gradients that are less than the computed gradients for parallel flow in the same
hydrogeologic setting, indicating potential downward cross-formational flow. Data from
the Stone and Webster Engineering Corporation Sawyer No. 1 and Zeeck No. 1 test wells
support this conclusion: calculated head values decrease with depth. (Data in area E are

very sparse and scattered; interpretations based on these data may be questionable.)
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No statistically significant differences were found between the slopes of the
reg'ressidn lines of DST and computed data in areas B and F; parallel flow within the
aquifer is implied. Pressure-depth data in area B show a high degree of scatter, and much
of the data are of poor quality. The scatter may be due to the effects of high oil and gas
production in the area. Conclusions based on these data should be considered tentative.

The slope of the pressure-depth regression line in area A (0.479) is greater than that
of modeled data for parallel flow in the same setting (0.442), implying potential upward
flow. The slopes of the reg’ressipn lines for DST data and modeled data, however, are
statistically different with only 86 percent confidence. Therefore, part of the high
gradient may be attributable to parallel flow up the inclined aquifer. However, test data
from the Mansfield No. 1 well support the conelusion of potential upward cross-formational
flow. Calculated heads for Pennsylvanian intervals are 300 to 400 ft higher than heads in
the overlying Wolfcampian intervals. |

Figure 134 summarizes the potential vertical components of ground-water flow in the
Deep-Basin Brine aquifer based on the interpretation of pressure-depth data. Aeccuracy of
this map is limited because (1) the boundaries in figure 134, especially in sparse data
regions, are not absolute, and (2) interpretations based on poor quality data associated with
oil production may be imprecise. The following assumptions must also be noted: (1) the
potentiometric surfaces on which flow directions are based are accurate; (2) the estimate
of density for the Deep-Basin Brine aquifer is correct (density and temperature do not vary
vertically or horizontally within the deep basin); and (3) the model hydrogeologic settings
for which data were calculated are true reflections of the hydrogeologic conditions of each
area. Changes in these assumptions would naturally alter interpretations of the hydro-
geology and pressure-depth relationships.

Hydrogeologic causes for the observed patterns of vertical flow are not readily
apparent. Because of the low permeability of the salt section, the effect of flow through

the salt section (on pressure-depth configurations) may be negligible compared with the
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effect of varying permeabilities within the Deep-Basin Brine aquifer.- On a regional scale,
water in the Deep-Basin Brine aquifer moves roughly parallel within the structure of the
basin. Local permeability variations may cause vertical deflections of ground water into
more permeable facies.

Potential downward flow in areas E and G may be related to higher permeabilities in
Pennsylvanian granite-wash and fan-delta deposits. In Donley County, faults through the
Permian and Pennsylvanian systems may provide pathways for downward ground-water
flow. Potential downward flow in areas C and D may be a result of inadequate recharge to
the highly permeable lower Pennsylvanian granite-wash deposits. Thick dolomitie shelf-
margin systems that cut through basin systems may provide pathways for ground-water
flow from above. Deep-basin brines in area A flow toward the flanks of the Amarillo
Uplift where thick deposits of granite wash occur. Furthef upward cross-formational flow
may occur along faults in the area. Areas B and D, which appear to reflect hydrostatic
conditions of parallel flow, coincide approximately with the salt-dissolution zoﬁe. Faulting
and collapse resulting from salt dissolution may increase the vertical permeability, thereby
decreasing the vertical hydraulic gradient. Heads could equilibrate to some degree, and
pressure-depth data would appear more hydrostatic. In these areas, there may actually be
vertical components of flow within the Deep-Basin Brine aquifer, as well as increased

downward flow through the salt section.
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(Handford, written communication) delineate relatively homogeneous hydrogeologic areas.
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NUMERICAL MODELING OF THE WOLFCAMP AQUIFER, PALO DURO BASIN

Prakob Wirojanagud, ‘Charles W. Kreitler, and D. Anderson Smith

Ground waters in the Wolfcamp aquifer flow to the northeast toward the semi-
impermeable, granitic Amarillo Uplift. The Wolfcamp potentiometric surface can be
reasonably simulated only when permeability of the granite wash that flanks the uplift is
about 260 md. The best simulation results indicate a travel time across the basin from 1.2
to 2.0 m.y. Total discharge through the Wolfcamp aquifer is about 680,000 m3/yr.

A conceptual hydrogeologic model of the Palo Duro Basin, Texas Panhandle, is
subdivided into three hydrogeologic units: the shallow Ogallala and Dockum aquifers, the
Permian Evaporite aquitard, and the deep, confined, underpressured Permian and Pennsyl-
vanian brine aquifer. The relatively low permeability Evaporite aquitard separates the
flow regime into two distinetly different flow systems: the upper unconfined aquifer
(Ogallala-Dockum) and the Deep-Basin Brine aquifer. Both aquifer systems are extensive;
thus, flows are essentially horizontal. Results of pressure-depth analysis of fluids in the
deep-brine aquifer indicating uniformity of heads (Bentley, 1981; Orr and Kreitler, 1985)
suggest that the whole deep-brine aquifér is interconnected, probably by depositional
thinning of the shale aquitards or by faults and fractures.

The Wolfcamp Formation is the shallowest permeable unit beneath the thick Permian
evaporite section in the deep-basin system. It is composed of carbonates, shales, and
arkosic sand and gravels (granite wash) with effective average permeability values of 8.9,
0.0001, and 8.6 md, respectively. A potentiometric head map of the Wolfcamp aquifer
derived from the measured head daté indicates a regional flow direction from southwest to
northeast across the basin and from west to east along the Matador Arch (fig. 135). This
anomalous hydrologie condition (flow toward a low-transmissivity barrier) may result from
the presence of highly permeable granite-wash deposits that flank the uplift and funetion
as a "hydrologic sink."

A two-dimensional, vertical-averaging, finite-element model, which incorporates the

different lithologies and their different permeabilities as well as leakage through the
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overlying Evaporite aquitard, has been used to simulate the observed potentiometric
surface of the Wolféamp aquifer. The Palo Duro Basin study area was divided into a finite-
element mesh of 120 discrete elements having 405 nodes to accommodate the heterogene-
ities of the system. The physically complex flow system has, therefore, been represented
by a numerical model whose behavior is governed by the bbundary conditions, the aquifer's
properties (transmissivity and vertically integrated porosity), and the amounts of leakage.
Leakage depends on the permeabilities and thicknesses of the Evaporite aquitard as well as
on the heads in the overlying unconfined aquifer. |

Investigations using numerical simulations indicate that the conditions that best
simulate the Wolfcamp potentiometric surface are modified permeability values of -260‘md
for the granite wash (in contrast with the average value of 8.6 md), 50 md for the highly
porous carbonate (fig. 136), and 0.00008 md for the Evaporite aquitard, as well as a
combination of specified head conditions (in the westernbpart) and no-flow conditions (in
the eastern part) along the Amarillo Uplift (fig. 137). One pore-volume of water in the
Wolfeamp aquifer within the Palo Duro Basin is about 7.9 x 1011 3, ahd it takes about 1.2
to 2.0 m.y. for ground water to flow across the basin (fig. 138). The amounts of discharge
through the western part of the northern boundary and the eastern boundary are about
280,000 and 400,000 m3/yr, respectively. Contours of head difference between the upper
unconfined ‘aquifer and the Wolfcamp aquifer (fig. 138) show a higher potential for
downward leakage in the northwestern area; leakage declines toward the eastern and

southeastern parts of the basin.
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Transmissivity = summuéion of products of permeability and thickness, m2/day
Contour interval = 5 m~/day QA3826

Figure 136. Computed head distribution from the best Wolfcampian aquifer simulation
(fig. 135). Values of head along the specified-head boundaries are according to the

observed Wolfcamp head map. The model assumes a permeability value of 0.00008 md for
the Evaporite aquitard.
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Figure 137. Streamlines and travel times from the best Wolfcampian aquifer simulation
(fig. 135) based on porosity values of 0.14 for granite wash, 0.08 for carbonates, 0.10 for
highly porous carbonates, and 0.05 for shale. Travel-time interval between marks along
streamlines is 400,000 yr.
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Contour interval = 50 m QA3829

Figure 138. Potential for leakage from the upper unconfined aquifer down to the Deep-
Basin Brine aquifer through the Evaporite aquitard, computed as head difference between
the upper unconfined aquifer and the Wolfcamp aquifer. Negative values indicate potential
for upward flow through the aquitard.
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MODELING OF VERTICAL GROUND-WATER FLOW IN THE PALO DURO BASIN:
A PROGRESS REPORT

Rainer K. Senger and Graham E. Fogg
The cross-sectional ground-water flow model was used to simulate streamlines in addition
to hydraulic heads along a cross section through the Palo Duro Basin. The computed
streamlines show that most of the ground-water flow is concentrated in the shallow
aquifers, whereas only a small fraction of the total flow (0.047 m /day) is passing through
the Deep-Basin Brine aquifer. The small flow rates in the deep system can be attributed to
(1) its relative isolation from the shallow, relatively steep hydraulic gradients, and
(2) discharge of ground water at the Pecos River that would otherwise recharge the deeper
aquifer.

The regional ground-water flow model of a cross section through the Palo Duro Basin
(fig. 139; modified from Senger and Fogg, 1983) was improved by computing ground-water.
streamlines and by using new data on recharge rates to the Ogallala aquifer and hydraulic
conductivity of the different hydrologic units. The computed streamlines show ground-
water flow patterns and fluxes that were difficult, if not impossible, to discern from the
previously published contour maps of computed hydraulic heads, owing to anisotropic

hydraulic conductivity values and extreme vertical exaggeration of the cross-sectional

model. Streamlines were generated by solving for the stream functions, y, in the equation:

k) sl - 8
where Ky and K, are horizontal and vertical hydraulic conductivity, respectively. Equation
(1) is of the same form as the steady-state ground-water flow equation; thus, the same
numerical algorithm used to solve for hydraulic head (FREESURF; Neuman and
Witherspoon, 1970) was used to solve for the stream function y. Boundary conditions for
the streamline solution consisted of prescribed stream function y (Dirichlet boundary
conditions) along the lower boundary of the mesh and prescribed stream-function gradient,
vy (Neuman boundary conditions) along the upper surface of the mesh. For further details

concerning boundary conditions and the derivation of equation (1) refer to Fogg and Senger

(1985).
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Information about average recharge to the Ogallala aquifer in the Texas Panhandle
(Knowles and others, 1982) was used to assign prescribed flux boundary conditions to the
High Plains surface (fig. 139). In the previous study (Senger and Fogg, 1983); fluxes along
the High i’lains surface obtained with preseribed head boundary conditions produced a
highly erratic recharge-discharge pattern with a net annual recharge to the aquifer of
about 0.18 inches (0.45 ecm). The new prescribed flux boundary conditions represent
recharge to the Ogallala: aquifer ranging from 0.048 inches (0.145 cm) to 0.250 inches
(0.625 e¢m), as wés reported in Knowles and others (1982). The remaining nodes along the
upper surface and the eastern boundary of the mesh still have prescribed head boimdary
conditions.

Pressure-depth data from Jackson County, Oklahoma, located approximately at the
eastern edge of the model, support the previously assumed hydrostatic conditions along the
eastern boundary. Hydraulic conductivity values of the shallow Ogallala and Dockum
aquifers (8.0 and 0.8 m/day, respectively) were based on pumping test data reported in
Myers (1969). The new preseribed flux-boundary conditions require reduced hydraulie
conductivity of both Ogallala and Dockum at the western High Plains to simulate the
observed hydraulic heads in those two aquifers. Anisotropiec conditions in the shallow
aquifer system were approximated by assuming a reduced vertical hydraulic conductivity
with Ky/K, = 10 (table 16).

Permeabilities in the Deep-Basin Brine aquifer were assumed to be anisotropic with
Kx/K, = 100. The permeability value of 1.36 md, assigned to the Permian/Pennsylvanian
shelf carbonates (table 16), represents a weighted arithmetic average of different carbon-
ate strata within the Deep-Basin Brine aquifer (Wirojanagud and others, 1986).

Recent results from a field-pumping test of granite-wash deposits within the Deep-
Basin Brine aquifer (Stone and Webster Engineering Company J. Friemel No. 1 well, Deaf
Smith County) yielded permeability values of 10 to 400 md with an average of 140 md
(equivalent to a hydraulic conductivity of 0.16 m/day). This is substantially larger than the

geometric mean of 8.6 md based on data from drill-stem tests, pumping tests, and compiled
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information from the Texas Department of Water Resources (Wirojanagud and others,
1986). The higher permeability values obtained from the recent tests are considered more
typical of proximal granite-wash lithology. Accordingly, granite wash in the western part
of the cross section was assigned a hydraulic conductivity value of about 0.01 m/day,
whereas granite wash east of the Caprock Escarpment was assumed to have higher
“hydraulie conductivity of about 0.12 m/day, which resulted in reasonable hydraulic head
distribution in the deep section.

Information on permeabilities of the Permian/Pennsylvanian formations in New
Mexico is very limited. Previously assigned values (Senger and Fogg, 1983), taken from
Freeze and Cherry (1979), represent average hydraulic conductivities of about
8.2 x 10™2 m/day for comparable geologic material (table 16). The assumed permeabilities
of the westernmost hydrologic units were supported by the computed discharge of
1.35 m3/day at the Pecos River, which agrees reasonably well with inferred discharge
based on streamflow measurements of about 1.30 m3/day in the area (Mower and others,
1964).

Despite the adjustments in the model, computed hydraulic heads (fig. 140) show the
same general flow regime in the basin as in the previous study (Senger and Fogg, 1983):
(1) a shallow flow system governed primarily by topography and (2) a deeper flow regime
recharging in New Mexico and separated from the shallow system by the thick evaporite
section in the center of the cross section, which helps rﬁaintain underpressured conditions
beneath the evaporite section.

The plot of streamlines (fig. 141) shows in detail the shallow and deep ground-water
flow system. Flow rates in the two systems are so drastically different that two different
streamtube intervals had to be used (a streamtube is bounded by streamlines). Each
streamtube in the shallow section (shaded pattern) carries 0.2 m3/day, whereas each
streamtube in the deep section carries only 0.01 m3/day. As a result, the total modeled

flow rates through the shallow and deep sections are about 4.43 m3/day and 0.047 m3/day,
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,respe‘ctively., Specific discharge rates of ground-water flow may be obtained by dividing
the flow rate in a streamtube by its width. In addition, pore-fluid veloeity is given by
dividing specific discharge by porosity. - The model gives values of specific discharge for
the deep sections in the range of 1074 to 8 x 1076 m/day. Maximum ground-water flow
veloeity in the shallow (Ogallala) aquifer is} about 1.5 x 10~! m/day, based on a value of
specifie discharge of 2 x 1072 m/day, and assuming a porosity in the Ogallala of 16 percent
(Knowles and others, 1982). In the Deep-Basin Brine aquifer, the model indicates maximum
g'round-Water flow velocities in the shelf carbonates and proximal granite wash of
1.1 x 1074 m/day and 4.4 x 10~4 m/day, respectively, assuming average porosities of 8
percent and 23 percent, respectively (Wirojanagud and others, 1986). The ground-water
travel times through the Deep-Basin Brine aquifer from the westernmost recharge area in
New Mexico fo the eastern boundary in Oklahoma are in the range of 1.2 to 4.0 m.y.,
depending on streamtube and average porosity.

Leakage through the evaporite section as éomputed by the model is only about 6 x
1078 m/day. Nevertheless, because of its‘vast area, the evaporite séction contributes by
vertical leakage about 0.0125 m3/day, or 27 percent of the water passing through the
Deep-Basin Brine aquifer. Additional simulations are being made with different permeabil-
ity values for the evaporite section to estimate a range of possible leakage rates.

The very slow flow rates computed by the model in the deep system are attributed to
the relatively low permeability in the central part of the Deep-Basin Brine aquifer and its
separation from the relatively steep hydraulic gradients of the shallow aquifer system by
the Evaporite aquitard. In addition, the Pecos River serves as a discharge area for ground
water that would otherwise recharge to the deeper aquifer. Additional simulations are
planned in which the effect of the Pecos River on the overall ground-water flow pattern
will be investigated by eliminating the topographic effect of the Pecos valley in the finite-
element mesh and comparing the computed head and streamline distribution with the ones

in this study.
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Figure 140. Computed hydraulic head distribution. Subhydrostatic

pressure conditions
occur beneath the evaporite section.
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10.

11.

Table 16. Hydraulic conductivity of the major hydrologic units, Texas Panhandle.

Hydrologic unit

Ogallala fluvial systeml

Triassic fluvial/lacustrine systeml
Permian (salt dissolution zone)2

Permian sabkha system3

Permian mud-flat system4
Permian/Pennsylvanian shelf carbonates3
Permian/Pennsylvanian basinal systems3

Permian/PennsYlvanian mud-flat and
alluvial/fan delta system?

Permian/Pennsylvanian fan delta system
(distal granite wash)3

Permian/Pennsylvanian fan delta system
(proximal granite wash)

San Andres unit 4 carbonate®

Sources of data:

LAfter Myers (1969); assumed Kyx/K4 = 10.

Hydraulic conduectivity (m/day)

Horizontal

8.0 x 100
8.0 x 10°1
8.2 x 1072
3.2 x 1077

8.2 x 109

1.36 x 1072

1.1 x 1077
8.2 x 10~2

1.0 x 102

1.2 x10°1

1.2 x 1074

2y.s. Geological Survey open-file data; assumed K4/K, = 100.

3After Wirojanagud and others (1986).

4Typical value of geologic material (Freeze and Cherry, 1979).

9See text.
. 6After Dutton and Orr (1985).
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Vertiecal

8.0 x 10-1

8.0 x 10~2
8.2 x 1074

3.2 x10°7

8.2 x 10-5

1.36 x 1074

1.1 x 1077

8.2 x 1074

1.0 x 1074

1.2 x 1073

1.2 x 1074



GEOCHEMICAL CHARACTERISTICS OF SALT SPRING AND SHALLOW SUBSURFACE
BRINES IN THE ROLLING PLAINS OF TEXAS AND SOUTHWESTERN OKLAHOMA

Bernd C. Richter and Charles W. Kreitler

Chemical and isotopic analyses of brines from salt springs and the shallow subsurface in the
Rolling Plains allow differentiation between (1) salt-spring and subsurface brines resulting
from the dissolution of halite by local meteoric ground water, (2) salt-spring and subsurface
brines resulting from the mixing of halite-dissolution brine with deep-basin brine, and
(3) subsurface brines resulting from discharge of deep-basin brines. The geographic
distribution of these different brine types correlates well with numerical modeling of
ground-water flow within the area.

Numerous salt-emission areas occur within the outcrop of Permian rocks in the
Rolling Plains of Texas and southwest Oklahoma on the eastern flanks of the Palo Duro and
Midland Basins (fig. 142). Brine of the sodium chloride type is discharged in springs and
seeps and underlies the area at relatively shallow depths. The source of the salinity is
considered to be either evaporite dissolution by shallow meteoric ground water in a local
flow system or diséharge of deep-basin brine in a regional flow system.

Ground water in the Palo Duro Basin basically flows through two major aquifer
systems (Bassett and Bentley, 1983): (1) a shallow one, which receives recharge within the
High and Rolling Plains and is responsible for halite dissolution along the salt-dissolution
zone in the east (Gustavson and others, 1980), and (2) a deep one, which receives recharge
in eastern New Mexico and traverses the High Plains below the Permian salt section. Flow
direction in general is from recharge areas in the west to discharge areas in the east.
Discharge of the shallow system within the study area is known to oceur. Discharge of the
deep system may occur within the study area or just to the east of it, but this is, as yet,
undocumented. On the basis of Br/Cl ratios and isotopic composition, Kreitler and Bassett
(1983) concluded that salt-spring brines in the northern part of the study area resulted from
the dissolution of halite by meteoric ground water.

Additional samples from salt springs and test holes, especially from areas to the

south, as well as deep-basin brines from the Palo Duro and Midland Basins, have been

included to study further the source of salinity. Chemical and istopic compositions, molar
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sodium" to chloride ratios (mNa/mCl) and bromide to chloride (Br/Cl) weight ratios are
shown in tables 17 through 19.

Brines derived from dissolution of halite by fresh ground water commoniy have
mNa/mCl ratios close to 1 and Br/Cl weight ratios less than 4 x 10‘4, whereas deep-basin
brines show values of less than 1 and greater than 25 x 10~4, respectively (Whittemore and
others, 1981). On the basis of these ratios, three brine types can be distinguished within
the study area, that is, halite-dissolution brine (Group A, table 17), deep-basin brine (Group
C, table 19), and mixtures of A and C (Group B, table 18) (fig. 143). Ratios of other
chemical constituents (Ca/Cl, Mg/Cl, K/Cl, I/Cl) support this grouping. Brines froh Group
A show the lowest values for these ratios, except Na/Cl, as expected from halite
dissolution by fresh ground water. Group A brines dominate in the northern and western
parts of the area and include most of the salt springs (fig. 142).

Chemical constituents of brines from Group C plot close to typical oil-field brines in

the Palo Duro and Midland Basins, except that the Mg/Cl ratio is unusually high. Discharge

of deep-basin brine is thought to account for this brine type. Group C brines are restricted

to test-hole samples and occur at the North Croton Creek and Croton/Dove/Haystack
Creek areas and in one sample from the Elm Fork site in Harmon County, Oklahoma
(fig. 142). An anomalous brine, which plots close to‘ Group C brines, in the shallow
subsurface just east of Cottle County was described by Johnson (1979). This suggests deep-
basinal discharge in the eastérnmost | and southeastern parts of the Rolling Plains
(Hardeman Basin and ‘Eastern Shelf).

Group B samples from springs and test holes exhibit compositions between halite-
dissolution and deep-basin brines, suggesting mixing of these two end members. Ratios of
chemical constituents show them to plot closer to Group A than Group C brines, indicating
the dominance of halite-dissolution components in Group B. The geographic distribution of

Group B (fig. 142) supports the concept of mixing of Groups A and C.
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A plot of Br/Cl ratios versus depth for four salt-emission areas shows deep-basin
- brine at relatively shallow depths in the southern part of the Rolling Plains. Brine is

nearest to land surface in the North Croton Creek area (figs. 142 and 144). Brines
indicating deep-basin discharge have not been found in test holes at Jonah/Salt Creek
(maximum depth 315 ft) and Middle Pease River (maximum depth 130 ft), whereas they
were found at 25 ft below land surface at North Croton Creek.

The 8180 and 8D values of most of the salt springs (Group A) compare well with
values of shallow, fresh ground water in the area, suggesting a meteoric origin for the
saline waters (fig. 145; Kreitler and Bassett, 1983; Senger and others, this volume). Test-
hole samples from the North Croton Creek area (Group C), which plot on a line with deep-
basin brine at high Cl concentrations and meteoric water at low Cl concentrations as its
end members, indicate mixing of a deep-basin brine with local meteoric ground water. This
is also reflected in the significant enrichment of 8180 and Cl1 with depth for individual test
holes in this areﬁ.

Comparison of potentiometric fresh-water heads of the Wolfcamp aquifer with heads
of the unconfined aquifer supports the geochemical findings (fig. 146). Heads of the brine
aquifer are below unconfined heads in the north, but above or near to them in the south. A
computer-generated head-difference map for the Wolfcamp and unconfined aquifers shows
this trend; head differences generally decrease east of the escarpment and approach zero
in southeastern Cottle County, Texas (Wirojanagud and others, this volume).

Most salt springs do not show deep-basin characteristics. Few salt springs suggest
mixtures of halite-dissolution brine with small amounts of deep-basin brine. The
dominance of halite-dissolution brines may mask any deep-basin characteristics in some of
the samples, especially where mixing with local fresh water near the discharge site dilutes
the samples to relatively low salinity. The source of the deep-basin brine is not kncwn. It
may be the Midland Basin rather than the Palo Duro Basin, as indicated by the geographic

distribution of Group C brines and the potentiometric surface of the deep-basin Wolfcamp
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aquifer.. Chemical analyses from deeper test holes, particularly for the northern part,
~ would be of great value in determining the depth to deep-basin brine for the entire study

area.
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250



80 -
70 -

60 -

b
X

50 A

40

(BrsCl) x10-%
x

20 ~

10 4

X : ‘
r
) 2 T T T T T T T T T —
o} 30 _ 60 S0 120 150
- ‘{ QA 2874

L ' Depth (m)
EXPLANATION

North Croton Creek
Dove/Haystack/Croton Creek:
Middle Pease River
Jonah/Salt Creek

Interval sampled

P rmxe

A—A Samples from same well

Figure 144. Plot of Br/Cl weight ratio versus depth for four brine-emission areas (locations
shown in fig. 142). Low Br/Cl ratios in samples from Jonah Creek and Middle Pease River
suggest halite dissolution to account for the brines. Low and high Br/Cl ratios at
Croton/Dove /Haystack Creeks indicate halite-dissolution brine underlain by deep-basin
brine at this locality. Uniformly high Br/Cl ratios in samples from North Croton Creek
indicate deep-basin brine close to land surface in the southeastern Rolling Plains.

251



204
O_
/CI=98,000 mg/L
., Te o
+=
o 20+
(]
o~
Y e—Cl=84,000 mg/L
Z Cl=610 mg/L :
(]
(% °
= ®—(Ci=2,700 mg/L
5 g
2 a
o) ROLLING
o  PLAINS EXPLANATION
-60- A Shallow ground water/High Plains & Rolling Plains
o Salt springs/ Rolling Plains
A @ Test hole/North Croton Creek
+ Deep-basin brines /Palo Duro Basin
NEW MEXICO
- o 7 T
8% -8 -6 -4 -2 0 2

88 0(SMOW) %o Qazen

Figure 145. Plot of 8D versus 8180 for (1) shallow, fresh ground water from municipal
wells in New Mexico and the Texas Panhandle (Senger and others, this volume), (2) salt
springs in the Rolling Plains, (3) test hole samples from the North Croton Creek area, and
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252



| EXPLANATION

@ Salt-emission area

\ 2000’ Fresh-water table
-

0~ Potentiometric surface of
,[80 Wolifcamp brine aquifer

Potentiometric surface of
Wolfcamp brine aquifer
greater than fresh—water
head

Drainage

Datum mean sea level

Contour Interval 200 ft

QA 5206

Figure 146. Hypothetical potentiometric-surface map of the Wolfeamp aquifer compared
with fresh-water table. The Wolfcamp map is compiled from the potentiometric-surface
maps of MeNeal (1965) and Smith and others (1983).
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962

Table 19. Chemical and isotopic analyses of Qo:v C brines.

mg/l . \

Sample = Date Sample type - Temp. Br/Cl om;o 6D
County no. collected anddepth (ft). (°F) pH Na K Ca Mg HCO; so, ClI Br mNa/mCl x 10 (%0, SMOW)
King 65 1 5-15-79  Well 82 66 7.30 12,000 220 1,100 930 140 5,700 20,000 140 0.93 70.00 - -
" 66 i 5-08-79 " 80 69 6.40 60,000 1,300 3,400 7,200 190 1,300 130,000 860 0.71 66.15 -3 -
" 67 f 5-15-79 " 52 68 7.20 7,000 170 1,500 900 100 3,000 15,000 100 0.72 66.67 - -
" 68 i} 5-15-79 " 70 67 6.60 38,000 200 1,400 8,500 30 6,700 - 81,000 510 0.72 6296  -3.9 -
" 69 f 5-15-79 " 97 66 7.00 26,000 100 1,400 - 4,400 92 7,100 51,000 320 0.79 62.75 -4.6 -
" 70 f 5-15-79 " 80 68 6.70 30,000 380 1,300 5,100 110 9,100 61,000 420 0.76 68.85 - -
" 71 1 5-16-79 " - 69 66 6.70 25,000 410 2,000 4,300 74 5,000 49,000 290 0.79 . 59.18 -49 -
" .72 % 5-16-79 " 38 69 6.80 14,000 320 1,000 3,200 82 8,900 26,000 160 0.83 61.54 - -
" 73 5-16-79 : 52 67 6.80 23,000 130 420 6,400 100 15,000 45,000 280 0.79 62.22. -6.8 -
" 74 5-17-79 " 85 68 6.50 55,000 950 3,100 7,000 260 3,800 110,000 770 0.77 70.00 +.1 -
" 7% f 5-17-79 " ‘110 69 6.20 97,000 1,500 2,400 12,000 100 2,900 190,000 1,100 0.79 57.90 - -
" 76 f 5-08-79 " 94 69 6.60 28,000 750 3,900 5,800 - 160 1,300 69,000 610 0.63 88.41 -19 -
" 77 % 5-08-79 " 90 67 6.90 13,000 320 4,700 1,700 100 830 32,000 240 0.63 75.00 - -
" 78 5-09-79 " 75 69 6.80 16,000 390 3,200 3,000 180 1,900 37,000 230 0.67 62.16 -1.9 -
v 79 i 5-156-79 " 65 67 6.50 28,000 150 2,200 3,900 200 4,900 54,000 350 0.80 64.81 - -
" 80 % 5-15-79 " 100 67 6.50 48,000 730 2,400 7,000 150 5,000 98,000 650 0.76 66.33 -14 -15
" 81 ¢ 5-16-79 " 75 67 6.70 29,000 710 2,100 5,200 190 - 5,200 60,000 400 0.75 66.67 - -
" 82 ¢ 5-16-79 " 109 67 6.40 53,000 960 3,300 8,400 170 3,900 110,000 760 0.74 69.09 -7 -
" 83 ¢ 5-16-79 " 65 68 6.10 60,000 1,200 2,100 15,000 54 3,000 140,000 920 0.66 65.71 - -
" 84 5-16-79 " 72 69 7.00 6,800 230 1,800 1,200 250 2,700 16,000 110 0.66 68.75 -43 -
" 85 t 5-18-79 " 90 67 6.40 30,000 390 10,000 4,300 80 1,500 77,000 500 0.60 64.94 - -
" 86 % 5-08-79 " 117 69 7.00 11,000 310 3,700 1,100 74 1,900 24,000 200 0.71 83.33 -6.9 -
v 87 % 5-09-79 " 84 68 6.80 33,000 44 3,000 6,800 180 2,900 78,000 570 0.65 73.08 -5 -
Stonewall 88 ¢ 5-11-79 " 32 64 7.10 9,500 160 970 900 64 4,500 16,000 94 0.92 58.75 - -
" 89 ¢ 5-10-79 " 86 67 7.20 10,000 150 460 1,000 110 2,800 17,000 91 0.91 53.53 - -
" 90 # 5-11-79 " 42 63 6.90. © 24,000 290 1,700 2,900 60 5,000 48,000 280 0.77 58.33 -39 -
: 91 ¢ 5-10-79 " 76 64 7.00 13,000 240 960 1,500 100 6,100 23,000 150 0.87 65.22 - -
" 92 i 5-10-79 " 52 64 7.00 13,000 280 370 3,800 72 5,000 27,000 160 0.74 59.26 -5.2 -
" 93 ¢ 5-10-79 v 105 68 7.00 22,000 260 1,600 1,900 110 5,200 41,000 200 0.83 48.78 -4.08 -34
" 94 ¢ 5-09-79 " 74 70 6.40 40,000 820 3,800 5,500 230 15 84,000 490 073 5833 -293 -27
" 95 # 5-27-65 " 170 - 6.50 103,200 825 11,070 3,700 32 687 188,000 - 0.85 - = -
" 96 # 2-18-65 " 365 - 5.30 78,045 628 23,716 8,809 14 245 185,130 994.6 0.65 53.72 - -
" 97 # 2-18-65 " 100 - - 5.80 - 82,600 716 24,034 = 9,100 18 3,733 195,000 1,034 0.65 53.03 - -
" 98 # 5-27-65 " 400 - 4.40 - 61,240 774 10,415 2,853 - 1,211 122,000 - 0.77 - - -
" 99 # 5-27-65 " 600 - 4.00 61,860 807 10,220 2,990 - 1,212 122,400 - 0.78 - - =
" 1000 # -10-12-64 " 382-625 70 7.00 13,200 243 2,680 423 29 2,600 24,700 77.30 0.82 31.30 - -
" 101 # 10-14-64 " 318-503. 70 6.30 15,613 164 2,740 640 44 3,120 28,000 91 0.86 32.50 - -
" 102 # 5-27-65 " 350 71 3.40 54,300 662 5,100 6,530 - 2,300 111,000 - 0.75 - - -
" 103 # 10-15-64 " 255-361 67 5.40 24,200 332 3,053 1,590 6 3,750 44,000 166 0.85 37.73 - -
" 104 # 3-01-66 " 198-397 69 5.20 29,700 555 2,700 3,200 10 4,300 58,500 213.6 0.78 36.51 - -
" 105 # 3-06-66 " 260-370 69 5.00 25,000 400 2,300 3,470 8.5 4,740 49,500 161 0.78 32.53 - -
" 106  # 3-04-66 " 296-475 67 6.30 11,200 130 1,060 2,000 30 7,080 20,000 83.40 0.86 41.70 - -
Kent 107 # 2-18-65 " - 463 - 5.70- 108,840 788 9,600 2,400 48.5 6,254 190,284 500.5 0.88 26.30 - -
Harmon 108 **. 10-25-80 " 11.9-558 - - 27,360 154 8,020 1,860 - 1,830 58,560 335 0.72 57.21 - -

- not analyzed

# from Stevens (1974)

** sample obtained from U.S. Army Corps of Engineers, Tulsa
} analysis obtained from USGS, Austin



ISOTOPIC COMPOSITION OF SHALLOW GROUND WATER IN EASTERN NEW MEXICO
AND THE TEXAS PANHANDLE

Rainer K. Senger, Bernd C. Richter, and Charles W. Kreitler

The hydrogen (s§D) and oxygen (§ 180) isotopic composition of shallow ground waters
indicates typical meteoric water; §D and s 180 values range from -82 ©/00 to -41 /00 and
-11.46 9/00 to -5.36 ©/00, respectively, showing a general increase toward the east. The
isotopic enrichment of the ground water toward the east reflects the general decrease in
altitude and the relatively heavy isotopic composition of precipitation in the Gulf Coast
area. The isotopic composition of ground water from the Dockum Formation in Swisher
County suggests an origin further to the west at higher elevations and the absence of
significant mixing with isotopically heavier Ogallala water.

Ground-water samples from 15 municipal wells were collected along a 300-mi
traverse from the Manzano Mountains in New Mexico to the west, across the High Plains -
and Rolling Plains, to approximately the Texas-Oklahoma state line in the east (fig. 147).
Hydrogen and oxygen isotopes in shallow ground water commonly reflect the isotopic
composition of precipitation, thus allowing the distinction of ground waters in different
areas.

Location and isotopic composition of the water samples, reported in the conventional
delta notation, are given in table 20. The range of §D values falls well within the expected
range of meteoric water in this area (fig. 148) as reported by Lawrence and Taylor (1972).
Accordingly, the 6D and § 180 values show a general decrease from east to west (fig. 147,
table 20). This isotopic depletion reflects the general increase in elevation and the
dominance of isotopically heavy precipitation in the eastern part, which originates
predominantly in the Gulf of Mexico.

The isotopically lightest ground water was found at highest elevations near the
Manzano Mountains in New Mexico, as shown by the ground-water sample from Mountainair
city well (elevation 6,545 ft) with sD and & 180 values of -82 /0o and -11.46 9/00,
respectively. Similar values are reported from the Roswell Basin farther to the south in
Chaves County (south of DeBaca County), indicating recharge from the mountain massifs

to the west (Hoy and Gross, 1982). Near the Pecos River, shallow ground water from the

alluvium near the town of Santa Rosa (elevation 4,600 ft) shows §D and s 180 values of
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-55 °/oo and -7.30 9/o0, respectively, reflecting the isotopic composition of meteoric
watei' at that altitude (Hoy and Gross, 1982). In contrast, a deep ground—Water sample
from Santa Rosa City well no. 3 shows significantly lighter isotopes, indicating that
‘recharge vto the confined Sah Andres Formation occurs farther to the west at higher
elevations.

Along the High Plains, the isotopic éomposition of ground waters generally decreases
from west to east, reflecting the overall topography. A water sample from Tulia, Swisher
County, however, shows>unusua11y low 8D and § 180 values of -68 9/00 and -9.22 9/oo,
respectively, for this particular area. A similar isotopic composition was found in a water
sample from the deeper Dockum Formation (& 180 = -10 0/00), whereas a wafer sample
from the Ogallala Formation yielded a § 180‘ value of -7.8 9/0o. The difference in isotopic
composition suggests that deeper ground water in the Dockum Formation with low & 180
values originates farther to the west at higher elevations and that ground waters of both
formations do not mix significantly. _

Shallow ground water east of the Caprock ‘Escarpment generally has the highest
values of oxygen and hydrogén isotopes. Kreitler and Bassett (1983) reported similar § 180
values of shallow ground water but lower §D values. The hydrogen isotope analysis,
however, has been stated as being erroneous (Kreitler and Bassett, 1983).

A plot of § 180 and sD (fig. 149) shows that the data from shallow ground water fall
close to the meteoric water line (the isotopic composition of nearly all meteoric waters
plots on this trend)‘.\ Minor isotopic enrichment of the ground water is probably due to
evaporation and other isotopic modifications occurring during recharge.

The isotopic composition of most of the saline spring waters in the Rolling Plains of
the Palo Duro Basin is éimilar to that of the local meteoric ground water (Richter and
Kreitler, this volume). Thus, the data presented here characterizing the isotopic range of
shallow ground water helpé to support the meteoric origin of water ‘t‘rom saline springs as

reported previously by Kreitler and Bassett (1983) and Richter and Kreitler (this volume)..
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Figure 148. Map of the United States, showing the approximate contours of §D and §180
(in parentheses) of present-day meteoric water (after Lawrence and Taylor, 1972).
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Figure 149. Plot of §180 and §D for shallow ground water from municipal wells in New
Mexico and the Texas Panhandle.
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A REVIEW OF RESEARCH ON’BOREHOLE SEALING AND ITS APPLICATION TO
A PROPOSED REPOSITORY IN THE PALO DURO BASIN

William W. Simpkins

Much research on borehole sealing has been done since the initial problems with the
proposed Lyons site. Most emphasis has been placed on laboratory development and testing
of grout plugs. The Bell Canyon Test at the WIPP site is the only major in situ test to date.

Information from that test suggests that flow rates in boreholes in the Palo Duro Basin will
be greater as a result of the steeper hydraulic gradient there than at WIPP.

Historical Perspective

The perception that abandoned boreholes might be a problem in the siting, df a waste
repository began with the proposed repository site at Lyons, Kansas. The National
Academy of Sciences (NAS) recommended a study of abandoned boreholes in the immediate
vieinity (NAS, Committee on Radioactive Waste Management, 1970). Twenty-nine oil and
gas wells were found within 1 mi of the site boundaries, and ten of those wells were within
660 ft of the aétual site (Culler, 1971). Hambleton (1972) compared the site to a "piece of
Swiss cheese" because of fhe potential‘ for fluid circulation along boreholes down to and
away from the repository level. Some wells penetrated the Arbuckle Group rocks whose
potentiometric surface is above the repository level. Hydrologic investigations docu-
mented a downward hydraulic gradient at one borehole that was contourable on the
potentiometric surface map (Angino and Hambleton, 1971). |

After abandonment of the Lyons option in 1972, site screening identified the Waste
Isolation Pilot Planf (WIPP) site in southeastern New Mexico. The site had a very low well
density, the closest well being 2 mi away. Sandia Laboratories initiated the materials
development program for borehole plugs at the WIPP site in 1975. Funding of the overall
program was given to the Office of Nuclear Waste Isolation (ONWI) in 1977.

A comprehensive review of the borehole sealing program was completed in 1979 by
D'Appolonia Consulting Engineers, Inc. (ONWI, 1979). Topies of investigation included

(1) evaluation of existing materials and techniques; (2) hydrothermal transport; (3) plugging
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with earth materials; (4) in situ instrumentation; (5) cement grouting; and (6) salt-

dissolution modeling.
Salt-Dissolution Studies

Studies on salt dissolution around boreholes have been a major focus of the sealing
program because of the earlier decisions naming salt as the most desixjable host medium for
high-level nuclear waste. Theoretical models of the dissolution process were first
constructed by T. N. Dixon at the University of Texas and continued by A. L. Podio and
R. M. Knapp from 1974 to 1979. Using both theoretically and pﬁysically based models,
Knapp and Podio (1979) concluded that (1) a one-dimensional model appears adequate for
representing salt transport in a vertical wellbore, (2) a wellbore will provide an avenue for
brine transport from an upper salt unit to a lower permeable unit, (3) convection flow but
not - dissolution can be physically modeled, and (4) the brine transport process can be
reasonably approximated using finite-difference methods.

Field studies of salt dissolution around abandoned boreholes concerned potential
subsidence (Walters, 1975, 1978; Fader, 1975). The former concluded that such dissolution
was an uncommon process in the oil fields of Kansas; whereas, Fader (1975) concluded that
deterioration of the casing and cement in boreholes was common and that salt dissolution
was a common process. He calculated the amount of salt removed to cause land subsidence
and estimated the flow rates needed to accomplish the dissolution. Flow estimates range

from 5 to 24 gallons per minute.

Development and Testing of Grouts

Design and testing of g'rou‘t for borehole plugs has continued (Buck and others, 1981;
Wakeley and others, 1981; Sarkar and others, 1982; Roy and Grutzeck, 1982). Materials
development for the grouts has been the responsibility of Pennsylvania State University

(Penn State) and the U.S. Army Corps of Engineers Waterways Experiment Station (WES).
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Specific grouts for a bedded salt repository are discussed in Roy and others (1982). Scale
model testing of grouts has recently been done by Terra Tek (J. Gould, personal
communication, 1983).

The Borehole Plugging Program (BHP) at Sandia Laboratories has conducted the only
major in situ test of grout in an open borehole. The Bell Canyon Test was designed to
evaluate the Penn State and WES grouts and investigate the installation of a "typical plug"
in anhydrite (Christensen and Peterson, 1981); A well was drilled to the Bell Canyon
Formation aquifer (4,534 ft), and an 8-inch diameter (20-cm), 6-ft-long (2=m) plug was
installed in the overlying Castille Formation (anhydrite) at 4,495 ft (1,370 m). The Bell
Canyon aquifer has a shut-in pressux{e of 12.4 MPa (1,800 psi) and‘ a production capacity of
104 gallons per day (38,000 liters/day). Borehole plug performance was assessed using
pressure-buildup tests, shut-in tests and tracer-transit-time tests. The grout plug reduced‘
flow up the borehole from the Bell Canyon aquifer to 0.2 gallons per day (0.6 liters/day).
Permeabilities (k) of the plugs were in the range of 50 ‘microdarcys, and porosities were
about 1.5 percent. The Bell Canyon Test indicated that grouts may be‘effective borehole
sealants if the physical properties are matched with the local rock. A fresh-water grout
mix was shown to be the most effective.

Intera Environmental Consultants (1981) used the results of the Bell Canyon Test for
a consequence assessment model of the WIPP site. They discussed three scenarios of inter-
aquifer communication: (1) the U-tube scenario of one aquifer connected by two wells
through a repository, (2) flow between two aquifers along a single borehole, and (3) both
cases where multiple boreholes exist. The concept of hydraulic conductance (HC) is
defined for the borehole plug as

HC = kA where A = cross-sectional area of fhe plug
L and L =length of the plug

Hydrauliec conductance is somewhat analogous to the transmissivity of a horizontal aquifer

of hydraulic conductivity (K) and thickness (b). Units of HC are in millidarcy-feet. In
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general, for the WIPP site, maximum flow rates between aquifers are achieved up to about
100 md-ft, after which point the transmissivity of the aquifer is the main control on flow.
A typical Bell Canyon Plug with HC = 2.91 x 10~3 md-ft would limit flow between the Bell

Canyon and Rustler aquifers to less than 1073 ft3/day.,
Application to the Palo Duro Basin

Hydraulic head data from the Palo Duro Basin indicate that.any flow in an open
borehole connecting the Ogallala-Dockum aquifer and the Wolfeamp aquifér would be
downward throughout the proposed locations in Deaf Smith and Swisher Counties. Flow
rates (Q) down a hypothetical borehole can be calculated by the equation

Q = HC (pg/u) H1 - H2

where (H1-H2) = the difference in hydraulic head between aquifers
Using (H1-H2) values of 525 m (Deaf Smith) and 400 m (Swisher) and HC = 2.91 x
1073 md- ft, Q = 2.58 x 10~4 m3/day (9.27 x 1073 £t3/day) for Deaf Smith and Q = 2.97
x 1074 m3/day (7.08 x 10°3 £t3/day) for Swisher. These flow rates are higher than those at
WIPP because of the steeper hydraulic head gradient between aquifers in the Palo Duro
Basin. The U-tube scenario of Intera Environmentél Consultants (1981) is less likely to
occur because of the shallow gradient in the Ogallala-Dockum aquifer. However, the
consequences of contamination are much greater because of the importance of the aquifer
to agriculture in the region.

Salt dissolution around abandoned boreholes has not been formally recognized in the
Palo Duro Basin. Baumgardner and others (1982) documented the development of a large
sinkhole in Winkler County in the heavily drilled Midland Basin in which dissolution may
have been related to a borehole. Speculation as to the impact of dissolution in a borehole
and communication between aquifers in the Palo Duro Basin must be tempered with the
apparent scareity of boreholes in the locations of interest. County maps as of 1977 show

only 12 wells in the Deaf Smith location (plus 2 DOE) and 8 wells in the Swisher location
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(plus 3 DOE). Their density is much less than the worst casé projections of the Intera
Environmental Consultants (1981) report of 1 well per 40 acres. The continued interest of
oil companies and stratigraphic and hydrologic investigations associated with repository
siting will increase the chance for interaquifer communication. Currently, wells are
plugged only in accordance with the State of Texas regulations that provide only for the

protection of fresh-water aquifers and formations bearing mineral resources.
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WATER CONTENT OF BEDDED SALT, PALO DURO BASIN, TEXAS
| R. Stephen Fisher
A standardized procedure of soxhlet extraction in anhydrous methanol and Karl Fischer
titration has been established for the analysis of water content in salt. Values determined
on more than 100 Palo Duro Basin salt samples range from <0.2 to >5 weight percent.
Clay-rich salts typically contain an order of magnitude more water than samples with
dolomite, anhydrite, or no impurities.

The total amount and distribution of fluid in bedded salts are important controls on
the suitability of the strata for high-level nuclear waste isolation. Both the physical
strength of salt and the reactivity of host rock with waste-cannister or backfill material
are adversely affected by high water content. Furthermore, the local geochemical
environment surrounding a waste repository will be largely determined by the amount and
composition of mobile water in the salt units.

The distribution of fluid in host salt determines its mobility in the subsurface
environment. Water present in some hydrous minerals may never be released under
expected repository conditions. Water along mineral surfaces or in fractures will move in
response to the local hydrologic gradient, whereas fluid inclusions will move in response to
the imposed thermal gradient.

The amount of water measured in a salt sample depends not only on the amount of
each type of water present but also on the sample selection, sample preparation, and
aﬁalytical techniques employed. Distributions of fluid inclusions and impurities in salt are
generally very inhomogeneous. Small samples are less likely to yield representative values
than larger ones, and crushed samples will typically yield low water-content values because
of the rupture of fluid inclusions, increase in surface area, and subsequent loss of both
intergranular and intragranular water. Measurements of weight loss on heating may
produce values that are either too low, if heating is not sufficient to break all fluid
inelusions, or too high, if organic matter is oxidized and the water of all hydrous minerals

is released (see Bassett and Roedder, 1981).
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More than 100 salt samples have been analyzed by a standardized procedure at the
BEG. The halite fraction of large (200 to 500-g) samples is dissolved in anhydrous
methanol; water content of the methanol is then measured by Karl Fischer titration and
calculated as weight percent of the total sample. This method detects all intergranular
water and the water of fluid inclusions in halite; it does not measure the included fluids in
minerals other than halite or the bound water in hydrous minerals. The amount and
mineralogy of the insoluble residue also is determined, permitting a calculation of the
water of mineral hydration.

Samples were selected from the available core to represent a variety of salt types
and depositional environments. Mean water content for all samples is 0.8 weight percent;
however, this value is strongly influenced by the high water content of clay-rich samples.
Mean water content of clay-free salt sarﬁples is approximately 0.4 weight percent. The
amount of clay present in salt and the amount of associated intergranular water are
therefore important parameters that must be established earl§ in the waste repository site
selection and evaluation process.

Future work will establish methods to distinguish the different forms of water in the

various salt types and to determine their relative mobilities.
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HYDROGEOCHEMISTRY OF SUB-SALT BRINES FROM THE SAWYER, MANSFIELD, AND
ZEECK WELLS, PALO DURO BASIN, TEXAS

R. Stephen Fisher

Brines from aquifers below the San Andres Formation at three sites in the Texas Panhandle
are highly saline Na-Cl brines that are capable of dissolving both halite and anhydrite.
Although there are not yet sufficient data for detailed evaluation of the chemical evolution
of fluids along flow paths within specific units, results of analyses to date suggest that
cross-formational mixing of brines may be significant.

Previous reports regarding the hydrogeochemistry of sub-salt hydrologie units in the
Palo Duro Basin have been based on data obtained from petroleum companies, petroléum
information services, and other sources of published data (Bassett and Bentley, 1983;
Bureau of Economic Geology, 1983a, b; Bureau of Economic Geology, 1982). The major
ionie compositions of brines from the deep-basin aquifers in the Palo Duro Basin are
described by Bassett and Bentiey (1983). They also discuss the limits on the usefulness of
their data base because of changes that oceur in fluid composition during sample collection
and storage. This status report presents analyses. of deep-basin brines that were sampled
and analyzed specifically for the West Texas Waste Isolation Project from the Sawyer,
Mansfield, and Zeeck wells.

As of June 1983, brine analyses have been completed for 10 intervals in 3 wells.
Figure 150 shows the location of these wells and additional wells that will be completed
and sampled in the future. A map of the potentiometric surface indicates that the
direction of regional ground-water flow in the Wolfeamp is to the northeast (fig. 150).
Flow directions in units belo§v the Wolfcamp are not well known but are probably similar to
those in the Wolfcamp (Bassett and Bentley, 1983). The Wolfcamp potentiometric surface
shows that flow is generally from the Zeeck site to the Sawyer site; the Mansfield well is
on a different flow path. At this time there are not enough wells and samples, nor are
specific flow paths sufficiently well known to permit evaluation of brine compositional

differences parallel or perpendicular to flow direction within any single hydrologic unit.
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The major ioniec compositions of formation fluids are summarized in table 21. The
brines contain from 141 to 243 g/L total dissolved solids and have ionic strengths between
2.7 and 4.7 and densities ranging from 1.09 to 1.14 g/em3. The dominant ions are sodium
and chloride; minor, but important, amounts of calecium and magnesium are also present
(figs. 151 and 152). Because of the high ionic strengths of these brines, ionic complexing
will be significant and may control the solubility and mobility of radionuclides.

The capacity of the deep-basin brines for reaction with the host rock is an important
criterion in the evaluation of the geochemical stability of the basin. Given the age of the
basin and the flow rates computed from hydrologic data, the brines would be expected to
be in chemical equilibrium with the host rock (Bassett and Bentley, 1983). Preliminary
evaluation of the saturation states of the brines reported in table 21 indicates that these
brines are capable of dissolving halite and anhydrite. The reaction state of thé brines with
respect to silicate minerals cannot be evaluated at this time because of the lack of suitable
thermodynamic data.

Dissolution of halite is the most reasonable source of the chlorinity and salinity of
the deep-basin brines. For the most part, this dissolution probably occurred earlier in the
flow history, nearer a recharge area to the west. Brines from the Mansfield well, however,
appear to have derived much of their total dissolved solids content by downward movement
through overlying evaporite units, as indicated by §180 and 8§D compositions only slightly
modified from meteorie values, high Na and Cl concentrations, and anomalously high C1/Br
ratios (table 21, and Bureau of Economie Geology, 1983a).

Brines that have simply dissolved halite should have Na/Cl ratios near the value of
halite (0.65, by weight) if no other reactions have occurred and if all sodium and chloride
were provided by halite. The Na/Cl ratios of brines from the Sawyer, Zeeck, and Mansfield
wells range from 0.43 to 0.58 (table 21). The depletion of sodium relative to chloride may
be attributed to ion exchange reactions and albitization of feldspar, although mineralogic

data to test this hypothesis are not yet available. The departure of the Na/Cl ratio of Palo
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Duro brines from 0.65 is one indicator of the extent of reaction or<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>