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ABSTRACT

A cross-sectional ground-water flow model was constructed of the Palo Duro
Basin in‘order to analyze available hydrogeologic data and to better understand causes
of the underpressuring below the _vaporlte Aqu1tard and mechanisms of recharge and
dlscnarge to and from the Deep-Basin Brine Aquifer. Various effects of htnostratl-
graphy and topography on subhydrostatic conditions in the deep section were investi-
gated in different simulatiohs. |

The model indicates that the subhydrostatic pressures beneath the Evaporite
~Aquitard are caused by segregation of deep and shallow flow systems by the low
permeable evaporite section and dramage of the deep system by relatively permeable
gramte wash deposits. The Pecos Rlver, which allows underflow of some ground water
recharging in the New Mexico area to the west, enhances underpressuring beneath the
western half of the High Plains by serving as a discharge area for iwater that would
otherwise ,move _d'owndip into the Deep-Basin Brine Aquifer. In addition fo tnis
recharge, about 26% of the ground water in the Deep-Basin Brine Aquifer originates
from leakage ‘tnrougn the evaporite sectioh, assuming K;=2.8 x 10-% md, the upper
limit of aquitard permeability suggested by the model. | |

The ground-water flow pattern within the Deep-Basin Brine Aquifer is governed
by the spatial distribution of more permeable strata, in particular, the granite wash
deposiyts. In the cross-sectional model, most of the ground water in the Deep-Basin
Bri’he Aciuifer discharges laterally thr'ough the eastern boundary and eventually by
upward leakage in the easternmest eart bf the cross section. .

Grourld—water. travel times  through the Deep—BasinBrine Aquifer from the
westernmost recharge area in New Mexico to the eastern boundary of the model range
between 1.2 and 4 million years, dependmg on the flow path depicted by the stream-

tubes and average porosities of the different units..



INTRODUCTION

Information on the regional hydrogeology of the Palo Duro Basin is important in
the investigation of tne suitability of this basin for high-level nuclear waste disposal.
Predictions of the long-term behavior of a nuclear waste repository require detailed
knowledge and understanding of ground-water hydrology in the region surrounding the
site.  Transportation by ground water is the most likely mechanism by which
radionuclides could reach the biosphere from an underground repository.

The Permian Evaporite Aquitard, the general strata for a possible waste site, is
underlain by the Deep-Basin Brine Aquifer (Wolfcampian age and older). The Deep-
Basin Brine Aquifer is underpressured with respect to water table conditions in the
Ogallala and Dockum aquifers overlying the Evaporite Aquitard in the center of the
basin. Hydraulic head decreases by as much as 700 m (2,300 ft) from the Ogallala to
the bottom of the Evaporite Aquitard. The head difference suggests that (1) perme-
ability of the aquitard is very low and the Ogallala-Dockum aquifer is consequently
isolated from the deeper aquifer system, and (2)if contaminants did escape from a
repository site within the Evaporite Aquitard, they would move downward rather than
upward.

A two-dimensional ground-water flow model was constructed along a cross
section through the Palo.Duro Basin to investigate causes of the underpressuring below
thé Evaporite Aqui;card and mechanisms of recharge and discharge te and from the
Deep-Basin Brine Aquifer. The model simulates steady-state ground-water flow
conditions using (1) data on hydraulic conductivity from various hydrologic units in the
section and (2) hydraulic head and recharge rates along the boundaries of the model.
Tne scope of the model consists primarily of investigating various factors affecting
the overall ground-water flow pattern in the basin, ana Is not necessarily aimed at

achieving the best fit with the observed head data.



HYDROGEOLOGY

Geologic Setting

The Palo Duro Basin is a Paleozoic depositional subbasin of the larger Permian
Basin of west Texas and southeastern New Mexico. Major structural features such as
Bravo Dome, the Amarillo Uplift, and Matador Arch, shown in figure | represent the
northern and southern boundaries of the Palo Duro Basin (Handford, 1980). The basin
extends from the Tucumcari Basin in the west to the Hardeman Basin in the east. The
stratigraphy of the basin shows extreme hydrogeologic inhomogeneities which are the
result of long-lived cycles of sedimentation in different environments (table 1).
Handford and Dutton (1980) distinguish four depositional cycles: (1) formation of the
basin and subsequent deposition of basement-derived fan-delta granite wash from
uplifts flanking the basin, (2) planétion and burial of the uplifts through Early Permian
time and infilling of the deep basin with shelf margin carbonate and basinal facies,
(3) encroachment of continental red-bed facies from sources in New Mexico and
Oklahoma and deposition of thick Middle to Upper Permian marine evaporites in arid
environments, and (4) marine retreat during late Permian time and development of a
Triassic lacustrine basin brought about as a result of continental rifting and drainage
reversal. For detailed information on the tectonostratigraphic setting and depositional
environment of the Palo Duro Basin refer to Handford and Dutton (1980) and Dutton
and others (1982).

The major hydrogeologic units in the Palo Duro Basin are the Deep-Basin Brine
Aquifer of Wolfcampian and Pennsylvanian age and the shallow Ogallala and Dockum
aquifers, separated by a thick aquitard of Middle and Upper Permian evaporites

(table 1).



Physiography and Climate

The main topographic features in the Texas Panhandle are the High Plains tb the
west and the Rolling Plains to the east. The surface of the High Plains is generally
smooth and slopes gently eastward at about 2 to 3 m per kilometer (10 to 15 ft per
mile) with an elevation ranging from 900 to 1,450 m (3,000 to 4,700 £t) along the cross
section (fig. 2). A gentle scarp forms its western limit in eastern New Mexico and the
eastern limit is the Caprock Escarpment which has up to 300 m (1,000 ft) of relief.
West of the Pecos River, the topography rises towérd the Manzano mountain range,
reaching an elevation of about 2,130 m (7,000 ft). The Rolling Plains to the east of the
Caprock Escarpment are gently eastwax:d dipping plains of low relief developed on
relatively nonresistant rocks of Permian age.

The climate of the High Plains region is semiarid. The mean annual precipitation
ranges from about 30 cm (;2 inches) in the west to 58 cm (23 inches)» in the east
(Knowles and others, 1982). West of the Pecos River, precipitation generally increases
toward the Manzano mountain range to up to 50 cm (20 inches). The mean annual
temperature of the High Plains is about 15°C (59°F) with an average difference

between summer and winter temperatures on the order of 22° C (40° F).
Recharge and Discharge

Recharge to the Ogallala aquifer is variable and ranges from 0.145cm
(0.058 inch) to 2.08 cm (0.833 inch) per year, dependlng on climate, vegetative cover,
soil type, and clay or caliche aquicludes at the surface (Knowles and others, 1982).
Along the cross séction, recharge values assigned to the High Plains of the Texas
Panhandle are at a»-mihimum of 0.145 cm (0.058 inch) (Knowles and others, 1982), while
- in the New Mexico area, recharge rates may be higher due to a sandier soil type. The

Pecos River is a major discharge area, primarily for ground water recharging to the



j;west of the rlver (Mower and others, 1964) Because of the eastward dlpplng strata"':f:fv'
and topography, dlscharge of ground water from the ngh Plalns to the Pecos is

iprobably small Vlost of ‘the ground water in: the ngh Plalns aqulfer 1s dlscharged
. '_'artlflc1ally through wells and naturally through sprmgs and seeps along the Caprockv-‘"f L

.;'_“v“ffEscarpment Sprlngs m the Rolhng Plalns east of the ngh Plalns are characterlzed byvi;.

i {;?"‘strata east of tne Caprock Escarpment (Kreltler and Bassett 1983 Rlchter, 1983)

: D‘ATA’--BASE*

Hydrauhc Head and Pressure

- ‘,»' A'bundant hydrauhc head data from the Ogallala aquer mdlcate that the shallow]i "

o ﬁ:f»g»’_ground water generally moves. east and southeast under the 1nfluence of the reglonaly

"f‘;“l_':\topographlc d1p (f1g 3) Although water levels have been decllnlng smce 1940 due to

_-ﬂ;‘r.‘“f.-heavy pumpage, the reglonal d1p of potentlometrlc surface of ‘the Ogallala has' nOt-;; f
o changed slgmflcantly from Pre—pumpage days (Knowles and others, 1982) Even though&:. .
j tne heavy pumpage has caused problems for agrlculture by a drOP in the water table 2
o ”_franglng from a few feet to several hundred feet thls change in hydrauhc head does not“":
:..,'v:f-:‘f’lmpact the modellng effort. iR L AT
: Hydraullc head data of the Deep—Easm Brme Aqu1fer were derlved from results,»
-v""fOf d““‘s'fem tests, Wthh were converted 1nto fresh—water heads. An evaluatlon of': i

:'*L;‘-‘flpressure data lS glven ln erOJanagud and others (1984), who constructed a hydraullc L

" ",,fhlghf allnltles due to salt dlssolutlon by shallow ground ‘water of Permlan evaporlte‘_",, T

” head map for the Deep—Basm Brlne Aqulfer (flg 4) A comparlson of unconflned and :

”':}confmed hydraullc heads shows that heads in the Deep—Basln Brlne Aqu1fer are lower'f:.: e

f:f*?fthan heads ln the Upper Aqu1fer (fxg 5) ‘l'he head dlfference generally decreases

,“’toward the south and to the: east of the Caprock Escarpment where land surface' S

o w»t‘apldly drops 1n elevatlon by about 330 m (l OOO ft)



: iI-‘I-ydr ogeologic_ Properti‘_es -
- *'-"_‘Ogallala Formanon ‘ - £y

| The Ogallala Formatxon consmts prlmarlly of -fluvial clastlcs wmch were depos;-»:'
'*1ted over an 1rregu1ar Trlassxc surface in-a. deltalc system. of overlappmg fan lobes‘ :

(Sem, 1980) ‘The percentage of sand and gravel generally decreases from west to east':_

; f::',‘»{'across the: I—hgh Plams. Average hydrauhc conduct1v1ty of the Ogallala is 8.0 m/day~ :

.based on: pumpmg test results reported in Myers (1969) Vertlcal permeabmty' was
assumed ‘to be one order of magmtude less than horlzontal permeablhty, due to-

: horlzontal strat1f1cat10n of sands and muds in the formatlon.

o Dockum Grodp :

The Dockum Group represents a fluvial and lacustrme deposmonal system which

; lS composed of 1nterre1ated clastrc fac1es contammg reglonally extenswe lacustrme
'mudsto‘nes. Percentage of sand w1th1n the Dockum varies between 40 percent and
1o percent.(McGowen and- others,. 1979). Average hydrauhc conduct1v1ty for the\
' i'_ Dockum sands'is about 0.8 m/day ba‘sed on pumpmg test results.(Myers, 1969).,
ey Most modeling approacnes(INiTERA, 1983;‘.'Wirojanagdd.and others, -1984) assume
~that tne’potentiom‘etric‘ s“urface o’f the O-g.allala' is representati_ve of the Dockum as
well. There is evidence, howeVer thathydra’dlic heads in tne Dockum 'are-slgniﬁcantlyf
lower (30 to 90 m, lOO to 300 ft) than those. in the Ogallala (Fink, 1963; Stevens,i» '
unpubhshed data) Also, the water chem1stry and the 018 and H2 concentranon of -
: ground water in the: Dockum is different from that in the overlying Ogallala aquifer..
-(Senr, 1.977; Senger and others, in preparation), suggesting that the'two-aqdifers_ are
‘generallyb‘no_t ‘well interconnected; ; ” ’ |
The Dockum is a'i:sand-poor unit’ co.ntaining vregionally.‘ extensive \l’acustrine 'j‘
',_. ‘rnud'stones.,v Vertical perm.eability of the Dyockum isy therefore, probably verv low. -As

s‘hownvin simulation D of this study, vertical permeability has to be at least four orders



";"'of magmtude lower than honzontal permeabthty in order for the model to 51mu1ate a

1gn1f1cant head dtfference of up to 30 m. (lOO ft) between the Ogallala and Dockum

'g,{?faquers.-,..‘ e

."Permtan Evaporlte Strata
‘I'he Permtan evaportte strata 1nc1ude dep051ts of evaporltes and of 1nner shelf,i'_ :
:s'ystems (f1g 2) ‘I'he Evaportte Aqu1tard in- the Palo Duro Basm consmts malnly of']f"i ,

:"thtck layers of salt dep051ts, anhydrtte, red beds, and perlndal dolomtte (McGowen,

rom the harmontc means of permeabthtles using typtcal and measured values off:: .
i»permeabthty for each sub—strata (Wu‘o;anagud and others, 1984) 'I'he permeablhty'ﬂ
f*value 1s at best a rough esttmate and does not mcorporate possrble effects of fractures =

*_whtch could 1ncrease vertxcal leakage through the evaponte sectton.

,Lower Permtan and Pennsylvantan Strata

fjffv?Deep-Basm Brlne Aqutfer (table l) The deposmonal env1ronments durlng Lower'»}l'

./',:V".'(l)fan-delta system, (2) shelf and shelf-margm systems, and (3)a basmal system

: :,‘9‘81) A verttcal permeabthty of O 00028 md for the Evaportte Aqultard was dertved' o

Lower Permlan, Pennsylvaman, and Pre-Pennsylvaman formatlons constttute the} i

.«.j-ﬁ.’Permtan (Wolfcamptan) and the Pennsylvaman were Slmlla[‘ and con51sted of (f1g 2)

kg (Handford and Dutton, 1980 Dutton and others, 1982) The fan—delta system is

e vcomposed of ark051c sands and conglomerates (granlte wash) wmch were dertved from
" '",the tgneous and metamorpmc uphfts surroundtng ‘the- Palo Duro Basm. Open marme ,_:
.‘f'}‘shelf carbonates and terrtgenous muds comprtse the shelf and basmal system. 5 The top" S
"'}'v-":';of the Wolfcamp 1s marked by a basmw1de dtstrlbutlon of shelf-margtn facxes (Brown
’:Dolomtte) that resulted from a- southward smft of the. shelf break Wthh termmated"’
i deposxtxon of basmal fac1es in the area (Handford 1980) e
s‘.,\)_leroJanagud- and others '(1984)-; combined permeabthty 'data_» based on: limite'df

~analyses of.drill stem tests, pumping tests, and compiled data by Core Lab, Inc. (1972)



and derlved average permeabllltles and varlances of the dxtferent hydrologlc unlts

w1th1n the Deep—Basm Brme Aqu1fer (table 2) For comparlson, average permeabllltyj»;

; values and varlances for the dlfferent types of: tests were complled by Smlth (1983)

Vertlcal permeabllltles for: the Lower Permlan and Pennsylvaman strata are.’ -

o generally assumed to be two orders of magmtude lower than horlzontal permeabtllty, ol

,f«due to the horlzontal stratlflcatlon w1th1n each hydrologlc umt Values of perme— :

f’;\ablllty were converted to hydraullc conduct1v1ty usxng an average flu1d sahmty andj;-

temperature of 127 OOO mg/L and 46°C (I'15°F), based on data from Bassett andi‘

5 '-,iBentley (1982) For these flu1d propertles 1 md equals 0.001 15 m/day

The permeablhty data from the Deep—Basm Brlne Aquifer show large varlancesf

. (log—normal) of up to 7 13 suggestmg an extremely heterogeneous dlstrlbutlon of

permeabllltles and a relatxvely small data base (table 2). Prox1mal gramte-wash»

dep051ts closer to the source areas (A'narlllo Uplift, Bravo Dome, and chmta.ﬁ

'Mountalns) apparently have hlgher permeabrlltles than distal gramte—wash dep051ts in.

i ,the center of the basin. Flve pumplng tests from prox1mal gramte wash in the

' ZVZ‘J Frlemel #l well located in northeastern Deaf Smlth County ylelded permeabllltles'
ot lO md to 400 md with an average of 140 md,. which is much hlgher than the

-":"‘geometrlc mean of 8.6 md. Relatlvely hlgh permeabllltles of 250 md in. prox1mal :

g gramte wash were also suggested by erOJanagud and others (1984).

= Measured permeablllty data. for the Permlan/Pennsylvaman strata labeled "mud—l

: ‘flat and alluvxal fan delta systems" on the left sxde of flgure 2 were not avallable.f- :

.‘,Therefore, a generlc value of permeablllty of about 70 md (equwalent toa hydraullc

o _\'{conductlv1ty of 8.2 x 10'2 m/day) as suggested by Bassett and others (1981) was.f

S :'a551gned to the westernmost hydrologlc unlt based on typlcal values for comparable

Visgeologlc materlals (Freeze and Cherry, 1979) Usmg this typlcal permeablllty value,

the model com puted a dlsch'arge rateto the »Pecos River of 'about.. 1.3 m_3/day, which is -

10



'-"ff,,__f'-jln agreement w1th reported data on rate of streamtlow 1ncrease along the Pecos Rlver

T m thlS area (Mower and others, 1964)

'S:'al't' Disso’lution':Zones

Permeabllltles for the units representmg the salt dlssolutlon zones located eastﬁ :

L ';";and west. of the ngh Plalns in: flgure 2 were- conservanvely estlmated to be 70 md

“”",v,};(equwalent to O 082 m/day) that is much hlgher than the permeablhty of the ad]acent T

5 f}aqu1tard (flg 3) due to 1ntense faultlng and collapse of the formatlon overlymg the salt R

2 "fdeposrts. Recent hydrologlc testhg in the DOE salt dlssolutlon wells ylelded relatlvely-;’il

:‘:‘hlgh hydraullc conduct1v1t1es of about 0. 17 m/day (Dutton, 1n preparatlon) hel
,;;f',eastward extensmn of the Permlan salt strata is represented by a mudﬂat system‘j‘;
R (flg 3) w1th permeabllmes derlved from generlc values as suggested by Bassett and e
others (1981) ‘ P ‘ p | i |
' f COMPUTER PROGRAM

The model was lmplemented w1th the computer program FREESURF developed

o -:lby Neuman and . Wltherspoon (1970) FREESURF -was -used  to solve the partlal o

dn‘.ferentlal equatlon descrlbmg two-dlmensmnal steady-state ground-water flow 1n..‘v'”
fporous medla : ,
| | 2 (K20, 3 (K, 302
ax X 8 3z ZT

-where Kx and Kz are horlzontal and vertlcal hydrauhc conduct1v1ty, respectlvely

FREESURF uses a fmlte element method and a direct solutlon techmque (Gau351an
i ellmlnatlon) Full descrlptxons of the program and its capabllltles are avallable in the
»'iUsers Gurde “for FREESURFI (Neuman, 1976) Examples of appllcatlon and ‘its
: -performance are documented accordmg to QA gurdehnes in Fogg and Senger (1983) |
The program computes hydraullc heads at each node and fluxes along prescrlbed

head boundarles representmg recharge or dlscharge. In addltlon, the program was.used

11



to compute the stream functlons at each node based on the results ot the steady-state*

'-l‘;-‘f'lft’hydraullc heads and fluxes along the m:flow and outtlow boundarles.v The computedvﬂ%" ‘

ff.streamllnes show ground—water flow patterns and fluxes WhJ.Ch are dlfflcult, lf not"- i

.7;_1mp0551ble, to. dlscern from the contour maps of computed hydraullc heads, owmg tO_;’

: ""_:,;‘*amsotroplc hydraullc conduct1v1ty values and extreme ‘vertical exaggeratlon of the‘ -

i cross-sectlonal model For detalls concermng the com putatlon of streamllnes, refer to - !

: “Fogg and Senger (1n preparatlon)

MODELING PROCEDURE
Flnlte Element Mesh
‘l'he vground-water flow model was constructed along an'east-west cross sectlon. ‘
vi“'fg'extendlng from New Mexlco across ‘the ‘I'exas Panhandle into Oklahoma (flg 2). The”“
ﬁmte element mesh was de51gned to represent the geometry of the dlfferentf;"‘
;“deposmonal facxes (tlg 6) Due to extreme vertlcal exaggeratlon, ‘the large node_“”{_
‘ spacmg dlfferences between horlzontal and vertlcal directions could cause numerlcal‘
v\errors ln the solutlon. In Appendlx A, the effect of extreme vertical exaggeratlon was S

tested by successrvely decreasmg the node spacmg in vertlcal dlrectlon of a- 51mple’-

"xrectangular mesh Flgure A2 shows that the errors in computed hydraullc head are

'small and can: be con51dered negllglble for most practxcal purposes.
In ftgure 6 three hydrologlc units are dlstmgmsned within the Deep-Basm Brme e

: Aquer based on the llthostratrgraphy (l) carbonate shelf and shelf—margln systems, :

: ",‘(2) mud—fllled basm and- slope system and (3) fan delta system (gramte wash) The. : ’

Permlan evaporlte sequence is represented as a thlck aqu1tard separatmg the Deep—

B f.‘Basln Brme Aqulfer from the overlylng Ogallala and Dockum fresn—water aqu1fers..,"

' Addltlonal hydrogeologlc unlts represented m the model are the salt dlssolutlon zones‘ |

i »yto.the veast and to the.west of the High Plalns,a Permian mudflat system‘ extendmg .

12



into Oklahoma, and the Permian/Pennsylvanian mudflat and alluvial fan delta systems.

in New Mexico.

Boundary Conditiohs of the Model

- In the model, two types of b’oundary conditions are applied: (1) prescribed heads
(Dirichlet boundéry condition) and (2) prescribed flux (Neumann boundary condition).
. The upper surface of the finite element mesh corresponds approximately to the water
" table and generally folldws the topography (water-level declines caused by ground-
water pumpage are ignored in the model). To the east and west of the High Plains, the
- water .tablé is represented with prescribed‘head boundary conditions. Information on
the amo‘unt of recharge to the Ogallalé aquifer along the Hignh Plains (Knowles and
- others, 1982) permitted assignment of prescribed fluxes at the corresponding boundary
nodes. A recharge value of 0.145 cm (0.058 inch) was assigned along the High Plains in
the Texas Panhandle and increased to 0.625 cm (0.250 inch) to account for the sandier
soil type in the New Mexico area. The prescribed flux boundary condition along the
High Plains surface, however, required a reduction of hydraulic conductivities by one
order of magnitude in both the Ogallala and Dockum aquifers in the western High
Plains in New Mexico in order for the model to produce the observed water levels of
the Ogallala aquifer with reasonable accuracy (fig. 6). This reduction in hydraulic
conductivity does not necessarily represent a calibration of "true" aquifer propérties
based on the available hydraulic head data but m ay reflect the discrepancy in vertical
geometry between the actual northwest to southeast flow direction of the High Plains

aquifer and the imposed west-east flow direction in the cross-sectional model.
‘The lower boundary of the mesh was assumed to be impervious and corresponds
to the contact between the Deep-Basin Brine Aquifer and basement rocks. Head was
assumed to be uniform with depth on the eastern boundary, implying horizontal flow at

this boundary. Pressure-depth data from Jackson County, Oklahoma which is located

13



5approx1mately at the eastern edge of the cross sectlon show & slope of the pressure-, ,

; .,,depth regressmn lme equwalent to brme—hydrostatlc (flg 7)

Slmulatlon Strategy

leferent numencal SLmulatlons were run for the: cross-sectlonal model (table 3)

o "_'f;The results are compared to the hydraullc heads:.derived: from the kriged head map of -

the Deep—Basm Brine Aqulfer (flg 4) The purpose ~of “the" 51mulat10ns was: not'*”

"'.‘_’.;necessanly a1med at acmevxng the best fit with the observed head datar The prlmary‘ :
:7'1:’.,ob)ect1ve was to 1nvest1gate the 1mportance of various factors affectlng the overalli_
ground-water flow pattern in the basm. | | £

| Slmulatlons A- l and A 2 test p0551ble spatlal permeablllty varlatlons of gramte-
v""-"":wash deposrcs. Whlle in Slmulatlon A-l a umform permeablhty dlstrlbutlon for gramte |

2 vwash lS used throughout the basm (K 8 6 md), in: Slmulatlon A-2 prox1mal gramte wash :

deposrts 1n the eastern ‘part: of the cross section are asmgned a permeablllty value of

v’*lOO md wh1ch 1s about 10° tlmes hlgher than the geometrlc mean in. table 2.,

- ““‘:‘Slmulanon A 3 1ncorporates the p0551ble draining- etfect of prox1mal gramte—wash s

'deposns along the Oldham Nose and Amarlllo Upllft north of the cross-sectlonal

’traverse by lnsertmg art1f1c1ally nlgh values of gramte-wash permeablhty throughout f
the entlre east—west cross sectlon.. Although computed heads in Slmulatlon A 3 agree
' "‘Vbetter w1th krlged heads in the deep sectlon, Simulation A-2 is. con51dered the most -
reallstlc model supported by the permeablllty data which are presently avallable for
: the Deep-Basm Brine Aquifer.’ | ‘
| Slmulatlons B-1 and B—2’ mvestlcrate the effect of leakage through the Evaporltej -
’ ﬁyc.ﬁ‘.Aqu1tard by varymg vertlcal permeablhty of the aqu1tard (2.8 x 10‘3 to 2 8 x lO‘ md)
' *,,-:jﬁ'I'he model is- used to glve a p0551ble range of. permeabllltles for the aqu1tard and: to‘

test the valldlty of the ‘assumed permeabrllty value listed in table 2.

14



~In Slmulatlon C, the effect of the Pecos Rlver on' the subhydrostatlc condltlons |
- ff“‘m‘the Deep—Basm Brine Aqulfer 1s tested For thls purpose, the fmlte element mesh 1s',frk
modlhed to ehmmate the topography of the Pecos Rlver valley by extendmg the a
: :,general slope of the ngh Plains surface toward the mountaln range at the westernf_._ =
: boundary of the cross section (flg 14). | | | i |
The hydraullc 1nterconnectlon between the Ogallala and the Dockum was:f.‘
: ‘addressed m Slmulatlon D By reducmg vertlcal permeablllty of the Dockum in
' successwe runs; the observed hydraullc head differential in the shallow aqu1fer system‘ :
v’was modeled and 1ts effect on leakage rate through the Evaporite Aqu1tard and on -

. heads in‘the deep sectlon, is lnvestlgated
LIMITATIONS OF THE MODEL -

When comparlng the'results' of "the'-model "with observed: data, it is impo’rtant to.
” :'recognlze that the reglonal ground—water tlow dlrectlon in‘the: Wolfcamp Aqu1ter is

toward the northeast (erOJanagud and others, l984), whlle the potentlometrlc surface ‘

B representatlve for the whole Deep—Basm Brlne Aqu1fer (fig. 4) shows a more west to

'east flow component Thus, results ‘:of-;the model, which 51mulates ground-water flow-
: along an east-west transverse acros‘s}the,‘Palo, Duro Basln,‘ are not always directly
; :_loom‘parable to field conditions.‘ i \ ‘ ‘
Major. potential sources of errors in ‘the model are the hydraulic conductivities
~.and assumed anlsotroptes of the different hydrologlc units.  With the exceptlon of the'- '
‘:granlte wash, Wthh was subdwrded into distal and prox1mal deposrts, umform
perme.abllltles»‘were a531gned to the hydrologlc units in the‘deep-sectlon lgnormg
' possible lateral and vertlcal permeabthty trends throughout the basin. Large values of
variance of measured permeablhtles (table 2) suggest laroe natural variations in
permeabilities of the _hydrologlc units. The data are, however, insufficient to map -

spatial permeablllty distributions within the different units. For some units where
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: meésured permeability values were not available (i.e., Evaporlte Aquitard, Permlan/
‘Pennsylvanian mudflat and alluvial/fan delta system) assumed permeaolhty values
had to be used ‘bas‘ed on typical values for the geologic material (Freeze and Cherry,
1979).

Dlscrenzatlon of the cross-sectional model required 51mp11f1cat10n and concep-
tuahzanon of the lithostratigraphy of the basin. Ground-water flow pattern on a local
scale could therefore be much more complex than those depicted by the model.

| ‘An assumption of the ground-water flow model is the existence of steady-state
flow conditions. Bassett and Bentley (1983) indicated that the Deép—Basin Brine
Aquifer may have been a through-flowing aquifer system since the early Tertiary.
However, it is possible that present conditions may be transient and that pressures at
X depth are stiﬂ adjusting to the hydraulic-head conditions imposed by the more recent
Ogallala aquifer (Bassett and Bentley, 1983).  Other phenomena that might cause
transient conditions of the hydrodynamics of the Palo Duro Basin include: (1) uplift
and tilting of the basin might have caused an incréase of hydraulic potentials along the
western surface relative to the surface potentials in the east; (2) erosion a‘nd retreat
of the Caprock Escarpment could result in topographic effects on the nydrology, and in
dilation of the underlying units causing a gradual change in'aquifer. properties; and
(3) extensive hydrocarbon production in the Panhandie Gas and} Oil field causing a
general decline.in resérvoir pressures could affect the hydrostatic pressures in. the
Deep—Basin Brine Aquifer.

Another \limitation of the model is the assumption of a homogeneous fluid
throughout the basin; that is, density and temperature effécts were omitted in the
model. Assuming increased salinities with depth, the increése in fluid Vdensity leads to
greater gravitational forces, and to an increase in viscosity. Increased viscosity

results in a decrease of hydraulic conductivity and influences flow rates in a linear
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fashion. Future modeling efforts are planned which incorporate density variations and

investigate its effects on fluid potentials.
RESULTS AND DISCUSSION
Granite-Wash Permeability

Simulation A-1

In Simulation A-1, pérmeabilities of the different hydrologic units were assigned
- according fo table 4. The permeability value for the shelf carbonate in the Deep-Basin:
Brine Aquifer is a weighted arithmetic average of permeabilities represented by the
‘geometric means of the different stratigraphic units in table 22  Wolfcampian
carbonate, Pennsylvanian carbonate, and Pre-Pennsylvanian rocks.

Hydraulic heads computed by the model in Simulation | indicate two different
flow regimes (fig. 8): (1) a shallow flow system governed primarily by topography, and
(2) a deeper flow regime recharging in the New Mexico area ahq passing deep beneath
the Pecos Rivet;, which acts as a ground-water flow divide in the upper part of the
cross section. The thick evaporite section in the center of the cross secfion
effectively isolates the two flow systems.

Beneath the High Plains, hydraulic heads computed by the model in the Deep-
Basin Brine Aquifer are up to 300 m (1000 ft) lower than hydraulic heads in the
Ogallala (fig. 8). East of the Caprock Escarpment, heads in the deep section become
progressively higher by up to 75 m (246 ft) than heads in the unconfined section which

'represents unrealistic conditions. A comparison of kriged heads in the Deep-Basin
Brine Aquifer (fig. 4) and observed heads in the unconfined aquifers (fig. 3) indicates
that beneath the evaporite sectic;n in the center of the basin hydraulic heads are lower
by more than 400 m (1312 ft) than those in the Ogallala and hydraulic heads east of the

Caprock Escarpment do not exceed land surface elevation. Only toward the Texas-
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- ,Oklanoma border do krlged heads in the deep section approach hydrostatlc condltlons.v

o In Slmulatlon A 2 we attempted to correct these dlscrepanCles.

3 Simulation A2

o ~ As mentioned earlier, higher -permea‘bilityv values are more likely in proximal.
granlte—wash deposits in the easternj part of the cross section than‘ln distal granlte'-
wash in the center of the basm ow1ng to‘ a presumed decrease:in grain size away from |
the source area. In Slmulatlon A- 2 a permeaolllty value of 100 md was a551gned to
gramte wasnveast of the Caprock Escarpment in. the proximal facies. ~As~’a result,
. -computed hydraullc heads in the Deep—Basm Brine Aquer east of the escarpment no -
longer exceed heads in the shallow 1nterval (tig. 9) ‘

‘Invgeneral, the computed-h‘eads-m the eastern half of the cross section:show good

agreement with kriged head data in the Deep-Basin Brine Aquifer. The resulting -
decrease of hydraulic heads in the eastern part compared to heads in Simulation A- l
- demonstrates the importance of the ,rela‘tr’vely permeable granlte-wasn deposits.. The -
granlte wash effectively drains the deeper section with: greater‘ease than it can be
recharged. T ne evaporite section effectively 'i.solates the deeper aquifers from‘ the -
higherihydraulic heads of the ‘Ogallala and Dockum aqui‘fers, as will be demonstrated
later. B
In the western half of the cross section computed heads in the deep section
become progressively higher by‘ up .to 300 m (1000 £t) than kriged heads in" both
~ Simulations A-1 and A-Z; Because of the distance of about 150 km (93 miles) from the
"‘fTexas—New Mexico border to the Caprock Escarpment in the east, the drammg effect
~of the relatlvely permeable gramte—wasn dep051ts in the east does not influence. the-
v‘western part of the Deep—Basm Brlne Aqulfer. ‘The discrepancy m; hydraullc heads

'could be an artifact of the geometry and the direction of the cross-sectional model.
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- erojanagud and others (1984) sh0w that relatwely permeable gramte-wasn
r’deposn:s along the Arnarlllo Uphft and Bravo Dome are 1mportant factors controlhng |

o the: reg1ona1 ground-'water flow d1rectlon 1n»the Deep-Basin Brlne«Aquer.'- -Proxlmal :

o gramte wash occurrmg to the north of the cross sectlon (flg 10) was found to have, S

-f;good permeablhty as indicated by pumpmg test results in the J. Frlemel #1 well
"ﬂlocated in northeastern Deaf Smlth' County. The'possxble dral,nmg effect of these
deposits; ‘however,’is, not considered in 'tne eas‘tfwest cross-secﬁonal model which
L could explain the discrepancy betbweyen‘compufed.nydrauﬁc heads and the kriged heads
Cin rhe .western‘ part of the Deep—Basin Brine Aquifer. |
The corn,puted streamlines’.; _in‘ ifi‘gureyllr»correso‘ond to the head solution  in
i JSi}mulatio'n /-\-2 (fig. 9). ‘(*T-he_region define.d-by two adjacent streamlines contains a
.constant volumet'ric'ﬂow rate.”‘:The'Streamline.diIStributionv shows that ground-water -
flow is concentrated in the shallow aquifer system. Each streamtube in the shallow -
section (snaded pattern) carries O.Z m3/d while each streamtube in the deeper section'_',
,dcarrles only 0.01 m3/d Only 0.044 m3/d or about 0.1 percent of the total ground- -
-' water 1nﬂow of 4.34 m3/d, passes tnrough the Deep—Basm Brine Aquifer (fig. ll)
; ‘Thestreamline distribution in figure 11 shows that ground water within the
-Deep-Basin Brine Aquer is flowing down the structural dip into the central basm;

East of the central basin ground-water flow is concentrated in the more ‘permeable

- granite-wash deposits and discharge occurs laterally through the eastern boundary.

- Simulation A-3

The purpose of this simulation is to consider possible draining effects of prokimal
vgranite ‘wash to the northeast of tne,-..crossisection along the Amarillo Uplift and
Oldham Nose, by inserting. artificially’high values of granite-vwash_ ‘permeability along
'the“entire_ east-west croés section. In a‘ddition; information on the occurrence of thick

granite-wash deposits. in northeastern New Mexico (SWEC, 1983) was incorporated in
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_the model by extendlng the Permlan—Pennsylvaman fan—delta system into New Mexxco.{t‘ :

:Granlte-wash permeaolhty was: mcreased from 8 6 md to 100 md- for dlstal facies to'

g _‘_.‘the west and from lOO md to 250 md for proxlmal gramte wash to the east of the"i.f

5 Caprock Escarpment As mentloned earller, pumplng—test results in J Frlemel #l well o

","1nd1cated permeablllty values of up to 400 md for prox1mal gramte wash
The computed hydraullc heads (flg 12) in: the Deep—Basm Brine Aquer are,.f‘.v |
”;‘51gn1f1cantly lower in- the western. part of the cross sectlon compared to the prevmus L ,
-,Slmulatlon A= 2 Overall heads in the deep sectlon agree reasonably well w1th krlged
o :‘heads 1n flgure 4. The correspondlng streamllnes in flgure 13 show that the: amount of.-,xb o
Bl ground-water flow through ‘the Deep—Basm Brme Aqwfer mcreased from 0044 in
Slmulatlon A= 2 to 0.081" m3/day and flow follows predomlnantly the permeable gramte
» wash deposns., Leakage through the Evaporxte Aquitard mcreased from 0.0094 in :
151mulat10n A-2 to 0.0llé: m3/day 1n thls 51mulat10n due to the mcreased hydrauhc-i"-
«.gradlent across the Evaporlte Aqu1tard ' A posable 1ncrease in permeablllty of the"r :

w.porous carbonates (Handford and Dutton, 1980 Herron, personal commumcatlon,

o _1984) Wthh was considered in the planar ground—water flow model in Wn‘o;anagud and‘"'v :

- others (1984) does not sxgmflcantly change ‘hydraulic heads and’ the overall ground-
. water flow pattern in the deep section.in the cross—sectlonal model The resultmgv’r,
decrease of hydraullc heads in: the western part of the Deep-Basm Brme Aquer in
'Slmulatlon A= 3 compared ‘1o Slmulatlon A- 2 lndlcates the 1mportance of the granite- - :
~ wash dep051ts acting as a hydrologic smk.,‘— |

‘I'he general ground—water flow pattern 1nd1cates two - 1mportant aspects re--

_ -gardlng the hydrology of the Palo Duro Basin: (l) role of the Evaporlte Aqultard in

isolating the ‘deeper, aquifers from.the hlgher hydraullc-heads‘ of the Ogallala and

'Dockum aquers, and (2) discharge to the Pecos River. The river serves as major: -
dlscharge point of ground water recharamg in the west that would otherwise flow into

the Deep-Basin Brine Aquer. Therefore, one possible reason for underpressuring-in
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‘the deep sectlon to the east could be 1nsuff1c1ent recharge to the Deep-Basm Brme;ﬂ i

: "'k'i;ff;quLufer due to the deflecnon of ground—water flow upward to the Pecos R1ver

e s :‘R'oleio‘f -the"Evaporite A'qultard.;.on«SUbhyd'r,ostatic’Conditiionsf SR

’I'he Evaporlte Aqu1tard 1s thought to be an 1mportant cause of tne subhydrostatlc'p‘_..»

-,fv'cond1t1ons in the deep aqu1fer because 1t 1solates the deep basm system from thef 2o S

‘ "".‘,-l"f?fﬂhlgher hydrauhc heads in the ngh Plalns aqulfer. In other words, 1f the Evaporttell'; R

Aqmtard were absent, the Deep—Basm Brme Aqutfer and tne Ogallala would be'l.':i_f”

: hydrauhcally connected and thelr neads would be. 51m11ar. In Slmulatlons B—l and B 2 e

i"k"”tms hypotnes1s s tested by flrst 1ncreasmg and second by decreasmg aqu1tard T

'g’._'permeablllty Also, by mvest1gat1ng the effects of varytng aqultard permeablhtles on :

: v“"}"*the head dlstrlbutlon m the deep sectlon, a range of p0551ble aqu1tard permeablhnes 1s‘j;'; S

Sa 'obtamed

b ,i:fv’_;v,j'Slmulatlon B- i

Increaslng aqu1tard permeablhty from 2 8 X lO“‘ md - (Slmulatlon A-2) to-' i
2. 8 x lO‘"'3 md 1n Slmulatlon B 1 results 1n a 51gn1f1cant 1ncrease 1n hydrauhc heads of

up to 250 m 1n the deep sectlon (flg 14) The computed heads became unreallstlcally .,

' hlgh Wthh suggests that the generxcally—derlved permeablhty value of 2. 8 X: 10" md .

‘, '(Slmulatlon A) represents an- upper lelt of posstble permeablhty values for the 5 }_f

~',ivaapor1te Aqu1tard “In comparlson, Wtro;anagud and others (1984) 1nferred a perme--v R

‘.‘ablllty value of 8 X 10‘5 md from thetr "best" 51mulatlon of a horlzontal-plane ground—; s

‘ water flow model They concluded that leakage through the Evaporlte Aqu1tard is

: ,51gn1f1cant and accounts for about 30 percent of the total flow through the Deep-Basm»

i Brlne Aquer
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, SimulatiénfB-Z

In Simulation B-2, the aquitard permeability was decreased by 5 orders §f '
magnitude from 2.8 x 10-% md to 2.8 x 10-9 md. The results in ﬁgufe 15 show a
general decrease of hydraulic heads in the Deep-Basin Brine Aquifer by up to 50 m in
‘the central part of the cross Section compared to results of Simulation A-2, and
sliéhtly lower’ heads than kriged ’heads in the eastern part of the cross section.

In.the weStern part of the deep seétion,' changes in .computed heads were much
smaller, indicating that a drastic decrease of leakage through the Evaporite A"qui:tard »
(less' than 10-7 m3/day) does not significantly reduce computed hydraulic heads in

eastern New Mexico.
The Effect of the Pecos River

In ordef to evaluate the effect of the Pecos River on subhydrostatic conditions in
the Palo Duro Basin, the finite element mesh was modified in Simulation C sucn' that
the general slope of the High Plains topography extended to the Manzano ‘mountain
vrange in New Mexico, eliminating the Pecos River valley. Recharge rates to the
Ogallala at the prescribed flux boundaries had to be artificially redﬁced in order to
simulate the observed water level on the High'Plains. In addition to recharge along
the High Plains, ground water recharging west of the Pecos River flows into the
Ogallala and Dockum aquifers, which would increase the hydraulic heads in the High

Plains aquifer.

Simulation C

Computed heads in figure 16 increase in the western part of the Deep-Basin
Brine Aquifer relative to computed heads in Simulation A-2 (fig. 9). Heads in the
eastern part, however, do not change significantly and still display subhydrostatic

conditions. Ground-water flow into the Deep-Basin Brine Aquifer, west of the Pecos

22



"Rlver, 1ncreases from 0034 m3/day 1n Srmulatron A 2 to 0047 m3/day in- thrs.-:‘.;_

4f.51mu1at10n (f.lg 17) The streamlme dlStt‘lbUtlon mdrcates that most of the flow hnesff' :

©are st111 deﬁected upward to: the surface at the facres contrast between the Permran—i"’: |

“Pennsylvaman mudflat and fan-delta system to the ‘west and the Evaporlte Aqmtard m;r" S |

““the center of the cross sectlon. Hence, the facxescontrast rather than topography 1s c

§ fthe more 1mportant cause of upward flow of ground water beneath the: Pecos Va.lley »

= ’I'he mcrease 1n ground—water recharge to- the deepvsecuon m Slmulatlon
’ taftects hydrauhc heads in: the western half of the cross sectlon. However heads in thef'

| . eastern part did not change 51gn1f1cant1y, 1nd1cat1ng that the topograpmc effect of thebv
Pecos Rrver on the hydrologlc reglme is restrrcted to the: Updlp sectron of ‘the Deep- '

| Basm -Brme.;f Aqu1fer. Ground-water dlscharge to the Pecos does not srgmflcantly_i

,‘ affect subhydrostattc condmons in the eastern part of the cross section. »

) The effect of the Pecos Rlver ‘on: hydrauhc heads 1n the deep sectton wouldj"
' r.probably 1ncrease if the relatlvely permeable gramte—wash deposrts extended far mto}‘-'
" "the New Mex1co area, wmch could result in anincrease of ground—water flow from the

 west 1nto the Deep—Basm Brme Aquer However, our geologlc data 1nd1cate that-
gramte-wash deposlts are pmchmg out east of the Pecos (Handford and others, 1981)

"Furthermore, head maps: from the Deep—Basm Brme Aquer (Sm1th, m preparatlon-"’

5 ,SWEC 1983) show steep hydrauhc gradxents in eastern New Mexlco wh1ch suggest a

‘zone of low permeabxhty in the deep section. ' This. would rastrrct possrble underflow

" beneath the Pecos River of rechargewaterfromthe western outcrop area. -

Interconnection of Ogallala and Dockum Aquifers
~In the previous simulations, the Ogallala and Dockum aquifers were well- -
f‘interconnected 'inas'rnUCh as -verti'cal flow between the two a‘quifers was not restricted

by low values of ‘hydraulic conduct1v1ty Accordmgly, heads d1d not dlf.fer appreciably

between,the. two aquifers. However, Fink (1963) and Stevens (unpubhshed data)

-
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R rf“lndlcate that at places, hydraullc heads inthe Santa Rosa member of the Dockum are;- 2

w{"ffabout 30 to lOO m (100 to' 300 £1) lower than heads m the Ogallala. In order to model a :

51gn1f1cant hydraullc head dlfference across the shallow aqu1fer system, vertlcalj» =

hydrauhc conduct1v1ty of the Dockum was- lowered in successive: runs of the model“
o Vuntll the minimum observed head dlfference was slmulated inthe model | |
‘ A 31gn1f1cant head dlﬁerence between the Ogallala and the Dockum results in

,reduced hydraullc gradxents across the evaporlte sectlon, Wthh ln turn affects thef_ '

“ ‘.Tamount ot leakage through the Evaporlte Aqu1tard

SlmulatlonD | » E : B P
' Usmg K, 8 X lO'2 m/day for the Ogallala and Kz = 8x 10'5 m/day for the "

| ’:Dockum (2 and 4 orders of magmtude lower than Kx, respectlvely) computed heads in

jthe Dockum were: lower than 1n Slmulatlon A=2 by up: to’ 40'm: (130 1) as shown in

_ ,flgure 18 ’l'he head dlfference of - 40 m- between ‘the: Ogallala and the Dockum,-’

‘5‘>f~‘-however, is not contlnuous throughout the sectton but represents the maximum head.‘

fdlfference ln-the western part of the shallow aqu1fer system.»(flg 18).

The change in vertlcal hydraullc gradxent m the shallOW aquifer: system results in-

“sllghtly lower heads: in. the deep sectlon (less than 4 m or l3ft) than those ino

Slmulatlon A 2. The resultmg decrease of up to 35 m (115 ft) in the hydraullc head., :

N dlfference across the Evaporlte Aqu1tard compared to that in Slmulatlon A 2, reflects_.. :

"the decrease’ in heads at the base of the Dockum due to reduced flow between the
‘f'Ogallala and Dockum. The general ground-water flow pattern in the. deep sectlon as’ -
"‘shown by the computed streamllnes (fig. 19) does not change.notlceably However,‘. _
leakage through the evaporltes beneath the: ngh Plalns decreased from 0. 0094 m3/dayA

to 00075 m3/day, Wthh |is a 19 percent reductlon ‘in leakage rate from- that in

B Slmulatlon A 2. Vertical hydraulic gradlents in the shallow aqulfer systems and thelr

,_etfect on leakage through;the Evaporlte Aquitard could be lmportant.
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The head drop between the Ogallala and the Dockum computed by the model lS a
conservative value, con51dering the range of observed head differences of 30 to 120 m. i
(lOO to 400 ft) (Fink 1963) A steeper vertical gradient between the: Ogallala and":'r,

f _“Dockum aquers w1ll Significantly reduce leakage through the Evaporite Aqu1tard

. 'g‘l'his vertical gradient can be increased by further decreasing vertical permeabilities in.-b 5

' 7}the shallow aquer system It can be shown that usmg K /KZ = 105 Wthh is: only one-w;f»' :

L order of magnitude higher than r(x/KZ in this Simulation, computed heads at the base 55

| ’of tne Dockum would be lower by up: to l5O m (490 ft) than heads in the Ogallala, and o
o : computed leakage through the Evaporite Aquxtard would reduce from O 0075 m3/day to-

i 0. 0045 m3/day. G
Ground-wa't‘e'r Flo.wRates and’ Travel "l‘imes"

Despite the better agreement between computed heads and kriged heads in

Simulation A 3, Simulation A-2 represents the most realistic model wthh incorporates L

‘:jpermeability values for granite wash depOSits supported by the presently available data"
G on permeability for the Deep-—Basm Brine Aquifer: (table 2).
Specific dischargeratesof ground—Water flow may be obtained»by dividing the"

tlow rate represented by a streamtube by its width. In addition, pore-fluid velo‘city is

~given by dividing specific.discharge by porosity. In Simulation A-2 (fig 11) the model e

gives values of spec1f1c discharge for the shallow section in the range of 3 x lO"1l to

2% lO‘ m/day and for the deep section of 8 x 10-6 to lO‘ m/day Vlax1mum ground-. o

’ water flOW veloc1ty in. the Ogallala aqUifer is about 1.5 x l()'l m/day, assuming a
.’por051ty of 16 percent (Knowles and others, 1982). In the Deep—Basm Brine Aquifer

‘the model indicates max1mum ground—water flow veloc1ties in‘the shelf carbonates of

L. l X lO‘ m/day and in the prox1mal granite wash of 4. 4 X lO‘ m/day (equivalent to e

_ about #OO m and 1 600 m per lO OOO ‘years). Average porosities are assumed to be 8

and 23 percent, respectively, according-to' Wirojanagud and others /(1984).
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These flow rates are only rough estlmates, and more accurate values w1ll depend—;j-"-‘

on_acqmsmon of new more detatled data on por031ty and permeablhty dlstrlbutlon 1ne}"

the deep sectlon, and on the constructlon of lmproved models.; .

Nevertheless, because of 1ts vast area, the evaporlte sectlon beneath the ngh Plams._l__if 4

‘;ffi“‘of the water passmg through the Deep—Basm Brme Aqulfer, accordmg to the model

L "‘?’jf-The accuracy of thls rate 1s dependent ‘on- accuracy of vertlcal permeab1hty of the}; "

M:"-";aqmtard and the head drop across 1t._ In, Slmulatlon A 3, computed hydraullc heads J.I'lv:}'f

’,'v.f'f_»the western part of the deep sectlon are: 51gmf1cantly lower than heads in Slmulatlon“*i"

b A 2 The mcrease m head drop across the aqu1tard results in an 1ncrease in vertlcalg 5
i leakage from O 0094 m3/day to 0 01 16 m3/day in: Slmulatlon A 3 | |
Ground-water travel tlmes through the Deep-Basm Brlne Aqulfer from thea i
“.f?f;”westernmost recharge area 1n New Mexlco to the eastern boundary o:f the modeli"’:,'”
”r,k”"'(Slmulatlon A 2) range between l 2 and 4 mllhon years. dependlng on the f10w pathl},,‘

f'deplcted by the streamtube and average porosmes ot the dlfferent umts.. L
sUMM‘ARY_ VAN_D-'C'ONCLUSIONS.'_ »

The observed underpressurmg in the Deep—Basm Brme Aqutfer can be explamed
_by relatlvely permeable gramte-wash dep051ts w1th1n the L0wer Permlan/Pennsyl-»‘]””
: vaman strata and the thlck low permeablhty Evaporlte Aqu1tard 1n the center ot the'“

f;i ‘basm.- The granlte wash effectlvely dralns the deeper sectlon more ea31ly than 1t can

':;: Leakage rate through the evaporlte sectlon ‘is only about 6x 10‘8 m/day i

'contrlbutes by vertlcal leakage about O 0094 m3/day to the deep aqulfer or 26 percentr’.”_ o

,'be recharged ‘and the evaporlte sequence e;ffectlvely lsolates the deeper sectlon from’i‘fv"j-- L

' the shallow Ogallala and Dockum aquxters above ‘the evaporlte sectlon. The ground—"f‘ §
'_"water flow model also 1nd1cates that the Pecos Rlver acts as a ground—water flow,
o d1v1de only in the upper sectlon, and allows underflow of some ground water rechargmg, -

“in the New Mextco area to the west (Summers, 1981) The Pecos Rlver apparently S

2



’_'enhancbe's the underpressuring beneath the western haif bof.the High Plains by serving as
a discharge area for some of the ground water that would otherwise move downdip into/
the Deep-Basin Brine Aquifer. "In the éastern half 6f» the cross ,section, the effect of -
relatively permeable gr‘anibte wash acting as a hydrOlogic sink is probably the dominant |
' facto’r controlling subhydrostatic conditions.
| ‘A significant head difference betweeh;the Ogallala and Dockum aqﬁifers can
‘ affect the amount of leakage thrbugh the Evéporite Aquitard ‘without significantly
: chaﬁgi'ng heéds in the Deep-Basin Brine Aquiféf. Therefore, détailed informétion on
thé vertical hydraulic grédient in the ‘units overlying the salt section is needed to
establish the specified head boundary and the amount of leakage through the e;/aporite
section. In additiorl to‘le‘akage tm»ough the Evaporite Aquitard, ground w‘ater in the -
Deep-Basin Brine Aquifer originates primarily in the New Mexico ,a‘rea and flows
‘behéatn tihe Pecos River into thé central basin. The model indicates that the ground-
water flow pattern within the Deep-Basin Brine Aquifef is governed by thevsbatiayl-
distribution of more permeable‘s‘trata,vin particular, the granite-wash deposits. The
‘hydraulic head distributions and tﬁe general ground-water flow pattern generated in
the model agree reasonably well with observed heads and pressure-depth lnterpreta—-

tions (Orr, 1984).
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FIGURE CAPTIONS
Figure 1. Structural features of Texas Panhandle and adjacent areas (modified from

Handford, 1980).

Figure 2. Regional east-west cross section Ulustrating spatial relationships of the

major depositional systems in the Palo Duro Basin (after Bassett and others, 1981).

Figure 3. Potentiometric head map of the unconfined aquifers that overlie the

evaporite sequences (after Bassett and others, 1981).

Figure 4. Potentiometric head map of the whole Deep-Basin Brine Aquifer con-
structed from kriged estimates of heads (after Wirojauagud and others, in preparation).
Figure 5. Difference in hydraulic heads between unconfined aquifer and Deep-Basin

Brine Aquifer (after Wirojanagud and others, in preparation).

Figure 6. Finite Element Mesh representing the major hydrologic units. Each element
is assigned a hydraulic conductivity value according to the different simulations.
Numbered labels on the elements correspond to geologic facies listed in table 4. The
upper surface of the mesh is represented with prescribed head boundary conditions and
prescribed flux boundary conditions (High Plains surface) and reflect the water table
conditions. Heads are assumed to be uniform with depth along the eastern boundary.
The lower surface of the mesh is a no-flow boundary which corresponds to the contact

between the Deep-Basin Brine Aquifer and basement rock.



Figure 7. Pressure-depth data from the Deep-Basin Brine Aquifer, Jackson County,
Oklahoma, which is located approximately at the eastern edge of the cross section.

The pressure-depth regression line has a slope equivalent to brine hydrostatic.

Figure 8. Simulation A-1 of computed hydraulic head distribution with hydraulic
conductivities from table 4. Hydraulic heads beneath the Evaporite Aquitard are
lower by up to 300 m (1000 ft) than unconfined heads. East of the Caprock
Escarpment, however, hydraulic heads in tge Deep-Basin Brine Aquifer are unrealisti-

cally high.

Figure 9. Simulation A-2 of computed hydraulic head distribution with increased
permeability of proximal granite wash. It shows that subhydrostatic conditions prevail

in the Deep-Basin Brine Aquifer east of the escarpment..

Figure 10. Isolith map of Pennsylvanian and Wolfcampian granite wash in the Texas

Panhandle (after Dutton and others, 1982).

Figure 1. Streamline distribution according to Simulation A-2. Ground-water flow is
concentrated in the shallow aquifer system. Only a small fraction of flow is passing

through the Deep-Basin Brine Aquifer.

Figure 12. Simulation A-3 of computed hydraulic head distribution with increased
hydraulic conductivities for granite wash compared to Simulation A-2. It shows

increased depressuring towards the western part of the Deep-Basin Brine Aquifer.



Figure 13. Streamline distribution according to Simulation A-3. Ground-water flow
pattern within the Deep-Basin Brine Aquifer is governed primarily by the spatial

distribution of relatively permeable granite-wash deposits.

Figure l4. Simulation B-1 of computed hydraulic head distribution with increased
vertical permeability of the Evaporite Aquitard. It shows a drastic head increase in

the deep section.

Figure 15. Simulation B-2 of éomputed hydraulic head distribution with decreased
vertical permeability of the Evaporite Aquitard. It shows a general decrease of heads
in the Deep-Basin Brine Aquifer by up to 50 m (164 ft) in the central part of the cross
section. |

Figure 16. Simulation C of computed hydraulic head distribution with modified finite
element mesh. It shows incfeased heads in the western part of the cross section. In

the eastern part, however, extensive subhydrostatic conditions are maintained.

Figure 17. Streamline distribution according to Simulation C. Ground-water flow into

the Deep-Basin Brine Aquifer increased from 0.003%4 (Simulation A-2) to 0.047 m?>/day.

Figure 18. Simulation D of computed hydraulic head distribution considering vertical
head differential within the shallow aquifer system. Hydraulic heads in the deep

section are not significantly changed compared to heads in Simulation A-2.

Figure 19. Streamline distribution according to Simulation D. The general ground-

water flow pattern appears not to be affected by the vertical head differential in the



Dockum. Vertical leakage through the Evaporite Aquitard, however, is reduced by

about 19 percent compared to Simulation A-2.

APPENDIX FIGURES

Figure Al. Simplified model to test the effect of node spacing differences in

horizontal and vertical direction.

Figure A2. Diagram showing the differences in computed hydraulic heads at the

corresponding node locations with respect to the 4-element case.



TABLE CAPTIONS
- Table 1. Generalized stratigraphic column of the Palo Duro Basin (modified from

Bassett and Bentley, 1983).

Table 2. Pefmeability of individual hydrogeologic units of Palo Duro Basin (after

Wirojanagud, in preparation).

Table 3. Summary of numerical simulations of the cross-sectional ground-water flow

model.
Table 4. Assigned hydraulic conductivity values for the major hydrologic systems.

APPENDIX TABLE .

Table Al. Performance of the simplified model at different conductance ratios.



Appendix A

Effect of Node Spacing Di'f_ferences in' Horizontal
and Vertical Direction on the Hydraulic Head Solution

Anisotropic node spacing in nu,y‘l"nerical models can cause significant numerical errors in
the solution of hydraulic head. Tynical horizontal and veftical node' spacings in the present
model are 12,300 m (40,350 ft) andv 250.m (820 ft), respectively. To test the_ effects of
anisotropic node spacing on hydraulic ‘heads computed ‘by‘the program "FREESURF," several
numerical experiments Wefe run. | i |

- Finite element grids were set up with 4, 50, lOO,‘ and 200 e‘lemente with 'each rnes,h‘l_having
the same total size. Each finite element mesh consisté of three columns of nodes and each is
sdbdivided horizontalﬂly to obtain 4, 5,’ 100, 0or 200 elements'in’ successive simnlations (fig.. Al).

The boundary conditions of the model are such that the upper left node #3' has a
prescribed ’head of iOO m (330 ft), and the lower right nod’e'#7 has a pfescribed head of O'm
(0 ft). Boundar.y conditions on all other nodes are no-flow (prescribed flux equal to zero). The
finite difference grid has a total size of 5,‘OOO m (16,400 ft) in horizontal direction and 2,500 m
(8,200 ft) in vei'tica.l direction. The. size for each individual eiement for the various cases
ranges from 2,500 m (8,200 ft) x 1,250 m (4,100 ft) (4-element case), 2;500 m (8,200 ft) x 100 m-
(330 £t) (50-element case), 2,500 m (8,200 £1) x 50 m (165 £t) (100-element case) to 2,500 m
(8,200 £0) x 25 m (32 £) (200-element case). | -

vThe hydraulic head distribution was sxmulated under two different hydrologlc conditions:

1. isotropic, homogeneous conditions with K = Ky = 30 m/day .

2. anisotropic, homogeneous conditions. with K, =30 m/day and K = 3,000 m/day

‘The deference in horizontal and vertical node affects the conductance term (C), Wthh .
- represents the rate of fluld transfer due to a unit difference in hydraulic head between two

nodes:.



C=KxA/dl

where: K is the hydraulic conductivity

A Is the cross-sectional area

dl is the distance between two nodes
For the mesh with 200 elements the ratio between the C value in y-direction énd x-direction
becomes 10+% for the isotropic, homogeneous condition (Cx = 0.3, Cy = 3,000) and increases to
10+6 for the anisotropic, homogeneous condition (Cyx = 0.3, Cy= 300,000). In comparison, the
c{onductance rate for an average element of the cross sectional model (fig. 6) is Cy/cx = 2,420
for isotropic conditions, and Cy/cx = 242,000 for anisotropic conditions with Ky/Kx = 100.

The computed hydraulic heads at the corresponding node locations for the different

simulations were compared and the differences in head, respectively, to the 4-element case are
‘shown in figure A2. Additionally, the overall performance of the different simulations is listed
in table Al. The 4-element case can be considered the true solution. The errors in computed

hydraulic head are small and can be considered negligible for most practical purposes. Hence,

the anisotropic node spacing in the present model does not cause significant numerical errors.
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2.

*Mass balance =

Table Al. Performance of the model at different conductance ratios.

isotropicbsystem: Ky = Ky =30 m/day

4 elements
50 elements

100 elements
200 elements

anisotropic: Ky = 30 m/day Ky = 3,000 m/day

4 elements
50 elements
100 elements
200 elements

Total discharge (#7)

-887.8049
44,4009
844, 1807
44,1807

Total discharge (#7)

1486.432
1485.612
1485.609
1485.607

(inflow - outflow)

x 100
inflow

Mass Balance (%)*

-.123
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+.149
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Mass
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-.241
.160-
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x 10-11

X
X
X

Balance (%)*

X
X
X
X
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10-7
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10-6
10-5

Conductance -
Ratio Cy/Cy

4

625
2,500
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Conductance: .
Ratio Cy/Cy

400
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Figure Al. Simplified model to test .the effect of node spacing differences
in horizontal and vertical direction.



Figure A2. Diagram showing the differences in computed hydraulic heads at the

corresponding node locations with respect to the 4-element case.
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EXPLANATION

"Figure 1. Structural features of Texas Panhandle and adjacent areas

(modified from Handford, 1980).
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Figure 3. Potentiometric head map of the unconfined aquifers that overlie the -
evaporite sequences (after Bassett and others, 1981). : :
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Figure 4. Potentiometric head map of the whole Deep-Basin Brine Aquifer con-
structed from kriged estimates of heads (after Wirojanagud and others, in pre-
paration).




Contour. Interval = 50m

Figure 5. Difference in hydraulic heads between unconfined aquifervand Deep-Basin
Brine Aquifer (after Wirojanagud and others, in preparation). '

(Labels correspond to geoTogic facies in Table 4).
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JACKSAN COUNTY
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Figure 7. Pressure-depth data from the Deep-Basin Brine Aquifer, Jackson County,
 Oklahoma, which is located approximately at the eastern edge of the cross section.
The pressure-depth regression line has a slope equivalent to brine hydrostatic.
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NEW MEXICO

EXPLANATION
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Figure 10. Isolith map of Pennsylvanian and Wolfcampian granite wash in
the Texas Panhandle (after Dutton and others, 1982).
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