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ABSTRACT

A cross-séctionélvground-‘waterwflow _modjvel'wasv consfcru_vcte‘d of the Palo Duro
| -Basin‘ ih‘o;der to analyze.a\}ailablevh)?drogeologicv data and to better understand ééuseé
‘of the underpressuring below the Evaporite Agquitard and méchani’sfns of r'ec‘harbge. and -
discﬁargé to and from t'he’Dee‘p-BaSih Brine‘ Aquifer. Various effects of lithostrati-
graphy and topograbhy oh subhydrostatic condiﬁons in the deep section.were investi-
gated in different simulations. v

Tne. model indicates that the subhydrostatic p_ressufes beneath the Evaporite
Aq»ulktard are  caused by segregation of deep and shallow flow»sysbtems by the low
permeable evaporite section and drainage 6f the deep system by relatively pérmeable :
granite wash deposits. The Pecos Rive;‘, which allows underflow of séme ground water
recharging in the New Mexico area to the west, enhances underpréssuring beneath the
western half of the High Plains by serving as a discharge area foxf water that would
otherwise move d‘owndip into fne Deep—Basin Brine Aquifer. In addition fo this
~recharge, about 26% of the ground water in the Deep-Basin Brine Aquifer originates
from leakage through the evaporite sectibn, 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 fnore- permeable strata, in particular, the granite wash
deposits. In the cross-sectional model, most Of’the ground water in the Deep-Basin
Brine Aciulfer discharges laterally through the eastern boundary and eventually by
upward lleakage in the eas'ternmo'st“part of the cross section.

‘Grouhd—water travel times through the 'Deep—iE_)asin Brine Aquifer from tbe
westernmost recharge area in New Mexico tb the eastern bo‘undary‘ of the model range
| bet-ween 1.2 and & million years, depending o'n the flowA 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 nydrology 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
the Evaporite Aqui‘tard 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.
The scope of the model consists primarily of investigating various factors affecting
the overall ground-water flow pattern in the basin, and 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 innomogeneities 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).



Physiographv and Cllmate

The main topographic features in the Texas Panhandle are the High Plains to the
- west and the Rolﬁng Plains to the east. The surface of the High Plains is generally
smo-oth and slopes gently eastward at about 2 to 3 m per kilometer (10 to 15 ft per
rnile) with an elevation ranging from 900 to 1,450 m (3,000 to 4,700 ft) along ttme cross
vsection (fig. 2). A gentle scarp forms its western limit in eastern New Mexico andbthe
- eastern limit is the Caprock Escarpment which has up to 300 m (I, VOOO ft) of relief.
West of the Pecos River, the topography rises toward the Manzano mountain range,
reaching an elevatlon of about 2,130 m (7 000 ft). The Rolling Plains to the east of the
VCaprock Escarpment are gently eastward dippmg plains of low relief developed on
relatively nonresistant rocks of Permian age.

The climate of the High Plains region is serrliarid. The mean annual precipitation
ranges from about 30 cm (12 inches) in the west to 58 cm (23 inches)& in theeast‘
(Knowles and others, 1982). West of the Pecos River, precipitation generally increasee
- toward the Manzano mountain range to Lip to 50 cm (20 inches). The mean annual
temperature of the High Plains is about 15°C (59°F) with an average dlﬁerence

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

Recharge to the Ogallala ,a<juifer is variable and ranges trom ,vO.145‘,<7:m
(0.058 inch) to 2.08 cm (0.833 inch) peryear, dependlng on climate, vegetative cover,
soil type, and clay or caliche aquicludes at the surface (Knowles and others, 1982).
Along the cross s.e‘ction, recharge values assigned to the'High Plains of the Texas |
Panhandle are at a-minimum 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



-west of the rlver (Mower and others,"

»9‘“6”'4) Because of the eastward dlpplng strata":‘_;:;
tc pography, dlscharge of ground water from the ngh Plalns to the Pecos ls_lz;
Lprobably small Most of the ground water m the ngh Plalns aqulfer 1s dlscharged"‘}f"?f o

'_'artlflcrally through wells and naturally through sprlngs and seeps along the Caprockv-?}{' e

: "Escarpment. Sprlngs in the Rolllng Plalns east of the ngh Plalns are characterlzed by.‘.{-‘:"i i |

,}’strata east of the Caprock Escarpment (Kreltler and Bassett 1983 Rlchter, 1983)

o 12‘15‘ATA--’BASE~ |

Hydraullc Head and Pressure

Y

o V{’v,f_ground water generally moves east and southeast under the mfluence of the: reglonal:_

L ‘_topographlc dlp (flg 3) Although water levels have been decllmng smce 1940 due to-f

-}hlgh sallnltles due to salt dlssolutlon by shallow ground water of Permlan evaporlte}f;,». L

Abundant hydrauhc head data from the Ogallala aquer mdlcate that the shallow-° A

’y"""v,-';'_"f.-heavy pumpage, the reglonal dlp of potentlometrlc surface of the Ogallala has not:__'@*‘--

o v,‘,“fchanged 51gnlf1cantly from pre—pumpage days (Knowles and others, 1982) Even though}’ﬂ,;,. e

s _ﬂranglng from a few feet to several hundred feet thls change in hydraullc head does not»__": .
k ff':'lmpact the modellng effort
Hydraullc head data of the Deep—BaSln Brlne Aqu1fer were derlved from results.ﬁ e

L o -of drlll-stem tests, Wthh were converted mto fresh—water heads. An evaluatlon of';

'f_the heavy pumpage has caused problems for agrlculture by a drop ln the water table,;'.:,' T

g "fpressure data lS glven in: W1ro;anagud and others (1984), who constructed a hydraullc';

] head map for the Deep—Basm Brlne Aqulfer (flg 4) A comparlson of unconflhed and:ffif::‘. :

: "'.";“conflned hydraullc heads shows that heads m the Deep—Basm Brme Aqu1fer are lower'

""';,:-}‘?jthan heads ln the Upper Aqulfer (frg 5) The head dlfference generally decreases ;l

‘»'toward the south and to” the east of the Caprock Escarpment where land surface.;;' :

rapldly drops in elevatlon by about 330 m (l OOO ft)



~ Hydrogeologic Properties
-_:Ogallala Formatlon > s R

The Ogallala Formatxon COhSlStS prlmarlly of fluv1a1 clastlcs whrch were depos- :

o "*1ted over an 1rregular Trlassm surface m a deltalc system of overlappmg fan- lobesﬂ*'-.‘ -

»(Sem, 1980) ‘l'he percentage of sand and gravel generally decreases from west to east’ji_f :

- «f‘-;;_v,.-»;'across the: I—hgh Plams. Average hydrauhc conduct1v1ty of the Ogallala 15 8 O m/day;;:‘,j,. :

R : ‘;,.'based on pumpmg test results reported m Myers (1969) Vert1ca1 permeablhty was

: Qassumed to be one order of magmtude less than horlzontal permeablhty, due to-*-

U ;fhorlzontal strat1f1cat10n of sands and. muds in the formatlon.

| ’j’r'lDockum Group

The Dockum Group represents a fluv1a1 and lacustrme dep051t10nal system wmch, '_ .

;1s composed of 1nterre1ated clastlc fac1es contammg reglonally extenswe lacustrme:?' :

» mudstones. Percentage of sand w1th1n ‘the Dockum varles between #O percent and o

- 10 percent (McGowen and others, 1979) Average hydrauhc conduct1v1ty t’or the”f:ﬁ‘.',‘

Dockum sands is about O 8 m/day based on: pumpmg test results (Myers, 1969)

Most modehng approaches (INTERA 1983 W1ro;anagud and others, 1984) assume : S

| ~.vijthat the potentlometrlc surface of the Ogallala is representatlve of ‘the Dockum as:“f\ﬁ

- 'well There is. ev1dence, however that hydrauhc heads in the Dockum are 31gmf1cant1yf

' -lower (30 to 90 m, lOO to 300 ft) than those in: the Ogallala (ka 1963 Stevens,: ‘

unpubhshed data) Also, the water chemlstry and the 013 and I—I2 concentrat1on of‘ :

1 7;4{ ground water in the Dockum lS dlfferent from that in the overlymg Ogallala aqu1ferff

- ""(Sem, 1977 Senger and others, in preparatlon) suggestlng that the two aquers are

generally not well 1nterconnected

’l'he Dockum is a- sand—poor umt contammg reglonally extenswe lacustrme-'-,\f'j-

mudstones.‘ Vertlcal permeab1hty of ‘the Dockum isy therefore, probably very low As

o shown'ln.>31mu1at10n D of this study,»‘ve_rtxcal perm‘eablhty has to be at least fourord_ers o



""s1gn1f1cant head dtfference of up to 30

v ':’aqu1fers.

‘_;'.~'>'_..,“'-Pel‘m 1an Evapomte Strata

The Permlan evaporlte strata mclude dep051ts of evaporltesf i-.and of mner shelf‘i?.'ffl

__ot magmtude lower than horlzontal”: ermeabmtyun order for the model to srmulate a sl

,.'f'ioo ft) between the Ogallala and Dockum .

i :systems (tlg 2) ‘I'he Evaporlte Aqu1tard 1n the Palo Duro Basm cons1sts mamly of_}'i{"':l[ -
t:jth1ck layers of salt dep051ts, anhydrtte, red beds, and permdal dolomxte (Vchowen,fiiv e

: ::981.) A,‘,verttcal permeablhty of O 00028 md for the Evaporlte Aqu1tard was derlved, '

.L._._‘»"”‘;from the harmomc means of permeab111t1es usmg t)’plcal and measured values of-»f}f S

:~permeab1hty for each sub—strata (Wuo;anagud and others, 1984) The permeabmtyﬁ.‘

h1ch could 1ncrease vert1ca1 leakage through the evaporlte sectlon. e

,L‘ower Perm1an and Pennsylvaman Strata

'jf‘v?Deep-Basm Brlne Aquer (table 1) ‘I'he deposmonal env1ronments dur1ng Lower'»}’;:;

: ;f'; ‘Perm1an (Wolfcamplan) and the Pennsylvaman were 51m11ar and consxsted of (tlg 2)

:.alue 1s a; Kbest a rough estlmate and does not mcorporate p0551b1e effects of fractures.f{;v :

""»Lower Permlan, Pennsylvaman, and Pre—Pennsylvaman formatxons constltute the‘j; f_' o

T"v"‘(l)fan—delta system, (2) shelf and shelf-margm systems, and (3)a basxnal system

‘ (Handford and Dutton, 1980 Dutton and others, 1982) The fan—delta system xs’f.}ih-j_

e : composed of ark051c sands and conglomerates (gramte wash) Wthh were derlved fromi""” :

:;f,»','the twneous and metamorpmc uphfts surroundlng the Palo Duro Basm. Open marme.»;f ‘

4 ’A‘j”-n:“'shelf carbonates and terrlgenous muds comprlse the shelf and basmal system The topﬁ

| "'-"—”of the Wolfcamp IS marked by a basmw1de dlStI’lbU‘tlon of shelt—margm fac1es (Brown- '

',Dolom1te) that resulted from a- southward smtt of the shelt break whxch termlnated"f.ﬁ., '

: 'f"?"deposmon of basmal fac1es in the area (Handford 1980)

erOJanagud and others (1984) comolned permeablhty data based on hmltedf:'"

k 'v.“vi.ianalyses of dl"lll stem tests, pumpmg tests, and complled data by Core Lab Inc (1972)1"_:”; v : _



_and derlved average permeablhtles and varlances of the dlfferent hydrologlc umts :

w1th1n the Deep—Basm Brme Aquer (table 2) For compartson, average permeablhty:‘ﬂ Rt

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

Vertlcal permeabllmes for the Lower Permian and Pennsylvaman strata aref"»
‘.-jgenerallyvassumed to be twoorders of magmtude -lower, than horizontal.epermeabllx-ty’ .,

~due. to. the hor1zontal stratlflcauon w1th1n each hydrologlc unit,’ Values of perme—

' fablhty were converted to hydraullc conduct1v1ty us1ng an- average flu1d sahmty and,;

temperature of 127 OOO mg/L and l#6°C (l 15° F), based on data from. Bassett and‘f

i Bentley '(1982). ’For- these fluxd propertles, 1 md equals 0.00115 m/day.-« '

~The permeablllty data from the Deep-Basm Brme Aquer show large vvarlances_b o
"(log-normal) of . up to 7. 13 suggestmg an extremely heterogeneous dlstnbutlon of

: Vpermeablhtles and a relatlvely small data base (table. 2) Proxxmal gramte-wash»
dep051ts closer to the. 'source - areas (Amarlllo Upllft, Bravo Dome, and chmta.v
.‘v.”"vMountams) apparently have hlgher permeab1ht1es than: dlstal gramte—wash dep051ts in.

B the center of “the basm.. F1ve pumpmg tests from prox1mal gramte wash in: the*'

. Y'J Frlemel #l well located in northeastern Deaf Smith County yxelded permeab1ht1es« -

of lO md to- 400 md with an: average of l40 md Wthh is much hlgher than the |

: .jgeometnc mean of 8.6 md. Relatlvely hlgh permeablhtles of 250 md ln prox1malf i

gramte wash were also suggested by W1ro;anagud and others (1984).

Measured permeablhty data for the Permlan/Pennsylvaman strata labeled "mud-b ‘

fflat and alluvxal fan delta systems" on. the left side of flgure 2 were not avallable.fi‘-

f-fy-;,‘l'herefore, a generlc value of permeablhty of about 70 md (equ1valent to a- hydrauhc.' -

ny '1conductlv1ty of 8 2°x lO‘2 m/day) as suggested by Bassett and others (1981) wast

fasmgned to the westernmost hydrologlc unit based on typlcal values for comparable :

e r"»;f”geologxc_materlals'(Freeze- andCherry, 1979) Usmg this typlcal permeablhty value,. :

the model computed a disCh'arge rate to the Pecos River of about 1.3 m3/day, which is |

10



Fm agreement w1th reported data on: rate of streamflow 1ncrease along the Pecos Rlver*"*

b “".’..?'}_;-,m thlS area (Mower and others, 1964) i

'Salt Dlssolutlon Zones L

Permeabllltles for the unlts representlng the salt dlssolutlon zones located east,,ﬂ o

o -;"‘;vand west of the ngh Plalns in: flgure 2 were conservatlvely estlmated to be 70 md

""f;,‘_:(equwalent to O 082 m/day), that is much mgher than the permeabrllty of the ad}acent e
":iaqu1tard (flg 3) due to mtense faultlng and collapse of the formatlon overlymg the salt. i

g v»deposns. Recent hydrologlc testlng 1n the DOE salt dlssolutlon wells ylelded relatlvely

"“‘,‘g:'hlgh hydrauhc conductwrtles of about O 17 m/day (Dutton, in. preparatlon) her '

N,_}_f‘?eastward exten51on of the Permlan salt strata is represented by a mudflat systemg
: (flg 3) w1th permeablhtles derlved from generlc values as’ suggested by Bassett and |

' ji»others (1981) | : »
: COMPUTER PROGRAM

’l'he model was 1mplemented w1th the computer program FREESURF developed

by Neuman and . Wltherspoon (1970) FREESURF was used. to solve the partlal:a'r'-'

:dlfferentlal equatlon descrlblng two—dlmensmnal steady-state ground-water flow in
- porous medla.b »
P 2,30, 3 (K, 2n) =0

ax A% §z "7z
| *’where Kx and KZ are horlzontal and: vertlcal hydraullc conduct1v1ty, respectlvely

VFREESURF uses a flmte element method and a dlrect solut1on technlque (Gaussxan

; ellmmatlon) Full descnptxons of the program and 1ts capabllmes are avarlable ln the

r.‘“thser s Gulde for FREESURF I (Neuman, 1976) Examples of appllcatlon and: 1ts e
performance are documented accordlng to QA gu1dehnes in Fogg and Senger (1983) |
The program computes hydraullc heads at each node and fluxes along prescrlbed

head boundarles representmg recharge or dlscnarge. In addltlon the program was.used . -

11



- to compute the stream functtons at each node based on: the results of the steady-statef‘_i

vlf.streamllnes show ground-water flow patterns and fluxes Wthh are dlfflcult, lf not«f?

: :1mp0551ble, to dlscern from the contour maps of computed hydraullc heads, owmg to‘;_» -

" amsotroplc hydraullc conducttvrty values and extreme vertlcal exaggeratlon of the":;:

",Fogg and Senger (m preparatlon)
MODELING PROCEDURE

lete Element Mesh

"‘”“hydraullc heads and fluxes along the 1nflow and outflow boundarles. ; The computedff-_».f.l-".v '

_-}cross-sectlonal model For detalls concermng the com putatton of streamllnes, refer to!f‘_} 2

The ground-water flow model was constructed along an east-west cross sectlonf‘; L

xtendmg from New Mex1co across the Texas Panhandle into Oklahoma (flg 2) Tne'-*ii

A flmte element mesh was deSlgned to represent the geometry of the dlfferentf{

oy depos1t10hal facres (flg 6) Due to extreme verttcal exaggeratlon, the large node;

"{.{'j,:-‘errors ln the solutlon. In Appendlx A the effect of extreme vertlcal exaggeratlon was"f-?f-

.tested by successrvely decreasmg the node spacmg 1n vertlcal d1rectlon of a slmple: .

”fl'j.rectangular mesh. Flgure A2 shows that the errors 1n computed hydraullc head are‘-

'j’j'zr.small and can be con51dered negllglble for most practlcal purposes. : ‘~ L

:-v:'SPacmg dlfferences between horrzontal and vertlcal dlrectlons could cause numerlcal‘*.

‘In flgure 6 three hydrologlc unlts are dlstmgurshed Wltnm the Deep—Basm Brme " .

./;}Aquer, based on the llthostratlgraphy (l) carbonate shelf and shelf—margln systems,“' o

}'.{Basm Brme Aquxfer from the: overlylng Ogallala and Dockum fresh—water aqu1fers.ii-.“

i‘_' Addltlonal hydrogeologlc unlts represented ln the model are the salt dlssolutlon zones"‘ .

- .'»‘f-‘to the east and to the west of the ngh Plalns a Permlan mudflat system extendmg» o

12

,-(2) mud—fllled basm and slope system and (3) fan delta system (gramte wash) The'j:

‘fv’rg:Permlan evaporlte sequence 1s represented as a thlck aqurtard separatlng the Deep—jﬂ' : B



into Oklahom'a, and the Permian/Pennsylvanian mudflat and‘alluvial:fan, delta sy:stems,

in New Mexico.

Boundary Conditidns of the Model

~ In the modél, two types of b’oundary édnditidns are applied: (1) pfeécribed heads
(Di'ric‘hle‘t? boundary condition) and (2) prescribed flux (Neumann boundary'?:ondition).
.."The} upper.surface of: the finite eleménfc mesh corresponds approximately to the wafer :
' table and: génerally follo.ws‘ thé tobogra’pny (water—ievel. declines caused by ground-
vwater pumpage are ignored in the model). To the east and west of the High Plains, the
o watvératablé is represented ‘bwith- pre‘sg.:ribe‘d‘head boundary conditions. - Information on
~the amounf of recharge to the‘v‘Ogallalé aquifer along the High Plains (Knowles and
~others, 1982) permitted assignment of prescribed fluxes at the corresponding boundary :
| ‘hode's. A.,rech‘ai'ge value of 0.145 crh, (0.058 i_nch) ‘was assigned. along the High Plains in
the Texas"Panhandle -and increased >to‘O.625 cm (0.250 inch) to accdunt for the sandier .
soil type in the New Mexico 'afeé. The prescrib‘éd flux boundary condition along the ‘
" High Plalhs 'surfa‘ce,'nowever, -réqﬁiréd a reduction of ‘hydraulic conductivities by one .
order of magnitude in both the-Ogallala and. Dockum aquifers in theAWes‘tern High
~ Plains in New Mexico in order for the model to »pfrodu'ce the observed water levels of -
the Ogallala aquifer with reasonable accuracy (fig. 6). This reduction in ﬁydréulic
co_nductivify does not necessarily represent a calibration of "true" aquifer prope!rti’es
based on ;che available_‘nydraullc head data but may reflect the discrepancy in vertical -
‘geometry between the actual northwest to southeast flow direction of the High Plains |
aq‘uifer arid the imposéd 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. Héad was
assuméd to be uniform with dépth on the eastern boundary, implying horizontal flow at

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

13



f,",ﬁ'approx1mately at the eastern edge of the cross sectlon snow a slope of the pressure-f_f

L ”‘J‘i‘,’;;_‘:depth regressxon llne equwalent to brme—hydrostatlc (flg 7)

Slmulatxon Strategy

: leferent numerlcal 51mulatlons were run for the cross—sectlonal model (table 3)

o ‘_"}’;The results are compared to the hydraullc heads derlved from the krloed head map of“‘} L

the Deep—Basm Brme Aqu1fer (fxg 4) The purpose of the srmulatlons was: not'v;'*f

"g,‘{(finecessarlly almed at achlevmg the best flt w1th the observed head data. ’I'he prlmaryf":.,,
f'-"'v,'objectlve was to 1nvest1gate the 1mportance of varlous factors affectlng the overallzj‘;v
: ground—water flow pattern in the basm. . | e
Slmulatlons A-1 and A-2 test p0551ble spat1a1 permeablhty varlatlons of gramte-‘,.

wash dep051ts. Whlle in Slmulatlon A l a unlform permeablllty dlstrlbutlon for granlte' :

. j.wash is used throughout the basm (K 8 6 md), 1n Slmulatlon A 2 prox1mal granlte wasn_ .

E .j_;j..-:deposns 1n the eastern part of the Cross: sectlon are- a551gned a permeablllty value of o

-";'lOO md whlch s about lO tlmes hlgher than the geometrlc mean 1n table2

- ‘:fi__Slmulatlon A 3 mcorporates the possrble dralnlng effect of prox1mal granlte—washf'

'dep051ts along the Oldham Nose and Amarlllo Upllft north of the cross—sectlonal"

traverse by lnsertlng artlflc1ally hlgh values of gramte-wash permeablllty throughout S

B B the entlre east-west cross sectlon.. Although computed heads in Slmulatlon A 3 agree s

'better w1th krlged heads 1n the deep sectlon, Slmulatlon A-2 1s con31dered the most :

¥ ’reallstlc model supported by the permeablllty data Wthh are presently avallable for =

the Deep—Basm Brlne Aqulfer. FaRS ;": =

Slmulatlons B l and B-2 mvestloate the effect of leakage through the Evaporlte‘i_;;_;»x a

B o, ‘,Aqultard by varymg vertlcal permeablllty of the aqu1tard (2.8 x 10'3 to 2 8 x lO‘ md) .

f.’I'he model is- used to glve a p0551ble range of permeabllltles for the. aqu1tard and toj» :

. 'test the valldlty of the assumed permeablllty value llsted in table 2
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In Slmulatlon C the effect of the Pecos Rlver on the subhydrostatlc condltlons'

"‘::?fln the Deep—Basm Brme Aquer is tested For thlS purpose, the fmlte element mesh 1s:f,:'-f”

'V:”'modlfled to ellmlnate the topography ot the Pecos Rlver valley by extendlng the'-.tl

llﬁj-j_‘general slope of the/ ngh Plalns surface toward the mountaln range at the wasternf}; -
"i_.tboundary of the cross sectlon (flg 14) T | | o |
v The hydrauhc 1nterconnectlon between the Ogallala and the Dockum wasf,_’_‘
":a;’addressed 1n Slmulatlon D. H By reducmg vertlcal permeablllty of the Dockum m‘-..

i _successwe runs, the observed hydraullc head dttferentlal in the shallow aqu1fer system :
:rwas modeled and lts effect on leakage rate through the Evaporlte Aqurtard and on‘i._' f

i : heads in- the deep sectlon, is 1nvest1gated : “

o LLIM_I'TATl'O_NS oFf,THE MODEL

When comparlng the results of the model w1th observed data, 1t is 1mportant tofff’ -

’ 'jf_recogmze that the reglonal ground—water flow dlrectlon 1n the: Wolfcamp Aqu1ter lSV,i. :

toward the northeast (erOJanagud and others, 1984), whlle the potentlometrlc surface.j

v". representatlve for the whole Deep—Basm Brlne Aqu1ter (flg 4) shows a more west to .
east flow component ’I'hus, results of the model whrch 51mulates ground-water flow;':’
along an east-west transverse across the Palo ‘Duro Basm, are not always dlrectly
f_fk,com parable to held condltlons. s o | | |
G Major potentlal sources of errorslrn the model are the hydraullc conductlvmes
.and assumed anlsotroptes of the dlfferent hydrologrc units. Wlth the exceptlon of the"f o
' _"‘granlte wash, whlch was' subd1v1ded mto dlstal and proxlmal dep051ts, umform'
permeabllltles were a551gned to- the hydrologlc umts in: the deep sectlon lgnormg‘
2 lpossrble lateral-and vertlcal» permeablllty. trends 'throughout the basm-. 'L-arge values of :
- variance of measured permeabllltles (table 2) suggest large natural varlatlons m,‘»:
permeabllltles of the nydrologlc unlts. The data are, however, 1nsuff1c1ent to map'

'spatlal permeablllty dlstrlbutlons w1thm the dlfferent umts. ,Fo_r»some umts where»



measured permeability values were not available (i.e., Evaporite Aquitar‘d, Permian/
‘Pennsylvanian mudflat and alluvial/fan delta syétem), assumed permeability values
had to be used based on typical values for the geologic material (Freeze and Cherry,
1979).

Discretization of the cross-sectional ‘model required simplification and concep-
tdalization 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 f‘low 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 ipossible that present conditiohs may be transient and that pressures at
~depth are still adjusting to the hydraulic-head conditions imposed by the more recent
Ogallala aquifer (Bassett and Bentley, 1983).  Other phenomena that might cause
transient cénditions of the hydrodynamics of the Palo Duro Basin include: (1) uplift
~and tilting of the basin might have caused anincrease of hydraulic potentials along the
western surface relaﬁve to the surface potentials in the east; (2) erosion and retreat
of the Caprock Escarpment could result in topographic effects on the hydrology, and in
dilation of the underlying units causing a gradual change in aquifer properties; and
(3) extensive hydrocarbon production in the Panhandie Gas. and Qil field causing a
general decline.in reservoir pressures could affect the hydrostatic 'pressufes in the
Deep-Basin Brine Aquifei‘.

Another \limitatlon of the model is the assumption of a homogeneous fluid
throughout ‘the basih; that is, density and temperature effects were omitted in the
model. Assuming increased salinities with depth, the increase in’ fluid Idensity 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-effobr,ts are planned which incdrporatevdensity_ variations and

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

- Simulation A-1
| : .In Simulation A-1, permeabilities of t-he different hydrologic units were assigned
- according to table 4. The perme’abllity value for the shelf carbonate in the Deep-Basin:
Brine Aquifer is a weighted arithmetic average of permeabilities represented by the
»geo‘metric means of the différent. stratigrap‘hic» units in table 22 Wolfcampian
- carbonate, Pennsylvanian carbonate, and Pre-Pennsylvanian rocks. |

Hydraulic heads -com.putéd by the -model in Simulation | indicate two different:
flow regimes (fig. 8): (1)a shallow flow system governed primarily by vtopograp’hy, and
(2) é deeber flow regime recharging in the New Mexico area ahc} passing deep beneath
the Pecos Rivef, which acts as a gro‘und;water flow divide inr the upper part of the
cross section. The thick evaporite section in the centef of the cross section
effectively isolates the two flow systems.

Beneéth the High Plains, hydraulic heads computed by the model in the Deep-
Basin Brine Aquifer are up to 300 m (1000 ff_) lower thén hydrauiic 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-observéd heads in the unconfined aquifers (fig. 3) indicates
that beneath the eva‘porité 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-

17



. later.

. .Oklahoma border do krlged heads tn the deep sectlon approach hydrostattc condltlons.v‘ : "

-~ -."In Stmulatton A 2 we attempted to correct these dxscrepanc1es. :

' ’Simula'tion A2
oY) As menttoned earher, htgher permeablhty values are more hkely in prox1ma1:i
| ~gran1te-wash deposits in the eastern part of the cross sectton than in dtstal gramte.v-
wash in the cehter of the basm owmg to a presumed decrease in gram size away from,f |
":v”.the source area. In Stmulatton A-2 a permeabthty value ‘of 100 md-.was a531gned to' .
'k-:gramte wash east of the Caprock Escarpment in the prox1ma1 fac1es. As a result y.
*biifcomputed hydrauhc heads m the Deep—Basm Brme Aqutfer east of the escarpment no;‘
: longer exceed heads in the shallow 1nterva1 (flg 9) ‘ .
K 'I’n general. ‘the computed;he.adsv‘m' the ‘e»astern-haif of the -cross sectioniyshow: good .
_,;'agreement w1th krlged head data 1n the Deep—Basm Brme Aqunfer., The resultmg'vjv
decrease of hydrauhc heads in the eastern part compared to heads 1n S1mu1at10n A- l "
l' ', | demonstrates the 1mportance of the relatlvely permeable gramte—wash deposnsr The
: .gramte wash effectlvely drains the deeper sectmn w1th greater ‘ease than it can be;i.._-'
recharged.' :.T he ev_aportte sectlon ef»fecttlvely ‘1solates _thevdeeper aquers:from' _the -
‘hi’gherlhydra‘uﬁc heads of the.dgallaia: vand‘D‘oct{um :adui'ters, as ‘will ,l})er demonstrated"
In the western half of the Cross. sectxon computed heads in the deep sectlon :
become progresswely mgher by up- to 300m (lOOO ft) than krlged heads in both,
»".i“aSlmulatlons A-1 and A- 2 Because of the dlstance of about 150 km (93 mtles) from the
‘r~_’f Texas-New Mexlco border to the Caprock Escarpment in the east the drammg eftect_- o
onf the relatlvely permeable gramte—wash dep051ts m the east does not mfluence theg.'u.
. ?western part of the Deep-Basm Brme Aqult'er. ‘The dlscrepancy m hydrauhc heads "

 could be an artttact of the geometry and the dlrectton of the cross-sectlonal model
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Wu‘o;anagud and others (1984) sh0w that relatlvely permeable gramte-washi

: "-"v.deposns along the Arnarlllo Uphft and Bravo Dome are 1mportant factors controlhng. o

the'reglonal ground—water flow:_dlrectlon 1n»the Deep-Basin Brme«Aquer.‘; Proxrmal_

’»-granlte wash occurrmg to the north of the cross sectlon (hg lO) was found to have,,' L

“.{:_good permeablhty as 1nd1cated by pumplng test results in the J. Frlemel #1 well.
o :v..{located 'ln northeastern Deaf Smlt‘h= County The possxble dralnlng effect of these
-_}:-deposns,‘_however, is not con51dered ln ‘the. east—west cross—sectlonal model wthh“ o
= could explam the dlscrepancy between computed hydraullc heads and. the krlged heads
‘;ln the western part of the Deep-Basm Brlne Aqunfer. s .
‘ wThe compUted- streamllne’s ﬂln.ihgure’vl‘ls-correspond' to" the -‘head | solution-. in
-’Slmulatlon A- 2 (flg 9) The reglon defmed by two ad;acent streamllnes contalns a-v
:constant volumetrlc flow rate. The streamllne dlstrlbutlon shows that wround—water )
‘rflow is concentrated in the shallow aqu1fer system. Each streamtube in the shallow .

sectlon (shaded pattern) carries 0 2 m3/d whlle each streamtube in the deeper sectlon';

',icarrles only O Ol m3/d Only 0.044 m3/d or. about 0.1 percent of tne total ground--'»

_water 1nflow of 4.34: m3/d, passes through the Deep—Basm Brlne Aquer (flg ll)

\ ,
The streamllne dlstrlbutlon ln tlgure ll shows that ground water w1th1n the

Deep—Basmv Brlne Aquer is flowmg down»the structural dlp'lnto the central‘ basm.’f -

East of the central basin ground—water flow is concentrated in the more permeablef

- gramte—wash dep051ts and dlscharge occurs laterally through the eastern boundary

: Slmulation“A;B
The purpose lof this 'slmulation' is to consider possible dralning- efifects of proximal E

’ :_;:gramte wash to the northeast of theﬁ cross sectlon along the Amarlllo Uphft and-vv 3
) Oldham Nose, by lnsertlng art1f1c1ally hlgh values of gramte—wash permeablllty along .

‘the entlre east-west cross sectlon. In addltlon, 1ntormatlon on the occurrence of thick

gramte-wash dep051ts in: northeastern New Mexico (SWEC 1983) was lncorporated in
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_the model by extendlng the Permxan—Pennsylvaman fan-delta system mto New MeXlCO.j_i".:‘.;: :

e ;Gramte-wash permeaolhty was. mcreased from 8. 6 md to lOO md for dlstal faczes to‘_fj el

: ‘.-‘-the west and from lOO md to 250 md for prox1mal gramte wash to the east of the"{;’\ :

-‘lvl«-"Caprock Escarpment As mentloned earher, pumplng-test results in J Fr1emel #l wellj-ﬁ:;”;_

mi“‘mdlcated permeablllty values of up to 400 md for pt‘Oleal gramte wash. il

The computed hydraullc heads (f1g 12) in- the Deep—Basm Brme Aquer are,;:_:‘;j :

:»f51gn1f1cantly lower ln the western part of the cross sectlon compared to the prev1ous"{_‘;- e

":;, :,Slmulatlon A 2 Overall heads m the deep sectlon agree reasonably well w1th krlged

»»:‘-heads m flgure 4 The correspondtng streamllnes in flgure 13 show that the- amount of:, I

".['f”ﬂlground-water ﬂow through the Deep—Basm Brme Aquer mcreased from 0044 1n

| "'w";’Slmulatlon A 2 to O 081 m3/day and flow follows predommantly the permeable gramte : |

»owash dep051ts. Leakage through the Evaporlte Aqu1tard 1ncreased from O 0094 ‘in ."

iSlmulatlon A 2 to 0. 0116 m3/day 1n thls 31mulatlon due to the lncreased hydraullc

: 4:'1} f-i,gradlent across the Evaporlte Aqu1tard i A possxble 1ncrease in permeablllty of the" o

: f,.v-aporous carbonates (Handford and Dutton, 1980 Herron, personal commumcatlon,}

'i-i’ll984) wmch was consxdered in the planar ground-water flow model in’ Wuo;anagud and L

‘ others (1984) does not 51gmf1cantly change hydraullc heads and the overall ground-'.*r

‘ water flow pattern in the deep sectlon in the cross—sectlonal model The resultmg_:r, o :

decrease of" hydraullc heads in: the western part of the Deep-Basm Brlne Aqulfer m_v

g ‘/"Slmulatlon A- 3 compared to Slmulatlon A 2 1nd1cates the lmportance of the gramte-'
‘ ;:,fwash dep051ts actmg asa hydrologlc smk |
5 ‘l'he general ground—water flow pattern 1nd1cates two 1mportant a‘spects re—lb-.‘, “:

_,:gardmg the hydrology of the Palo Duro Basm (l) role of the Evaporlte Aqu1tard in

- 1solat1ng the deeper aqutfers from the hlgher hydrauhc heads of the Ogallala and Bl

Dockum aqu1fers, and (2) dtscharge to the Pecos Rlver ’l'he »-r1ver servesv as major: i
dlscharge pomt of ground water rechargmg in the west that would otherwtse flow 1nto

 the Deep-Basm,Brm}e Aqulfer Therefore, one p0551ble reason for underpressurlng in
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'jbﬁ.j"the deep sect1on to the east could be msufflcrent recharge to the Deep-Basm Brme;-*i_jf B

o ’j'AqLufer due to the deﬂectlon of ground—water flow upward to the Pecos Rlver. La

\"R'ole'o‘f'theE:fv'aporite, Aquita\rd,,von‘.‘SUbhydr-ostat‘lc Condmons ‘

’l'he Evaporlte Aquttard rs thought to be an 1mportant cause of the subnydrostanc”. :
,yv‘.;condttlons in- the deep aqu1fer because 1t 1solates the deep basm system from the‘f" '

| 'ffmgher hydrauhc heads in the ngh Plams aquer. In other words, 1f the Evaporrte.}'i

Aqurtard were absent, the Deep-Basm Brme Aqurfer and tne Ogallala would be"f{;,

‘_f hydrauhcally connected and the1r heads would be s1m11ar. In Slmulatlons B—l and B-2 yo

'tms hypothe51s s tested by flrst 1ncreasmg and second by decreasmg aqu1tard ST

permeab1hty Also, by mvestlgatmg the effects of varylng aqultard permeab111t1es on :
K ’*the head dlStl"lbU‘thﬂ m the deep sectlon, a range of p0551ble aqu1tard permeabmtles 1s}}

ST 'obtamed

"f}vvv'Sxmulatlon B- o

Increasmg aqurtard permeabthty from 28 X 10“‘ mdﬂt ’(Simulation 'A-'2>‘):. to“k"

| 2. 8 X lO"’ 3 md 1n Stmulatlon B- 1 results in a srgmftcant 1ncrease 1n hydrauhc heads of S

up to: 250 m-in the deep sectlon (hg 14) The computed heads became unreahstlcally i

: hrgh Wthh suggests that the generlcally-derlved permeablhty value of 2. 8 X 10‘4

*(Slmulatlon A) represents an upper 11m1t of p0551ble permeablhty values for the . g

N "'\,“Evaporlte.Aqmtard ‘In comparxson, W1ro;anagud and others (1984) 1nferred a: perme-» o

o ablhty value of 8 X lO‘5 md from thetr "best“ 31mu1at10n of a horlzontal-plane ground—_ St

b "-‘»t"';"waterfflow model ‘I'hey concluded that leakage through the Evaporlte Aqurtard 1s .

7' srgmflcant and accounts for about 30 percent of the total ﬂow through the Deep—Basrn; s

:Brme Aquer. .
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Simulation B-2

InSimulation B-2, the aquitard »perr‘neabiﬁlityr was vdecr‘ea‘sed’ by 5 orde;s, §f
'b'-magn‘i-tude from 2.8 x 10-% m_d‘>tﬂo 2.8 x 10-9 md. -The results in figdre 15 svhbw a
‘;_ge‘n‘yeral decrease of hydraulic heads in thé Deep-Basin Brine Aquifer by up to 50 m in
the central part of the cross section compared to ‘results of Si'mulation A-2, and"
sliéhtly 10wér heads than kriged heads in the eastern part of the crbsé section.

In the Qéﬁtern' part of the déep 'sec“'cion,"vcnénges in:corﬁpu,ted..heéds were much
| smalle‘r‘,'indi:cating/ fhat‘é Qrasti_c decrease éf‘. leakage through the Evaporite-Aquitard -
(less than 10-7 m3/day) do_es.not significantly reduce computed hydraulic heads in

" eastern New Mexico.
The Effect of the Pecos River

- In ordef to evaluafe the effect of'tﬁe Pécos Ri\)er on Subhydrostatic conﬁitions inv
the Palo Duro ‘Basiri, '-the:‘finite'_ element mesh“was modified in Simulation C such that
_the:general"slope of the High Plains v-top‘ography extended to the ManzanoviAmountain '
'range in New Mexig:b, eliminating the Pecos Rlvér valley. Recharge ré.tes to the
Ogallala at the prescribed'i-lux boundaries had to be artificially redﬁcéd in order to :
‘~Simula';e' the observed water level on the High'Plains. In addition to fe.ch'arge ‘a»long"
the High ”"Plai'n_s, ground water recharging west of the Pecos River flows into the.
OgallaIa and Dockum aquifers, which would increase the hydraulic -heads in the High

Plains aquifer.

"Simvulatvion’ C

Computed heads in figure 16 increase in the westérnpaft of the D‘eep'—B‘asin‘
‘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 subnydbos.tatic

conditions. Ground-water flow into the Deep-Basin Brine Aquifer, west of the Pecos
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Rlver, 1ncreases from 0034 m3/day m Sxmulatlon A 2. to 0047 m3/day in tmsr;l |

‘_Slmulatxon (flg 17) The streamhne d1str1button 1hd1cates that most of the flow lmesff‘»

_are Stlll deflected upward to the surface at the fac1es contrast between the Permlan-‘ L

Pennsylvaman mudflat and fan—delta system to the west and the Evaporlte Aquxtard m,:‘_ g

the center of the cross sectlon. ,' Hence, the facxes contrast ratner than topography 1s;k -‘
_ fthe:m‘_ore, 1mportant cause Aof‘:upward flow of groundiw_ater bene_athv the»Pecos Valley.' :
i 'K.The,: inCrease in ’gr*ound—water“,rechar'ge 1o 'the ‘deepv secti‘oh ‘»i’n Sl'-m’ulation‘:j’“
taffects hydrauhc heads in: the western half of the cross sectlon. However heads in-the
| eastern part d1d not change SLgntflcantly, 1nd1cat1ng that the t0pograph1c effect of thev
"Pecos Rlver on the hydrologlc reglme is restrlcted to: the Updlp sectlon of ‘the Deep-'
‘Basm 'Brme; A‘qu1fer. Ground—water dlscharge to the Pecos does not 51gn1f1cantly:
~affect subhydrostatxc condltlons in the eastern part of the cross: sect1on. ‘

’l'he effect of the Pecos Rlver on hydrauhc heads in the deep sectton wouldf

: :-.probably increase if the relatlvely permeable gramte—wash deposxts extended far mtof

' bthe New Mex1co area, which could result in'an mcrease of ground—water ﬂow from the:
',west mto the Deep—Basm Brme Aquer However, our - geologlc data 1nd1cate that '.
gramte-wash dep051ts are: pmcmng out east of' the Pecos (Handford and others, 1981) :
”"Furthermore,‘ »head maps from .the Deep—Basm Brme ’Aqu1fer (Smtth,« m preparat1on°'”-
"VYSWEC 1983) show steep: hydrauhc gradlents in eastern New Mex1co wmch suggest ar'
3 zone of low permeablhty in the deep section.  This. would restrlct p0531b1e underﬂow-]"

‘ .beneath the Pecos Rlver of recharge water from the western outcrop area. e

Interconnection of :‘Ogallalavand DoCkufrh Aquifers.

In the prevxous simulations, -the Ogallala and Dockum aquers were well-'-,--”f

e , 1nterconnected masmuch as vert1ca1 ﬂow between the two aqu1fers was not: restrtcted,:;

B by low values of hydrauhc conduct1v1ty Accordmgly, heads d1d not dlffer apprec1ab1y v

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

-
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j“_mdrcate that at places, hydrauhc heads in the Santa Rosa member of the Dockum are; o

"b"frabout 30 to 100 m (lOO to 300 1) 1ower than heads m the Ogallala. , In order to model av;’f':':

""’-i~‘,,"'_:>’51gn1f1cant hydrauhc head dlfference across the shallow aqu1fer system, vertlcalj;jv

$

V‘Vhydrauhc conductwrty ot the Dockum was lowered m successwe runs of the modelf
i'untrl the minimum observed head dlﬁerence was s1mulated in the model i |
1 A s1gn1i1cant head dtfference between the Ogallala and the Dockum results 1n
"..f_‘.reduced hydrauhc gradlents across the evaponte sectton; wmcn in turn atfects the

“ jff:jamount ot leakage through the Evaporrte Aqu1tard

o iSlmulatlon D

Usmg K 8 X’ 10‘2 m/day for the Ogallala and Kz = 8 X 10‘5 m/day for the»f‘f» -

Y

i "r;'.Dockum (2 and 4 orders of magmtude lower than Kx, respectlvely) computed heads in o

: _,’_flthe Dockum were lower than m Slmulatlon A-2. by up to. 40 m (130 ft) as shown in

1 5-;f1gure 18. The head dlfference of 40 m between the Ogallala and the Dockum,,”:’:'

’ v‘::f_~:however, 1s not contmuous throughout the sectlon but represents the max1mum head"_

?'-'zfdlfference in: the western part of the shallow aqu1fer system (flg 18)
The change in vert1ca1 hydrauhc gradtent 1n the shallow aqulfer system results m-ﬁ

*»,':shghtly lower heads in the deep sectlon (less than 4 m or 13 ft) than those in

'»‘Jvf’Slmulatlon A 2 The resultlng decrease of up to 35 m (115 ft) in the hydrauhc headl_ff"';‘ :

N 'dlfference across the Evaporlte /-\qu1tard com pared to that in Slmulatlon A 2, reﬂects_i‘ e

j’the decrease m heads at the base of the Dockum due to reduced flow between the-fr'

.}"_'Ogallala and Dockum.. The general ground—water ﬂow pattern m the deep sectlon as’

"_shown by the computed streamhnes (flg 19) does not change not1ceab1y However,,h{; :

s ‘_leakage through the evaporltes beneath the ngh Plams decreased from 0. 0094 m3/day i

"‘“‘ito 00075 m3/day, which s a 19 percent reductlon in leakage rate from that in

e Slmulatlon A 2,, Vertlcal hydrauhc gradxents in the shallow aqulfer systems and thexr -

’ :;etfect on l;e_akage thr\ough»:the Evaporrte Aquxtar.dwc_ould; be 1mportant.
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’l'he head drop between the Ogallala and the Dockum computed by the model 1s a
"7?.'conservat1ve value, con51dermg the range of observed head dlfferences of 30 to 120 m :

",;;'f.‘(lOO to. 400 ft) (ka 1963) A steeper vertlcal gradlent between the Ogallala andv‘:.'; ‘

,"Dockum aqurfers w111 51gn1f1cantly reduce leakage through the Evaporxte Aqurtard i

o ,,:"'ThJ.S verttcal gradlent can be mcreased by further decreasmg vertlcal permeabllltles lnv S

".é;fthe shallow aqu1fer system. It can be shown that, usmg Kx/Kz = 105 Wthh is: only onef?"qf

order of magmtude hlgher than r< /KZ m thls szmulatlon, computed heads at the base'.i:“'f“ .

T ;'ffof the Dockum would be lower by up to 150 m (490 ft) tnan heads in the Ogallala, and' oI

L fcomputed leakage through the Evaporlte Aqu1tard would reduce from O 0075 m3/day to |

By '}_o ooas m3/day

. Ground-water Flow Rates and Travel Times =~ .

Desplte the better agreement between computed heads and krIged heads ln:"-'-vf o

(e f::v,,_»slmulanon A 3, Slmulatlon A 2 represents the most reallstlc model wthh lncorporates .

e permeablllty values t'or gramte wash dep051ts supported by the presently avallable data S e

: 17‘:on permeabmty for the Deep-Basm Brlne Aquer (table 2.

Spec1flc dlscharge rates of ground-water flow may be obtamed by dwrdmg the“«_‘

o flow rate represented by a streamtube by lts w1dth., In addltlon, pore-fluld veloc1ty Is. -

i ;5g1ven by d1v1d1ng specmc dlscharge by porosxty In Slmulatlon A 2 (flg ll) the model

i} e 'f,'-glves values of SpeleIC dlscharge for the shallow sectlon in the range of 3 X IO“‘ toi |

2% lO‘ m/day and for the deep sectlon of: 8 X lO'6 to lO"’ m/day. Maxlmum ground-. S

f--‘water f10w veloc1ty in the Ogallala aqu1ter is about 15 X lO'1 m/day, assumlng a

o Jpor051ty of 16 percent (Knowles and others, 1982) In the Deep—-Basm Brme Aque[’v

o the model lndlcates max1mum ground—water f10w velocmes i the shelf carbonates of“ﬁ‘

i l l X lO' m/day and in the prox1mal gramte wash of bl x lO" m/day (equ1valent to.

about 400 m. ahd l 600 m- per lO OOO years) Average porosmes are assumed to be 8

S , 'and 23 percent respectlvely, accordmg to Wwo;anagud and others (1984)

o 2.5”.



: _ough estlmates,, an‘d more accurate values w1ll depen d :

‘1on acqu1smon of,new, more detalled_data on porosxty and permeablhty dlstrlbutlon ,n

,the deep sectlon, and on the constructloni-o ’lmproved models.-

s

Nevertheless, because of,,lts vast area, th4 evaporlte sectlo ; beneath he"-v,

contrlbutes byfvertlcal leakage; vbouli 0.0 I3 m3/day to the deep aqu1fer or 26 percent:}g;_-:.:.'7'1

»_-f“assmg through the Deep-Basm Brme Aqu1fer, accordmg to the model

\ he accuracy of thls rate 1s dependent on accuracy of vertlcal 5 ermeab1hty of the:‘; B

_~and the head drop across 1t. In Slmulatlon A 3 computed hydraullc heads 1n,:‘;-i'

’ the?';estern ) art of the deep sectlo: v_are 51gn1f1cantly lower than heads m Slmulatlonf'f.;’:-ii;;, ‘

A

,-2 The vncrease 1n head dro ",across the aqu1tard results in an 1ncrease m vertlcali‘?jv'_:; .

leakage from O_ 0094 m3/day to 0 Ol 16 m3/day in’ Slmulatlon A-3

‘ater travel tlmes throug he Deep-Basm Brln Aqu1fer from thef_

ecnarge areavmfiNew_Mexlco to the eastern bﬁundal‘)’ Of thefim"del?’j*

J':;(Slmulatlon A;2) range between X a‘nd ‘4: mllllon years dependmg on the flow ,path‘iz,‘i’;‘j"

’deplcted by the streamtube an.d' ver:"' ge porosxtles of the dlfferent unlts.':"

5 SUMMARYANDCONCLUSIO Ns g

E The observed underpressurlng 1n the Deep—Basm Brlne Aquer can be explalned,?;'fr’i >

by relatlvely permeable gramte—wash dep051ts w1th1n the L0wer Permlan/Pennsyl-f_'"f:f"!“:l" .

- _'vaman strata and the tthk low permeablllty Evaporlte Aquxtard 1n the center oi the

'»‘;x':basm.» The granlte wash effectlvely dralns the deeper sectlon more ea51ly than 1t cani-.f o

.be recharged and the evaporlte sequence e:ffectlvely lsolates the deeper sectxon from’t"’fg"ﬁ ‘

' the shallow Ogallala and Dockum aqu1fers above the evaporlte sectlon. , The ground_;&_v_»:'.

o T_water flow model also 1nd1cates that the Pecos Rlver acts asa ground—water flow\/:j*f_

L d1v1de only in the upper sectlon, and allows underflow of some ground water rechargmg

ff,m the New Mex1co area to the west (Summers, 1981) The Pecos Rlver apparently L



' ’,_:enha‘nces the undernressurfng bbeneath ,‘thevwesterxn haff of st‘heHigh Plains by serving as
‘a dlscharge area for some of the ground water that would otherwme move downdlp mto,
the Deep—Basm Brine Aquifer.- In the eastern half of the cross sectlon, the effect ofi.v
o relatlvely permeable gramte wash actmg as a hydrolog1c sink is probably the dominant |
' factor controlhng subhydrostatlc condxtlons. | L |
A 51gn1f1cant head dlfference between’the Ogallala and: Dockum aqu1fers can"-b
: affect the amount of leakage through the Evaporlte Aquitard w1thout 51gn1f1cantly =
‘.':v.tvchangmg heads in the. Deep-—Basm Brine Aqurfer. Therefore, detalled mformatlon on’
the vertxcal hydrauhc grad1ent in the units overlymg the salt sectlon is needed to.
{estabhsh the spec1f-1edv head boundary and the a’mount'of leakage-«through the 'e;/aporlte, -

section. "In. addmon to. leakage through the Evaporlte Aquitard, ground water in the -

Deep—Basm Brme Aqulfer or1g1nates prlmarlly 1n the New Mex1co area and flows,_ :

"'bene'ath_the ‘Pecos River into the ‘central basin.. The model indicates that the ground-
water flow pattern within® the Deep-jBasianrine Aquifer‘-’ls governed by b,the" soatial '
.di'stribution of more ‘pern]‘eable"sbtrata,rin’ partiéular 'the'granité-wash deposits. The -
) hydrauhc head. dlstrlbutlons and the general ground—water flow pattern generated in
the model agree reasonably well with observed heads and pressure—depth mterpretam

- 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 illustrating 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 tf"]'e 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 11. 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 [3. 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 14. 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 I7. Streamline distribution according to Simulation C. Ground-water flow into

the Deep-Basin Brine Aquifer increased from 0.0034 (Simulation A-2) to 0.047 m3/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. Pei'meability 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.



| Appendlx A

» " Effect of Nodespacing Di‘fferences in Horizontal |
S ‘and Vertlcal‘ Direction on the ,H.ydraullc Head Solu‘ti’on

Amsotroplc node spacmg.ln numerlcal models can cause 51gn1f1cant numerlcal errors in-
thesolutlon of hydraulic head.. Typlcal horlzontal and vertical node spacmgs m the: present
model are 12,300 m. (40 350 ft) and 250.m (820 ft),' respectlvely 'l'o test the effects of
' anlsotroplc node spacmg on hydraullc heads computed by the program "FREESURF ' several
| _numerlcal experlments were run.. ' |

lete element grids. were set up w1th 4 50 100, and 200 elements w1theach mesh havmg-
the same'total:slze., Each flnlte element mesh consists. of three colu‘mns of nodes and each is
 subdivided horizontally to ’obtaln#l 5, : 100, "or'ZOO:e‘lem'entsln'successive slmulatlons (fig. -bAl) '

~The boundary condmons of the model are such that the upper left node #3 has. a
prescrlbed head of 100 m (330 ft), and the lower rlght node #7 has a prescrlbed head of O m
| (O ft). Boundary condltlons on all other nodes are no—-flow (prescrlbed flux equal to zero) The-
flmte dlfference grld has a total 51ze of 5, OOO m (16 400 ft) in norlzontal dlrectlon and 2,500 m-
(8 200 ft) m vertlcal dlrectlon. ’I'he size for each 1nd1v1dual element for the various cases
- ranges from 2,500 m (8 200 £t) x 1, 250 m (4 100 ft) (4~ element case), 2 500 m (8,200 ft) X lOO m-
(330 ft) (50 element case), 2,500 m (8 200 ft) X 5O m: (165 ft) (lOO element case) to 2 500m
(8 200 ft) X 25 m (32 ft) (ZOO-element case)

The hydraullc head dlstrlbutlon was 51mulated under two different't nydrologlc cond1t1ons :

1 lsotroplc, homogeneous condltlons with K = Ky'" 30 m/day | s .

2. | anlsotroplc, homogeneous condltlons Wlth K =30 m/day and Ky = 3'000 m/day

The dlfference in horlzontal and vertlcal node affects the conductance term (C) Wthh
- represents the rate of flu1d transfer due to a unit dlfference in hydraullc head between two..

nodes:. o



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+%4 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?nductance 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.



Table 1. Generalized stratigraphic column of the Palo Duro Basin
(modified from Bassett and Bentley, 1983).

General lithology Hydrogeologic ‘
Systemn Series Group and depositional setting element Hydrogeologic unit
Quaternary Fluvial and
lacustrine clastics ’
Tertiary Ogallala aquifer ‘
. Shallow aquifer
| Cretaceous Nearshore marine clastics
' Fluvial deltaic
Triassic Dockum and lacustrine clastics Dockum aquifer
and limestones
Ochoa
Artesia Salt, anhydrite,
Guadalupe red beds and
~ Pease River | peritidal dolomite Evaporite Aquitard Evaporite Aquitard
Permian '
Clear Fork
Leonard
Wichita
‘ : Wolfcamp . -
Wolfcamp carbonate ~-Wolfcamp carbonate
aquﬁer Deep-Basin | '
Shelf and platform Pennsylvanian Brine Aquifer - Wolfcamp granite
carbonates, basin shale carbonate wash ’
» and deltaic sandstones aquifer
Pennsylvanian ’ Upper ~Basin shale
. Paleozoic
Basin shale granite-wash | Pennsylvanian
aquifer - carbonate
Mississippian Shelf limestone and chert . ' .
- ’ | Lower Paleozoic | Pennsylvanian
carbonate aquifer granite wash
Ordovician Ellenburger | Shelf dolomite ' ‘ ,
‘| Cambrian Shallow marine (?) Lower Paleozoic | Pre-Pennsylvanian-
sandstone ; sandstone aquifer age rock
Precambrian Igneous and metamorphic | Basement aquiclude

Basement aquiclude




Table 2. Perrmeability of individual hydrogeologic units of Perimian and Pennsylvanian of the Palo Duro Basin
(after Wirojanagud and others, 1984).

Geometric “Number and source Typical
Hydrogeologic unit y = In(k) mean of k of data value
. (eY), md ) md
Average
value,y Variance,s?
.00028*++
Evaporite strata —_— — — — (vertical
' permeability)
25 - DST data
Wolfcampian 70 - Core Lab Inc. (1972)
carbonate 2.19 5.08 8.90 6 - Sawyer {1
pumping test data
Pennsylvanian 07——-300%
‘Deep carbonate 2.88 5.61 17.90 25 - DST data
brine 118 - Core Lab Inc. (1972)
aquifer
.0001 *
shale —_— —_—— _ .0000! 08%
10 - DST data
granite wash 2.15 7.13 8.60 10 - Sawyer #1 pumping
' test .01——-380%
(1.27 with (3.55 with 415 - Mobeetie field
- Mobeetie ‘Mobeetie core data .
data) data) 11 - Core Lab Inc. (1972)
Pre-Pennsyl- 1.56 5.70 4.76
vanian rock 11 - DST data —
14 - Sawyer #1 pump-
ing test data

*range of permeability, from Davis and DeWiest (1966), Davis (1980), Freeze and Cherry (1979)
*average permeability, assigned to basinal system (fig. 2)

t+derived from the harmonic means of permeabilities using typical or measured values of permeability for each substrata




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

Conditions Al A2 A3 Bl B2 C

l. Granite Wash (GW) Permeability:
uniforrm GW: k = 8.6 md ‘ X

distal GW: k = 8.6 md
proximal GW: k = 100 md (east of escarpment) X X X X

distal GW: k = 100 md (extended into NM)
proximal GW: k = 250 md (east of escarpment) X

2. Role of Evaporite Aquitard

k=2.8x 10> md X
k=2.8x10"* md X X X X
k =2.8 x 10'9 md X

3. Hydraulic Interconnection of Ogallala and Dockum

Ogallala/Dockum X X X X X X
aquifer: Ky/K5 =10

Ogallala aquifer: K,/K, = 100
Dockum aquifer: K,/K, = 10,000

4. Effect of Pecos River X



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

Hydrologic Unit

Ogallala fluvial systeml
Triassic fluvial/lacustrine systeml

Permian (salt dissolution zone)3

- Permian sabkha systemL‘

Permian mudflat system2
Permian/Pennsylvanian shelf carbonatest
Permian/Pennsylvanian basinal systemsl*

Permian/Pennsylvanian mudflat and
alluvial/fan delta system?

Permian/Pennsylvanian fan delta system
(granite wash)¥

Sources of data:

10
2.

3.

Ky from Myers (1969); assumed K,/K, = 10

typical value of geologic material (Freeze and Cherry, 1979)

Hydraulic Conductivity (m/day)

horizontal (Ky)

8.0 x 10°

8.0 x 107}

8.2 x 1072

3.2 x 107/

8.2 x107°

1.3 x 1072

1.1 x 1077

8.2 x 1072

1.0 x 1072

Ky from U.S. Geological Survey open-file data; assumed Ky/K, = 100

after Table 2

vertical (K;)

8.0 x 10—1

8.0 x 1072

8.2 x 10—1’t

3.2 x 10~7

8.2 x 10
1.3 x107*

1.0 x 1077

8.2 x 107"

1.0 x 10_4



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

L. isotropi‘cbsystem: Ky = Ky =30 m/day

Total discharge (#7) ~ Mass Balance (%)*
4 elements 887.8049 : -.123 x 10-11
50 elements 44,4009 -.162 x 10-9
100 elements 44, 1807 +.149 x 10-7
-. 149 x 10-7

200 elements 844.1807

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

Total discharge (#7) Mass Balance (%)*
4 elements 1486.432 -.266 x 10-9
50 elements 1485.612 o -.2u41 x 1076
100 elements 1485.609 .160-x 10-6
200 elements 1485.607 ' -.357 x 10-7

(inflow - outflow)
T inflow

*Mass balance = x 100

Conductance -
Ratio Cy/Cx

4

625
2,500
10,000

Conductance
Ratio Cy/Cx

400
62,500
250,000
1,000,000
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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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Figure 2. Regional east-west cross section illustrating spatial relationships
of the major depositional systems in the Palo Duro Basin (after Bassett and

others, 1981).



o

Figure 3.. ‘Potentiometric head -map of the unconf1ned aqu1fers that over11e the
evaporite sequences (after Bassett and others, 1981)
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Figure 4. Potent1ometr1c head map of the whole Deep- Bas1n Brine Aqu1fer con-
structed from kr1ged estimates of heads (after Wirojanagud and others, in pre-

paration).
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Figure 7. Pressure-depth data from the DeepeBasin'Brine Aquifer, Jackson County,
~ Oklahoma, which is located approximately at the eastern edge of the cross section.
The pressure-depth regression 1ine has a slope equivalent to brine hydrostatic.
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Figure 8. Simulation A-1 of computed hydraulic head distribution with hydrauljc conductivities from Ta
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of the Caprock Escarpment, however, hydraulic heads in the Deep-Basin Brine Aquifer are unrealistically high.
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Figure 9. Simulation A-2 of computed hydraulic head distribution with ipcreased permeapility of
proximal granite wash. It shows that subhydrostatic conditions prevail in the Deep-Basin Brine
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Simulation A-3 of computed hydraulic head distribution with increased hydraulic
conductivities for granite wash as compared to Simulation A-2. It shows increased
depressuring toward the western part of the Deep-Basin Brine Aquifer.
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Simulation C of computed hydraulic head distribution with modified finite element
mesh. It shows increased heads in the western part of the cross section. In the
eastern part, however, extensive subhydrostatic conditions are maintained.
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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.
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