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|
|
ABSTRACT
|
\

: \
The Ogallala aquifer which underlies the Southern High Plains ccnsists of the
\
saturated sediments of the Ogallala Formation (N eogene{). The Ogallala aquifer, the main
‘ .

source of water for the High Plains of Texas and New Mexico, has been severely depleted
by extensive pumpage. The hydrology and hydrocher'nistr;y of the aquifer are controlled by

. \
the surface topography of the underlying formations and l‘by the thickness and permeability

\
of formation deposits. . \

i
Two different hydrogeologic provinces were observe‘ad. Increased formation thickness
' \
and saturated section, as well as higher porosities and hyciraulic conductivities characterize
‘ .
the first province, which is located along paleo valleys fil;led with coarse fluvial sediments.

, \
These paleo valleys trend from northwest to southeast a‘pd ground-water flow lines follow

|
their orientation.  Within this province the hydroch?mical composition is relatively

\
constant (Ca-HCOg to mixed-HCOg water, depleted in §180, 8D and tritium). The
|

formation is thinner and less permeable in the other‘; hydrogeologic province, where
\

sediments are mostly fine-grained eolian clasties. In this: province ground-water discharge
|

from aquifers in the Cretaceous. Cross-formational‘ movement of water and low

‘ .
permeability in the Ogallala Formation in these areas}result in varying hydrochemical

\
facies and in isotopic composition which differ from|this of the first hydrogeologic
|

. . \ .
province. Areas where upward cross formational flow occurs are evident by presence of
\
permeable contacts between the Ogallala and the underljing formations, water level-head

differences and chemical and isotopic similarities. “

‘ .
Secondary factors that affect the chemical composit‘ion of Ogallala Formation ground

\
water locally include contamination from evaporating saline lakes, agricultural chemicals
' \

and fertilizers, and oil field brines. Impact of chemical“s and brines may increase in the

: \
future, because many of these contaminants may be still} moving through the unsaturated

zone toward the water table. ‘



|
INTRODUCTION |

The Ogallala aquifer (Tertiary) underlies the Sm}nhern High Plains (fig. 1). The

Southern High Plains are the southern extension of ;the Great Plains which extends

n_orthward through Oklahoma, Colorado, Kansas, Wyomi;ng, Nebraska, and South Dakota.

However, this study is limited to the aquifer area south o}f the Canadian River (fig. 1). The

\
Ogallala aquifer, which is the main water supply in the Southern High Plains, is being

. : 1
severely depleted by extensive pumpage for irrigation. (The aquifer overlies the Permian

\

evaporites that are being considered as a potential repository for the isolation of high-level
: \

nuclear wastes in Deaf Smith County, Texas (fig. 1). | Potential contamination of the
\

aquifer by these wastes and further depletion of the limited water resources are major
‘ .

coneerns in the area. “
In the event of accidental spills on the surface or in“ the subsurface, several problems
|
|
’ \
(1) What are the transport rates of a surface spill from land surface to the water

\
table; how long will it take before the contaminants reach the Ogallala water table?

need to bé addressed:

(2) What are the flow directions of the contaminant ‘jn the aquifer?

(3) What is the residence time of water (and spills) it“l the aquifer?

(4) What are the discharge locations where contLamination can emerg‘e‘ into the
biosphere or leak into another aquifer? |

(5) In case of a subsurface spill within the Permian host rocks, what are the

| .
possibilities that vertical flow will carry the contamina;ted fluid from the Permian host -

To answer these questions one must first charac}terize the hydrogeology of the

rocks into the Ogallala and how long would it take?

Ogallala. In this study we address major hydrogeologic issLes, including:

(1) The nature of the geologic contacts between the Ogallala aquifer and the

underlying formations, |



- (2) porosity and permeability distribution in the Ogéllala aquifer and in the underlying
i

formations, |

\
(3) relations between the potentiometric surfaces“ of the Ogallala aquifer and the

‘ . 1
underlying formations, }

. |
(4) recharge methods and rates into the Ogal\\lala aquifer and the overlying

. \
formations, \

|
(5) discharge points and rates from the Ogallala aquifer, and
\
(6) geochemical similarities between ground water “in the Ogallala aquifer and in the
‘ \
underlying aquifers and corresponding implications for cfo%ss—formational flow.

!
- DATA AND METHODS |
\
|

1
Data from available publications or data bases wfere combined with original data,

especially produced or collected for this study. The nalture of the contact between the

\
Ogallala aquifer and the underlying formations was madped in this study to help predict
\

areas where aquifers are hydrologically continuous or }where cross-formational flow is
likely. Data were taken from well logs (McGowen and%others, 1977; Presley, 1981) and

type-section descriptions (Brand, 1953). ;

\
Water-level data for the Ogallala and the underlying aquifers were obtained from the
\

| .
computerized data base and open-file records of the Texas Natural Resources Information
\

System and Hudson (1976, 1978, 1983). Water-level maps} _weré produced by the author for
\
the aquifers in the Permian and Cretaceous rocks (the anllala water-level map is from

\
Gutentag and Weeks [1980] and the water-level map for tt§1e aquifer in the Triassic Dockum

\
Group is from Dutton and Simpkins [1985]). Water-level head difference maps were

!
constructed for in the Ogallala and for water in each <‘;)f the underlying aquifers in the

Permian, Triassic and Cretaceous rocks. |



Permeability and porosity data for the Ogallala and the underlying aquifers were
\

obtained from Myers (1969) and from Knowles and others “(1984).

|
A total of 3,698 chemical analyses of water in the Ogallala aquifer, plus 187 analyses
|

of water from the aquifer in the Triassic Dockum Group, 84 analyses of water from the ‘

. . . ' .|
aquifers in the Cretaceous Trinity and Edwards formations and 157 analyses of water from
: \
the aquifer in the Permian rocks were carefully studied“ (all data from the computerized

. \
data bases of the Texas Natural Resources Information System and U.S. Geological Survey

\
in New Mexico, and Cooper, 1960) (app. 1). Detailed hyFrochemical study was conducted

wherever cross-formational flow was suggested, based ojn geologic and hydrologic consid-

|
erations. \
\

Because isotope data of ground water were Vavail“able for only the aquifer in the

\
Triassic rocks (Dutton and Simpkins, 1985), 53 ground-water samples from the Ogallala
‘ \

aquifer were collected across the Southern High Plains, in; addition to 9 water samples from -
\

the aquifers in the Cretaceous Trinity and Edwards rocks and 7 water samples from the
|

Permian formations (fig. 1). Areas where cross—format“ional flow seemed possible were

\
included in this sampling program. Eleven ground-water samples were also taken from the
\

Quaternary deposits at the Rolling Plains; the potentia% discharge zone of the Ogallala

| .
aquifer. All samples were analyzed for general chemical constituents and for §180, &D,

\
tritium, §34S, and §13C (app. 2). } \
Contamination by oil field brines that may affe“ct Ogallala hydrochemistry was

|
studied using 530 chemical analyses of water samples ta}ken from all major oil-producing

formations across the Southern High Plains (app. 3). Datja were obtained from Burnitt and
others (1963), Reed (1963), Burnitt (1964), McAdoo (1964), and Crouch (1965). A well in
Hockley County that injects brine produced from the Pei‘rmian Clear Fork Formation and
three Ogallala wells in its vieinity were also sampled (app. 2).

The study of recharge mechanisms was based on com:parison of rainfall and playa-lake

: . » \ . .
water analyses with ground-water analyses. Precipitation was collected on a daily basis at



. . \ .
four stations in the Southern High Plains (Amarillo, Clovis, Lubbock, and Midland) and at

|
one station in the Rolling Plains (Paducah), during or“le year (November 1984 through

|

October 1985). Samples were analyzed for 8180, 8D, and occasionally for tritium (app. 4).
\

Two playa lakes and six wells in their vicinity were sampl*ed in Lubboek County.

\
The well numbering method used in this study (app. 2) follows the system adopted by

\
the Texas Department of Water Resources (TDWR) (K“nowles and others, 1984). When

. . \ . .
sampling a well with an unknown TDWR number, a temporary name was assigned to it; the
\ , R
name includes the first four digits of the area (accordingi to TDWR), the initials "RN," and

another number and letter. ;

\
Physiography and Climate

\
1
The Southern High Plains form a well-defined, -topclagraphically isolated plateau that

\
slopes toward the southeast. Soil cover in the northern part of the study area consists
‘ \

mainly of clays and clay loams, whereas in the souther‘in part the soils are sandy loams

HYDROLOGIC SETTING

\
(fig. 2). The difference in the grain-size distribution of the soil cover may affect the
\

annual recharge rates and will be discussed later in the report. Large parts of the Southern
|

: \
High Plains have scattered depressions called playa-basins. These depressions range from a

\
few feet to 50 ft (1 to 15 m) or more in depth, and from a“ few hundred feet to a mile (up to

1.5 km) or more in diameter. Runoff following large rains“ accumulates in these depressions

\ ,
and forms lakes. As a result, large areas of the Southern %Iigh Plains have poorly developed

drainage systems and all the streams that head on the}R1011ing Plains are intermittent or

\
have very small perennial flow. \
: \

The Southern High Plains have a semiarid to su“bhurnid climate. Annual mean
. 1
precipitation, (Geohydrology Associates, Inc., 1978, Bomar, 1983), ranges from 13 inches in
| . .
the southwest to 19 inches in the north (330 to 480 mm).{ Most precipitation falls between

| ' .
May and October. An isohyet map (fig. 3) shows a greater amount of rainfall in the



northeastern part of the Southern High Plains. Annual pan evaporation in the study area
\

ranges from 60 inches to 91 inches (1.5 m to 2.3 m) (Bomar, 1983); New Mexico Engmeermg

Office, 1956). Other estimates (U. S Geological Survey in 1n Nelson and others, 1983) mdlcate

a range from 80 to 96 inches (2 to 2.5 m). During the s?mmer, potential evaporatlon may

\
reach 100 inches (2.5 m). Evaporation increases from the northeast to the southwest.

Mean annual low temperature ranges between 44°F \ in the north to 50°F in the south
r

(6.6 to 9.9°C, respectively). Mean annual high temperatpre ranges between 71°F (21.5° C)‘
.
and 77°F (25°C), ‘respeetively (Bomar, 1983; Kunkel,; 1984). The average difference

. : 1
between summer and winter temperatures is about 29°F“(16°C). The prevailing winds are

\
from the southwest and south (summer) in the northern and central parts of the Southern
. |
. . . .
High Plains and from the south or south-southeast (spring and summer) in the southern part
\

(Bomar, 1983). ‘\
|
|
General Hydrology of the Ogallal;‘a Aquifer
1

The Tertiary Ogallala Formation is composed of teirrigenous deposits, such as sands,

. |
gravels, and finer materials (Seni, 1980). The aquifer is covered by Quaternary deposits
. \

and it unconformably overlies Cretaceous, Triassie, anci Permian rocks. Some of these
| .
formations may be hydraulically connected to the Og'allalia aquifer. Water-table conditions
. |
prevail throughout the aquifer. Flow directions ap;“)roximately follow the regional

1
topographic slope from the northwest to the southeast. 1 Local ground-water depressions,

| _
which have been formed by intensive pumpage, can lead t‘;o local changes in flow direction.

A typical rate of water movement is approximately 7 inc‘ihes (18 em) per day (Knowles and
| .
others, 1984). The aquifer is recharged by direct precipit}ation and by resulting runoff that
. ‘ :
mainly accumulates in playa lakes as well as in riverb“eds. Flow from the underlying

formations can be another source for recharge in certair;l areas. Pumpage of water from

the aquifer far exceeds annual recharge. As a result, there is a substantial decrease in
1

. . \ . . . .
ground-water levels in the heavily pumped areas. However, in other locations a rise in



water table was observed and can perhaps be related to percolation of surplus water from
. | -
irrigation into the shallow ground water in these areas (Kier and others, 1984). Because of
: \

the water-level decline, many springs along the eastern“ escarpment have ceased flowing

(Brune, 1981). Most of the current discharge from the aqt“xifer is by water pumpage.
i

|
'GEOLOGIC FRAMEWORI‘}Z
|

. | |
The base of the Tertiary Ogallala Formation rests unconformably on Permian,

\
Triassic, and Cretaceous strata (fig. 4). Quaternary sediments cover the Ogallala rocks in
|
most parts of the Panhandle. In this section the geologic|features of the Tertiary Ogallala
_ |
Formation, the overlying Quaternary deposits, and of the underlying formations that are
\

related to the hydrology of the Ogallala aquifer are descr“ibed.

|
\
\
‘ i
. |
Quaternary eolian, fluvial, and lacustrine sediments“cover large areas of the Tertiary

' \
Ogallala Formation. The Blackwater Draw Formation, the most widespread unit, ranges in

Quaternary Strata

\
age from at least 1,400,000 yr to late Holocene (Machenberg and others, 1985). It covers
o
the Ogallala with loess deposits to a depth of 80 ft (25 /m). Alluvium, which consists of
: \
sands, silts, and occasionally gravels, occurs along riverbeds, and silt and clay materials
\

"line the bottom of most playa lakes. Quaternary depdsits control the amount of recharge

into the Ogallala aquifer. Their diverse lithology ‘is; the factor that affects their

distribution of vertical permeabilities, and thereby th'e; downward water flux into -the

\

1

o

The Tertiary Ogallala Forma‘cEion

The Tertiary Ogallala Formation contains both c}~oarse fluvial conglomerate and

sandstone, and fine-grained eolian siltstone and clay. | Seni (1980) suggested that the
\
|
\
7 |
\

Ogallala.



depositional environment of the Ogallala Formation and the overlying Quaternary deposits
produced a series of overlapping humid-type alluvial faihs. Seni (1980) identified three

lobes whose grain size vary as a function of the distance; from the major channel system.

Along the major channel axes, grain size expected to be c}oarser than in the interfan areas.

. . . \ s
However, Gustavson and Winkler (in preparation) sugges“c that grain size of the Ogallala

Formation clasties is controlled by the topography of the underlying mid-Tertiary erosional

surface. They indicate that coarse fluvial clastics were dgposited in paleo-valleys, whereas

finer eolian sediments covered upland areas. Eolian clastics also overlie the fluvial

. \
sediments in the paleo valleys as sand sheets and loess. The change from fluvial to eolian

: \
sedimentation probably resulted from diversion of Ogallala streams to form the Pecos and

Canadian Rivers (Gustavson and Winkler, iri preparation). |
\

Figure 5 presents the thickness of the Ogallala Formation, including the overlying

Quaternary deposits. Their combined thickness reaches“ 800 ft (250 m) and reflects the

underlying paleo topography. This paleo surface is controll‘led by collapses of Permian rocks

induced by evaporite dissolution, and by pre' Ogallala erosii‘m.

| ,
Wind and stream erosion have cut into the Ogallala Formation and eroded its

\
deposits. Consequently, Cretaceous rocks are exposed in some saline lakes in the southern

\
part of the Southern High Plains, and Triassic and Permian rocks crop out along the

. \
Canadian and Red Rivers. Generally, the Ogallala and the overlying Quaternary deposits
are thicker in the northern part of the Southern High Plains (0 to 800 ft or 250 m)
| .

compared to the southern part (0 to 500 ft or 150 m). }

As a result of this depositional pattern, fluvial s}ediments along the major paleo

. . \ . .
valleys are coarser, whereas materials in between the‘.se areas are finer (fig.6). In

addition, a general upward-fining texture trend occurs in: the Ogallala Formation. These
textural trends may have a significant effect on the spélltial distribution of porosity and

\
permeability in the Ogallala aquifer. |




A resistant calerete layer called the caprock caliché lies at or near the surface of the
Ogallala Formation. Caliche develops as an authigenic aci:cumulation of caleium carbonate

that results from soil-forming processes, precipitatiorll from ground water, or some

combination of both (Stone, 1985). In the northern part ofi‘ the Southern High Plains several
layers of caliche are encountered, whereas in the southerh part their number and thickness
decrease. Caliche is commonly regarded as a barrier to ri'echarge because its permeability
is considered very low (Knowles and others, 1984). HowTever, Wood and Osterkamp (1984)

‘ \
and Weeks (1978) suggest that caliche can be dissolved and consequently become
|
permeable. Calcium carbonate and silica-cemented sandstone was also observed at the
| .
base of the Ogallala in places (Gustavson and Holliday, 1985).
‘ \

. 1
‘Cretaceous Strata |

l
| ‘
Three separate suberops of southeast-dipping Cretac“'eous strata underlie the southern

part of the Ogallala Formation (fig. 4). These isolated rl"emnants represent a larger area

' |
that was formerly covered by Cretaceous rocks, the origi‘nal extent of which is not known

(Brand, 1953). The rocks were deposited in an epineritie a{ind littoral environment of stable
shelf seas whose subsidence was slow (Brand, 1953‘). Thé rocks were classified into three
groups (for detailed description refer to Brand, 1953) from‘\ base to top:

(1) The Trinity Group consists of the sandy, pérmeable Paluxy/Antlers Formation.

(2) The Fredericksburg Group includes several limy to shaly formations, of which only

the Edwards Limestone is considered an aquifer. }

(3) The Washita Group consists of the shaly Duc;zk‘ Creek Formation, which has

\
1
Following the Laramide Revolution and the withdralwal of the Cretaceous sea, parts

of the deposited material were removed by early and m}iddle Tertiary erosion. Because

erosion truncated various formations at different locations, there are places where the top

relatively low permeability.

1
of the permeable Edwards Limestone or the Paluxy Sandstone form the contact with the
| .
\
9 |
|
|
\



Ogallala aquifer. In these locations, a continudus permeable sequence may exist from the
\

Ogallala into the cretaceous beds (fig. 4). In other places only a thin, shaly layer separates

these permeable Cretaceous formations from the Ogallala,

. R \ . .
The Triassic Dockum Group underlies large areas of‘ the Ogallala aquifer in the study

: \
area (fig. 4). The sediments accumulated in a variety of depositional systems, including

braided and meandering streams, alluvial fan deltas, lacu!strine deltas, lacustrine systems,
and mud flats, which are all of continental origin (McGowen and others, 197‘7).‘ The
terrigenous clastics were mainly derived from older sedimentary rocks that accumulated in
Texas, Oklahoma, and New Mexico. ‘The maximum preserved thickness of Triassic rocks'

Triassic Strata

(2,000 ft or 610 m) occurs in the Midland Basin. The lowe“r lithologic eycle of the Triassic,

often referred to as the Santa Rosa Formation or Lowe“f Dockum, is characterized by a

sandy lower segment that becomes increasingly muddy up“ward. The upper lithologie cycle

exhibits similar overall upward fining in the northwestern ‘\part of the study area. However,

|
upward fining is not typical of this eycle farther south in the northwestern Midland Basin.

\ .
In this area, sand from an eastern source was deposited throughout the preserved part of

\
the upper Triassic ecyele (McGowen and others, 1977). i
. : |
The Permian-Triassic contact has been studied using well logs (McGowen and others,
\
1977; Presley, 1981). In some locations within the study area, such as Deaf Smith and
) \

Carson Counties, Texas, and Roosevelt County, New Mexiico (figs. 7 and 8), the lithologies

on both sides of the contact are permeable (sandstone} packages in ????? Triassie and
\
|
The Triassic Doekum Group is overlain in some areells of the Southern High Plains by

Cretaceous sediments, the original extent of which is not known because of partial erosion

limestone at ??? Permian) and could permit flow from one to another.

\ .
before Ogallala deposition. Study of the Triassic-Cretaceous contact using well logs

(MeGowen and others, 1977) and type-section deseriptions (Brand, 1953) suggests that these
' |
\
10 \
1
\
\



formations are permeable on both sides of the contact (sandstone in ???? cretaceous

overlying sand packages of top triassie) in Lynn, Martin, é}nd Eetor Counties, Texas (fig. 9).
0 . . . ‘ )
Observations are limited to a relatively small number of outcrops where the base of the
Cretaceous is exposed. It is assumed, therefore, that per‘meable contact between Triassic

and Cretaceous rocks can also be found elsewhere. \
Study of the OgallalafTriassic contact based on well logs (McGowen and others,‘ 1977)

indicates sand packages in upper Dockum Group overlain by basal sandstone and

conglomerate of the Ogallala, forming a permeable sequénces in both formations in parts
’ |

of Potter, Swisher, Castro, Crosby, Dickens, Martin, Andirews, and Garza Counties, Texas

and Roosevelt County, New Mexico (fig. 4). ‘

Permian Strata ‘

Permian rocks underlie the entire Panhandle and a‘xre composed of a wide range of

marine to terrestrial sediments. Thick, salt-bearing zones representing evaporitic phases

are being considered as possible host rocks for nueleaﬁ waste isolation at Deaf Smith

County, Texas. For a detailed description of the Permifm formations refer to Handford

(1980a, 1980b), Handford and Dutton (1980), and Presley (1}981).
|

Within the study area, the Ogallala Formation contacts Permian rocks (mainly

Whitehorse Group and Blaine Formation) in a relatively lir‘nited area along the northeastern
Texas Panhandle in parts of Carson, Gray, Wheeler, Armstrong‘, and Donley Counties
(fig. 4). The thickness of the Permian formations thﬁt overlie the San Andres/Blaine
dolomites and anhydrites ranges from 350 to 500 ft (107 to 152 m) (Presley, 1979). They‘

mainly include mudstones and siltstones that accu‘mulated in a mud-(salt?)-flat

environment (Presley, 1981). ‘
The Ogallala-Permian contact is characterized by Elosed, contoured collapse basins

that were formed by solution of Permian evaporites. Th‘ese basins were later filled with

thick Ogallala deposits (Dutton and others, 1979; Gustavson and others, 1980; Seni, 1980).
11 |
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upper layers of the Permian consist of mudstones, anhydrites, or salt with relatively low

permeabilities. Therefore, permeable pathways at that c‘:ontact between the Ogallala and

Study of the Ogallala-Permian contact based on well logs (Presley, 1981) indicates that the

the Permian rocks on a regional basis are limited (fig. 4)% Locally, however, breccia pipes

could provide conduits to ground water leakage. \

N

|

HYDROGEOLOGY |

|
In this section the hydraulic features of the Ogallala and the underlying aquifers are
discussed. Distribution of porosity and hydraulic conduc‘tivity that affect flow rates and

residence time of water in the Ogallala aquifer are preanted. Recharge sources into the

Ogallala and points of discharge from the aquifer are outlined and, their relative

importance discussed. Both issues are crucial for the study of the flow paths of potential

spills. Water levels in the Ogallala aquifer and the undérlying aquifers are discussed for

the purpose of assessing potential for vertical flow betwc“een them. The relations between

the saturated and unsaturated thickness of the Ogallala in various locations are outlined as

| y .
a major factor that controls the vertical movement of various contaminants from the

surface to the water table. |
Distribution of Porosity and Hydraulic Conduetivity

Specific yield and hydraulic econductivity maps were; published by Knowles and others
(1984) in their regional study of the Ogallala aquifer. Tﬁese maps are based on lithologic
descriptions taken from drillers' logs, and the calcula"ced specific yield and hydraulic
conductivity are based on previous studies which correlated porosity and permeability with
various lithologies (Johnson, 1967; Morris and Johnson, 1967). Patterns of high specifie
yield follow areés of high sand and gravel percentag}es (fig. 6) along major axes of

sedimentation (fig. 10). ‘
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Cores retrieved from 41 test holes that were anaiyzed for their specific yield and
\ .
hydraulie conductivity (Knowles and others, 1984) providie a cross-check for the hydraulic

conductivity and specific yield maps. In addition, hydrau}lic conductivity values qalculated
from pumping teéts (Myers, 1969) performed in 19 wells irlx six counties in Texas can be ubsed
for the same purpose. They range from 70 to 1,6801ga1/d/ft2 (3 to 70 m/d) with an
arithmetic mean value of 420 gal/d/ft2 (17 m/d). Core—fspecific yields range between 7.2

. |
and 19.5 percent with an overall average of 16.1 percent, and core hydraulic conductivities

1
range from 22 to 1,930 gal/d/ft2 (1 to 80 m/d) with an|overall average of 230 gal/d/ft2

\
(9 m/d). j

The core results, when overlaid on the specific yield map (fig. 10), confirm the
\

suggested pattern of the map: High core-specific yield| values (greater than 18 percent)
|

fall along the main fluvial valleys and the suggested con?tour of 20 percent specific yield.
Low core-specific yield values (7 to 10 percent) are f‘?und next to 12 percent or less

contours in the finer sediments. The specific yield maé, therefore, correlates well with

cpe . \
specific yield values from cores. |

i
The hydraulic conductivity map (fig. 11) does not correlate very well with either the

i

isopach or the percent of sand and gravel maps (figs. 5 and 6). Although the central and
1

southern fluvial valleys can be recognized by relatively high hydraulic conductivity (1,000
\

to 1,500 gal/d/f’c2 or 40 to 60 m/d), the northern coérse—grained area is not clearly
\
differentiated by higher conductivity. Also, large d‘iscrepancies exist between the

measured core or pumping test values and the map (fig. 111). Generally, the map provides
higher values than the direct measurements. It is of inter}eét to note that the higher values
of these measurements are also arranged along the main flluvial valleys. However, they are
much more scattered and less consistent compared tlo the porosity map. No clear

‘ .
relationship was observed between hydraulic conduectivity and depth, even though sediments

\
are coarser toward the base of the aquifer (Knowles and others, 1984).

13 |



|
l
|
|

Few hydraulic conductivity data are available for thie underlying aquifers. Eight well

tests in the aquifer in the Triassic rocks in Deaf Smiith and Swisher Counties, Texas

indicate aquifer conductivity values from 33 to 280 gal/d/%f‘c2 (1.3 to 11.5 m/d) (Dutton and

Simpkins, 1985). Eight pumping tests are also available fJ‘or the aquifers in the Cretaceous

rocks; all of the tests were made in Midland County, Tex:as in Trinity Sandstone. Aquifer

conductivity at the test sites ranges from 120 to 510 g“al/d/f’c2 (4.7 to 21 m/d) and the

\
thickness of the aquifer there is about 70 to 90 ft (21 to 27 m) (Myers, 1969). No pumping

1
tests are available for the aquifer in the Permian rocks in the area where it underlies the

1

Ogallala. , |
‘ |

\

Potentiometric Surface |

Ground water in the Ogallala aquifer occurs under v'Trater-table conditions. Potentio-

metric surface of the Ogallala aquifer varies from 5,000 ‘t‘o 2,400 ft (1,524 to 730 m) above

sea level from west to east across the Southern High Plair“ls (fig. 12) reflecting the regional

| .
gradient. The gradient of the water-level surface ranges‘from 5 to 50 ft/mi (1 to 9 m/km)

\ .
with a mean value of 15 ft/mi (3 m/km). The average rate of water movement is

\
approximately 7 inches/d (18 ecm/d) (Knowles and others, 1984). However, considering the

ranges of hydraulic gradients (5-50 ft/mile or 1 to 9 m/krr‘;l), hydraulic conductivities (22 to
1934 gal/d/ft2 or 1to 80 m/d) reported by Knowles al‘jnd others (1984), and porosities
(8-49%) reported by Ashworth (1980) ground water velocity may vary between 0.4 to
60 inches/d (1.0 to 150 em/d). Calcﬁlation followed the ecijuation

\

STES
s
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where:

v = ground water velocity
k = hydraulic conductivity
n = porosity

dh .

dl = hydraulic gradient

Water-level altitudes reflect the regional topographic gradient. A linear regression
(fig. 13) based on 470 old measurements of water levels in 20 counties (taken prior to the
heavy pumpage which started during 1940's show a very strong correlation (r=.99) with
topography. Since the 1940's, heavy pumpage from the aquifer has caused severe water
table decline in large areas (figs. 13 and 14). Declines have mainly occurred in the
northern parts of the study area, whereas in the south water levels have risen in places.
Possible reasons for this will be discussed later in this section.

Potentiometric surfaces of ground water in the aquifers in the Permian (fig. 15),
Triassic (Dutton and Simpkins, 1985), and Cretaceous (fig. 15) rocks have a similar eastern
to southeastern gradient but lie at different altitudes. To study the potential of recharge
or discharge from these aquifers into the Ogallala aquifer, a water-level difference map
showing head differences between the Ogallala aquifer and each of the underlying aquifers
was prepared (fig. 16).

The altitude of the water table in the Ogallala Formation is higher than the
potentiometric surface of the aquifer in the Triassic rocks, except in a large area in
Roosevelt and Curry Counties, New Mexico, where the potentiometric surface of the
Dockum Group is higher than or similar to the Ogallala water table (fig. 16). Along the
escarpment areas, potentiometric surfaces of aquifers in the Dockum Group and in Permian
formations also are higher than water levels in the Ogallala aquifer. On the other hand,
the potentiometric surface of the aquifers in the Trinity and Edwards beds is equal to or
higher than the Ogallala water table in large areas (fig. 16). As a result, ground water may

flow from the Ogallala aquifer into the Dockum aquifer in the northern part of the
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Southern High Plains and from the aquifers in the Dockt%m and Cretaceous rocks into the

Ogallala aquifer in the western and southern parts, P‘Fspectively, wherever permeable

contacts are available (fig. 4). Chemical evidence otT cross-formational flow will be

discussed in the section on geochemistry. |

Recharge i
|

g
Recharge into the Ogallala aquifer can take place through direct infiltration into the

\ ‘ _
outerops, through the Quaternary deposits that overlie it/ in large areas, and through local

intake areas such as playa lakes or riverbeds. Because lannual precipitation is relatively |
small and most of the rain falls between May and OctobezT when evapotranspiration is at its

peak, only a small amount of water is available for rechar;ge.

Direct regharge into the Ogallala has. been stud;ied extensively. Barnes (1949)
assumed that recharge is reduced in areas where soil c}over has finer graiﬁ size iﬁ the
northern Texas Panhandle (fig. 2). Caliche that forms th:e upper surface of the Ogallala is
regarded as a severe barrier to recharge because its perrfneability is- considered to be very

|
low (Broadhurst, 1942; Ries, 1981; Knowles and others, 1984). Indeed, deep percolation of

\
water in 19 of 22 sites that were studied across the Texas Panhandle using neutron log

\
measurements did not exceed 20 to 30 ft (6 to 9 m) (Klemt, 1981). In another study, Wood
|
and Osterkamp (1984) did not observe a moisture inerease below a depth of 6 ft (2 m) over
‘ .

a more than 2-yr period that included significant rair“l events. Because caliche was

observed to be currently forming in their study area, it“ was suggested that evaporation

\
1
Recharge probably takes place along riverbeds, beca‘}use flowing rivers at the western

and central section of the Southern High Plains are nearl‘}y dry by the time they reach the

from the soil is greater than recharge.

| . .
Rolling Plains. But the poorly developed drainage system"of these rivers indicates that the
| .

annual recharge from riverbeds is insignificant. 1
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Recharge from playa lakes is a controversial issue. | The large number of playa lakes,
\

20,000 to 30,000 (Ward and Huddlestone, 1979), or one i‘lake per 510 to 3,160 acres (2 to

13 kmz) (Dvoracek and Black, 1973), has attracted the“ attention of everyone that has

studied the hydrology of the Southern High Plains. The ll‘arge surface areas that are being

drained into the playa lakes are estimated to total 30‘,000 mi2 (78,000 krn2) (Ward and

Huddlestone, 1979), or up to 89 percent of the entire So1“1thern High Plains (Dvoracek and
i
Black, 1973). The annual amount of water that is accumulated in the playa lakes is

\
estimated to be 2 to 3 million acre-ft (2.5 to 3.7 x 109 m3) (Templer, 1978 in U.S. Bureau

\
of Reclamation, 1982). It was noted (Lotspeich and others, 1971; Dvoracek and Black,
i

1973) that areas with finer soil cover in the northern part of the Southern High Plains
\

(fig. 2) have larger but fewer lakes compared with the s?uthern part, which has soils with

coarser grain-size distribution. 1

from playa lakes are evaporation

|
and infiltration. Clay-rich soils in the bottom of the pl}aya lakes may be impervious, at

The two major mechanisms that control water loss

least shortly after they are filled with water (Harris and lothers, 1972; Knowles and others,

1984). The caliche below the lake beds is considered to }be a second impermeable barrier

\ ,
(Knowles and others, 1984). If the soils and caliche have low permeability, significant
. 1 .
recharge is prevented and most of the water must eventually evaporate. Various estimates

for evaporation from the lakes in the Southern High Plains range from 55 percent to
|

60 percent of the available water (Reddell, 1965; Ward and Huddlestone, 1979; U.S. Bureau
‘ \

of Reclamation, 1982). \‘

Other studies have suggested that the playa lakes“ are actually a major source of

recharge into the Ogallala aquifer (Texas Department of |

‘Water Resources, 1980; Kier and
others, 1984; Stone, 1984; Wood and Osterkamp, 1984). I“n 1937 and 1938 several hundred
test holes were drilled in the beds of many playa lakes “(White and others, 1946). Under
almost every playa some caliche was encountered, but in‘} many cases the caliche included

. \
sand and was relatively permeable. Shrinkage cracks in the playa-floor clays, in
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conjunction with solution channels that were commonly observed in the underlying caliche,

seem to provide passageways for downward movement 1of water.. Lotspeich and others

, |
(1971) also suggested that the caliche under playa lakes was partially dissolved, permitting

leakage. Wood and Osterkamp (1984) pointed to the ax}‘ea of more permeable soil that

immediately surrounds the basin floor as the main rech‘arge zone in the playa. Lack of

\ .
evaporites among the playa-floor materials (Harris bnd others, 1972) and lack of

hallophytic flora also suggest that these basins are being well flushed, rather than

. . | e s
accumulating salts as a result of evaporation. Low wat‘er salinities in playa lakes (Wells

and others, 1970; Felthy and others, 1972; Lehman, 1972) also support this assumption.

Stone (1984) and Wood and Osterkamp (1984) observed significantly lower dissolved solutes
\

in soil samples below the playas compared with other areas. Presence of tritium in some

ground-water samples in Lea County, New Mexico at thF end of the 1950's also suggests

rapid recharge mechanisms, such as can take place by foéused recharge below playa lakes,

\
rather than by regional, slow, diffuse percolation (Wood and Osterkamp, 1984).
|
Owing to these conflicting hypothesis concerning the role of the playas, a wide range
]
|
|
Table 1. Estimates of annual recharge into the Ogallala aquifer,
Southern High Plains |

of recharge rates have been estimated (0.01-1 inch/yr):

Recharge from Recharge from Recharge from -
playa lakes diffused perco‘lation sand dunes
\
Stone, 1984 0.11 inches (0.28 e¢m) 0.01 inches (0.025 cm) 0.05 inches (0.13 em)
l
‘Wood and 1.60 inches (4.1 em) ~0.00 inches \

Osterkamp, 1984 |

U.S. Bureau of 1.00 inches (2.54 e¢m) |

Reclamation, . |
1982
Klemt, 1981 0.2 inches (0.51 cm)
J
Knowles and 0.058-0.571 ‘inches 0.833 inches
others, 1984 (0.15-1.45 crin)

‘Barnes, 1949 0.10 inches (0.25 cm) ' |
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The working hypothesis in this study was that if a diiffuse percolation over the region

dominates recharge, and water in playa lakes evaporates rather than infiltrates, then
playa-lake water should become enriched in §D and § 180‘ with regard to precipitation
(Craig and Gordon, 1965; Zimmermann, 1979) Groundwa?:er, recharged mainly by diffuse

percolation, would be enriched with regard to precipitatio‘n, because precip'itation becomes
|

others, 1967). On the other hand, if rapid recharge frorp playa lakes occurs, the isotope

enriched in heavy isotopes in the vadose zone as a result of evaporation (Zimmermann and

composition of playa-lake water should remain constantl and similar to precipitation and

ground-water values. In order to determine recharge me1‘:hods and thereby recharge rates,

playa-lake and ground waters were collected (fig. 1, app. 2) and rainfall was sampled on a

daily basis in five stations across the Southern High Plains during one year (fig. 1).

Of 251 precipitation samples that were collected at ‘the fice stations during the study

period, 216 daily samples were analyzed for §180 and‘ 8D, and 33 daily samples were
‘ .

measured for tritium. Isotopic data of daily samples are Rresented in appendix 4. Analyses

of daily samples were weighted by the amount of precibitation whieh they represent to

determine a weighted mean value for each event, monthr and year, respectiv_ely, at each

station. The calculation of weighted mean isotopic vialue for an event followed the

|

equation n
. L L 8900, x P,
(1) 8§9/00 weighted by event precipitation = ;=1 k 1
iP
where _
60/00i = §9/00 or 8D value (°/oo) of the precipitation sample for the i-day.
Pi =  Precipitation amount during the i-day. |
|
P = Precipitation amount recorded during the eve?t.
n = No. of days in the precipitation event. |
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Monthly measured weighted mean values were calculated based on equation (1) but

60/00i = The weighted §180 or §D value (°/00) of precipitation for the i-event.
Pi = Pr.ecipitation amount during the i-event. |
P Total amount of sampled and analyzed precipi‘tation during the month.

Thirty five samples (mainly from Summer 1985) wére not analyzed for 6D and &D
. | »
and §180 because of budgetary reasons. Instead, one or two precipitation events were

analyzed for each month during the Summer of 1985. A f{aw of the monitored precipitation

events were not sampled because of human failure. In !order to adjust the mean annual

values and compensate for the Summer events whicfil were not fully analyzed, we

calculated monthly mean isotopic values for each stétion by weighting the isotopic

composition measured in analyzed samples (representing ‘only part of the monthly precipi-

tation) by the actual monthly precipitation amount. Tfpese reconstructed monthly data

|
were then used to estimate annual weighted mean values for 8180 and 8D for each station.

Caleculation followed equation (1) but |

60/00i = Measured weighted mean of §180 or 6D (°/ojo) for the i-month.

Pi = Amount of precipitation recorded (but not always fully analyzed) during the i-
month at the station. |

P = Total annual precipitation recorded at the sta!tion.

Values of §180 and 8D form the local meteoric wa‘iter line (fig. 17a) and range from

-22.7 to +4.7%00 for 8180 and from -162 to +149/0o for 8D. Figure 17b indicates that
|
both playa-lake water and ground water in the Southern ﬁIigh Plains scatter along this line

and become concentrated on the heavy side. However, it was found (Nativ and Riggio, in

preparation) that precipitation samples that fall within the range of playa-lake and ground-

water samples form 60% of the total precipitation samipled. Only 21% of the sampled
precipitation has lighter isotopic composition than playja—lake and ground water. This

observation and the absence of any shift of playa-lake and g'round water from the meteoric

|

line indicate that evaporation of rainwater in playa lakes prior to infiltration is limited.
20 |
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Tritium activity of rainwater ranged from 1.1 to 14‘.7 TU, having a weighted mean of

|
8.04 TU (app. 4; Nativ and Riggio, in preparation). Tritium activity in Ogallala ground

water ranged from 0.0 to 73 TU (app. 2). High activities lin ground water were observed in
the southern part of the Southern High Plains in Hocikley, Lamb, Lubbock and Terry

Counties, Texas (fig. 20), where the unsaturated zone éf the aquifer is relatively thin,

indicating that the aquifer may be rapidly recharged by focused sources such as water that

\

accumulates in playa lakes. Tritium activities in ground water in the rest of the area were
essentially zero, apparently because of the thicker unsatur"ated zone.
Ground water with maximum  tritium aectivity--73 "I‘U——is most likely derived from

1966/67 rainfall, based on the tritium decay curve for tritium activities measured in Waco,

Texas, and Albuquerque, New Mexico. Using the time L‘)eriod of 19 to 20 yr (1966/67 to
: \

1986), and taking into account a short vertical path of 25 ft (7 m) in the unsaturated

section that can represent a large area in the high-triti‘um zone, the annual flux can be

calculated (app. 5). The recharge rate into the vadose zone ranges from 0.5 inches to

'3.24 inches/yr (1.3 to 8 ecm/yr), depending on the moistuﬁe content of the soil profile. It

o
should be noted that this is a simplified model that assrﬂmes a piston flow and complete

displacement of water present in the vadose and saturatejd zones by the recharging water,

and therefore provides a minimum estimate for the watef age and maximum estimate for

annual recharge rate. ‘
Calculated diffusive recharge rates for this area we‘re slower than this rate (0.058 to
0.571 inches/yr; Barnes, 1949; Klemt, 1981; Knowles and‘others, 1984) whereas calculated

recharge rates from playa lakes coineide with the lower |values within this range (0.11 to

|
1.6 inches/yr; U.S. Bureau of Reclamation, 1982; Stone, 1984; Wood and Osterkamp, 1984).

Based on the high caleulated recharge rates using tr;itium as a tracer and the slightly
enriched values of 8180 and 8D in ground water, we aséume the most likely method for

ground water recharge is focused percolation of parthr evaporated playa lake water.

Quantitative determination of focused versus diffusive recharge and the evaluation of
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potential isotopic enrichment of ground water in the vadc‘)se zone instead of in playa lakes

requires more information about surface water and water }n the unsaturated zone.

An additional source of recharge into the Ogallala is‘ upward discharge of water from

the underlying formations. This concept has never been re‘,cognized on a general basis. The

Cretaceous aquifer has generally been regarded hydraﬁlically as part of the Ogallala
: e |
aquifer because of its small outerop areas and thus its lack of independent recharge sources

(Knowles and others, 1984; W. Wood, written communi?ation, 1986). However, in the

western parts of the Southern High Plains (Roosevelt gnd Lea Counties, New Mexico,

fig. 18) the potentiometric surface of the Dockum équife‘r is higher than or similar to the
potentiometric surface of the Cretaceous aquifer and may recha'rge‘ the Cretaceous
aquifer.  Also in Roosevelt and Lea Counties, New Mex‘ico, Quaternary dunes and thick

alluvial sediments in the Portales Valley directly overlie| the Cretaceous rocks, providing

them with independent recharge sources that are not ass?clated with the Ogallala aquifer.

(Nativ and Gutierrez, in preparation). Based on thes¢ observations, we assume that
wherever hydraulic connection between the Cretaceous %md the Ogallala is lithologically

|
possible (fig. 4) and potentiometric surface of the Cretaceous aquifer is higher than water

levels in the Ogallala aquifer (fig. 18), recharge from the Cretaceous aquifer is possible.

v \
Fink (1963) and Dutton and Simpkins (1985) state that in the Southern High Plains

area, the Dockum Group does not have any independeint recharge sources except the

Ogallala aquifer. According to these studies, precipitatio‘n falling on the outcrop areas of

the Triassic west of the Southern High Plains moves toward the Pecos River or toward the

Canadian River but does not percolate into the subsurfacé below the Southern High Plains.

However, the western part of the Southern High Plains is“also the area where water in the

Dockum aquifer has higher potentiometric surface than Yvater levels in both the Ogallala

and Cretaceous aquifers (Roosevelt and Curry Counties, New Mexico, and parts of Parmer
|

and Deaf Smith Counties, Texas, fig. 18). In this area, wherever hydraulic connection is
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lithologically possible (fig. 4), we assume that the Dockum aquifer may recharge both

aquifers. \

Discharge “

\
Discharge from the Ogallala aquifer occurs through; natural outlets such as seeps and

springs or leakage to the underlying formations; pumpa}ge, however, is by far the most
significant discharge component. Springs once flowed in many locations across the

Southern High Plains and along its escarpments. Many o}f them ceased flowing during the
last 40 yr because of increasing pumpage for irrigationl Brune (1981) and Knowles and
others (1984) assumed that recharge and spring flow in} the Ogallala Formation were in
equilibrium before pumpage began. However, the Southern High Plains has been. uplifted

and tilted and has undergone climatic changes during the Holocene that could still affect

the rate of ground-water flow in the Ogallala aquifer.“ Therefore the assumption that

annual recharge controlled the amount of spring flow be“fore the aquifer was extensively

developed may be incorrect. “

Today, springs are mainly located along the escarl‘pments (fig. 21) and their annual
discharge rahges from 1.6 to 730 acre-ft/yr (0.002 to 055 million m3/yr) (calculated ffom
reported measurements taken from 1977 through 1979 bs‘r Brune, 1981). Calculated total
discharge volume of the springs does not exceed 3250 acre-ft/yr (4 million m3/yr).

Discharge of Ogallala ground water along the Caprock Escarpment into the adjacent
. \

formations at lower elevations in the Rolling Plains is stiill possible, even though most of

the springs ceased flowing or have decreased yields. In o;rder to evaluate the potential of

subsurface lateral discharge from the Ogallala aquifer in';co the Rblling Plains, we sampled

ground water in the Rolling Plains from wells that were clompleted in Quaternary alluvium

deposits (fig. 1, app. 2). Some of these deposits are adja}cent to the Caprock Escarpment
| |

and therefore may be recharged by the Ogallala aquifer, and others are farther away and

\
have other recharge sources, but all of them overlie Permian rocks. Ground water in the
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isolated deposits typically has Ca-SO4 hydrochemical facies and §34s values that range

from +9.7 to +10.3%/00, indicating recharge from water|in the underlying Permian rocks.

Varying amounts of tritium indicate modern recharge frcl)m rainfall and runoff in addition

to the contribution from ground water in the Permian bedis (samples 83-89, app. 2). Ground
water in alluvial deposits where recharge from the Ogallaila seems possible has water facies

similar to water in the Ogallala; lower §34S values than typically observed in ground water

in Permian beds, but higher tritium values than usually found in water in the Ogallala in the

area (samples 90-93, app. 2). We assume that because o‘f the thin unsaturated section of

these deposits, high-tritium rain and runoff water can reé‘ch the water>tab1e faster than in

the adjacent Ogallala Formation and thus provide a sour}ce of recharge in addition to the
|
|

Pumpage from the Ogallala aquifer started in 191ﬂ and increased drastically after

contribution from the Ogallala aquifer.-

World War II. Water volumes currently being withdrawn‘ from the aquifer are far beyond

the annual recharge from precipitation. Rough calculati?ns comparing annual pumpage in

1974 (Wyatt and others, 1976a-g, 1977; Bell and Morﬂison, 1977a,b, 1978a-f, 1979a,b,

, . |
1980a-d, 1981, 1982a-¢) with annual recharge (based on Knowles and others, 1984) indicate

|
(fig. 22) that while récharge estimates range from 0.058 to 0.833 inches/yr (0.15 to

\
2.1 em/yr), annual pumpage ranged at 1974 from 0.5 to 6.55 inches/yr (1.3 to 16.6 cm/yr)
\

(when dividing the annual pumpage by the area in each ﬁ:ounty). In 14 out of 26 counties

where these calculations were made, annual pumpage volume is at least 10 times that of

Ogallala ground water may also discharge into underlying formations. A hydraulie

annual recharge.

1
connection appears to exist locally between the Ogallala Formation and the Dockum Group.

Except in the western parts of the Southern High Plains,‘ water levels in the Ogallala are

generally higher than they are in the Dockum aquifer (fig. 18). Leakage from the Ogallala

into the Dockum aquifer may occur where there are sandstones in the upper Dockum
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Group. Discharge from the Ogallala into the Cretaceous aquifer is possible where

permeable beds ocecur at the top of the Cretaceous (fig. fl) and water level in the Ogallala

aquifer is higher than the potentiometric surface of the Cretaceous aquifer (fig. 18).

Unsaturated and Saturated Zones

|
. \ . ;
Thickness of the Unsaturated zone above the Ogallala water level ranges from 460 ft
(140 m) to 0 ft (fig. 23). Large areas, mainly in the souﬂhern part of the study area have

water levels that are closer than 100 ft (30 m) to the land surface. These counties include

: \
Bailey, Borden, Dawson, Gaines, Lynn, Ector, Midland, Andrews, Martin, Howard, Texas

and Lea, New Mexico, and some parts of Hockley, Lamb, Lubbock, and Yoakum, Texas in
the south. Donley, Hemphill, Randall, and Wheeler, Texgs are the northern counties that
also have shallow depth to water. In some of these countigs, the thin unsaturated zone may

permit contamination of ground water by agricultural chlamicals (reflected in high nitrate”

and arsenic concentrations in ground water) and will b‘e discussed later in the report.

Where water levels are extremely shallow, direct evaporation may take place and ground
|
|

The above-mentioned observations may explain why‘water levels have declined in the

north, whereas they have risen or have not changed in the south. The southern part has a
\ .

higher rate of annual recharge and a smaller ratio of an“nual pumpage to annual recharg

water consequently becomes saline.

(0.93 to 3.15) than in the north (0.35 to 6,55) (fig. 22). Also, a much thinner unsaturated

zone in the southern part of the study area enables faster recharge from irrigation-water

surpluses to the water table. Possible upward discharge of water from the Cretaceous in

the south also could contribute to the difference in watexl—level fluctuation patterns in the

two areas. _ ‘

Saturated thickness (fig. 24) of the Ogallala aquifer ranges between 0 and 300 ft

(90 m) and is highly controlled by the topography of the ‘pre-OgallaIa surface. Along the

major troughs and flow channels that carried the Ogallala clasties, the saturated thickness
| _
25 \
|
|



ranges from 100 to 300 ft (30 to 90 m), whereas in the iinterchannel areas it ranges from

less than 20 to 100 ft (<6 to 30 m). Saturated thiclfness of the aquifer decreased

considerably as a result of increasing pumpage. Compariéon of water-level data from 1980

and 1960 (by ‘1960, water levels were already depleted) s‘hows that areas that once had a

thick saturated section (200 to 300 ft [60 to 90 m]) decreased from 11% to only 2% of the

total area of the Ogallala (fig. 25). On the other hand, areas that had a very thin saturated

thickness (0 to 20 ft [6 m]) increased from 11% to 15% du#ing the same time. Fifty percent

of the area had less than 80 ft (25 m) of saturated thicknc‘ass in 1960, whereas in 1980, 50%
|

of the area had only a saturated thickness of less than‘ 60 ft (18 m). These changes in

saturated thickness could affect the water quality of the Ogallala aquifer. Because it is

possible that the aquifer is connected to the underlying Cretaceous or Triassic aquifers,

which have inferior water quality compared to the Og?llala, decrease in the saturated

thickness may enable a faster upward flow of 1ow—qualit§ water into the Ogallala in areas

|
where the potentiometric surface of the underlying aqt‘ﬁfers is higher than that of the

Ogallala aquifer. This issue will be discussed further in the following section.
|
HYDROCHEMISTRY |
|
The study of the chemistry of the water in the Ogallala aquifer is important for the

purpose of tracing cross-formational flow into or out (Lf the Ogallala aquifer. In this

section the chemistry of water in the Ogallala is outliped and major factors that may

affect it are discussed. Based on this information, the péssibility of vertical flow into the

|
Ogallala aquifer from the underlying aquifers is considered.

The chemical and isotopic composition of ground }water in the Ogallala aquifer is

\
controlled by the composition of its recharge componen‘\cs (rainfall and leakage from the

underlying formations or from various waste disposal pitq or wells), as well as by geologic

and hydrologic variations within the aquifer (1ithology,‘ porosity, and thickness of the

|
|
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saturated and unsaturated zones). The effects of variations in aquifer parameters on the

_watér chemistry are discussed. Isotopic composition of r?infall was compared with that of

ground water in the Ogallala. The chemical and isotopic" composition of the water in the

underlying aquifers, as well as of oil field brines, were ex?mlned, and possible contributions

to Ogallala water chemistry are discussed. |
| ]
Chemiecal and Isotopic Composition.of Ground Water in the Ogallala Aquifer

~ Spatial distribution of total dissolved solids (TﬂS) in water of the Ogallala is

presented in figure 26 (from Knowles and others, 1984). J‘X major feature of Ogallala water
composition is the sharp increase of TDS from below 40@ mg/1 in the northern part of the

Southern High Plains to 3,000 mg/l in the southern part.
A chemical facies map of water in the Ogallala aqi}ﬂfer was produced (fig. 27) based

on 3,698 complete chemical analyses taken from the com‘p’uterized data bases of the Texas

Department of Water Resources and U.S. Geological Suirvey in. New Mexico and Cooper
(1960). Hydrochemical facies are named after the ions that make up more than 50% of the

total concentration (meq/L) (Piper, 1944; Back, 1966). A mixed-cation and mixed-anion

facies refers to water that does not have any prevailing cation or anion.

Based on the chemical facies map it can be concludéd that in the northern part of the

\
southern High Plains, where water is fresher (TDS <400 mg/l), water is of Ca-HCOg type in

the northeast (zones 4 and 6, fig. 27), and of mixed catiéns—HCO3 type in the rest of the

area (zone 7, fig. 27). The Piper diagram (fig. 29) derr!lonstrates that the mixed-HCOg

facies is derived from the increasing amount of Mg and a relative decrease in Ca in the

ground water, thus forming a Ca-Mg—HCOg type of water.
The southern part of the Southern High Plains (undquain mainly by Cretaceous rocks

and where TDS >400 mg/l) has a greater variety of watef'types, most commonly a mixed-

cation - mixed-anion facies (zone 14, fig. 27). Based on a Piper diagram for this area

(fig. 28) it appears that this facies is a Ca—Mg—Na—HCOé-Cl type, because the amount of
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- Na and Cl is higher. Locally, areas of Na-mixed-anion ?r Mg-mixed-anion hydrochemical
facies (zones 17 and 19, fig. 27) are also present. ‘

Along the escarpment various hydrochemical facie‘s,are encountered. They include

Na-HCOj facies in Deaf Smith, Parmer, and Dickens Cm‘mties, Texas and Curry and Quay

Counties, New Mexico (zones 8 and 15); Ca-S0O4 or mixed-cation-SO4 facies in Donley and

Wheeler Counties, Texas (zone 3), and Na-Cl and 'mixe\d—cation—Cl facies in Garza and

Howard Counties, Texas (zones 16 and 18). Na-SO04 and mixed-cation-8O4 facies also

found away from the escarpment (zones 10, 12, and 13) in some places in the southern part

The major hydrochemical facies (zones 4, 7, 14, and 19) are aligned from northwest to

southeast following depositional systems and inferred ground water flow lines. In the area

adjacent to the Canadian River the trend of hydrochemicél facies seems to follow the local

of the Southern High Plains.

flow pattern from southwest to northeast (zones 1 and 4).‘

Mean values were calculated for various ions in giround water in the northern and

southern parts of the study area (app. 1). In the northeﬂn part Ca > Mg > Na and HCO3 >

SO4 > Cl (in meqg/L). In the south Mg > Na > Ca and HCOg = C1 > SO4. Salinity diagrams

based on these mean values for both parts of the study area (fig. 29) reflect this pattern.

|
The Na/Cl ratio (app. 1) in the northern part of the Southern High Plains is higher than in
\

the south (1.62 and 1.04, respectively) and may reflect éi Na source other than halite (ion
exchange?). Other differences in ion ratios between the rﬂorthern and southern parts of the
study area. (app. 1) are derived from the relative increase of Mg and Cl in the sbuth
compared to the north. ' \

§180, &D, tritium, §13C and §34S were measured ‘in 53 ground water samples from

|
the Ogallala across the Southern High Plains during‘ 1985 (figs. 20, 30, 31, app. 2).

Mean §180 (-6.96 ©/00) and 8D (-51 ©/00) values in the nbrthern part of the Southern High

|
Plains are more depleted than §180 and 8D in the sout‘h (-5.99/00 and -40°/00, respect-

ively) (figs. 19b, 27, and 30). "Heavier" values are\encountéred along the eastern
|
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escarpment, although no consistent enrichment from west to east can be observed (fig. 30).
| v

Tritium values range from 0 to 73 tritium units (TU). Generally, tritium activity is very
_ 1 :
low, except for a specific area in the Southern High Plains (figs. 20 and 27 [zone 14]). §34s
|

ranges from -12.7 to +9.5 ©/oo with relatively high value‘? observed in the northeastern and

the southernmost parts of the study area (fig. 31). Nl‘egative or near zero values are

observed in the area that stretches northwest to southee“mt from Oldham County to Floyd

1
County, Texas. ‘

i

1
Lithologic and Structural Effects

Three major alluvial fan systems in the Panhandle| have higher percentages of sand
\

and gravel (fig. 7). In these areas the aquifer is thickest, most permeable and most porous
\

(figs. 5, 12, 13, and 24). Ground-water flow lines contro}led by southeastward dipping and
land surface topography coincidently follow the trend o%t' major deposition axes (fig. 14).

Water chemistry and isotope values also are constant w{ithin these major flow elements.

Ground water in the alluvial fans has mainly mixed—caﬁoln—HCO;; and Ca-HCOg facies and

relatively depleted 8180 and §D values. The water in the southern (zone 19) and northern

‘ \
(zones 1 and 4) alluvial fans also has higher §34s valqes than the central fan (zone 7)

(fig. 27). : 1

Between these major flow areas (zone 14), the percentage of sand and gravel is
smaller, permeabilities are lower, and the aquifer is thillnner. Hydrochemical facies vary
and consist of mixed-cation — mixed-anion, Na-mixed-anion, Mg-mixed-anion, and even

mixed-cation-SOy, mixed-cation-Cl, Na-SO4, Na-Cl, an“d Ca-SO4 facies. 180 and 6D
|
\

| .
Correlation of hydrochemical facies with saturateq thickness in 412 Ogallala wells

(fig. 32) supports the assumption that wherever the Og“allala is relatively thick, hydro-

values are enriched relative to water in major fan axes.

|
chemical facies are mainly Ca-HCO3 and mixed-cation-HCOg types. Other hydrochemical

facies are limited to areas where saturated thickness is lelss than 90 ft (0 to 30 m).

|

|
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Constant chemical facies and isotopic compositio‘n within the major alluvial fans

result from ground-water flow along preferential pathways, which is controlled by the

larger grain size of the fans and thus their higher perr‘neabilities. The thick saturated

section within the fan area helps mask other reehar%e sources that may affect the
chemieal and isotopic composition of ground water flowirﬁg there. Consequently, chemiecal
and isotopic composition of ground water flowing along these areas does not vary. On the
other hand, in the interfan areas, sediments have smaller grain size, resulting in lower
permeabilities. Residence time of ground water in thejse aréas is probably longer, and

rock/cement - ground-water interactions are more intens“ive, resulting in higher salinities.

Ground water in the thin saturated zone cannot mask salt contribution from the adjacent
formation or from surface and subsurface contamination. | Therefore, chemical and isotopie
composition of ground water in the interfan areas is Wore heterogeneous, representing
local flow conditions that are highly variable.

Effects of Water-Level Altitt‘;des

. o . e
Aquifers with shallow water table are more suscep‘tlble to surface contamination or

salinization because the unsaturated section is thin. AgriFultural chemicals such as nitrate

and arsenic can quickly travel the short distance to the water table. To determine if there

is a link between contamination and depth to grouqd water,. the thickness of the
|

. | o gt .
unsaturated zone was checked in wells where water analyses indicate very high concen-

trations of nitrate (>90 ppm) and potassium (>40 ppm). Of 3,698 chemical analyses of

Ogallala ground water, 11 samples had high concentrations of contamination. Of the

11 samples, 10 are from wells that have a very shallow !water table (<60 ft [<20 m] from

ground surface) and 5 are from wells that have a water ‘table less than 30 ft (<7 m) from

ground surface. Leakage from the surface may cause the junusually high concentrations.

Arsenic is another potential hazard. In many areas in the Southern High Plains,

|
calcium-arsenate and arsenic acid have been used since| 1925 as a cotton defoliator and
|
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insecticide. Locally in the southern part of the Southern High Plains, arsenic concen-
‘ | '
trations approach or are higher than the limits permittc\ed for potable water (0.05 mg/L)

‘(fig. 33). In Howard and Martin Counties, Texas, cattlé are reported to have died as a
result of this hazardous contamination (C. Rogers, Te‘xas Department of Agriculture,
Austin, Texas, personal communication, 1985). High conicentrations of arsenic in Ogallala

. \
ground water are found where water levels are generally less than 40 ft (<12 m) below land

surface. Arsenic can be adsorbed by clay in the unsa‘turated zones, but large arsenic

applications in areas with shallow water tables apparentﬂy exceed the adsorption capacity
|

oy

Extremely shallow water levels (< 5 ft [<1.5 m]) allow direct evaporation from ground

water through capillary fringes in the thin vadose zone. Sfaline lakes in the southern part of

the Southern High Plains are possible products of ground-water evaporation in the Ogallala

‘and contaminate ground water.

aquifer. Of 22 saline lakes studied by Reeves (1970), lé are located where water levels
‘ .
range from 5 to 50 ft (1.5 to 15 m) below land surface. Lfake waters and ground water near

the lakes are characterized by an unusual Na-SO4 and Na-Cl hydrochemical facies

(calculated from Reeves' [1970] data). = This is true in Mound Lake (wells 23-42-601,

24-56-403, 24-64-101), Bull Lake (well 24—06—201), ' Cedar Lake (wells 27-20-801,

\

24-16-401, 27-22-602, 24-16-701), Shaffer Lake (wells 27-38-201, 27-52, 201, 27-53-402),
‘ .

and Gooch Lake (w‘ells 28-01-801, 28-01-902). For caﬁe studies where Ogallala ground

water was affected by these lakes, see figure 34a. A fev}v isotope analyses from springs in
Gooch Lake in Lynn County, Texas, and from springs and wells at Rich and Mound Lakes in
Terry County, Texas (W. Wood, U.S. Geological Survey, RPston, VA, unpublished data) show
enriched values and for some, a shift from the metleoric line, which may indicate

evaporation (fig. 19b). ‘ |
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Effects of Natural Recharge from PrLecipitation
Rainwater sampled in the northern and western par1‘:s of the study area (Amarillo and

Clovis Stations, figs. 1, 19a) had generally lighter isotopic composition than rainwater in

other parts of the study area (Lubbock, Midland and Paduc}:ah Stations, figs. 1, 19a). Annual

mean values (weighted by precipitation amount) calculaFed for these stations were -8.9,

-7.3, -6.3, -8.8 and -6.2%/00 for §180 and -54, -48, -39, -62 and -37%00 for &D, in

Amarillo, Lubbock, Midland, Clovis and Paducah, res‘pectively (Nativ and Riggio, in
\

preparation). The higher altitude of the northern and western stations, the lower mean
terhperat_ure and evaporation in their area and their g'reat‘er distance of the contributing air
masses from the main source of moisture--the Guif d‘f Mexico--may account for the

difference in isotopic composition. : |
Ground water in the northwestern part of the St\.‘ldy area also has lighter isotope

. |
composition (-9.1 to -7.19/00 for 6180, fig. 30) than ground water in the rest of the area

(-6.7 to -4.29/00). Ground-water samples in the areas Lchat are heavier than the annual

means of local rainfall may represent some degree of evaporation of rainwater in playa

lakes or the vadose zone prior to recharge or may result from other recharge sources, such

Effects of Underlying Aquif?rs

A brief chemical characterization of waters in Tche aquifers below the Ogallala

as partly evaporated water from irrigation surpluses.

aquifer is needed to detect possible interaction effects. ‘ Previous sections have indicated
cross flows of ground water between the Ogallala aquifeﬁ' and the Triassic and Cretaceous

aquifers. These relationships have been based on prescreening of permeable contacts

between these aquifers as well as on comparisons of their potentiometrie surfaces. A third

approach to identify leakage between formations is through water chemistry.
|
|
|
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The Cretaceous Aquifer ‘

Mean values (calculated from 87 water analyses from the Cretaceous aquifers) for

major ions are given in appendix 1 and show that Na > Ca > Mg.and Cl> HCO3 > SO4.
Piper diagrams (fig. 28) reflect these patterns. Water sélinity is not much higher than in
Ogallala water in the southern High Plains. §180 and 8§D values range from -7.2 to
-4,99/00 for §180 and from -45 to -309/00 for 8§D (based on seven Cretaceous wells
sampled during 1985, app. 2). Heavier values exist along the eastern escarpment and more

depleted values are found to the west (fig. 19b, app. 2). Tritium values are surprisingly

high and range from 14.7 to 68.2 TU (app. 2), which indicates a recent recharge (post-1954).

§34s ranges from +2.7 to —7.6 with no observed spatial paftern.

In the southern part of the study area some chemiral and isotopic similarities exist
between ground water in the Ogallala and underlying Cretaceous aquifers. It ‘was
previously suggested that ground water in the Cretaceous moves upward into the Ogallala
aquifer (based on permeable contacts between the aquif'ers and on comparisons of their

potentiometric surfaces). This hypothesis will also be studied geochemically.
As previously mentioned, Na and Cl increase in Ogallala water in the southern part of
the Southern High Plains. Na and Cl are also the major dissolved ions in the aquifers in the

Cretaceous rocks and could account for the high concentrations of Na and Cl in Ogallala

ground water in this area. Because Na and Cl concentrations are generally less than 50%

of total cation and anion concentrations, both aquifers have mixed-cation - mixed-anion
hydrochemical facies (app. 1). Piper diagrams of boTh aquifers (fig. 28) reflect this
chemical similarity. Ion composition in Ogallala ground water in this area more closely

resembles composition of water in aquifers in the Cretac‘eous rocks than any other aquifer

unit (fig. 29). ‘

Isotopically, waters in the Cretaceous and Ogallala aquifers in the Southern High

|

Plains are very similar (app. 2). Both are heavy with regard to §180 and 8D when
| |

compared to ground water in the Ogallala in the northern part of the Southern High Plains
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(figs. 19b, 30). Both have high tritium activities, wheregs ground water in the Ogallala in

the north has essentially zero tritium activity (fig. 20, app. 2). The 6348 and §13C values

in both aquifers fall within the same range (fig. 31, aﬁp. 2). The possibility of upward
|

discharge of ground water from the aquifers in the Cre‘taceous was suggested previously

(figs. 4 and 18). In Lubbock and Gaines Counties, Texas, hydrochemical facies coincide

particularly well (fig. 35a, b) and demonstrate that m’iJng due to upward movement of
- water from the aquifers in the Cretaceous probably doe‘s take place. It is important to

note that the suggested movement of water from the aduifers in the Cretaceous into the

Ogallala is restricted to specific areas within the souther‘n part of the Southern High Plains

(most parts of zones 14 and 20, fig. 27). \
_ : \
In other areas in the southern part of the Southern I}Iigh Plains, where water levels of

the Ogallala aquifer are higher than those of the aqui‘fers in the Cretaceous (fig. 18),

isotope values are less enriched and tritium activity is lolw (zone 19, fig. 28). These areas

follow the central and southern major alluvial fans, whexxe saturated zones are thick, sand
and gravel abundant and permeabilities high. In these areas, Ogallala water has mixed-

cation-HCOg facies, water isotope values are less enri‘ched and tritium values drop to

nearly zero. Their chemical characteristics are similar Tco those of Ogallala water in the

northern part of the Southern High Plains (zone 7). Upw‘ard movement of water from the -

aquifers in the Cretaceous is focused within interfan arc‘aas, where saturated thickness of

the Ogallala aquifer is small, fine-grained materials prevélent and permeabilities low.
l

The Triassic Aquifer 1
|
Salinities of ground water of the Triassic are high%r than those of Ogallala water in

the northern High Plains. The water becomes more saline in the south and its chemical

facies changes (Dutton and Simpkins, 1985). Therefore, the chemical features of ground

water in the northern and the southern parts of the Soutlpern High Plains will be described

separately. Mean values for the major ions in ground wat&er in the Triassie in the north and

|
\
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in the south were calculated from 187 chemical analyses and are provided in appendix 1.

Sodium is the prevailing cation in Triassic water, whereas Ca and Mg concentrations are

very low (less than 10 ppm) in the north and relatively lovs]r in the south. HCOg is the major

anion in the north; however, concentrations of other anions_ are also high when compared to
Ogallala water. In the south, SO4 and Cl concéntrationé increase considerably, changing
chemical facies from Na-HCOg and Na-mixed-anion in the north to either Na-Cl or
N a;SO4 type in the south (Dutton and Simpkins, 1985). ‘

Hydraulic head in the Ogallala aquifer _is higher thlan hydraulic head in the Dockum
aquifer by‘ 300 ‘ft (91 m) in the northern part of the Southerﬁ High Plains and by 700 ft
(213 m) in the southern part (fig. 18). In most places, di}rection of ecross-formational flow
should be downward. However, comparisons of water chemistry and isotopic composition

of both aquifers do not readily locate areas of similar water composition. In the northern
part of the Southern High Plains, Ogallala water generally has high- Ca and Mg concen-
trations, but Dockum Group water is typically Na—domiinated. Isotopic composition of
Dockum Group water is more depleted than Ogallala wate?r with regard to 6180 and 6D
(figs. 19b, 27, 30, app. 2). In the southern part of the Southern High Plains, Ogallala water
has higher concentrations of Na and Cl than in the northern part, but not as high as water
. in the Dockum Group. In the same area, hydrodynamic head of ground water in Cretaceous
rocks is higher than the Ogallala water table, and downward flow from the Ogallala aquifer
through the Cretaceous aquifers'into the lower Dockum Giroup aquifer is unlikely.

However, lithologic contact between sandstone in the upper Dockum Group and

conglomerate in basal deposits of the Ogallala Formation indicates that there are few

locations where high permeability favors upward cross—fL)rﬁlational flow (fig. 4). In some
locations in the western part of the study area and along the escarpment, hydraulic heads
in the Dockum Group aquifer are higher than those in the Ogallala aquifer (fig. 18), and
upward flow from the Dockum aquifer to the Ogallala is possible. ‘Chemical similarities in
these places support this possibility. In Deaf Smith anid northwestern Parmer Counties,
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Texas, and in ‘Curry County, New Mexico (fig. 35¢), Cgallala water changes from the
typical rriixed-cation—HCOg facies into Na-HCOg3 water, similar to the water facies of the
.Dockum Group. A similar change takes place in Dickens County, Texas (zones 8 and 15,
fig. 27; fig. 36d). In Howard and Garza Counties, Texas, the Ogallala facies is Na-Cl type_,
similar to the underlying Dockum Group water ‘(zones’16 and 18, fig. 27). In other parts of
the escarpment, where the potentiometric surface of the water in the Dockum aquifer is
poorly known, upward movement of Dockum water into|the Ogallala is also possible. It
appears that even in‘ areas beyond the escarpment, wvhe.re saturated thickness of the
Ogallala is small and hydraulic head in the Dockum Group is sufficiently high, ground water
discharges from the Doekum Group aquifer into the Ogallala aquifer. One example of this
movement occurs in Tierra Blanca Creek in southeastern Deaf .Smith County, Texas.
Owing to erosion of the Ogallala aqui‘fer and a local structurél high of top Triassie, tﬁe
saturated zoné of the Ogellalé aquifer is less than 20 ft (7 m). The water-level difference
between the Ogallala aquifer and the Dockum Group aquifer, which in this area typically
ranges from 350 to 410 ft (107 to 125 m), drops to 25 ft (8 m). fig. 35e¢ shows the chemical
similarity between the waters‘in the Ogallala and Dockum aquifers in the area. Because
Na—HCOQ facies is unusual for water in the Ogallala but typical for water in the Dockum
Group, upward flow from the Dockum Group aquifer into the Ogallala aquifer appeeré

possible.

The Permian Aquifer

The upper section of the Permian aquifer is considered to have low permeability
because of the presence of mudstone, shale and evaporite beds (fig. 4). The head
difference map indicates only one small area where upward movement of water from fhe
Permian into the Ogallala aquifer is possible (fig‘. 18). However, a brief description of its

water chemistry is provided.
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Three uppermost formations--the Quartermaster, Wt

ered here. Water in the Permian is more mineralized

Blaine has the most saline water of the three formation

waters in the Quartermaster, Whitehorse, and Blaine Fo
on 22, 109, and 26 chemical analyses, respectively), and ar
Water in all three aquifers is of Ca—-SO4 to mixed-c

have exceptionally low HCO3/Cl ratios compared to the

Na/Cl and SO4/Cl ratios relative to the Ogallala are al
Permian. Five Permian wells that were sampled for
respect to §180 (-6.3 to -9.19/00) and 8D (-33 to -63°

values are rélatively high (-1.4 to +10.1%/00). Water i

1itehorse, and Blaine--are consid-

than water in the Ogallala. The

s. Mean values for major ions of
rmations were calculated (based
e provided in appendix 1. '

cation-SO4 facies. These waters

overlying Ogallala water. High

so typieal of ground water in the

|

this study are all depleted with

Joo) (figs. 1, 19b, app. 2). 834

the Ogallala aquifer, wherever

underlain by Permian strata, is usually of Ca-HCOg or mixed-cation-HCOg facies. In only
three places typically Permian mixed-SO4 or Ca-804 facies were encountered in the

Ogallala (along the escarpment at Donley and Wheeler Counties, Texas). However, water

in the Ogallala from some wells within this area is rel

+9.5%/00). These are the highest §34s values identifie

Permian rocks usually have §34s values of +1‘1‘°/oo (H
range from 10.4 to 14.2 ©/oo (Posey, 1985).
Permian in this area (samples 49, 60, and 61, app. 2; Dut
+9.0 to +11.929/00.

water in the Ogallala and water in the Permian may ind

atively enriched in §34S (+8.6 to

d in the Ogallala water (fig. 31).

oefs, 1973) and in this area they

Water sampled from wells completed in the

ton and others, 1985) ranges from

These few examples of chemical and isotopic similarities between

icate some local upward diffusion.

from the Permian aquifer along the escarpment. Because values for §180 and §D are in

the range typical of the Ogallala (figs. 19b, 31, app.

eliminate this assumption.. Heavy §34S values in ground

Southern High Plains (zone 19, fig. 9), which resemble

Permian, are still an enigma, because cross-formation

indicated in this area.
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Effects of Oil Field Brine Contamiriation

Contamination of ground water by disposal of oil field brines is

di

ti

presumed to take

place chiefly by infiltration from unlined disposal pits used in the past and by leakage aléng :

broken or poorly cemented casing of oil, gas and injection wells. Oil exploration and

outhern High Plains and along the

Ground-water contamination from oil field

productioh are concentrated in the southern part of the S
Amarillo Uplift, Anadarko and Midland Basins.
activities is most likéiyr limited to these areas. |

To identify brine cohtamination, approximately 530 chemical analyses of oil field»
brines from 16 formations in the Southern High Plains were studied. Data were taken from
Burni'ft and others (1963), Reed (1963), Burnitt (1964), MeAdoo (1964), and Crouch (1965).
Mean values were calculated for the major ions in each of the formations and are presented
in appendix 3. Brine waters are very saline and TDI ‘ran‘g‘e from 1,891 to 5,726 meq/l. The
chemical characteristics of all brines are similar: 'Na > |Ca> Mg and Cl>> SOy > HCO3,
and water has Na-Cl facies. These patterns are reflected in fhe Piper diagram for these
brines (fig. 36). “All brines show an increase in Na and Cl with TDI and close correlation

between Na and Cl (fig. 37). In the Permian brines, strong correlation also exists between

Ca and Cl. Brines always seem to' have very low ratios
0.020) and SO4/Cl (0.006 to 0.06).
encountered for all brines. The Na/Cl ratio generally

extremely low values (0.15 to 0.22) are encountered in

suggest that halite precipitation took place in these brines.

High ratios of Ca

(in meg/L) of HCO3/Cl (0.001 to
/(HCO3+S0,) (4.87 to 48.1) are
ranges from 0.698 to 0.938, but
the Pérmian brines, which may

It seems, therefore, that

several criteria could serve for the identification of brine contamination of water in the

Ogallala:
Ca/(HCO3+S0y).
Occurrences of high salinity were screened from

examined for this study. These exceptional salinities were
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|
brines in order to detect the salinity source. In several plaées in Andrews, Howard, Gaines,
and Hockley Counties, Texas, high salinities in the water of the Ogallala Formation appear
to be related to nearby oil fields (for examples, see fig}. 34b). The Na-SO4 facies that
} generally accompany high salinities in the Ogallala water is typieal of saline lakes and does
not resemble oil field brines. Some oil field brine may still be in the ‘unsaturated zone
below empty and abandoned brine disposal pits. ' Thcl rate of future ground water
contamination is controllled by the distribution of vertical Permeabilities in the unsaturated

i
zone and recharge rates. It is anticipated, therefore, that past activities of brine disposal

will have an increasing effect on Ogallala water chemistry/in the future.

CONCEPTUAL MODEL OF THE OGALLALA AQUIFER

The Ogallala aquifer in Texas and New Mexico is the southern end of an extensive

aquifer system that underlies the High Plains from South Dakota to Texas. Its varying
hydrological and hydrochemical features are basically con}trolled by the surface topography
of the underlying formations and its own lithologic facies. Thickness of the Ogallala

aquifer is governed by the topography of the eroded surface of underlying formations and

by the location of major axes of Ogallala fan deposition. Three major areas of alluvial-fan
deposits trend from northwest to southeast and are c{:haracterized by relatively high

thickness and permeability. The saturated section in thesé areas is thick and the chemical
composition relatively constant (Ca-HCOgj to mixed-cation-HCOg-type hydrochemical
facies, depleted in §180, 8D and tritium). External eff%cts on the echemical composition
are less pronounced. In areas between these major charﬁnels and along the Southern High
Plains escarpment, the thickness of the Ogallala Formation devcreasés' and the aquifer is

thinner and less permeable. As a result, upward discharge of water from underlying

formations is regionally and locally possible. Combined effects of water from other
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sources and reduced permeabilities result in heterogeneity in hydrochemical facies and in

isotopic compositions different from those in areas with thick alluvial-fan deposits.

Permeable contacts between aquifers in the Cretac‘:eous and the Ogallala aquifer,
higher potentiometric surface of the Cretaceous aquifefs and chemical similarities of
water in both aquifers suggest there is an upward cross-formational flow from the
Cretaceous formations to the Ogallala Formation in the southern part of the Southern High

Plains (in parts of Bailey, Lamb, Hale, Cochran, Hockley, Lubbock, Yoakum, Terry,' Lynn,

Gaines, Dawson, Ector, Martin and Glasscock Counties, Texas, and Lea County, New

Mexico). Discharge of water from the Triassic Dockum Group into the Ogallala Formation
probably takes place in Roosevelt and Curry Counties, I‘\Iew Mexico, along the Caprock
Escarpments (Deaf Smith, Floyd, Motley, Dickens and GaLza Counties, Texas) and along a
major river valley incised in the Southern High Plains 1‘n Deaf Smith County. Possible
upward movement of water from Permian rocks into tﬂle Ogallala Formation may also
occur along the escarpment in the northeastern Texas Panﬁandle (Donley County). Changes
in water chemistry as a result of vertical flow from the un}dérlying aquifers can be traced.

Secondary factor‘s‘ that locally affect the chemis;try‘ of the Ogallala water are
evaporation where the water table is very shallow and conitamination by oil field brines and
agricultural chemicals and fertilizers.

The main source of recharge to the aquifer is precipitation. Playa lakes probably

provide the principal pathways for infiltration but more‘research is needed to test their

role in recharge.

PRELIMINARY OBSERVATIONS RELATED TO A POSSIBLE

NUCLEAR WASTE REPOSITORY AND THE OGALLALA AQUIFER

Several issues have been addressed in this study cor}cerning a hypothetical accidental

nuclear waste spill in the surface or in the subsurface oﬁ the Southern High Plains and its
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effect on the Ogallala aquifer. The issues include transpor‘t rates into ‘water table, ground-
water flow directions, residence time of water in the aquii"er, points of discharge from the
aquifer, and possibilities of cross-formational flows betwi'een the Ogallala and underlying
aquifers.

Although this study is ongoing; sonie preliminary concflusions can be drawn:

(1) It appears that recharge rates in the northern parjt of the Southern High Plains are
smaller than in the south, caused by different grain—sizg distribution in the soil cover.
Based on several cases where high concentrations of nitra‘tes and arsenic were observed, it

seems that in areas where water levels are high and the unsaturated zone is thin, chances
for faster contamination of ground water are greater. Areas of high water table in the
vieinity of Deaf Smith Couhty exist in Randall County, Texas. Recharge rates based on
tritium values were calculated for areas south of Deaf Smith County and range from 0.5 to

3.24 inches/yr (1.3 to 8.6 cm/yr),' assuming all tritium' contribution is derived from

precipitation. '

(2) Flow directions within the aquifer are mainly ,from northwest to southeast and
follow preferential zones of increased permeability with éimilar directions. The maximum

rate of water movement in the aquifer is up to 3.9 inches (10 cm) per day.

(3) Residence time of water in the aquifer is still being studied. It is likely that
ground water flows faster along high permeability zones,jsuch as the southeastern part of
Deaf Smith County.

(4) Discharge locations were indicated on a springs location map (fig. 21). However,
it is thought that owing to heavy pumpage in Castro, Swisher, Randall, Texas and other
adjacent counties, most of the discharge water flowing down gradient from Deaf Smith
County is in wells in the vicinity of the proposed site and not along the eastern escarpment.

(5) Cross-formational flow from underlying formations appears possible at various

areas across the Southern High Plains. Although the Permian-Ogallala contact is of low

permeability, examples. of chemical facies typical for| water from the Permian were
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encountered in Ogallala water in Donley and Wheeler Counties, Texas. Also, §34s  values
of Ogallala water underlain by Perfnianrocks are relatively heavy and approach Permian
water values, suggesting a possibilify of local solute migration from the Permian into the

Ogallala.

Water in the Triassic flows into the Ogallala along the eastern and western
escarpment and Roosevelt and Curry Counties, New Mexico. In Deaf Smith County,
upward flow was suggested along the escarpment, but also near Tierra Blanca Creek away
from the escarpment. Because the Permian-Triassic contact in this area was indicated to
be permeable, é detailed study of the vertical flow directi}on across this contact is required
to estimate the possibility of water moving upward from the Permian into the Triassic and
then into the Ogallala. Other loc‘ations where permeable contact is suggested for the
Triassic and the Ogallala, and.where downward flow is indicated by headidifferences, did
not show chemiecal or isotopic similarities between waters.

Based on geologie, hydrologie, and geochemical considerations, flow‘from Cretaceous
aquifers into the Ogallala aquifer seems to be poséible in large areas in the southern part of
the Southern High Plains. Information about water heads in the Triassic aquifer in the area
overlain by the Cretaceous is séarce, but indicates that water levels are lower than those
of the Cretaceous. Therefore, it is unlikely that contamination of water in the Ogallala by
water in the Triassic or Permian Will occur in the south, because water heads of the

Cretaceous aquifer are higher than those of the Ogallala or Triassic aquifers.
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Appendix 5. Calculation of recharge rate based ?n tritium activities in

ground water of the Ogallala aquifer in the Sohthern High Plains.

Comparison of tritium values in rainwater and ground water may indicate the rate of

recharge. However, in the unsaturated zone and in grou‘nd water, tritium decays and its
' i
concentration decreases to a half after 12.3 yr, to a quarter after another 12.3 yr, and so

on. As a result, comparison of tritium values in a grohnd—water sample that hasv been

\
recently collected with tritium values in current precipite‘ition is not valid.. A decay curve

of the tritium should be used to reconstruct from past|tritium values in rainwater the

tritium values of current ground water. The sets of reconstructed "ground-water" values
|

(each set can be attributed to a different year of precipitation) are the ones to be

|
compared and matched with tritium values in current grdund—water samples. As a result,

based on current tritium values in ground water, the year when the water was recharged

from precipitation may be traced back. ’ \

It is possible to attribute the high values of tritium i}l the water of the Ogallala in the

Southern High Plains to the thinness of the unsaturated zone, which results in a shorter

recharge path into the aquifer. The feasibility of thei assumption can be checked by
\

comparing current tritium in ground water of the ng.ﬂlalai to tritium values in precipitation

during the last 30 years. However, back records of tr}‘itium need to ‘be corrected‘ for

radioactive decay. Records from Waco, Texas, and Albu‘querque, New Mexico, were used

for this purpose. Acco‘rding to the table below, which cOirrects tritium in precipitation for

their radioactive decay, it seems that rainfall of 1966 ojr 1967, when correected, provides
|

similar tritium values as those currently observed in gro‘und water of the Ogallala in the

Southern High Plains. \



|
|
\
Based on a time period of 18 to 19 years (1966-1967 to 1985), and assuming a thin
|

unsaturated section of 25 ft (7 m) that can represent a. Iarge area in the high tritium zone,

and soil moisture content of 10 percent in this zone, the calculated annual recharge flux is
| |
|
\
= 0.13'/y = 1.62"/y
| |

If dry or wet conditions are assumed for the unsaturated zone (3 percent of moisture

* 1.62 inches/yr (4.1 cm/yr):

25' x 0.1
18.5y

content or 20 percent, respectively), the annual reehe;arge ranges from 0.5 inches to

3.24 inches/yr (1.3 to 8 cm/yr). These values are in‘ the range of annual recharge

mentioned in this study. It appears, therefore, that shbrtér recharge paths at the Southern

High Plains permit fast recharge flux, which is reflected by high tritium values.
|

The suggested model of recharge estimates based on the tritium aectivities in ground

water is a simplified model that assumes a piston flow and a complete displacement of

water present in both the vadose and saturated zones by 'tihe recharging water. The reality

is that the final "mixture" of ground water is formed by ab old water component derived by

lateral flow (with low or'no tritium at ail) and a young waTcer component derived by vertical

rain/playa lake water percolation (that has higher tritium| activities than the final mixture,

and therefore could be derived from rains earlier than 1966/67). If the young water

component with higher tritium activity could be separaﬁed from the mixture, the annual

calculated recharge rates would be smaller. Therefore‘, the model provides a minimum

estimate for the water age and maximum value for‘annual‘ recharge rate.



FIGURE CAPTIONS |
|

Figure 1. Location map of study area, rain sampling stat‘ions and sampled wells. Ground

water samples were analyzed for general chemistry, 618‘0, 8D, tritium, 6348 and §13C

(app. 2). Precipitation was collected daily at five stations! across the Southern High Plains

|
and Rolling Plains during one year, and samples werie analyzed for §180, 8§D and

occasionally for tritium (app. 4). 1
|
| |

Figure 2. Mean annual precipitation increases from east|to west (data from Bomar, 1983

and Geohydrology Associates, Inc., 1978). ' ‘
\
\

Figure 3. Soil cover in the northern part of the study areal consists mainly of clays and clay

loams, whereas in the southern part the soils are sandy 1o‘ams (modified from Klemt, 1981,

|
p. 7). | |

|
| ]
Figure 4. The basal gravels of the Ogallala unconformatPly overlie Permian, Triassic and

Cretaceous strata (Seni, 1980). Owing to preferential ‘erosion in places, the Ogallala

permeable base overlies the top of the permeable Cretz‘iceous Edwards limestbne or the

Cretaceous Trinity sandstone, thus forming one hydrologic continuum. In other parts of the

Southern High Plains, sandstone of the Triassic Doc‘

7
hydrologically continuous with the Ogallala aquifer. Lithq)logic data were taken from well

kum Group also appear to be

logs (McGowen and others, 1979; Presley, 1981) and tjype locality descriptions (Brand,
‘ .
\

1953).

Figure 5. (a) The Neogene Ogallala Formation was d‘eposited in an environment that
produced humid-type alluvial fans composed of sand, g’r"avel and finer materials derived

from the Southern Rocky Mountains. Axes of three !major alluvial fans trend from



E
|
|
northwest to southeast. (b) Deposition of Ogallala alluviél fans shifted toward the south,

successively overlying higher land elevations and un?onformably overlying Permian,

Triassic and Cretaceous strata (from Seni, 1980). \

|
|
Figure 6. Formation thickness reaches 800 ft (244 m) along the major axes of deposition

but thins in the interfan areas and toward the escarpmént of the Southern High Plains.

\ .
Thickness is controlled mainly by the relief of pre—Ogall‘ala drainage valleys and collapse

basins formed by solution of evaporites (from Seni, 1980). |

|
|
Figure 7. Relative abundance of sand and gravel decreases away from the major axes of
|
|
|
Figure 8. Sandstone at base Triassic forms a permeable contaet with the Permian rocks at

Armstrong, Deaf Smith, Lamb, Cochran, Hockley, Y?akum, Lynn, Gaines and Ector

fan deposition (from Seni, 1980).

Counties, Texas, and at Roosevelt and Lea Counties, New Mexico (data from McGowen and
. |

others, 1979). ‘

t

|

Figure 9. Limestone at the top Permian may form a pex"meable contact with the Triassic

rocks in Oldham, Randall, Deaf Smith, Armstrong anc%i Lamb Counties, Texas, and in

Roosevelt County, New Mexico (data from Presley, 1981).}

Figure 10. Permeable sandstone at base Cretaceous form a permeable contact with the

Triassie rocks at Garza, Borden, Andrews, Martin, Howaﬁd and Ector Counties, Texas (data

|
from Brand, 1953). ‘



Figure 11. Sandstone at top Triassic forms a permeabl‘e’ contact with base Cretaceous

rocks at Hale, Cochran, Hockley, Yoakum, Terry, Lynn, qaines, Martin, Ector and Midland

Counties, Texas (data from MeGowen and others, 1979). |
|
. - |

Figure 12. Specific yield of the Ogallala Formation is highest (up to 22%) in the thick

deposits of sand and gravel along the major axes of aliuvial fan deposition. In interfan '
|

areas, specific yield of the Ogallala is as low as 4% (mgdified from Knowles and others,

1984). - |
|

\
Figure 13. Relatively high permeabilities (1,000 to 1,500 gal/d/ft2) were calculated for the

central and southern alluvial fans areas, whereas the ‘northern fan area is not clearly

differentiated by higher permeabilities. Core analyses (Knowles and others, 1984) and
pumping tests (Myers, 1969) usually provided lower values than the mapped calculated

permeabilities (modified from Knowles and others, 1984). |

|
Figure 14. Ground water in the Ogallala aquifer occur urLder water-table conditions. Flow
\

lines follow the regional topography gradient and orieqtation of the alluvial fans, from

northwest to southeast (from Gutentag and Weeks, 1980). |
|

A »
Figure 15. Water level altitude reflect the regionaﬂl topography gradient. A linear
|

regression based on 470 old measurements of water lev‘els (taken prior to the 1940's and
therefore unaffected by pumpage) shows a very close correlation (r=0.99) with topography.

Since then, water levels in the northern part of the studgr area have been greatly affected

- |
by heavy pumpage from the aquifer, which has caused sev“ere declines in many areas.



. |
Figure 16. Extensive pumpage from the Ogallala aquifer}caused severe declines of water

table in many areas. Declines have mainly occurred in the% northern parts of the study area

(modified from Weeks and Gutentag, 1984). |

1

i

: !
Figure 17. The potentiometrie surfaces of ground water in: the Cretaceous and the Permian

formations, where they underlie the Ogallala Forma‘:cion, trend from northwest to

southeast, similarly to the potentiometrie surfaces of g%'ound water in the Ogallala and
Dockum aquiferé. | ' ;

\

| | |

Figure 18. Potentiometric head differences between the Ogallala and the underlying
aquifers suggest that there is an upward cross formation{al-flow from the Cretaceous and
Dockum aquifers to the Ogallala aquifer in the New Mexico area of the Southern High
Plains and toward the esca;'pment of the Southern High P“lains, Possible upward movement
of water from Permian formations into the Ogallala also‘1 may occur along the escarpment

in the northeastern Texas Panhandle. “
' |

‘ i

: \

Figure 19. §180 and 8D values of precipitation in the Southern High Plains plot across a

\ :
wide range on a line parallel to but slightly above the meteoric line. Isotope composition

: \
values of ground water in the Ogallala and underlying aquifers scatter along the meteoric
|

water line and are concentrated in its heavier part. However, rainwater samples that fall
\

within the range of ground water samples form more th;an 60% of the total rain sampled
1
\
|
\
Figure 20. Tritium activity in ground water in the Oga{llala ranges from 0 to 73 tritium

units (TU) (app. 2). Generally, values are very low, e}xcept for a specific area in the

(app. 2 and app. 4).

: \ . . .
Southern High Plains where the unsaturated zone above water table is relatively thin and

recharge path is shorter. . \



|
|
|
Figure 21. Springs once flowed in many locations across tﬂe Southern High Plains and along

its escarpments. Many of them ceased flowing during the l?st 40 years because of increased

pumpage for irrigation. Today, springs are mainly locatedlalong the escarpments and their

|
annual discharge ranges from 0.002 to 0.9 million m“3/yr (calculated from reported

measurements taken from 1977 through 1979 by Bruné, 1981). Their total calculated

discharge volume does not exceed 4 million m3/yr. i

\
| ,
Figure 22. Rough calculations comparing annual pumpége (Wyatt and others, 1976a-g,

: |
1977; Bell and Morrison, 1977a,b, 1978a-f, 1979a,b, 1980aTd, 1981, 1982a-c¢) with estimated

annual recharge (Knowles and others, 1984) indicate thaﬁ while recharge estimates range

from 0.058 to 0.833 inches/yr (0.15 to 2.1 em/yr), annual pumpage ranges from 0.5 to 6.55

inches/yr (1.3 to 16.6 em/yr) (when dividing the annuail pumpage by the area in each

county). In 14 of 26 counties where these calculations we}re made, annual pumpage volume
|

is at least 10 times that of annual recharge (modified fron‘l Knowles and others, 1984).
|

Figure 23. The thickness of the unsaturated zone above‘ the Ogallala water table ranges

form 0 to 460 ft. Large area has water table closer to land surface than 50 ft (15 m) along
the Caprock escarpments but also away from it in Robérts, Randall, Lamb, Terry, Lynn,
Dawson, Gaines, Andrews, Martin, Howard and Midlar?d Counties, Texas, and in Lea

County, New Mexico. The thin unsaturated zone may peﬁmit fast recharge from irrigation

\ . .
surplus water but also contamination of ground water by agricultural chemicals and

surface-disposed oil-field brines. Extremely shallow water table can lead to direct

evaporation from ground water and resulting salinization, as observed around saline lakes
: | ‘

Figure 24. Saturated thickness of the Ogallala Form‘ation is highly controlled by the

|
topography of the pre-Ogallala surface. Along the major troughs and flow channels that
|
5 |
|
|

at the southern part of the study area.



carried the Ogallala clastics saturated thickness ranges fr}om 100 to 300 ft, whereas in the

. |
- interchannel areas it ranges from less than 20 ft to 100 ft‘ (from Knowles and others, 1984,
p' 67). ) . ‘

|

|
Figure 25. As a result of increasing pumpage, the saturated thickness of the aquifer has
decreased considerably. Comparison between water level hata from 1980 and 1960 (and by

| .
1960, water levels were already depleted) shows that areas that used to have a thick

saturated section (200 to 300 ft) decreased from 11%' to ionly 2% of the total area of the
| v
Ogallala. However, areas that once had a very thin ﬁaturated thickness (0 to 20 ft)

increased from 11% to 15% during the same time period. §50% of the area had 0 to 80 ft of
saturated thickness in 1960, whereas in 1980 50% of the area had only 0 to 60 ft thickness.
|

Figure 26. A major feature of Ogallala water composifion is the sharp increase in total
‘ \
dissolved solids (TDS) from below 400 ppm in the nor]chern part of the study area to

3,000 ppm in the southern part (from Knowles and others, ]1984, p. 149).
. | .
|

Figure 27. Along the major axes of fan deposition, the aquifer has a higher percentage of
coarse sediments, is thickest, most porous and the cher}nical composition of its water is

relatively constant. Water has mainly mixed-cation - HF03 and Ca - HCOg facies, very

low ti‘itium activity and is relatively depleted in 61301 and 8D (zones 1, 4, 7, and 19).
|

Between these fan areas (i.e., zone 14) the percentage of coarser sediments is smaller,

porosities are lower and the aquifer is thinner. Hydroch}emical facies vary and consist of

mixed-cation -mixed-anion, Na - mixed-anion, Mg - mixled—anion and even mixed-cation -

\
S04, mixed-cation - Cl, Na - So4, Na - Cl and Ca —i S04. Tritium activity is higher,

and 6180 and 8D values are enriched relatively to water in major fan axes.



Figure 28. The southern pért of the Southern High Plaiﬁs has a larger variety of water

types, most commonly a mixed-cation - mixed-anion facies‘,. Based on the Piper diagram for
this area, it appears that this facies is a Ca-Mg-Na -HCO3-Cl type, resulting from

. . . \ .
increasing amounts of of Na and ClI in the south. Na and Fl are also the major ions of the

Cretaceous aquifer and could contribute to this increase. Similarity between ground water

in the Cretaceous and ground water in the Ogallala aqulifer in the southern part of the
Southern High Plains supports our assumption concerning trileir hydraulie connection.

|

|

Figure 29. Salinity diagrams of mean ion concentration fo‘r various aquifers in the Southern

High Plains. : \
|
| |

Figure 30. §180 values in the northern part of the study area are more depleted compared

to the south, following a similar pattern of local preEipitation (Nativ and Riggio, in

. i
preparation). Enriched values are encountered along the eastern escarpment, although no

|
consistent enrichment from west to east can be observed. Similar patterns were observed
|
|
|

for 8§D values (not shown, see app. 2).

Figure 31. 6348 ranges from -12.7 to +9.5 o/oo with rela(tively high values observed in the

northeastern (underlain by Permian rocks) and the southernmost parts of the Southern High

Plains. Negative or near zero values are observed in the area northwest to southeast from
? .
1‘

Oldham County to Floyd County.

Figure 32. Correlation of hydrochemical facies with the saturated thickness in 412 wells
supports the assumption that wherever the aquifer is rela‘tively thick, hydrochemical facies

are mainly Ca - HCOg and mixed-cation - HCOg types. Other hydrochemical facies are
\

limited to saturated thickness less than 90 ft.



Figure 33. In many areas in the High Plains, calcium—arsémate and arsenic acid have been
|
used since 1925 as a cotton defoliator and insecticide. chally, in the southern part of the

Southern High Plains, arsenic concentrations approachl or are higher than the limits

permitted for potable water (50 micrograms/L). High co?centrations of arsenic are found

where water table is generally less than 40 ft (12 m) below land surface. Arsenic can be

adsorbed by eclay in the unsaturated zones, but large a;‘*senic applications in areas with

shallow water table apparently exceed the adsorption qapacity and contaminate ground

water. ' \
| |

!
Figure 34. Salinity diagrams that demonstrate the chemical similarity of contaminated

ground water near the lakes are characterized by an unusual Na -SO4 and Na -Cl

water in the Ogallala aquifer to (a) saline lakes and (b) oil field brines. Lake water and

hydrochemical facies. In other cases, high salinities in the water of the Ogallala aquifer, in
}
addition to Na -Cl facies, very low ratios (meg/L) of HC(??,/CI, and SO4/C1 and a high ratio

of Ca/(HCOg + SO4) appear to be related to nearby oil fiélds.

|
|
Figure 35. (a) In Lubbock and Gaines Counties, Texas:, where Ogallala and Cretaceous

aquifers have similar potentiometric heads, hydrochemiéal facies of ground water in the
Ogallala aquifer coincided particularly well with grounﬁi—water facies of the Cretaceous

(but differ from the mean facies of water in the Ogallala in the southern part of the

\
Southern High Plains) and demonstrated that mixing dt}e to upward movement of water

from the Cretaceous aquifer probably does take place. (b) In Deaf Smith and Dickens

i
Counties, Texas, where the potentiometric surface of the Dockum aquifer is higher than

|
that of the Ogallala aquifer, water in the Ogallala changfzs form the typical mixed-cation -

HCO3 water into Na - HCOg facies, similar to the water facies of the Dockum Group in
|
|
|
|

this area.



Figure 36. Approximately 530 chemical analyses of oil field brines from 16 formations in
1

the Southern High Plains were studied (data taken from jBurnitt and others, 1963; Reed,
\

1963, Burnitt, 1964; McAdoo, 1964 and Crouch, 1965). Brine waters are very saline and

TDS range from 1,891 to 5,726 meq/L. The chemical chér;acteristics of all brines are Na >

Ca > Mg and Cl >> SO4 > HCOj3, and water has Na-Cl faci}es.

|
Figure 37. All oil field brines show an increase in Na and Cl with TDS and good correlation

between Na and Cl. In the Permian Brines, close correlation also exists between Ca and Cl.
| :
\
i



Appendix 4: Isotopic analyses of rain samples collected in31 the Southern High Plains and
Rolling Plains, Texas and New Mexico.

BEG

#

R00!
R002
R003
ROO4
ROO5
RO06
R007
R008
R009
RO10
RO11
RO12
RO13
ROL4
RO!5
RO16
RO17
ROIS
RO19
R020
RO21
R022
R023
RO2Y
R025
R026
R027
R028
R029
R030
RO31

- Station(a)

OO0 OO OO CCOODEBDB>D > B =

Z 0O 0 0 00 00

Date

10/24/84
10/24/84
10/31/84
11/17/84
11/18/84
11/24/84
11/24/84
11/26/84
12/04/84
10/26/84
11/16/84
11/24/84
11/25/84
12/13/84
12/14/84
12/15/84
11/17/84
11/24/84
12/15/84
12/31/84
11/17/84
11/18/84
11/24/84
11/25/84
12/13/84
12/14/84
12/15/84
12/16/84
12/20/84
12/29/84
1/1-2/85

Rain
amount
(inches)

.15
24
.05
.12
.54
.28
04
.02
.03
.04
.04

1.00

.01
.02
.08
72
1.23
.50
45
.39
.0l
.29
.35
.72
.03
.92
.05
.24
.22
.05
.03

§180(9/00)

-13.4
-10.5
-2.3
-6.6
-15.2
-15.4
-14.9
-17.6
-7.0
-5.1
4.7
-18.2
-14.8
~11.4
6.8
-8.5
-4.6
-6.5
-7.2
-9.7
-5.4
-15.4
-10.4
-21.8
-6.5
-8.4
7.8

8D (©/00)

-89
-66
-5
-39
-104
-107
-101
-121
-23
-28
-20
-126
-101
-72
-40
-58
-19
-32
-46
-61
-28
-107
-64
-155
-59
-58
-47
-52
-88
-57
-102

Tritium
(TU)

14.3
8.4

7.8
6.8
3.6

4.0

9.1
8.0
6.2
8.6

12.0
11.4
6.1

5.2
6.0

2.4

5.0



BEG
i

R032
R033
RO34
R035
R038
R037
R038
R039
RO40
RO41
RO42
R043
RO&44
RO45
RO46
RO47
R0O48
R049
R050
RO5!
R052
R053
RO54
RO55
R056
R057
R058
R059
R060

R061

R062
R063

Station(a) ‘ Date

M 01/12/85
M 01/30-2/1/85
L 12/28/84
L 12/29/84
L 12/30/84
L 01/27/85
M 02/19-20/85
M 02/23/85
M 02/28/85
A 12/13/84
A 12/14-15/84
A 12/20/84
A 12/28-29/84
A 01/31/85
A 12/19/84
P 10/25/84
P 10/27/84
P 11/17/84
P 11/18/84
P 11/25/84
P 12/05/84
P 12/13/84
P 12/14/84
P 12/15/84
P 12/16/84
P 12/18/84
P 12/31/84
P 01/01/85
P 01/27/85
P 01/31/85
P 02/01/85
P 02/01/85

Appendix 4 (cont.)

Rain
amount
(inches)

4l
.37
.03
.04
1.18
.02

42
.15
.16
.20
.09

.01
.05
.31
45
.90
.63
.16
.23
.05
.61

.05
.16
.08

.14

008

é 186(01 00) &D(°/o0)

_22

~

+ -
. L I D e ) * e e . . L I
_ U = U 0N O F U V0V U1 N WO F = N W00 N~ O ON = 00 —~ 0N O O N

-9,
-11.

.7
-9.
.
.
-6.

-162
-65
-17
-438
-38
=45

=74
-85
-40
-87
-38
-87
-29
-46
-28
-19
-48
-74
-34
-63
-53
-36
-27
-29
-65
-95
-39
-69

-29

Tritium

(TV)

9.6
14.7

12.5
1.1
7.6
6.7

9.8
8.7
10.8

10.0

7.3
4.0

4.7

10.3



BEG
i

RO64
R066
R067
R068
R069
R070
RO71
R072
R073
RO74
RO75
RO76
R078
R079
R080
RO8!
R032
R083
RO84
R0&5
R086
R0&7
R088
R089
R091
R092
R093
RO94
R095
R096
R097
R098

Station(a)

gv]

FZZZZEZETECOCCCOZEZEZZO000R B R E RO OO OO

Appendix 4 (cont.)

Date

02/21/85
02/20/85

- 02/22/85
02/23/85
03/19/85
02/22/85
02/21-22/85
02/23/85
03/06/85
03/19/85
03/19-20/85
03/29/85
01/09/85
01/12/85
03/20/85
03/21/85
03/16/85
03/19/85
04/12/85
04/16/85
03/29/85
04/26/85
0u4/27/85
04/28/85
05/17/85
05/20/85
05/21/85
05/24/85
05/25/85
05/31-06/1/85
06/01/85
05/05/85

Rain |
amount
-(inches)

.11 -b.
.16 7.
.03 -3.
.04 -5.

1.25 -10.
.05 -6.
.60 -6.
.09 -10.
.03 -11.
.46 -17.
.98 -18.
.02 15,
.10 -16.
11 -10.

1.96 -17.
.50 -19.
A -8.
.49 9.
.05 0.
14 ‘%2.
.17 -10.
.17 _s.
.23 -7.
.07 -5,
.22 -6.
.0l 13,
.01 +6.
.53 Ly.
.15 4.
.0 L1.
.23 L3,
.18 L2

.
N & FF W N NN O VOV — & W N ON U — VO & VUV N OV DN VUV W 00 B N & — &= N &=

() 180‘(""/ 00) &D(%/00)

-20
-40
-16
-23
-68
-40
-40
-79
-82
134
133
-46
119
-76
135
138
-56
-64
-10
+14
-67
-65
-45
-30
-54
-26
-38
-30
-32

+1
-19
-23

Tritium
(TU)

5.2

9.3



BEG
i

R099
R100
R101
R102
R103
R104
R105
R107
R108
R109
R110
RI11
R112
R113
R1l4
R115
R116
R117
R118
R119
R120
R121
R122

R123

R124
R125
R126
R127
R128
R129
R130
R131

Station(a)

R ol T I o o Y B o i

W U U T T T T DT VU ZZ

W T U

Date

05/22/85
05/16/85
05/17/85
05/20/85
05/31/85
06/01/85
06/04/85
06/05/85
06/11/85
06/17/85
06/18/85
06/20/85
06/25/85
7/1-2/85
06/05/85
06/11/85
06/12/85
06/25/85
03/15-16/85
03/19-20/85
03/20/85
03/26/85
03/29/85
04/21/85
04/27/85
04/28/85
04/29/85
05/13/85
05/17/85
5/19-20/85
05/20/85
05/25-26/85

Appendix 4 (cont.)

Rain
amount
(inches)

1.47

47
.32
.13
.20
.02
.59
2.20
.35
.29
.14
.4
.50
.55
.36
.05
11
.04
0.06
1.25
.63
.35
.39
A5
49
.28
.05
.16
.09
1.08
.04
Ll

§180{%/00)

7.7
4.8
6.1
6.5
-5.3
-5.2
2.9
-8.9
o
4.7
4.8
6.3
6.1
-3.5
-8.6
4.0
-8.6
-0.9
3.2
-8.8
-16.1
7.3
-11.7
4.5
-5.5
-5.1
2.4
4.6
“1.9
-9.3
8.4
2.5

8§ D(°/o0)

-56
-31
-43
-39
-39
-36
-11
-60
-36
-37
-36
-39
-46
-12
-53
-23
-58

-15
=57
-110
-51
-96
-33
-34
-38
-16
-28
-27
-62
-56
-25

Tritium
(TU)



BEG
#

R132
R133
R134
R135
R136
R137
R138
R139
R140
R141
R142
R143
R145
R146
R147
R148
R149
R150
R151
R152
R153
R154
R155
R156
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R159
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R161
R162
R163
R164

Station(a)

o

L 22200 x> 00000000O00O0O0O0OG0™®W:'™

Date
06/01/85
06/05/85

06/5-6/85
03/30/85
04/14/85
04/16/85
04/29/85
05/17/85
05/18/85
05/19/85
1 05/22/85
05/23/85
06/05/85
06/06/85
06/12/85
06/14/85
06/17/85
04/12/85
04/28/85
05/17/85
05/20/85
05/22/85
06/03/85
06/09-11/85
06/14/85
07/10/85
07/25/85
07/24/85
07/02/85
07/03/85
07/20/85
07/20/85

Appendix 4 (cont.)

Rain
amount
(inches)

.37
3.15
.90
.08
.21
.05
1.05
A2
.75
43
1.16
.18
2.02
.04
.22
.35
.03
.65
1.99
.15
.20
48
2.12
.28
.20
.03
2.65
.60
.02
.33
.09
.04

8§180(9/00) §D(°/oc)
1.
{4.
-8.
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N W W N0 V0O = N 00 00 N 0 00 N &=

N 0 O N = = VO & W Uu N —~ O N

O

-14
-26
-56
-79
101
-36
=34
24
-72
-99

-75

-67
-35
-4y
-60
-31

-73
-45
-60
-68
-75
-39
-47
-49
+14
-37
-34
+35
-15
-15

+1

Tritium
{TU)



BEG
i

R165
R166
R167
R168
R169
R170
R171
R172
R173
R174
R175
R176
R177
R178
R179
R182
R183
R184
R187
R188
R189
R191
R192
R193
R194
R195
R196
R197
R198
R199
R201
R202

Station(a)

M

=

Oooooo0oo00" - - C 2 20

22000 00000

Date

07/22-23/85
07/25/85
08/10/85
08/14/85
08/23/85
08/13/85
08/14/85
08/27/85
09/14/85
09/19/85
09/20/85
09/20/85
09/21/85
09/28/85
07/02/85
07/25/85
07/27/35
07/28/85
08/08/85
08/11/85
08/15/85
08/21/85
08/24/85
08/27/85
09/04/85
09/12/85
09/16/85
09/19/85
09/20/85
09/21/85
09/05/85
09/12/85

Appendix 4 (cont.)

Rain
amount
(inches)

.11
b
.11
.27
.10
Ll
.21
.04
.21
1.53
1.20
.65
.10
.72
.71
.06
.31
.12
.03
.76
.63
47

1.20

0.15

1.12

.70
.08
45
.50
.17
.18

§180(9/00)

-5.6
-4.9
+3.4
-3.1
-3.1
-2.8
-4.5

-5.1
26.7
-6.8
-5.2
-7.8
-7.5
-5.2
-5.1
-8.4
-3.2
+1.6
“b.y
-2.7
-5.1
-3.4
-3.2
-5.4
4.7
5.4
-6.5
6.3
6.0
-5.0
-6.0

§D(%/o0)

-37
-33
+22
-11
-14
-11
-32

-28
-40
-37
-29
-52
-48
-33
-36
-68
-25

-7
-32
-21
-39
-26
-24
=42
-30
-33
-49
-46
-37
-45
-36

Tritium
(TU)



Appendix 4 (cont.)

4 Rain
BEG amount Tritium
# Station(@) Date (inches) §180(0/00) §PI~ A freny
e S -2 -3.0 -12
R204 M 09/19-20/85 .50 -3.4 -26
R206 A 07/24-26/85 1.65 -6.6 -43
R207 A 07/25/85 .05 -6.6 -49
R208 A 07/26-27/85 .12 -5.3 -41
R209 A 1 07/28-29/85 .20 -3.2 -47
R213 A 08/23/85 .13 -1.6 -21
R214 A 09/10/85 .13 0.8 -9
R215 A 09/12/85 .53 -7.3 -52
R216 A 09/18/85 .48 -6.3 -51
R217 A 09/18-19/85 42 -6.1 -53
R218 A 09/20/85 .64 -8.4 -66
R221 L 10/9-10/85 2.60 -7.6 -51
R224 M 10/01/85 .07 -7.0 -48
R225 M 10/09/85 2.04 -5.4 -33
R228 P 06/11/85 .18 -4 -39
R232 P 07/25/85 1.28 -3.7 -35
R234 P 08/21/85 45 -6.2 -44
R235 P 08/2u4/85 .35 +1.2 -1
R236 P 09/13/85 .62 -3.9 -22
R237 P 09/20/85 .87 -5.5 -32
R239 P 10/09/85 .11 -2.8 -13
R240 P 10/10/85 1.15 -4.2 -22
R241 P 10/11/85 .06 -4.9 -24
R244 C 10/09/85 1.12 -9.1 -62
R245 C 10/10/85 42 -14.6 -107
R246 C

10/11/85 .70 -10.7 71

(a) Station abbreviations: A - Amarillo, Texas; L - Lubbock, Texas; M - Midland, Texas; C -
Clovis, New Mexico; P - Paducah, Texas. For rain station location see figure 1.
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