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ABSTRACT 

The Ogallala aquifer which underlies the Southlern High Plains consists of the 

saturated sediments of the Ogallala Formation (Neogenel). 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 hydrochemisttjy of the aquifer are controlled by 

the surface topography of the underlying formations and lby the thickness and permeability 

of formation deposits. I 

I 

Two different hydrogeologic provinces were observ~d. Increased formation thickness 
I 
I 

and saturated section, as well as higher porosities and hyqraulic conductivities characterize 

I 

the first province, which is located along paleo valleys filled with coarse fluvial sediments. 
I 

These paleo valleys trend from northwest to southeast ahd ground-water flow lines follow 
I 

their orientation. Within this province the hydroch~mical composition is relatively 
I 

constant (Ca-HC03 to mixed-HC03 water, depleted ih 0180, oD and tritium). The 

formation is thinner and less permeable in the othe! hydrogeologic province, where 

sediments are mostly fine-grained eolian elastics. In thi~ province ground-water discharge 

from aquifers in the Cretaceous. Cross-formationai movement of water and low 
I 

permeability in the Ogallala Formation in these areas I result in varying hydrochemical 
I 

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

province. Areas where upward cross formational flow obcurs are evident by presence of 

permeable contacts between the Ogallala and the underlJing formations, water level-head 
I 

differences and chemical and isotopic similarities. ! 

Secondary factors that affect the chemical composiiion of Ogallala Formation ground 
! 

I 

water locally include contamination from evaporating saline lakes, agricultural chemicals 

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

future, because many of these contaminants may be stili moving through the unsaturated 
I 

I 

I 
zone toward the water table. 

I 
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INTRODUCTION 

The Ogallala aquifer (Tertiary) underlies the So~thern High Plains (fig. 1). The 

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

northward through Oklahoma, Colorado, Kansas, Wyoming, Nebraska, and South Dakota. 

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

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

severely depleted by extensive pumpage for irrigation. IThe aquifer overlies the Permian 

evaporites that are being considered as a potential reposiiory for the isolation of high-level 
I 

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

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

concerns in the area. I 

In the event ot accidental spills on the surface or ij the subsurface, several problems 
I 

need to be addressed: I 

(1) What are the transport rates of a surface spilll from land surface to the water 
I . 

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

(2) What are the flow directions of the contaminant in the aquifer? 
I 

(3) What is the residence time of water (and spills) in the aquifer? 

(4) What are the discharge locations where cont[amination can emerge into the 

I biosphere or leak into another aquifer? 

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

possibilities that vertical flow will carry the contamina~ed fluid from the Permian host 

rocks into the Ogallala and how long would it take? 

To answer these questions one must first charaJterize the hydrogeology of the 

I 

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

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

underlying formations, 
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I 

(2) porosity and permeability distribution in the Og4llala aquifer and in the underlying 

formations, I 

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

underlying formations, I 

I 

(4) recharge methods and rates into the OgaUala aquifer and the overlying 

I formations, 
1 

(5) discharge points and rates from the Ogallala aquifer, and 
I 

(6) geochemical similarities between ground water in the Ogallala aquifer and in the 
. I 

underlying aquifers and corresponding implications for crdss-formational flow. 
I 

I 

I 

DATA AND METHODS I 

Data from available publications or data bases w~re combined with original data, 
. I 

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

Ogallala aquifer and the underlying formations was ma~ped 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 

I type-section descriptions (Brand, 1953). 
I 

Water-level data for the Ogallala and the underlyin~ aquifers were obtained from the 

computerized data base and open-file records of the Tex~s Natural Resources Information 

System and Hudson (1976, 1978, 1983). Water-level maps! were produced by the author for 

I 

the aquifers in the Permian and Cretaceous rocks (the ©gallala water-level map is from 
I 

Gutentag and Weeks [1980] and the water-level map for t~e aquifer in the Triassic Dockum 

Group is from Dutton and Simpkins [1985]). Water-1Jvel head difference maps were 

I 

constructed for in the Ogallala and for water in each qf the underlying aquifers in the 

I 

I 
Permian, Triassic and Cretaceous rocks. 

I 

I 
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I 

I 

I 

I 

Permeability and porosity data for the Ogallala ~nd the underlying aquifers were 
I 

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

I 

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

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

aquifers in the Cretaceous Trinity and Edwards formatio!s and 157 analyses of water from 

the aquifer in the Permian rocks were carefully studied! (all data from the computerized 
I 

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

in New Mexico, and Cooper, 1960) (app. 1). Detailed hy~rochemical study was conducted 

wherever cross-formational flow was suggested, based oh geologic and hydrologic consid-
1 

erations. I 

Because isotope data of ground water were avail!able for only the aquifer in the 

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

aquifer were collected across the Southern High Plains, inl addition to 9 water samples from 

I 

the aquifers in the Cretaceous Trinity and Edwards rocr5 and 7 water samples from the 

Permian formations (fig. 1). Areas where cross-formatlional flow seemed possible were 

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

Quaternary deposits at the Rolling Plains, the potential discharge zone of the Ogallala 

aquifer. All samples were analyzed for general chemic~l constituents and for o l8o, o D, 

I 

I 

tritium, o 34s, and o 13c (app. 2). 

Contamination by oil field brines that may aff er t Ogallala hydrochemistry was 

studied using 530 chemical analyses of water samples t1ken from all major oil-producing 

formations across the Southern High Plains (app. 3). Datk were obtained from Burnitt and 
I 

others (1963), Reed (1963), Burnitt (1964), McAdoo (1964), and Crouch (1965). A well in 

Hockley County that injects brine produced from the Pe~mian Clear Fork Formation and 

three Ogallala wells in its vicinity were also sampled (appi 2). 

The study of recharge mechanisms was based on corriparison of rainfall and playa-lake 
I 

water analyses with ground-water analyses. Precipitatio1 was collected on a daily basis at 

I 
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I 

I 

four stations in the Southern High Plains (Amarillo, Cloris, Lubbock, and Midland) and at 

one station in the Rolling Plains (Paducah), during oqe year (November 1984 through 

October 1985). Samples were analyzed for o 180, oD, anr occasionally for tritium (app. 4). 

Two playa lakes and six wells in their vicinity were sampled in Lubbock County. 

I 

The well numbering method used iri this study (app~ 2) follows the system adopted by 

the Texas Department of Water Resources (TDWR) (Khowles and others, 1984). When 
I 

sampling a well with an unknown TDWR number, a temptjrary name was assigned to it; the 

name includes the first four digits of the area (accordingl to TDWR), the initials "RN," and 

I 

I 

another number and letter. 

HYDROLOGIC SETTING! 

I 

Physiography and ClimatJ 
I 

The Southern High Plains form a well-defined, topbgraphically isolated plateau that 
I 

slopes toward the southeast. Soil cover in the northerf part of the study area consists 

mainly of clays and clay loams, whereas in the southerh part the soils are sandy loams 
I 

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

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

I 

High Plains have scattered depressions called playa-basim;. 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 fallowing large rain, accumulates in these depressions 

and forms lakes. As a result, large areas of the Southern High Plains have poorly developed 
I 

drainage systems and all the streams that head on the Rolling Plains are intermittent or 
I 

have very small perennial flow. I 

The Southern High Plains have a semiarid to sJbhumid climate. Annual mean 
I 

precipitation, (Geohydrology Associates, Inc., 1978, Barna~, 1983), ranges from 13 inches in 
I 

the southwest to 19 inches in the north (330 to 480 mm).I Most precipitation falls between 

I 
May and October. An isohyet map (fig. 3) shows a ~eater amount of rainfall in the 

I 
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northeastern part of the Southern High Plains. Annual lpan evaporation in the study area 

ranges from 60 inches to 91 inches (1.5 m to 2.3 m) (Bomlr, 1983); New Mexico Engineering 
I . 

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

a range from 80 to 96 inches (2 to 2.5 m). During the sl!Immer, potential evaporation may 
I 

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

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

(6.6 to 9.9°C, respectively). Mean annual hi~h temperathre ranges between 71 °F (21.5°C) 
I . 

and 77 ° F (25 ° C), respectively (Bomar, 1983; Kunkel, 1

1 

1984). The average difference 

between summer and winter temperatures is about 29°Fl(16°C). The prevailing winds are 

from the southwest and south (summer) in the northern ~nd central parts of the Southern 
I 

High Plains and from the south or south-southeast (spring! and summer) in the southern part 

(Bomar, 1983). I 

I 
I 

• I 

General Hydrology of the Ogallala Aquifer 

I 

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

gravels, and· finer materials (Seni, 1980). The aquifer i~ covered by Quaternary deposits 

I 

and it unconformably overlies Cretaceous, Triassic, and Permian rocks. Some of these 
I . 

formations may be hydraulically connected to the Ogallalk aquifer. Water-table conditions 
. • • I 

prevail throughout the aquifer. Flow directions approximately follow the regional 
I 

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

which have been formed by intensive pumpage, can lead to local changes in flow direction. 

I 
A typical rate of water movement is approximately 7 incres (18 cm) per day (Knowles and 

others, 1984). The aquifer is recharged by direct precipitrtion and by resulting runoff that 

mainly accumulates in playa lakes as well as in rivertjeds. Flow from the underlying 

formations can be another source for recharge in certaid areas. Pumpage of water from 
I 

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

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

6 I 
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water table was observed and can perhaps be related to bercolation of surplus water from 

irrigation into the shallow ground water in these areas (Jier and others, 1984). Because of 
. I 

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

(Brune, 1981). Most of the current discharge from the aqtlifer is by water pumpage. 
I 

I 

GEOLOGIC FRAMEWORJ 

I 

The base of the Tertiary Ogallala Formation r!sts unconformably on Permian, 
I 

Triassic, and Cretaceous strata (fig. 4). Quaternary sedi1ents cover the Ogallala rocks in 

most parts of the Panhandle. In this section the geologic If eatures of the Tertiary Ogallala 

Formation, the overlying Quaternary deposits, and of thie underlying formations that are 

related to the hydrology of the Ogallala aquifer are descJibed. 
. I 

Quaternary Strata i 

Quaternary eolian, flu vial, and lacustrine sediments I cover large areas of the Tertiary 

Ogallala Formation. Tl:)e Blackwater Draw Formation, tJj most widespread unit, ranges in 

age from at least 1,400,000 yr to late Holocene (Machen1erg and others, 1985). · It covers 

the Ogallala with loess deposits to a depth of 80 ft (25 Im). 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. depositk control the amount of recharge 

into tne Ogallala aquifer. Their diverse lithology i~ the factor that affects their 

distribution of vertical permeabilities, and thereby th, downward water flux into the 

Ogallala. I 

The Tertiary Ogallala FormJion 
I 

I 
The Tertiary OgaUala Formation contains both <roarse fluvial conglomerate and 

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

I 
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depositional environment of the Ogallala Formation and ~he overlying Quaternary deposits 

produced a series of overlapping humid0 type alluvial fa~s. Seni (1980) identified three 

lobes whose grain size vary as a function of the distanci from the major channel system. 
. . I . 

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

However, Gustavson and Winkler (in preparation) suggeJ that grain size of the Ogallala 
I 

Formation elastics is controlled by the topography of the 6nderlying mid-Tertiary erosional 

surface. They indicate that coarse fluvial elastics were ctlposited in paleo-valleys, whereas 
I 

finer eolian sediments covered upland areas. Eolian f 1astics also overlie the fluvial 

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

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

Canadian Rivers (Gustavson and Winkler, in preparation). 

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

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

underlying paleo topography. This paleo surface is controlled by collapses of Permian rocks 
I 

induced by evaporite dissolution, and by pre Ogallala erosibn. 

Wind and stream erosion h~ve cut into the OgJllala Formation and eroded its 

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

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

I 

Canadian and Red Rivers. Generally, the Ogallala and tre overlying Quaternary deposits 

are thicker in the northern part of the Southern High Plains (0 to 800 ft or 250 m) 
i 

compared to the southern part (O to 500 ft or 150 m). I 

As a result of this depositional pattern, fluvial srdiments along the major paleo 

valleys are coarser, whereas materials in between thJse areas are finer (fig. 6). In 

addition, a general upward-fining texture trend occurs iJ the Ogallala Formation. These 
I 

textural trends may have a significant effect on the sp!tial distribution of porosity and 

. I permeability in the Ogallala aquifer. 

I 
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A resistant calcrete layer called the caprock calich~ lies at or near the surface of the 

Ogallala Formation. Caliche develops as an authigenic alcumulation of calcium carbonate 
I 

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

combination of both (Stone, 1985). In the northern part of the Southern High Plains several 

layers of caliche are encountered, whereas in the southerh part their number and thickness 
I 

decrease. Caliche is commonly regarded as a barrier to Jecharge because its permeability 
I 

is considered very low (Knowles and others, 1984). Howfver, Wood and Osterkamp (1984) 

and Weeks (1978) suggest that caliche can be dissJlved and consequently become 

permeable. Calcium carbonate and silica-cemented saddstone was also observed at the 
I 

base of the Ogallala in places (Gustavson and Holliday, 19i85). 

Cretaceous Strata 

Three separate subcrops of southeast-dipping CretaJeous strata underlie the southern 
I 

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

that was formerly covered by Cretaceous rocks, the origral extent of which is not known 

(Brand, 1953). The rocks were deposited in an epineritic ~nd littoral environment of stable 

shelf seas whose subsidence was slow (Brand, 1953). ThJ rocks were classified into three 
I . 

groups (for detailed description refer to Brand, 1953) froml base to top: 
I 

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

(2) The Fredericksburg Group includes several limy ~o shaly formations, of which only 
I 

the Edwards Limestone is considered an aquifer. . I 

(3) The Washita Group consists of the shaly Duck Creek Formation, which has 
! 

relatively low permeability. I • 

Following the Laramide Revolution and the withdr~wal of the Cretaceous sea, parts 

of the deposited material were removed by early and rriiddle Tertiary erosion. Because 

erosion truncated various formations at different locatio+ there are places where the top 

of the permeable Edwards Limestone or the Paluxy Sanqstone form the contact with the 
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Ogallala aquifer. In these locations, a continuous permeable sequence may exist from the 

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

these permeable Cretaceous formations from the Ogallalal 
I 

Triassic Strata 

The Triassic Dockum Group underlies large areas ofl the Ogallala aquifer in the study 

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

braided and meandering streams, alluvial fan deltas, lacJstrine deltas, lacustrine systems, 
I 

and mud flats, which are all of continental origin (McGowen and others, 1977). The 
I 

terrigenous elastics were mainly derived from older sedimentary rocks that accumulated in 

Texas, Oklahoma, and New Mexico. The maximum pres~rved thickness of Triassic rocks 

(2,000 ft or 610 m) occurs in the Midland Basin~ The low~r lithologic cycle of the Triassic, 

often ref erred to as the Santa Rosa Formation or LowJ Dockum, is characterized by a 
I 

sandy lower segment that becomes increasingly muddy up:ward. The upper lithologic cycle 

exhibits similar overall upward fining in the northwestern bart of the study area. However, 

I 
upward fining is not typical of this cycle fart her south in1 the northwestern Midland Basin. 

In this area, sand from an eastern source was deposited fhroughout the preserved part of 

the upper Triassic cycle (McGowen and others, 1977). 
I 

The Permian-Triassic contact has been studied using well logs (McGowen and others, 
I 

1977; Presley, 1981). In some locations within the study area, such as Deaf Smith and 
I 

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

on both sides of the contact are permeable (sandstone I packages in ????? Triassic and 

limestone at ??? Permian) and could permit flow from onei fo another. 

The Triassic Dockum Group is overlain in some areas of the Southern High Plains by 
I 

Cretaceous sediments, the original extent of wh!eh is notiknown because of partial erosion 

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

(McGowen and others, 1977) and type-section descriptions I (Brand, 1953) suggests that these 
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formations are permeable on both sides of the contacr (sandstone in ???? cretaceous 

overlying sand packages of top triassic) in Lynn, Martin, ~nd Ector Counties, Texas (fig. 9). 
I • 

Observations are limited to a relatively small number of outcrops where the base of the 

Cretaceous is exposed. It is assumed, therefore, that peJmeable contact between Triassic 

and Cretaceous rocks can also be found elsewhere. 

Study of the Ogallala-Triassic contact based on well logs (McGowen and others, 1977) 
I 

indicates sand packages in upper Dockum Group o1erlain by basal sandstone and 

conglomerate of the Ogallala, forming a permeable sequences in both formations in parts 
I 

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

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

Permian Strata 

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

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

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

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

(1980a, 1980b), Handford and Dutton (1980), and Presley (11981). 

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

Whitehorse Group and Blaine Formation) in a relatively limited area along the northeastern 
. ! 

Texas Panhandle in parts of Carson, Gray, Wheeler; Armstrong, and Donley Counties 

(fig. 4). The thickness of the Permian formations thJt overlie the San Andres/Blaine 
I 

dolomites and anhydrites ranges from 350 to 500 ft (107 I to 152 m) (Presley, 1979). They 

mainly include mudstones and siltstones that accJmulated in a mud-(salt?)-flat 

environment (Presley, 1981). l 
The Ogallala-Permian contact is characterized by I losed, contoured collapse basins 

that were formed by solution of Permian evaporites. These basins were later filled with 

thick Ogallala deposits (Dutton and others, 1979; Gustav11on and others, 1980; Seni, 1980). 

11 

I 
I 



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

upper layers of the Permian consist of mudstones, anhy!rites, or salt with relatively low 

permeabilities. Therefore, permeable pathways at that ~ontact between the Ogallala and 

the Permian rocks on a regional basis are limited (fig. 4)1 Locally, however, breccia pipes 

could provide conduits to ground water leakage. 

HYDROGEOLOGY 

In this section the hydraulic features of the Ogallafa and the underlying aquifers are 

discussed. Distribution of porosity and hydraulic conduJtivity that affect flow rates and 

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

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

importance discussed. Both issues are crucial for the stu
1

dy of the flow paths of potential 

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

the purpose of assessing potential for vertical flow betwf en them. The relations between 

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

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

surface to the water table. 

Distribution of Porosity and Hydraulic /Conductivity 

Specific yield and hydraulic conductivity maps werJ published by Knowles and others 

(1984) in their regional study of the Ogallala aquifer. T~ese maps are based on lithologic 

descriptions taken from drillers' logs, and the calculaf ed specific yield and hydraulic 

conductivity are based on previous studies which correlatfd porosity and permeability with 

various lithologies (Johnson, 1967; Morris and Johnson, ~967). Patterns of high specific 

yield follow areas of high sand and gravel percentages (fig. 6) along major axes of 
I 

sedimentation (fig. 10). 
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Cores retrieved from 41 test holes that were analyzed for their specific yield and 

hydraulic conductivity (Knowles and others, 1984) providle a cross-check for the hydraulic 

conductivity and specific yield maps. In addition, hydraJlic conductivity values calculated 
I 

from pumping tests (Myers, 1969) performed in 19 wells id six counties in Texas can be used 

for the same purpose. They range from 70 to 1,680! gal/d/ft2 (3 to 70 m/d) with an 

arithmetic mean value of 420 gal/d/ft2 (17 m/d). Core-~pecific yields range between 7 .2 
I 

and 19.5 percent with an overall average of 16.1 percent,
1 

and core hydraulic conductivities 
I 

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

(9 m/d). 

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

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

fall along the main fluvial valleys and the suggested conftour of 20 percent specific yield. 
I 

Low core-specific yield values (7 to 10 percent) are fbund next to 12 percent or less 

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

specific yield values from cores. I 

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

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

southern fluvial valleys can be recognized by relatively tligh hydraulic conductivity (1,000 
I 

to 1,500 gal/d/ft2 or 40 to 60 m/d), the northern coarse-grained area is not clearly 

differentiated by higher conductivity. Also, large discrepancies exist between the 
I 

measured core or pumping test values and the map (fig. In). Generally, the map provides 
I 

higher values than the direct measurements. It is of inter1est to note that the higher values 

. fl . of these measurements are also arranged along the mam ~uvial valleys. However, they are 

much more scattered and less consistent compared tb the porosity map. No clear 

I 

relationship was observed between hydraulic conductivity jand depth, even though sediments 

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

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

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

indicate aquifer conductivity values from 33 to 280 gal/d/ft2 (1.3 to 11.5 m/d) (Dutton and 
. • I 

Simpkins, 1985). Eight pumping tests are also available fbr the aquifers in the Cretaceous 

rocks; all of the tests were made in Midland County, TeJas in Trinity Sandstone. Aquifer 
I 

conductivity at the test sites ranges from 120 to 510 Jal/d/ft2 (4.7 to 21 m/d) and the 

I 

thickness of the aquifer there is about 70 to 90 ft (21 to ?7 m) (Myers, 1969). No pumping 

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

Ogallala. I 

I 

Potentiometric Surface 

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

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

sea level from west to east across the Southern High Plairs (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 aver31ge rate of water movement is 

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

ranges of hydraulic gradients (5-50 ft/mile or 1 to 9 m/k~), hydraulic conductivities (22 to 

1934 gal/d/ft2 or 1 to 80 m/d) reported by Knowles ahd others (1984), and porosities 
I 

(8-49%) reported by Ashworth (1980) ground water velocity may vary between 0.4 to 
I . 

60 inches/d (1.0 to 150 cm/d). Calculation followed the eguation 

I 

v-~ dh I 

- n dl I 
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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 DockJm and Cretaceous rocks into the 
I 

Ogallala aquifer in the western and southern parts, r~spectively, wherever permeable 
I 
I 

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

discussed in the section on geochemistry. I 

Recharge 

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

outcrops, through the Quaternary deposits that overlie itl in large areas, and through local 

intake areas such as playa lakes or riverbeds. Because !annual precipitation is relatively 

small and most of the rain falls between May and Octobe~ when evapotranspiration is at its 

peak, only a small amount of water is available for recharge. 

I 

Direct recharge into the Ogallala has been studied extensively. Barnes (1949) 

assumed that recharge is reduced in areas where soil Jover has finer grain size in the 
I 

northern Texas Panhandle (fig. 2). Caliche that forms th~ upper surface of the Ogallala is 
I 

regarded as a severe barrier to recharge because its perrpeability is considered to be very 

I 

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

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

measurements did not exceed 20 to 30 ft (6 to 9 m) (Klerrit, 1981). In another study, Wood 

and Osterkamp (1984) did not observe a moisture increasJ below a depth of 6 ft (2 m) over 
I . 

a more than 2-yr period that included significant rain events. Because caliche was 

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

from the soil is greater than recharge. 

Recharge probably takes place along riverbeds, becJuse flowing rivers at the western 

and central section of the Southern High Plains are nearl~ dry by the time they reach the 
I 

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

annual recharge from riverbeds is insignificant. 

I 
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I 

Recharge from playa lakes is a controversial issue. I The large number of playa lakes, 
I 

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

13 km2) (Dvoracek and Black, 1973), has attracted the attention of everyone that has 

studied the hydrology of the Southern High Plains. The ~arge surface areas that are being 
I 

drained into the playa lakes are estimated to total 301,000 mi2 (78,000 km2) (Ward and 

Huddlestone, 1979), or up to 89 percent of the entire Southern High Plains (Dvoracek and 
I 

Black, 1973). The annual amount of water that is aJcumulated in the playa lakes is 

estimated to be 2 to 3 million acre.;_ft (2.5 to 3. 7 x 109 J3) (Templer, 1978 in U.S. Bureau 
I -

of Reclamation, 1982). It was noted (Lotspeich and o"tihers, 1971; Dvoracek and Black, 

1973) that areas with finer soil cover in the northern bart of the Southern High Plains 
I 

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

coarser grain-size distribution. j 

The two major mechanisms that control water loss from playa lakes are evaporation 

and infiltration. Clay-rich soils in the bottom of the playa lakes may be impervious, at 

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

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

(Knowles and others, 1984). If the soils and caliche have low permeability, significant 
I 

recharge is prevented and most of the water must eventuqtlly evaporate. Various estimates 

I 

for evaporation from the lakes in the Southern High f lains range from 55 percent to 

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

of Reclamation, 1982). I 

I 

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

recharge into the Ogallala aquifer (Texas Department of 
1

water Resources, 1980; Kier and 

others, 1984; Stone, 1984; Wood and Osterkamp, 1984). fn 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 inl many cases the caliche included 

sand and was relatively permeable. Shrinkage crac~s in the playa-floor clays, in 
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conjunction with solution channels that were commonly 1bserved in the underlying caliche, 

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

(1971) also suggested that the caliche under playa lakes 1as partially dissolved, permitting 

leakage. Wood and Osterkamp (1984) pointed to the area of more permeable soil that 

immediately surrounds the basin floor as the main rechkrge zone in the playa. Lack of 

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

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

accumulating salts as a result of evaporation. Low wat~r salinities in playa lakes (Wells 

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

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

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

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

rapid recharge mechanisms, such as can take place by f olused recharge below play a lakes, 

rather than by regional, slow, diffuse percolation (Wood add Osterkamp, 1984). 

Owing to these conflicting hypothesis concerning th~ role of the playas, a wide range 

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

Table 1. Estimates of annual recharge into the Ogallala aquifer, 
Southern High Plains 

1 

Recharge from Recharge from 
playa lakes diffused percdlation 

Stone, 1984 0.11 inches (0.28 cm) 

Wood and 1.60 inches (4.1 cm) 
Osterkamp, 1984 

U.S. Bureau of 1.00 inches (2.54 cm) 
Reclamation, 
1982 

Klemt, 1981 

Knowles and 
others, 1984 

Barnes, 1949 0.10 inches (0.25 cm) 

I 

0.01 inches (0.025 cm) 

~0.00 inches 

0.2 inches (0[51 cm) 

0.058-0.571 rnches 
(0.15-1.45 er> 

I 

18 I 

I 

Recharge from 
sand dunes 

0.05 inches (0.13 cm) 

0.833 inches 



I 

I 

The working hypothesis in this study was that . if a diffuse percolation over the region 

dominates recharge, and water in playa lakes evapora~es rather than infiltrates, then 

playa-lake water should become enriched in oD and o 1801 with regard to precipitation 

(Craig and Gordon, 1965; Zimmermann, 1979) Groundwa1er, recharged mainly by diffuse 

percolation, would be enriched with regard to precipitation, because precipitation becomes 

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

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

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

ground-water values. In order to determine recharge meihods and thereby recharge rates, 
I 

playa-lake and ground waters were collected (fig. 1, app.l 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 lthe fice stations during the study 

period, 216 daily samples were analyzed for o18o andl oD, and 33 daily samples were 

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

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

determine a weighted mean value for each event, mont~, and year, respectively, at each 

station. The calculation of weighted mean isotopic 1alue for an event followed the 

equation 
~ 00/o~. x P. 

(1) 

where 

60/ooi 

P. 
I 

p 

n 

00/oo weighted by event precipitation= i=l . 1
1 .I 

p 

I 

= 60/oo or 6D value (0/oo) of the precipitation iample for the i-day. 
! 

= 

= 

= 

Precipitation amount during the i-day. I 

Precipitation amount recorded during the event. 

No. of days in the precipitation event. I 
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Monthly measured weighted mean values were calculated based on equation (1) but 

00/oo. = The weighted o18o or oD value (0/oo) of preJipitation for the i-event. 
} I 

P. 
1 

p 

= Precipitation amount during the i~event. 

I 

Total amount of sampled and analyzed precipitation during the month. 

Thirty five samples (mainly from Summer 1985) wbre not analyzed for 6D and 6D 

I 

and o 180 because of budgetary reasons. Instead, one or two precipitation events were 
I 

analyzed for each month during the Summer of 1985. A frw of the monitored precipitation 

events were not sampled because of human failure. In _l°rder to adjust the mean annual 

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

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

composition measured in analyzed samples (representing bnly part of the monthly precipi

tation) by the actual monthly precipitation amount. Tiese reconstructed monthly data 
I 

were then used to estimate annual weighted mean values for o18o and oD for each station. 

Calculation followed equation (1) but 

00/oo. 
1 

P. 
I 

p 

= 

= 

Measured weighted mean of 6180 or 6 D (0/oo) for the i-month. 

Amount of precipitation recorded (but not allays fully analyzed) during the i
i 

month at the station. I 

= Total annual precipitation recorded at the staf ion. 

Values of 6180 and 6D form the local meteoric w~ter line (fig. 17a) and range from 

-22.7 to +4.70/oo for o18o and from -162 to +140/oo fbr 6D. Figure 17b indicates that 

i 

both playa-lake water and ground water in the Southern High 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 thk range of playa-lake and ground

water samples form 60% of the total precipitation sambled. Only 21 % of the sampled 

precipitation has lighter isotopic composition than plaJa-lake and ground water. This 

observation and the absence of any shift of playa-lake and ground water from the meteoric 

line indicate that evaporation of rainwater in playa lakes Jrior to infiltration is limited. 

I 
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Tritium activity of rainwater ranged from 1.1 to 14l 7 TU, having a weighted mean of 

8.04 TU (app. 4; Nativ and Riggio, in preparation). Tri~ium 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 Hoc!kley, Lamb, Lubbock and Terry 

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

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

accumulates in playa lakes. Tritium activities in ground rater in the rest of the area were 

essentially zero, apparently because of the thicker unsatu1ated zone. 

Ground water with maximum. tritium activity--73 rru--is most likely derived from 

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

Texas, and Albuquerque, New Mexico. Using the time ~eriod of 19 to 20 yr (1966/67 to 

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

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

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

3.24 inches/yr (1.3 to 8 cm/yr), depending on the moistu1e content of the soil profile. It 

should be noted that this is a simplified model that ass1mes a piston flow and complete 

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

and therefore provides a minimum estimate for the water age and maximum estimate for 
I 

annual recharge rate. 

Calculated diffusive recharge rates for this area welre 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 coincide with the lower I values within this range (0.11 to 

1.6 inches/yr; U.S. Bureau of Reclamation, 1982; Stone, 1J84; Wood and Osterkamp, 1984). 

Based on the high calculated recharge rates using tjitium as a tracer and the slightly 

enriched values of o 180 and oD in ground water, we asLme the most likely method for 
I 

ground water recharge is focused percolation of partl~ evaporated playa lake water. 
I 

Quantitative determination of focused versus diffusive I recharge and the evaluation of 
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potential isotopic enrichment of ground water in the vaddse zone instead of in playa lakes 

• • f • b f I requires more m ormat1on a out sur ace water and water in the unsaturated zone. 
I 

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

the underlying formations. This concept has never been rJcognized on a general basis. The 

Cretaceous aquifer has generally been regarded hydraJlically as part of the Ogallala 

aquifer because of its small outcrop areas and thus its lac! of independent recharge sources 
I 

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

western parts of the Southern High Plains (Roosevelt lnd Lea Counties, New Mexico, 
. I 

fig. 18) the potentiometric surface of the Dockum aquifer is higher than or similar to the 
I 

potentiometric surface of the Cretaceous aquifer andl may recharge the Cretaceous 

aquifer. Also in Roosevelt and Lea Counties, New MeJico, Quaternary dunes and thick 

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

them with independent recharge sources that are not ass6ciated with the Ogallala aquifer 

(Nativ and Gutierrez, in preparation). Based on thesl observations, we assume that 

wherever hydraulic connection between the Cretaceous lnd the Ogallala is lithologically 

possible (fig. 4) and potentiometric surface of the Creta+ous aquifer is higher than water 

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

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

area, the Dockum Group does not have any independe/nt recharge sources except the 

Ogallala aquifer. According to these studies, precipitatidn falling on the outcrop areas of 

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

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

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

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

and Cretaceous aquifers (Roosevelt and Curry Counties, !ew Mexico, and parts of Parmer 

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

I aquifers. 

Discharge 

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

springs or leakage to the underlying formations; pump,ge, however, is by far the most 

significant discharge component. Springs once flowed in many locations across the 
I 

Southern High Plains and along its escarpments. Many o
1
f them ceased flowing during the 

last 40 yr because of increasing pumpage for irrigationJ Brune (1981) and Knowles and 
I 

others (1984) assumed that recharge and spring flow inl the Ogallala Formation were in 

equilibrium before pumpage began. However, the Southirn High Plains has been uplifted 

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

the rate of ground-water flow in the Ogallala aquif er. 1 Therefore the assumption that 

annual recharge controlled the amount of spring flow bJfore the aquifer was extensively 
I 

developed may be incorrect. I 

Today, springs are mainly located along the escarpments (fig. 21) and their annual 
I 

discharge ranges from 1.6 to 730 acre-ft/yr (0.002 to O.~ million m3/yr) (calculated from 

• I > reported measurements taken from 1977 through 1979 by 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 Capr!ck Escarpment into the adjacent 
I 

formations at lower elevations in the Rolling Plains is s~ill possible, even though most of 
I 

the springs ceased flowing or have decreased yields. In drder to evaluate the potential of 

subsurface lateral discharge from the Ogallala aquifer int the Rolling Plains, we sampled 
I 

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

deposits (fig. 1, app. 2). Some of these deposits are adjJcent to the Caprock Escarpment 

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

have other recharge sources, but all of them overlie Perf ian rocks. Ground water in the 
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isolated deposits typically has Ca·S04 hydrochemical fLies and ,s34s values that range 

from +9. 7 to + 10.30/oo, indicating recharge from water I in the underlying Permian rocks. 

Varying amounts of tritium indicate modern recharge fr~m rainfall and runoff in addition 
I 

to the contributionfrom ground water in the Permian beds (samples 83-89, app. 2). Ground 

water in alluvial deposits where recharge from the Ogallala seems possible has water facies 

similar to water in the Ogallala; lower o34s values than Jypically observed in ground water . . I . 
I 

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

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

these deposits, high-tritium rain and runoff water can rel ch the water table faster than in 
! 

the adjacent Ogallala Formation and thus provide a soute of recharge in addition to the 

contribution from the Ogallala aquifer. . 

Pumpage from the Ogallala aquifer started in 19111 and increased drastically after 

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

the annual recharge from precipitation. Rough calculations comparing annual pumpage in 

1974 (Wyatt and others, 1976a-g, 1977; Bell and MoJison, 1977a,b, 1978a-f, 1979a,b, 
. . I . • 

1980a-d, 1981, 1982a-c) with annual recharge (based on ~nowles and others, 1984) indicate 

(fig. 22) that while recharge estimates range from 0j.058 to 0.833 inches/yr (0.15 . to 

2.1 cm/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 bounty). In 14 out of 26 counties 
I 

where these calculations were made, annual pumpage vo~ume is at least 10 times that of 

annual recharge. I . 

Ogallala ground water may also discharge into unqerlying formations. A hydraulic 

I 

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

Except in the western parts of the Southern High Plains,I 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 ~andstones in the upper Dockum 

I 
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Group. Discharge from the Ogallala into the Cretabeous aquifer is possible where 
I 

permeable beds occur at the top of the Cretaceous (fig. t> and water level in the Ogallala 

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

Unsaturated and Saturated zJnes 

. . f . . b O I · . • 
Thickness o the unsaturated zone a ove the gauaia water level ranges from 460 ft 

(140 m) to 0 ft (fig. 23). Large areas, mainly in the sou~hern part of the study area have 

i 

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

Bailey, Borden, Dawson, Gaines, Lynn, Ector, Midland, kndrews, Martin, Howard, Texas 
. I 

• and Lea, New Mexico, and some parts of Hockley, Lambi Lubbock, and Yoakum, Texas in 

the south. Donley, Hemphill, Randall, and Wheeler, Texhs are the northern counties that 
I . 

also have shallow depth to water. In some of these counties, the thin unsaturated zone may 

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

and . arsenic concentrations in ground water) and will be discussed later in the report. 

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

water consequently becomes saline. I 

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

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

higher rate of annual recharge and a smaller ratio of anhual pumpage to annual recharge 
. I 

(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 fast1r recharge from irrigation-water 

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

the south also could contribute to the difference in waterlevel fluctuation patterns in the 

two··areas. 
I 

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

(90 m) and is highly controlled by the topography of the l(re-Ogallala surface. Along the 

major troughs and flow channels that carried the Ogallala, elastics, the saturated thickness 
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ranges from 10 0 

less than 20 to 

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

I 

100 ft ( <6 to 30 m). Saturated thickness of the aquifer decreased 
I 

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

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

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

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

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

of the area had less than 80 ft (25 m) of saturated thicknts in 1960, whereas in 1980, 50% 
. I 

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

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

possible that the aquifer is connected to the underlyinglCretaceous or Triassic aquifers, 

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

thickness may enable a faster upward flow of low-qualit~ water into the Ogallala in areas 

where the potentiometric surface of the underlying aqJifers is higher than that of the 

Ogallala aquifer. This issue will be discussed further in thl following section. 

I 

HYDROCHEMISTRY 

The study of the chemistry of the water in the Og!3!llala aquifer is important for the 

purpose of tracing cross-formational flow into or out 6f the Ogallala aquifer. In this 

section the chemistry of water in the OgaHala is outlihed and major factors that may 

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

Ogallala aquifer from the underlying aquifers is considered. 
I 

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

controlled by the composition of its recharge componenfs (rainfall and leakage from the 

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

and hydrologic variations within the aquifer (lithologyJ porosity, and thickness of the 
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I 

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

water chemistry are discussed. Isotopic composition of rainfall was compared with that of 

• ground water in the Ogallala. The chemical and isotopiJ composition of the water in the 

I 

underlying aquifers, as well as of oil field brines, were examined, and possible contributions 
I 

to Ogallala water chemistry are discussed. 

Chemical and Isotopic Composition of Ground Wat~r in the Ogallala Aquifer 
. I 

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

I 

presented in figure 26 (from Knowles and others, 1984). t 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/1 in the southern part. I 

A chemical facies map of water in the Ogallala aquifer was produced (fig. 27) based 

on 3,698 complete chemical analyses taken from the combuterized data bases of the Texas 
! 

Department of Water Resources and U.S. Geological Survey in New Mexico and Cooper 

(1960). Hydrochemicalfacies are named after the ions t+ t make µp more than 50% of the 

tot~l concentration (meq/L) (Piper, 1944; Back, 1~~6). ( mixed-~ation and mixed-anion 

faCies refers to water that does not have any preva1lmg cation or amon. . • ! 

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

southern High Plains, where water is fresher (TDS <400 mk/1), water is of Ca-HCO3 type in 
! 

the northeast (zones 4 and 6, fig. 27), and of mixed cati~ns-HCO3 type in the rest of the 

area (zone 7, fig. 27). The Piper diagram (fig. 29) de,onstrates that the mixed-HCO3 

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

ground water, thus forming a Ca-Mg-HCO3 type of waterr 

The southern part of the Southern High Plains (underlain mainly by Cretaceous rocks 

and where TDS >400 mg/1) has a greater variety of watJ types, most commonly a mixed

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

(fig. 28) it appears that this facies is a Ca-Mg-Na-Hcol~c1 type, because the amount of 
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Na and Cl is higher. Locally, areas of Na-mixed-anion Jr Mg-mixed-anion hydrochemical 
I 

facies (zones 17 and 19, fig. 27) are also present. I 

Along the escarpment various hydrochemical facies are encountered. They include 
I 

Na-HCO3 facies in Deaf Smith, Parmer, and Dickens Counties, Texas and Curry and Quay 

Counties, New Mexico (zones 8 and 15); Ca-SO4 or mixed-cation'-S04 facies in Donley and 

Wheeler Counties, Texas (zone 3), and Na-Cl and mixJd-cation-Cl facies in Garza and 

Howard Counties, Texas (zones 16 and 18). Na-SO4 a~d mixed-cation-SO4 facies also 

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

of the Southern High Plains. 

The major hydrochemical facies (zones 4, 7, 14, and 119) are aligned from northwest to 

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

adjacent to the Canadian River the trend of hydrochemic~l facies seems to follow the local 

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

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

southern parts of the study area (app. 1). In the norther part Ca> Mg> Na and HC03 > 

SO4 > Cl (in meq/L). ln the south Mg> Na > Ca and HCl3 = Cl > SO4. Salinity diagrams 

based on these mean values for both parts of the study li'-rea (fig. 29) reflect this pattern. 

I 

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 ~ Na source other than halite (ion 

exchange?). Other differences in ion ratios between the nbrthern and southern parts of the 

study area {app. l) are derived from the relative incrJase of Mg and Cl in the south 
I 

compared to the north. 

<5180, oD, tritium, <513c and <534s were measured in 53 ground water samples from 

the Ogallala across the Southern High Plains during 11985 (figs. 20, 30, 31, app. 2). 

Mean <5180 (-6.96 0/oo) and oD (-51 0/oo) values in the northern part of the Southern High 

I 

Plains are more depleted than <5180 and cD in the south (-5.90/oo and -400/oo, respect-

ively) (figs. 19b, 27, and 30). "Heavier" values are I encountered along the eastern 
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I 

I 

I 

I 

escarpment, although no consistent enrichment from west to east can be observed (fig. 30). 
I 

Tritium values range from O to 73 tritium units (TU). Generally, tritium activity is very 
I 

low, except for a specific area in the Southern High Plainls (figs. 20 and 27 [zone 14]). o34s 

ranges from -12. 7 to +9.5 °/oo with relatively high value! observed in the northeastern and 
I 

the southernmost parts of the study area (fig. 31). 1egative or near zero values are 

observed in the area that stretches northwest to southe,st from Oldham County to Floyd 

County, Texas. I 

I 

Lithologic and Structural Effbcts 
I 

Three major alluvial fan systems in the Panhandle! have higher percentages of sand 
I 

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 controlled by southeastward dipping and 

land surface topography coincidently follow the trend olf major deposition axes (fig. 14). 

Water chemistry and isotope values also are constant Jithin these major flow elements. 

Ground water in the alluvial fans has mainly mixed-catio~-HC03 and Ca-HC03 facies and 

relatively depleted o 180 and oD values. The water in t~e southern (zone 19) and northern 

(zones 1 and 4) alluvial fans also has higher o 34s valies than the central fan (zone 7) 

(fig. 27). I 

Between these major flow areas (zone 14), the p~rcentage of sand and gravel is 

smaller, permeabilities are lower, and the aquifer is thinner. Hydrochemical facies vary 

and consist of mixed-cation - mixed-anion, Na-mixed-Jnion, Mg-mixed-anion, and even 

mixed-cation-S04, mixed-cation-Cl, Na-S04, Na-Cl, an~ Ca-S04 facies. o18o and OD 

values are enriched relative to water in major fan axes. i 

Correlation of hydrochemical facies with saturate? thickness in 412 Ogallala wells 

(fig. 32) supports the assumption that wherever the Og~llala is relatively thick, hydro

I 

chemical facies are mainly Ca-HC03 and mixed-cation-HC03 types. Other hydrochemical 

facies are limited to areas where saturated thickness is le!ss than 90 ft (0 to 30 m). 
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Constant chemical facies and isotopic compositi+ within the major alluvial fans 

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

larger grain size of the fans and thus their higher permeabilities. The thick saturated 

. . . f I section w1thm the an area helps mask other recharge sources that may affect the 

chemical and isotopic composition of ground water flowitg there. Consequently, cheinical 

and isotopic composition of ground water flowing along these areas does not vary. On the 

. I 
other hand, in the interfan areas, sediments have smal+er grain size, resulting in lower 

permeabilities. Residence time of ground water in th~se areas is probably longer, and 

rock/cement - ground-water interactions are more intenJive, resulting in higher salinities. 
. I 

Ground water in the thin saturated zone cannot mask sait contribution from the adjacent 

formation or from surface and subsurface contamination. I Therefore, chemical and isotopic 

composition of ground water in the interfan areas is more heterogeneous, representing 
I 

local flow conditions that are highly variable. 

Effects of Water-Level Altitilides 
I 

Aquifers with shallow water table are more susceptible to surface contamination or 

salinization because the unsaturated section is thin. Agri~ultural chemicals such as nitrate 

and arsenic can quickly travel the short distance to the w~ter table. To determine if there 

is a link between contamination and depth to grou~d water, the thickness of the 

unsaturated zone was checked in wells where water an&lyses indicate very high concen

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

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

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

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

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

Arsenic is another potential hazard. In many ar~as in the Southern High Plains, 

calcium-arsenate and arsenic acid have been used sincel 1925 as a cotton defoliator and 
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insecticide. Locally in the southern part of the Southf rn High Plains, arsenic concen

trations approach or are higher than the limits permitted for potable water (0.05 mg/L) 

(fig. 33). In Howard and Martin Counties, Texas, cattll are reported to have died as a 

I 

result of this hazardous contamination (C. Rogers, Texas Department of Agriculture, 

Austin, Texas, personal communication, 1985). High co+entrations of arsenic in Ogallala 

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

surf ace. Arsenic can be adsorbed by clay in the unsalturated zones, but large arsenic 

applications in areas with shallow water tables apparent]y exceed the adsorption capacity 

and contaminate ground water. I 

Extremely shallow water levels ( < 5 ft [ <L5 m]) allqw direct evaporation from ground 

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

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

aquifer. Of 22 saline lakes studied by Reeves (1970), 18 are located where water levels 
I 

range from 5 to 50 ft (1.5 to 15 m) below land surface. Lake waters and ground· water near 

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

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

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

I 

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

and Gooch Lake (wells 28-01-801, 28-01-902). For caJe studies where Ogallala ground 
I 

water was affected by these lakes, see figure 34a. A few isotope analyses from springs in 

Gooch Lake in Lynn County, Texas, and from springs and fells at Rich and Mound Lakes in 

Terry County, Texas (W. Wood, U.S. Geological Survey, Riston, VA, unpublished data) show 

enriched values and for some, a shift from the me1ieoric line, which may indicate 
I 

evaporation (fig. 19b). 

I 
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Effects of Natural Recharge from PJecipitation 

Rainwater sampled in the northern and western parls of the study area (Amarillo and 

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

other parts of the study area (Lubbock, Midland and Padu~ah Stations, figs. 1, 19a). Annual 
I 

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

-7.3, -6.3, -8.8 and -6.20/oo for o18o and -54, -48, -39, -62 and -370/oo for oD, in 

Amarillo, Lubbock, Midland, Clovis 

preparation). The higher altitude of 

and Paducah, resbectively (Nativ and Riggio, in 

the northern and +estern stations, the lower mean 

temperature and evaporation in their area and their great~r distance of the contributing air 

masses from the main source of moisture--the Gulf df Mexico--may account for the 

difference in isotopic composition. 

Ground water in the northwestern part of the st1dy area also has lighter isotope 

composition (-9.1 to -7 .10/oo for o l8o, fig. 30) than grlund water in the rest of the area 

(-6. 7 to -4.20/oo). Ground-water samples in the areas lhat are heavier than the annual 

means of local rainfall may represent some degree of 1vaporation of rainwater in playa 

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

as partly evaporated water from irrigation surpluses. 

Effects of Underlying Aquifrrs 

A brief chemical characterization of waters in ~he aquifers below the Ogallala 

aquifer is needed to detect possible interaction effects. I Previous sections have indicated 
I 

cross flows of ground water between the Ogallala aquifer and the Triassic and Cretaceous 
I 

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

between these aquifers as well as on comparisons of theit potentiometric surfaces. A third 

approach to identify leakage between formations is through water chemistry. 
I 
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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 >I Ca > Mg· and Cl > HCO3 > SO4. 

Piper diagrams (fig. 28) reflect these patterns. Water salinity is not much higher than in 

Ogallala water in the southern High Plains. c5l80 and oD values range from -7.2 to 

-4.90/oo for o 180 and from -45 to -300/oo for oD (oased on seven Cretaceous wells 

sampled during 1985, app. 2). Heavier values exist along lthe 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 indicJtes a recent recharge (post-1954). 

c534s ranges from +2. 7 to -7.6 with no observed spatial pa~tern. 

In the southern part of the study area some chemlal and isotopic similarities exist 

between ground water in the Ogallala and underlying Cretaceous aquifers. It was 

previously suggested that ground water in the Cretaceouk moves upward into the Ogallala 

aquifer (based on permeable contacts between the aquiters and on comparisons of their 

potentiometric surfaces). This hypothesis will also be studied geochemically. 

As previously mentioned, Na and Cl increase in OgJlala water in the southern part of 

I 

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 conceJ
1 

rations 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 lhave mixed-cation - mixed-anion 

hydrochemical facies (app. 1). Piper diagrams of both aquifers (fig. 28) reflect this 
I 

chemical similarity. Ion composition in Ogallala ground water in this area more closely 

resembles composition of water in aquifers in the Cretacleous rocks than any other aquifer 

unit (fig. 29). I 

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

Plains are very similar {app. 2). Both are heavy with regard to c5l80 and oD when 

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

the north has essentially zero tritium activity (fig. 20, app. 2). The o 34s and o 13c values 

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

discharge of ground water from the aquifers in the Cre
1

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 miLng due to upward movement of 

water from the aquifers in the Cretaceous probably doJs take place. It is important to 
I . 

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

Ogallala is restricted to specific areas within the southerh part of the Southern High Plains 
I 

(most parts of zones 14 and 20, fig. 27). I 

In other areas in the southern part of the Southern High Plains, where water levels of 

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

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

follow the central and southern major alluvial fans,. wher saturated zones are thick, sand 

and gravel abundant and permeabilities high. In these areas, Ogallala water has mixed

cation-HCO3 facies, water isotope values are less enrJched and tritium values drop to 

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

northern part of the Southern High Plains (zone 7). UpJard move~ent of water from the 

aquifers in the Cretaceous is focused within interfan arias, where saturated thickness of 
I 

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

The Triassic Aquifer 

Salinities of ground water of the Triassic are high1r than those of Ogallala water in 

the northern High Plains. The water becomes more salfne 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 Sout~ern High Plains will be described 

separately .. Mean values for the major ions in ground watier in the Triassic in the north and 
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in the south were calculated from 187 chemical analyse and are provided in appendix 1. 
I 

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 loJ in the south. HCO3 is the major 

anion in the north; however, concentrations of other anioris are also high when compared to 

Ogallala water. In the south, SO4 and Cl concentrationb increase considerably, changing 

chemical facies from. Na-HCO3 and Na-. mixed-anion irl the north to either Na-Cl or 

Na-SO4 type in the south (Dutton and Simpkins, 1985). 

Hydraulic head in the Ogallala aquifer is higher than hydraulic head in the Dockum 

aquifer by 300 ft (91 m) in the northern part of the solthern High Plains and by 700 ft 

(213 m) in the southern part (fig. 18). In tnost places, di~ection of cross'-formational flow 

should be downward. However, comparisons of water chemistry and· isotopic composition 

of both aquifers do not readily locate areas of similar wter composition. In the northern 

part of the Southern High Plains, Ogallala water geneJlly has high Ca and Mg concen

trations, but Dockum Group water is typically Na-doJinated. Isotopic composition of 
I 

Dockum Group water is more depleted than Ogallala wate~ with regard to o18o and oD 

(figs. 19b, 27, 30, app. 2). In the southern part of the soJhern High Plains, Ogallala water 

has higher concentrations of Na and Cl than in the north~rn part, but not as high as water 

in the Dockum Group. In the same area, hydrodynamic hJad of ground water in Cretaceous 

rocks is higher than the Ogallala water table, and downwJrd flow from the Ogallala aquifer 

through the Cretaceous aquifers into the lower Dockum Gloup aquifer is unlikely. 
I 

However, lithologic contact between sandstone ih the upper Dockum Group and 
I 

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

locations where high permeability favors upward cross-f6rmational flow (fig. 4). In some 

locations in the western part of the study area and alon~ the escarpment, hydraulic heads 

in the Dockum Group aquifer are higher than those in ihe Ogallala aquifer (fig. 18), and 

upward flow from the Dockum aquifer to the Ogallala is bossible. Chemical similarities in 

these places support this possibility. In Deaf Smith an~ northwestern Parmer Counties, 
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Texas, and in Curry County, New Mexico (fig. 35c), Ogallala water changes from the 

typical mixed-cation~HCO3 facies into Na-HCO3 water, limilar to the water facies of the 

Dockum Group. A similar change takes place in Dickejs • County, Texas (zones 8 and 15, 

fig. 27; fig. 36d}. In Howard and Garza Counties, Texas, the Ogallala facies is Na~c1 type, 

similar to the underlying Dockum Group water (zones 16 lnd 18, fig. 27). In other parts of 

the escarpment, where. the potentiometric surface of tjf 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, here saturated thickness of the 

Ogallala is small and hydraulic head in the Dockum Grollp is sufficiently high, ground water 

discharges from the Dockum Group aquifer into the Ogallala aquifer. One example of this 

movement occurs in Tierra Blanca Creek in southeaJern Deaf Smith County, Texas. 

Owing to erosion of the Ogallala aquifer and a local stLctural high of top Triassic, the 
I 

saturated zone of the Ogallala aquifer is less than 20 ft (7 m). The water-level difference 

between the Ogallala aquifer and the Dockum Group aqtf er, which in this area typically 
I 

ranges from 350 to 410 ft (107 to 125 m), drops to 25 ft ~8 m). fig. 35c shows the chemical 

similarity between the waters in the Ogallala and DockJm aquifers in the area. Because 

Na-HCO3 facies is unusual for water in the Ogallala bJ typical for water in the Dockum 

Group, upward flow from the Dockum Group aquifer i, to the Ogallala aquifer appears 

possible. 

The Permian Aquifer 

The upper section of the Permian aquifer is con idered to have low permeability 

because of the presence of mudstone, shale and evlporite beds (fig. 4). The head 

difference map indicates only one small area where upJard movement of water from the 

Permian into the Ogallala aquifer is possible (fig. 18). !ow ever, a brief description of its 

water chemistryis provided. 
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Three uppermost formations--the Quartermaster, W itehorse, and Blaine--are consid

ered here. Water in the Permian is more mineralized than water in the Ogallala. The 

Blaine has the most saline water of the three f ormations
1
. Mean values for major ions of 

waters in the Quartermaster, Whitehorse, and Blaine Fo
1
rmations were calculated (based 

on 22, 109, and 26 chemical analyses, respectively), and a1e provided in appendix 1. 

Water in all three aquifers is of Ca-SO4 to mixed-cation-SO4 facies. These waters 

have exceptionally low HCO3/ Cl ratios compared to the overlying Ogallala water. High 

Na/Cl and SO4/Cl ratios relative to the Ogallala are also typical of ground water in the 

Permian. Five Permian wells that were sampled for this study are all depleted with 

respect to olBo (-6.3 to -9.10/oo) and oD (-33 to -63°ro) {figs. 1, 19b, app. 2). o34s 

values are relatively high (-1.4 to +10.1°/oo). Water i j the Ogallala aquifer, wherever 

underlain by Permian strata, is usually of Ca-HCO3 or m·xed-cation-HCO3 facies. In only 

three places typically Permian mixed-SO4 or Ca-SO4 facies were encountered in the 

Ogallala (along the escarpment at Donley and Wheeler c
1

ounties, Texas). However, water 

in the Ogallala from some wells within this area is relatively enriched in o34g (+8.6 to 

+9.50/oo). These are the highest o34s values identifie1 in the Ogallala water (fig. 31). 

Permian rocks usually have O 34s values of +110/oo {H+fs, 1973) and in this area they 

range from 10.4 to 14.2 0/oo (Posey, 1985). Water samred from wells completed in the 

Permian in this area (samples 49, 60, and 61, app. 2; Dutf°n and others, 1985) ranges from 

+9.0 to +11.920/oo. These few examples of chemical jnd isotopic similarities between 

water in the Ogallala and water in the Permian may indicate some local upward diffusion 

from the Permian aquifer along the escarpment. Becauf e values for o1Bo and OD are in 

the range typical of the Ogallala (figs. 19b, 31, app. 2), they can neither support nor 

eliminate this assumption. Heavy o34g values in ground water in the southern part of the 

Southern High Plains (zone 19, fig. 9), which resemble values in ground water in the 

Permian, are still an enigma, because cross-formationll flow into the Ogallala is not 

indicated in this area. 
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Effects of Oil Field Brine Contamination 

Contamination of ground water by disposal of oil ield brines is presumed to take 

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

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

production are concentrated in the southern part of the Sjuthern High Plains and along the 

Amarillo Uplift, Anadarko and Midland Basins. Ground-wtter contamination from oil field 

activities is most likely limited to these areas. /. 

To identify brine contamination, approximately 5J° chemical analyses of oil field 

brines from 16 formations in the Southem High Plains wer1 studied. Data were taken from 

Burnitt and others (1963), Reed (1963), Burnitt (1964), M, Adoo (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 rang from 1,891 to 5,726 meq/1. The 

chemical characteristics of all brines are similar: Na > Ca > Mg and Cl » SO4 > HCO3, 

and water has Na-Cl facies. These patterns are reflectjd in the Piper diagram for these 

brines (fig. 36). All brines show an increase in Na and en with TDI and close correlation 

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

Ca and Cl. Brines always seem to have very low ratios fin meq/L) of HC03/Cl (0.001 to 

0.020) and SO4/Cl (0.006 to 0.06). High ratios of Ca/(HCO3+SO4) (4.87 to 48.1) are 

encountered for all brines. The Na/Cl ratio generally I! anges from 0.698 to 0.938, but 

extremely low values (0.15 to 0.22) are encountered in the Permian brines, which may 

suggest that halite precipitation took place in these b, ines. It seems, therefore, that 

several criteria could serve for the identification of brim
1

! e contamination of water in the 

Ogallala: high salinities, low. ratios of HCO3/Cl, 1·nd SO4/Cl, and high ratios of 

Ca/(HCO3+SO4). 

Occurrences of high salinity were screened from · ,698 Ogallala chemical analyses 

examined for this study. These exceptional salinities wer I compared with adjacent oil field 
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brines in order to detect the salinity source. In several plalces 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-S04 facies that 

generally accompany high salinities in the Ogallala water ij typical 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. ThJ rate of future ground water 

contamination is controlled by the distribution of vertical bermeabilities in the unsaturated 
I 

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

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

CONCEPTUAL MODEL OF THE 0GALLlLA AQUIFER 

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

aquifer system that underlies the High Plains from SouJh Dakota to Texas. Its varying 

hydrological and hydrochemical features are basically conf rolled by the surface topography 

of the underlying formations and its own lithologic f acies. Thickness of the Ogallala 

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

by the location of major axes of Ogallala fan deposition. I Three major areas of alluvial-fan 

deposits trend from northwest to southeast and are ~haracterized by relatively high 

thickness and permeability. The saturated section in theJe areas is thick and the chemical 

composition relatively constant (Ca-HC03 to mixed-Jation-HCOrtype hydrochemical 

facies, depleted in o 180, o D and tritium). External eff ~cts on the chemical composition 

are less pronounced. In areas between these major channels and along the Southern High 

Plains escarpment, the thickness of the Ogallala FormJion decreases and the aquifer is 

thinner and less permeable. As a result, upward dis~harge of water from underlying 

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

isotopic compositions different from those in areas with th~ck alluvial-fan deposits. 

Permeable contacts between aquifers in the Cretafeous and the Ogallala aquifer, 

higher potentiometric surface of the Cretaceous aquifers and chemical similarities of 

water in both aquifers suggest there is an upward crss-formational flow from the 

Cretaceous formations to the Ogallala Formation in the southern part of the Southern High 
I 

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

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

Mexico). Discharge of water from the Triassic Dockum GLup into the Ogallala Formation 

I 
probably takes place in Roosevelt and Curry Counties, New Mexico, along the Caprock 

Escarpments (Deaf Smith, Floyd, Motley, Dickens and Gaiza Counties, Texas) and along a 

major river valley incised in the Southern High Plains ih Deaf Smith County. Possible 

upward movement of water from Permian rocks into tJe Ogallala Formation may also 

occur along the escarpment in the northeastern Texas Pantandle (Donley County). Changes 

in water chemistry as a result of vertical flow from the u+erlying aquifers can be traced. 

Secondary factors that locally affect the chemistry of the Ogallala water are 
I 

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 prefipitation. Playa lakes probably 

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

role in recharge. 

I 

PRELIMINARY OBSERVATIONS RELATED TO A POSSIBLE 

NUCLEAR WASTE REPOSITORY AND THE obALLALA AQUIFER 

Several issues have been addressed in this study colerning a hypothetical accidental 

nuclear waste spill in the surface or in the subsurface 0£ the Southern High Plains and its 
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effect on the Ogallala aquifer. The issues include transpoy rates into water table, ground

water flow directions, residence time of water in the aquifer, points of discharge from the 

aquifer, and possibilities of cross-f ormational flows betwreen the Ogallala and underlying 

~H~ l 
Although this study is ongoing, some preliminary con lusions can be drawn: 

(1) It appears that recharge rates in the northern paJ of the Southern High Plains are 

smaller than in the south, caused by different grain-sizj distribution in the soil cover. 

Based on several cases where high concen,trations of nitrates and arsenic were observed, it 

seems that in areas where water levels are high and the f nsaturated zone is thin, chances 

for faster contamination of ground water are greater. A.re as of high water table in the 

vicinity of Deaf Smith County exist in Randall County, Texas. Recharge rates based on 

tritium values were calculated for areas south of Deaf Sm~th County and range from 0.5 to 

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

precipitation. • I 

(2) Flow directions within the aquifer are mainly from northwest to southeast and 

follow preferential zones of increased permeability with Jimilar directions. The maximum 
I 

rate of water movement in the aquifer is up to 3.9 inches 010 cm) per day. 

I 

(3) Residence time of water in the aquifer is still being studied. It is likely that 
I 

ground water flows faster along high permeability zones,• such as the southeastern part of 

Deaf Smith County. t 
(4) Discharge locations were indicated on a springs location map (fig. 21). However, 

it is thought that owing to heavy pumpage in Castro, S isher, Randall, Texas and other 

adjacent counties, most of the discharge water flowing I down gradient from Deaf Smith 

County is in wells in the vicinity of the proposed site and rot along the eastern escarpment. 

(5) Cross-formational flow from underlying forma1tions appears possible at various 

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

permeability, examples of chemical facies typical forl water from the Permian were 
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encountered in Ogallala water in Donley and Wheeler Counl ies, Texas. Also, 5345 values 

of Ogallala water underlain by Permian rocks are relatively heavy and approach Permian 

water values, suggesting a possibility of local solute migrltion from the Permian into the 

Ogallala. l 
Water in the Triassic flows into the Ogallala long the eastern and western 

I 
escarpment and Roosevelt and Curry Counties, New Mexico. In Deaf Smith County, 

upward flow was suggested along the escarpment, but alJ near Tierra Blanca Creek away 

from the escarpment. Because the Permian-Triassic contact in this area was indicated to 

be permeable, a detailed study of the vertical flow directirn 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 locations where permeate contact is suggested for the 

Triassi.c and the Ogallala, and where d. ownward .• flow is. ill··.dicated by head differe. nces, did 

not show chemical or isotopic similarities between waters. 

Based on geologic, hydrologic, and geochemical cons
1

iderations, flow from Cretaceous 

aquifers into the Ogallala aquifer seems to be possible in large areas in the southern part of 
• .. I 

the Southern High Plains. Information about water heads in the Triassic aquifer in the area 

overlain by the Cretaceous is scarce, but indicates that tater levels are lower than those 

of the Creta.ceous... Ther.efore., it i.s unlikely tha.t cont.ami· . .1a .. tion of water in the 0. gallala by 

water in the Triassic or Permian will occur in the sorh, because water heads of the 

Cretaceous aquifer are higher than those of the Ogallala or Triassic aquifers. 
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Tritium values in precipitation and calculated residual tritium in ground water. 

Mean calculated 
Weighted Weighted annual from both No. of years Percent of Calculated 

annual mean mean at stations for the elapsed residual residual 
Year at Waco, TX Albuquerque, NM High Plains till 1985 tritium tritium (TU) 

1961 400 I 400 24 26 100 
1962 421 I 421 23 28 118 
1963 1129 1529 1329 22 29 385 
1964 372 1688 844 21 31 262 
1965 205 481 343 20 33 113 
1966 152 282 217 19 35 76 
1967 78 240 159 18 36 57 
1968 73 188 131 17 39 51 
1969 72 196 134 16 40 53.6 
1970 61 200 130 15 42 55 
1971 44 203 123 14 45 55 

1 



Appendix 5. Calculation of recharge rate based on tritium activities in 

ground water of the Ogallala aquifer in the So~them High Plains. 

I 

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

recharge. However, in the unsaturated zone and in ground water, tritium decays and its 
i 

concentration decreases to a half after 12.3 yr, to a qua~ter after another 12.3 yr, and so 

on. As a result, comparison of tritium values in a ground-water sample that has been 

recently collected with tritium values in current precipitJtion is not valid. A decay curve 
! 

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

tritium values of current ground water. The sets of rec0nstructed "ground-water" values 
I 

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

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

. . . . I 
based on current tr1tmm values m ground water, the year when the water was recharged 

from precipitation may be traced back. • I • 

It is possible to attribute the high values of tritium ih the water of the Ogallala in the 

Southern High Plains to the thinness of the unsaturated I zone, which results in a. sho~ter 

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

comparing current tritium in ground water of the Ogallal1 to tritium values in precipitation 

during the last 30 years. However, back records of tritium need to be corrected for 

radioactive decay. Records from Waco, Texas, and Alb~querque, New Mexico, were used 

for this purpose. According to the table below, which corrects tritium in precipitation for 
I 

their radioactive decay, it seems that rainfall of 1966 + 1967, when corrected, provides 

similar tritium values as those currently observed in grolund water of the Ogallala in the 

Southern High Plains. 

1 



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

unsaturated section of 25 ft (7 m) that can represent a lar~e area in the high tritium zone, 
I 

and soil moisture content of 10 percent in this zone, the c!alculated annual recharge flux is 

1.62 inches/yr (4.1 cm/yr): 

2~~\i·1 = 0.13'/y = 1.6~"/y 

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

content or 20 percent, respectively), the annual rech!rge ranges from 0.5 inches to 

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

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

High Plains permit fast recharge flux, which is reflected b~ high tritium values. 
I 

The suggested model of recharge estimates based oh the tritium activities 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 the recharging water. The reality 

is that the final "mixture!' of ground water is formed by ah old water component derived by 

lateral flow (with low or no tritium at all) and a young water 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 thaf 1966/67). If the young water 

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

calculated recharge rates would be smaller. Thereforel, the model provides a minimum 
I 

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

Figure 1. Location map of study area, rain sampling stJons and sampled welis. Ground 
I 

water samples were analyzed for general chemistry, o l8o, o D, tritium, o34s and o 13c 

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

and Rolling Plains during one year, and samples weJe analyzed for <5180, • oD and 

occasionally for tritium (app. 4). I 

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 lokms (modified from Klemt, 1981, 
I 

P~ 7). 

Figure 4. The basal gravels of the Ogallala unconformaty overlie Permian, Triassic and 

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

permeable base overlies the top of the permeable CretJceous Edwards limestone or the 

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

Southern High Plains, sandstone of the Triassic Doc!kum Group also appear to be 

hydrologically continuous with the Ogallala aquifer. Lith@logic data were taken from well 
I 

logs (McGowen and others, 1979; Presley, 1981) and ttpe locality descriptions (Brand, 

1953). 
i 

Figure 5. (a) The Neogene Ogallala Formation was dlposited in an 

produced humid-type alluvial fans composed of sand, !!Jlllavel and finer 

from the Southern Rocky Mountains. Axes of three .major alluvial 

1 

environment that 

materials derived 

fans trend from 



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

• successively overlying higher land elevations and unJonformably overlying Permian, 
I 

Triassic and Cretaceous strata (from Seni, 1980). 

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

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

Thickness is controlled mainly by the relief of pre-Ogallrla drainage valleys and collapse 

basins formed by solution of evaporites (from Seni, 1980).1 

Figure 7. Relative abundance of sand and gravel decreales away from the 

fan deposition (from Seni, 1980). I 

major axes of 

Figure 8. Sandstone at base Triassic forms a permeable contact with the Permian rocks at 

Armstrong, Deaf Smith, Lamb, Cochran, Hockley, YJakum, Lynn, Gaines and Ector 
I 

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

others, 1979). 

Figure 9. Limestone at the top Permian may form a peLeable contact with the Triassic 
I 

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

!l-oosevelt County, New Mexico (data from Presley, 1981)
1 

Figure 10. Permeable sandstone at base Cretaceous fo~m a permeable contact with the 

Triassic rocks at Garza, Borden, Andrews, Martin, Howard and Ector Counties, Texas (data 

from Brand, 1953). I 

2 



Figure 11. Sandstone at top Triassic forms a permeable contact with base Cretaceous 

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

Counties, Texas (data from McGowen and others, 1979). I · 

I 

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

deposits of sand and gravel along the major axes of altuvial fan deposition. In interfan 

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

I 1984). 

I 

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

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

differentiated by higher permeabilities. Core analyses I (Knowles and others, 1984) and 

pumping tests (Myers, 1969) usually provided lower values than the mapped calculated 

permeabilities (modified from Knowles and others, 1984).1 

Figure 14. Ground water in the Ogallala aquifer occur Jder water-table conditions. 
I 

Flow 

lines follow the regional topography gradient and orientation of the alluvial fans, from 
. I 

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

! 

Figure 15. Water level altitude reflect the regiont topography gradient. A linear 

regression based on 470 old measurements of water levels (taken prior to the 1940's and 
I . 

therefore unaffected by pumpage) shows a very close cofrelation (r=0.99) with topography. 

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

by heavy pumpage from the aquifer, which has caused seiere declines in many areas. 
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Figure 16. Extensive pumpage from the Ogallala aquifer I caused severe declines of water 

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

(modified from Weeks and Gutentag, 1984). I 

i 

Figure 17. The potentiometric surfaces of ground water iri the Cretaceous and the Permian 

formations, where they underlie the Ogallala Formaton, trend from northwest to 
• I 

southeast, similarly to the potentiometric surfaces of ground water in the Ogallala and 
I 

Dockum aquifers. 
I 

I 

Figure 18. Potentiometric head differences between fhe Ogallala and the underlying 

aquifers suggest that there is an upward cross formation11l flow from the Cretaceous and 
I 

Dockum aquifers to the Ogallala aquifer in the New Mfxico area of the Southern High 

Plains and toward the escarpment of the Southern High ~lains. Possible upward movement 

of water from Permian formations into the Ogallala also! may occur along the escarpment 

in the northeastern Texas Panhandle. 

Figure 19. o l8o and oD values of precipitation in the douthern High Plains plot across a 

wide range on a line parallel to but slightly above the Jeteoric line. Isotope composition 

values of ground water in the Ogallala and underlying aJuifers scatter along the meteoric 

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

within the range of ground water samples form more thln 60% of the total rain sampled 

I (app. 2 and app. 4). 

Figure 20. Tritium activity in ground water in the ogJllala ranges from O to 73 tritium 
I . 

uriits (TU) (app. 2). Generally, values are very low, e1cept for a specific area in the 

Southern High Plains where the unsaturated zone above I water table is relatively thin arid 

recharge path is shorter. I 

4 I 
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Figure 21. Springs once flowed in many locations across ttie Southern High Plains and along 

its escarpments. Many of them ceased flowing during the 1lst 40 years because of increased 
I 

pumpage for irrigation. Today, springs are mainly located I along the escarpments and their 

annual discharge ranges from 0.002 to 0.9 million J3/yr (calculated from reported 
! • . 

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

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

I FigUre 22. Rough calculations comparing annual pumpage (Wyatt and others, 1976a-g, 

I 
1977; Bell and Morrison, 1977a,b, 1978a-f, 1979a,b, 1980a,d, 1981, 1982a-c) with estimated 

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

from 0.058 to 0.833 inches/yr (0.15 to 2.1 cm/yr); annual [pumpage ranges from 0.5 to 6.55 . 

inches/yr (1.3 to 16.6 cm/yr) (when dividing the annuJl pumpage by the area in each 
I . 

county). In 14 of 26 counties where these calculations we~e made, annual pumpage volume 

is at least 10 times that of annual recharge (modified froJ Knowles and others, 1984). 
. I 

Figure 23. The thickness of the unsaturated zone abov4 the Ogallala water table ranges 

form O 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 RobJrts, Randall, Lamb, Terry, Lynn, 
I . 

Dawson, Gaines, Andrews, Martin, Howard and Midland Counties, Texas, and in Lea 

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

surplus water but also contamination of ground wate~ by agricultural chemicals and 

surf ace-disposed oil-field brines. Extremely shallow tater table can lead to direct 

evaporation from ground water and resulting salinizatiort, as observed around saline lakes 

at the southern part of the study area. I 

FormLion 
I 

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

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

I 
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carried the Ogallala elastics saturated thickness ranges frrm 100 to 300 ft, whereas in the 

interchannel areas it ranges from less than 20 ft to 100 fti (from Knowles and others, 1984, · 

p. 67). I 

Figure 25. As a result of increasing pumpage, the satuJted thickness of the aquifer has 

decreased considerably. Comparison between water level bata from 1980 and 1960 (and by 
I 

1960, water levels were already depleted) shows that 4reas that used to have a thick 

saturated section (200 to 300 ft) decreased from 11 % to f only 2% of the total area of the 

Ogallala. However, areas that once had a very thin ~aturated thickness (O to 20 ft) 

increased from 11 % to 15% during the same time period. :5.0% of the area had O to 80 ft of 

saturated thickness in 1960, whereas in 1980 50% of the a1ea had only O to 60 ft thickness. 

I 

Figure 26. A major feature of Ogallala water composit~on is the sharp increase in total 
I 

dissolved solids (TDS) from below 400 ppm in the northern part of the study area to 
I 

3,000 ppm in the southern part (from Knowles and others, li984, p. 149). 

I 

Figure 27. Along the major axes of fan deposition, the Jguif er has a higher percentage of 

coarse sediments, is thickest, most porous and the chemical composition of its water is 

relatively constant. Water has mainly mixed-cation - H~03 and Ca - HCO3 facies, very 

low tritium activity and is relatively depleted in o 18q and oD (zones 1, 4, 7, and 19). 

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

porosities are lowerand the aquifer is thinner. Hydrochiemical facies vary and consist of 

mixed-cation -mixed-anion, Na - mixed-anion, Mg - mixed-anion and even mixed-cation -
I 

SO4, mixed-cation - Cl, Na - So4, Na - Cl and Ca -r SO4. Tritium activity is higher, 

and o18o and oD values are enriched relatively to water !in major fan axes. 
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Figure 28. The southern part of the Southern High Plains has a larger variety of water 
I . 

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 ~HC03-Cl type, resulting from 

increasing amounts of of Na and Cl in the south. Na and Cl are also the major ions of the 

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

I 

in the Cretaceous and ground water in the Ogallala aquifer in the southern part of the 

Southern High Plains supports our assumption concerning t!eir hydraulic connection. 

I 

Figure 29. Salinity diagrams of mean ion concentration fo~ various aquifers in the Southern 

High Plains. 

Figure 30. o l8o values in the northern part of the study area are more depleted compared 

to the south, following a similar pattern of local pre~ipitation (Nativ and Riggio, in 

preparation). Enriched values are encountered along the !eastern escarpment, although no 

consistent enrichment from west to east can be observed. Similar patterns were observed 
• . I 

for o D values (not shown, see app. 2). ' 

Figure 31. 0345 ranges from -12.7 to +9.5 o/oo with relatively high values observed in the 

northeastern (underlain by Permian rocks) and the southe~nmost parts of the Southern High 
I 

Plains. Negative or near zero values are observed in the area northwest to southeast from 

Oldham County to Floyd County. 

. i 

Figure 32. Correlation of hydrochemical facies with thJ saturated thickness in 412 wells 
. I 

supports the assumption that wherever the aquifer is relarvely thick, hydrochemical facies 

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

limited to saturated thickness less than 90 ft. 
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Figure 33. In many areas in the High Plains, calcium-ars~nate and arsenic acid have been 

used since 1925 as a cotton defoliator and insecticide. L~cally, in the southern part of the 

Southern High Plains, arsenic concentrations approach i or are higher than the limits 

permitted for potable water (50 micrograms/L). High cohcentrations of arsenic are found 

where water table is generally less than 40 ft (12 m) beiow land surface. Arsenic can be 

adsorbed by clay in the unsaturated zones, but large aJsenic applications in areas with 

shallow water table apparently exceed the adsorption Japacity and contaminate ground 

water. 

Figure 34. Salinity diagrams that demonstrate the chemical similarity of contaminated 
I 

water in the Ogallala aquifer to (a) saHne lakes and (b) Ion field brines. Lake water and 

ground water near the lakes are characterized by aq. unusual Na -SO4 and Na -Cl 

hydrochemical facies. In other cases, high salinities in thJ water of the Ogallala aquifer, in 

i 

addition to Na -Cl facies, very low ratios (meq/L) of HCO3/Cl, and SO4/Cl and a high ratio 

of Ca/(HCO3 + SO4) appear to be related to nearby oil fiJlds. 

I 

Figure 35. (a) In Lubbock and Gaines Counties, Texas~ where Ogallala and Cretaceous 

aquifers have similar potentiometric heads, hydrochemiial facies of ground water in the 
I 

Ogallala aquifer coincided particularly well with ground-water facies of the Cretaceous 
I 

(but differ from the mean facies of water in the Oga~lala in the southern part of the 

Southern High Plains) and demonstrated that mixing dJe to upward movement of water 
I 

from the Cretaceous aquifer probably does take plac~. (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 changks form the typical mixed-cation -

HCO3 water into Na - HCO3 facies, similar to the watbr facies of the Dockum Group in 

this area. 
I 
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Figure 36. Approximately 530 chemical analyses of oil field brines from 16 formations in 

the Southern High Plains were studied (data taken from IBurnitt and others, 1963; Reed, 

i 
1963, Burnitt, 1964; McAdoo, 1964 and Crouch, 1965). Brine waters are very saline and 

I 

TDS range from 1,891 to 5,726 meq/L. The chemical cha,acteristics of all brines are Na > 

Ca > Mg and Cl » SO4 > HCO3, and water has Na-Cl facirs. 

I 

Figure 37. All oil field brines show an increase in Na and Cl with TDS and good correlation 
I 

between Na and Cl. In the Permian Brines, close correlation also exists between Ca and Cl. 
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Appendix 4: Isotopic analyses of rain samples collected in the Southern High Plains and 
Rolling Plains, Texas and New Mexico. 

Rain 
BEG amount Tritium 
II Station Ca) Date (inches) 618Q(O/oo) ~D (0/oo) (TU) 

R00l A 10/24/84 . 15 -13.4 -89 

R002 A 10/24/84 . 24 -10.5 -66 

R003 A 10/31/84 .05 .,;2 .3 -5 

R004 A 11/ 17 /84 .12 -6.6 -39 

R005 A 11/18/84 . 54 -15.2 -104 l 4. 3 

R006 A 11/24/84 .28 -15.4 -107 8. 4 

R007 A 11/24/84 .04 -14.9 -101 

R008 A 11/26/84 .02 -17.6 -121 

R009 A 12/04/84 .03 -7.0 -23 

R0l0 L 10/26/84 .04 ~5.1 -28 

R0I l L 11/16/84 .04 .., 4. 7 -20 7.8 

R012 L 11/24/84 1.00 -18.2 -126 6.8 

R013 L 11/25/84 .01 -14.8 -101 8.6 

R014 L 12/ 13/84 .02 -11. 4 -72 

R015 L 12/ ll+/84 .08 -'-6. 8 -40 4. 0 

R016 L 12/15/84 . 72 .:.8. 5 -58 

R017 M 11/17/84 1.23 -4.6 -19 9. 1 

R018 M 11/24/84 .50 -,-6. 5 -32 8.0 

R019 M 12/15/84 . 45 -7.2 -46 6.2 

R020 M 12/31/84 .39 -9.7 -61 8.6 

R021 C 11/17/84 .01 ~5.4 -28 

R022 C 11/18/84 .29 -15.4 -107 12.0 

R023 C 11/24/84 .35 -10.4 -64 11. 4 

R024 C 11/25/84 . 72 -21.8 -155 6. 1 

R025 C 12/13/84 .03 ,-6.5 -59 

R026 C 12/14/84 .92 ,-8.4 -58 5.2 
I 

R027 C 12/15/84 .05 ;,-7. 8 -47 6.0 
I 

R028 C 12/16/84 .24 -6.5 
I 

-52 2. 4 

R029 C 12/20/84 .22 -113. 2 -88 

R030 C 12/29/84 .05 i-7.4 -57 5.0 

R031 M 1/1-2/85 .03 -14.6 -102 



BEG 
II 

R032 

R033 

R034 

R035 

R036 

R037 

R038 

R039 

R040 

R041 

R042 

R043 

ROl/.f./. 

ROf./.5 

R046 

R047 

ROf./.8 

R049 

R050 

R051 

R052 

R053 

R054 

R055 

R056 

R057 

R058 

R059 

R060 

R061 

R062 

R063 

Station Ca) Date 

M 01/12/85 

M 01/30-2/1/85 

L 12/28/84 

L 12/29/84-

L 12/30/84 

L 

M 

M 

M 

A 

A 

A 

A 

A 

A 

p 

p 

p 

p 

p 

p 

p 

p 

p 

p 

p 

p 

p 

p 

p 

p 

p 

01/27/85 

02/ 19-20/85 

02/23/85 

02/28/85 

12/13/84-

12/14--15/84 

12/20/84-

12/28-29/84-

01/31/85 

12/19/84-

10/25/84-

10/27/84 

11/17/84-

11/18/84 

11/25/84 

12/05/84-

12/ 13/84 

12/14-/84-

12/ l 5/84 

12/ 16/ 8f./. 

12/18/84-

12/31/84-

01/0l/85 

01/27 /85 

01/31/85 

02/01/85 

02/01/85 

Appendix 4 (cont.) 

Rain 
amount 
(inches) 

. f./.1 

.37 

.03 

. Of./. 

1.18 

.02 

. f./.2 

.15 

.16 

.20 

.09 

.01 

.05 

.31 

. f./.5 

.90 

.63 

.16 

.23 

.05 

. 61 

1.19 

.05 

1.12 

.16 

.08 

. 1 f./. 

.08 

~180(0/oo) 
i 

i 

-22.7 
I 

19_7 
i 

~3.6 
! 

18.0 
,6.6 

I 

17 .1 
..,.1.8 

I 

t9.1 
I 

-11.7 
i 

-t3.0 
i 
-f7.5 
i 

-\2.6 

16.1 
! 

-12.7 

l4-. 8 

18.3 
'1 

,;.5_ 7 
I -5.1 
I .,.9. f./. 
i 

-12.0 
I -8.3 
I 

-i0.6 
I 

t9.5 
I 

t6.9 

+5-5 
t5.f./. 

-fO.O 
-13.6 

I 

+7.5 

-p .1 

-12.5 

6.1 

~D(O/oo) 

-162 

-65 

-17 

-48 

-38 

-f./.5 

-74-

-85 

-40 

-87 

-38 

-87 

-29 

-46 

-28 

-19 

-f./.8 

-74-

-34-

-63 

-53 

-36 

-27 

-29 

-65 

-95 

-39 

-69 

-29 

Tritium 
(TU) 

9.6 

1 f./.. 7 

12.5 

1.1 

7.6 

6.7 

9.8 

8.7 

10.8 

10.0 

7.3 

f./.. 0 

f./.. 7 

10.3 



BEG 
II 

R064 

R066 

R067 

R068 

R069 

R070 

R071 

R072 

R073 

R074 

R075 

R076 

R078 

R079 

R080 

R081 

R082 

R083 

R084 

R085 

R086 

R087 

R088 

R089 

R091 

R092 

R093 

R094 

R095 

R096 

R097 

R098 

Station Ca) 

p 

L 

L 

L 

L 

A 

A 

A 

A 

A 

A 

A 

C 

C 

C 

C 

M 

M 

M 

M 

L 

L 

L 

L 

M 

M 

M 

M 

M 

M 

M 

L 

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 

0?J/19/85 

04/ 12/85 

04/16/85 

03/29/85 

04/26/85 

04/27 /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 

.16 

.03 

.04 

1.25 

.05 

.60 

.09 

.03 

.46 

.98 

.02 

. 10 

. 11 

1.96 

.50 

.14 

.49 

.05 

.14 

.17 

.17 

.23 

.07 

.22 

.04 

.01 

.53 

.15 

.04 

.23 

. 18 

c5 l80(0/oo) cSD(O/oo) 
' 

-4.4 -20 

-,7.2 -40 
i 

73.4 -16 

75.1 -23 

-10.4 -68 
i 

-6.7 
I 
I 

-,6.5 

-10.8 

-Il.3 

-l7.9 

-18. 2 
I 
I 

-+5.6 

-16.7 

-10.9 

-17.4 

-19.9 
I 

I 

..'.8. 1 

~9.5 
! 

-;-0. 6 
I 

+2.7 

-10.3 

,8.4 

-:-7 .1 
I 

+5.9 
i 
I 

+6.6 

f3.2 

+6.2 
! 

+4.7 

+4.3 
I -;-1.4 

l3_4 
I t2.7 

-40 

-40 

-79 

-82 

-134 

-133 

-46 

-119 

-76 

-135 

-138 

-56 

-64 

-10 

+14 

-67 

-65 

-45 

-30 

-54 

-26 

-38 

-30 

-32 

+l 

-19 

-23 

Tritium 
(TU) 

5.2 

9.3 



Appendix 4 (cont.) 

Rain 
BEG amount Tritium 
II Station Ca) Date (inches) 6180(0/oo) 6D(O/oo) (TU) 

R099 L 05/22/85 1.47 -7.7 -56 

RIO0 L 05/ 16/85 . 47 -4.8 -31 

Rl0l L 05/17/85 .32 -,6. 1 -43 

Rl02 L 05/20/85 .13 -6.5 -39 

Rl03 L 05/31/85 .20 -5.3 -39 

Rl04 L 06/01/85 .02 -5.2 -36 

Rl05 L 06/04/85 .59 -2.9 -11 

Rl07 L 06/05/85 2.20 -8.9 -60 

Rl08 L 06/ 11/85 .35 -4. 6 -36 

Rl09 L 06/17/85 .29 -4. 7 -37 

Rl 10 L 06/ 18/85 .14 -4. 8 -36 

R 111 L 06/20/85 .14 -6.3 -39 

RI 12 L 06/25/85 .50 -6.1 -46 

Rl 13 L 7/1-2/85 .55 -3.5 -12 

RI 14 M 06/05/85 .36 -8.6 -53 

Rl 15 M 06/ 11/85 .05 -4. 0 -23 

Rl 16 M 06/ 12/85 .11 -8.6 -58 

Rl 17 M 06/25/85 .04 -0.9 -4 

Rl 18 p 03/15-16/85 0.06 -3.2 -15 

Rl 19 p 03/ 19-20/85 1.25 -8.8 -57 

R120 p 03/20/85 .63 -16.1 -110 

Rl21 p 03/26/85 .35 -7.3 -51 

Rl22 p 03/29/85 .39 -11. 7 -96 

Rl23 p 04/21/85 . 45 -4. 5 -33 

Rl24 p 04/27/85 . 49 -5.5 -34 

Rl25 p 04/28/85 .28 -5.1 -38 

Rl26 p 04/29/85 .05 ,2. 4 -16 
! 

Rl27 p 05/13/85 .16 7"4. 6 -28 

R128 p 05/17/85 .09 -1.9 -27 

Rl29 p 5/ 19-20/85 1.08 -:-9.3 -62 

Rl30 p 05/20/85 .04 -8. 4 -56 

Rl31 p 05/25-26/85 . 41 -2.5 -25 



Appendix 4 (cont.) 

Rain 
BEG amount Tritium 
II Station Ca) Date (inches) ~18o(oJo0 ) 60(0 /oo) (TU) 

Rl32 p 06/01/85 .37 -;1 .9 -1 lJ. 

Rl33 p 06/05/85 3.15 "'7lJ.. 7 -26 
! 

Rl3lJ. p 06/5-6/85 .90 i8 .lJ. -56 

Rl35 C 03/30/85 .08 -11. 7 -79 

Rl36 C 0lJ./ 1 lJ./85 .21 -p.8 -101 

Rl37 C 0lJ./ 16/85 .05 -;0.8 -36 

Rl38 C 0lJ./29/85 1.05 15.7 -3lJ. 

Rl39 C 05/17/85 .l/-2 ~lJ.. 8 -2lJ. 

Rll/-0 C 05/18/85 .75 -t9.8 -72 

Rll/-1 C 05/19/85 . lJ.3 -llJ.. 2 -99 

Rll/-2 C 05/22/85 1.16 -11. l -75 

Rll/-3 C 05/23/85 . 18 ..,.9_ 9 -67 

Rll/-5 C 06/05/85 2.02 15.9 -35 

06/06/85 
I 

Rll/-6 C . 0lJ. ..:.6. 3 -lJ.lJ. 

Rll/-7 C 06/ 12/85 .22 
I .;.8. 3 -60 

Rll/-8 C 06/ llJ./85 .35 
i 

..:.4. 7 -31 
' I 

Rll/-9 C 06/17/85 .03 ' 

R150 A 0lJ./ 12/85 .65 .:.9. 8 -73 
i 

Rl51 A 0lJ./28/85 1.99 ~6.7 -lJ.5 
I 

Rl52 A 05/17/85 .15 -) .6 -60 

R153 A 05/20/85 .20 .,.9. 1 -68 

Rl5lJ. A 05/22/85 . l/-8 -i0.2 -75 
i 

R155 A 06/03/85 2 .12 15.5 -39 

R156 A 06/09-11/85 .28 -:-6. 3 -lJ.7 
! 

Rl57 A 06/ llJ./85 .20 t5. lJ. -lJ.9 

Rl58 A 07/10/85 .03 tlJ..9 +llJ. 

Rl59 L 07/25/85 2.65 +6.1 -37 

Rl60 L 07/2lJ./85 .60 t6.1 -3lJ. 

R161 M 07 /02/85 .02 i2.6 +35 

R162 M 07/03/85 .33 -!-2 .6 -15 

R163 M 07/20/85 .09 iz.8 -15 

Rl6lJ. M 07/20/85 . 0lJ. 1.7 +1 



Appendix 4 (cont.) 

Rain 
BEG amount Tritium 
II Station Ca) Date (inches) 15180(0/oo) 6D(0 /oo) (TU) 

Rl65 M 07/22-23/85 . 11 -5.6 -37 

Rl66 M 07/L.5/85 . 14 -4. 9 -33 

Rl67 L 08/10/85 . 11 +3.4 +22 

Rl68 L 08/ 14/85 .27 -3.1 -11 

Rl69 L 08/23/85 .10 -3.1 -14 

Rl70 M 08/ 13/85 .44 -2.8 -11 

Rl71 M 08/14/85 .21 -4.5 -32 

R172 L 08/27 /85 .04 

Rl73 L 09/14/85 .21 -5.1 -28 

Rl74 L 09/19/85 1.53 .:.6. 7 -40 

Rl75 L 09/20/85 1.20 -6.8 -37 

Rl76 L 09/20/85 .65 -5.2 -29 

Rl77 L 09/21/85 .10 -7.8 -52 

Rl78 L 09/28/85 .72 -7.5 -48 

R179 C 07 /02/85 . 71 -5.2 -33 

Rl82 C 07/25/85 .06 -5.1 -36 

Rl83 C 07/27/85 .31 -8.4 -68 

Rl84 C 07/28/85 .12 -3.2 -25 

Rl87 C 08/08/85 .03 +1.6 -7 

Rl88 C 08/11/85 .76 -4.4 -32 

Rl89 C 08/15/85 . 63 -2.7 -21 

Rl91 C 08/21/85 .47 -5.1 -39 

R192 C 08/24/85 1.20 ,.3. 4 -26 

R193 C 08/27/85 0. 15 ,...3. 2 -24 

Rl94 C 09/04/85 1.12 -5.4 -42 

Rl95 C 09/ 12/85 .70 -4.7 -30 

Rl96 C 09/16/85 .08 -5.4 -33 
I 

Rl97 C 09/19/85 .45 !-6. 5 -49 
I 

Rl98 C 09/20/85 .50 1-6. 3 -46 
I 

Rl99 C 09/21/85 .17 -6.0 -37 

R201 M 09/05/85 . 18 -5.0 -45 

R202 M 09/12/85 1.13 -6.0 -36 



Appendix 4 (cont.) 

Rain 
BEG amount Tritium 
II Station Ca) Date (inches) o 18o(O/oo) 0 T"\(" I"'""' IT•., 

, . ., -1.0 -12 
R204 M 09/ 19-20/85 .50 -3.4 -26 
R206 A 07/24-26/85 1.65 -6.6 -48 
R207 A 07/25/85 .05 -6.6 -49 
R208 A 07/26-27/85 .12 -5.3 -41 
R209 A 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 -4.4 -39 
R232 p 07/25/85 1.28 -3.7 -35 

R23l/- p 08/21/85 .45 -6.2 -44 

R235 p 08/24/85 .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 

I 

(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. 



Appendix 1. Mean values ( ~fc{> for chemical parameters of water in the major aquifers in the Southern High Plains. 

Ogallala Ogallala Triassic Triassic Permian Permian Permian 
North South Cretaceous North South (Quartermaster) (Whitehorse) (Blaine) 

ca+2 57 76 91 30 86 295 '+27 531 
2.84 7:79 4.54 7":ii9 4.29 14T 2T"JT 25.'+9 

Mg+2 30 60 33.5 16 '+'+ 1'+5 101 1'+0 
2.47 ~ z:f6" -----rJ"1 3.55 11.95 8.26 7.T.66 

Na+ '+5 108 151 2'+5 117'+ '+23 210 292 
1.%° ti":1o 6.58 10.6'+ 51.1 18.38 9.07 12.69 

K+ 8 13 8 2.3 0.8 10 '+ '+ 
~ ~ o.T9 ----□.-6"6 7f.o2 D.25 ~ ~ 

'-J'":')3- 278 275 292 387 '+'+3 279 1'+2 225 
436 ti:-rr- 4J8 637+ ~ ~ 2.33 """T.69 

S04-2 66 196 185 161 11'+5 1509 13'+7 1716 
---or 4.08 3.87 3.05 23:sT 31.41 28.0'+ 35.73 

CJ '+3 160 170 128 988 310 300 392 
1.21 ~ """T.o7 ~ 27.86 ~ 8A5 TlJiT 

TD! '+29 800 830 961 3881 2857 2'+93 3197 
l '+.7'+ 27.0'+ 27.88 26.98 7Tf.9 90.16 77.65 100.08 

Ion ratios 

HCO3-/Cl- 3.77 1.00 0.95 1.76 0.25 0.52 0.28 0.33 

Na+/cC 1.62 1.0'+ 1.30 2.95 1.83 2.10 1.07 I. 15 
---- - --- -- - -- -- --·-- ----------- -- -- - ----- --- ------------ --- - --- -- -- --- -- -~ . -- -- -- - - - -

SO4-2/cC 1.13 0.9 0.76 0.8'+ 0.85 3.59 3.32 3.23 

Water type Mixed-Cations-HCO3 Mixed-'Cations-Mixed-Anions Mixed-Cations-Mixed-Anions Na-Mixed-Anions Na-Mixed-Anions Mixed-Cations-SO4 Ca-SO4 Ca-SO4 

No. of analyses 2179 1383 87 73 81 22 109 26 


