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ABSTRACT
Topographically controlled ground-water-basin divides, established during the

Pleistocene by erosion of the Pecos and Canadian River valleys, prevent ground-water
rechariSe in the outcrop of theTriasslc Dockum Group from entering the confined part
of the aquifer in the Dockum Group beneath the Southern High Plains in the Texas
Panhandle and'eastcrn New Mexico. Ground water In the confined aquifer was
probably recharged from precipitalion'at higher elevations In eastern New Mexico
before thick deposits of Dockurn Group sandstones were eroded. The confined
aquifer in the Lower Dockum Group Is separated from the overlying, heavily pum ped
High Plains aqulfer in the Neogene Ogallala Formation'and Cretaceous Edwards/
Trinity Groups-'by thick muidstones'in the Upper DockumGroup. Hydrologic -

scparailon beneath most of the Southern High Plains Is Iindicated by (1) hydraulic
heads of Lower Dockurn Group ground waiter that are 300 to 700 ft (90 to 200 in) lower
than'the water table of the High Plains aquifer, (2) 6'"O and '6D values of Lower
Dockum Group ground water that are 2 to 3 9ix and 15 to 2$ %o ligli'le:r, respectively,
than groundwaier In the Ogallala Formation, and (3) different associations of hydro-
chemical facies in' the two aquifer systems. The significant differehces In hydraulic
head between the two aquifer systems reflect the Pleistocene cutoff of recharge and
the' continuation of discharge during the Holocene, which have caused a decrease In
ground-water storage. The 610 and 6D values suggest that Dockum Group ground
water was recharged In a cool climate at elevations above approximately 5,900 ft
(1,800 m) in eastern New Mexico.

Chemical composition of Dockum Group ground water is controlled by reactions
with: Dockum Group minerals, including calcite, chalcedony,'dollomnite, feldspar,
kbolinite, opal, pyrite, and s'mectite. Accounting for salinity greater than 20,000 mg/L in
Na-Cl facies are (1) discharge of ground water that dissolved halite in underlying
Permian strata or (2) Cretaceous seawater that was Incompletely flushed from low-
permeability mudstones In the Dockum Group. Spatially variable water quality occurs
in unconfined parts of the Dockum Group 'where ground water from adjacent '

formations mixes with Dockum Group ground water.
Ground water in the Lower Dockum Group beneath the Southern High Plains in

the Texas Panhandle and eastern New Mexico has not proved to be a substitute for
Ogallala Formation groundwatereverywhere. Development of Dockum Group water
resources for irrigation and municipal supply'will continue to be limited to areas
having thicksandstone deposits, moderate head lift of less than 500 ft (150 m),and fresh
to slightly brackish salinity as great as 3,000 mg/L. Production of Dockurn Group
' ground water beneath the Southern High Plains will deplete stored water because the
recharge rate to the confined Dockum Group'is negligible.

Keywords: hydrogeology, hydrogeochemistry, water resources, chemical
composition, Isotopic composition, specific capacity tests, Dockum Group,
Southern fhigh Plains, Texas Panhandle, eastern Nev Mexico
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INTRODUCTION
This report documents how aquifer lithology,

regional ground-waler flow patterns, and chemical
. reactions between ground water and minerals control
the quality and location of ground-water resources in
the Lower Dockum Group of Triassic age in the Texas
Panhandle and eastern New Mexico (fig. 1). Research
presented in this paper was part of a program
designed to characterize possiblesites for a high-level
radioactive waste repository in Permian salt deposits
-in the Texas Panhandle (U.S. Department of Energy,
1984a, 1984b). The aquifer system In the'Dockum
.Group overlies Permian mudstories.and evaporites
that act as a confining system (Bassett and Bentley,
1982; Kreitler and others, 1985).' Dockum Group
ground water beneath the Southern High Plains
underlies the High Plains aquifer, which Is composed
of terrigenous sands and gravels 'of the Neogerie
Ogallala Formation and marine sandstones and
limestones of the Cretaceous Edwards/trinity Groups
(Knowles and others, 1984). Extensive pumping of
ground water for irrigation and municipal supply has
-markedly lowered water levels in the unconfined
High Plains aquifer. (Knowles and: others,, 1984).
Dockum Group ground water is used locally in place
of Ogallala Formation water for irrigation and Is mixed
with Ogallala Formation water for municipal supply.
Where the Dockum Group crops outit is the primary
source of ground water for Irrigati6ri, stock, and
domestic use.

The hydrogeochemistry and water'resources of
the Dockum Group were studied.throughout the

Texas-Panhandle and eastern New Mexico to define
regional controls on ground-water salinity, hydraulic
head, and regional ground-water flow paths. Hydro-
geologic studies of the Dockum Group specific to a
possible repository site In the Texas Panhandle can be
developed from this regional characterization. To
determine sources of water and regional ground-
water flow paths through the Dockum Group, we
studied its potentlometric surface, hydrochemical
facies, and stable isotope composition. We reviewed
.ground-water use', specific capacity tests, and water:
well records to better predict future use of DockuM..
Group ground water. We agree with Raynor (1973)
and Blair (1976), who'concluded that Dock'um'Group'
ground water generally will not replace. Ogailal'
Formation ground water. as a resource because f a-
salinity hazard and the high cost of production werer
the Dockum Group is overlain by the High 'I"n'
aquifer. In this paper we discuss hydrogeologic -
explanations of the salinity distribution and 'tl&
relation of'salinity to well'yield.

Data on the hydrogeology of the Lower Dockum
Group are sparse for large areas beneath the Southern
High Plains, where.well depth, well yield, and water:
salinity:limit potable water resources, Our study is
limited to the Lower Dockum Group because hydro-
geologic data from the Upper Dockum Group are
absent in mostof theTexas Panhandle.The somewvhat
more abundant data from the Upper Dockum Group
in outcrops in New Mexico are'excluded fromnthis
report.

HYDROGEOLOGIC SETTING
The Dockum Group,which is less than 100 ft (30 m)'

to more than 2,000 ft (610 im) thick (figs. 2a-and 2b),
accumulated 'during the Triassic Period (230 to
208 m.y. B.P.) in a closed continental basin in fluvial,
deltaic, and lacustrine environments (McGowen and
others, 1977, 1979). Clastic Dockum deposits overlie
shelf deposits of Permian halite, anhydrite, dolomite,
mudstone, and sandstone. McGowen and others
(1977, 1979) informally divided the Dockurn Group-
into lower and upper sections, called Lower Dockum
and Upper Dockum in'this report (fig. 3). The Lower
Dockum Group is composed of fine- to coarse-
grained quartzose sandstone and granule to pebble
conglomerate, which were deposited In braided and
meandering streams, In alluvial fans and (an deltas;
and in high-constructive lobate deltas. Thick, coarse-
grained sandstones are concentrated in the northern,
east-central, southern, and west-central parts of the

Lower Dockuum Group (fig. 4a). Mudsione deposited
in lacustrine and prodelta environments is common at
the base of progradational sequences (McGowen and
others, 1979). On a regional scale, sandstone facies
siiow little lateral continuity (McGowen and others,
1977, p. 12).

In the mud-rich Upper Dockum Group, thickest
sandstone deposits are In southeastern New Mexico
and the south-central part of the Texas Panhandle
(fig. 4b). Thick packages 'of sandstone ate: not
extensive elsewhere in the Upper Dockum because
fluvial-deltalc systems were generally small
(McGowen and others, 1979). Sandstone beds in the
Upper Dockurn Group arc discontinuous throughout
the Texas Panhandle and eastern New Mexico.

South of the Canadian River, Cretaceous, Tertiary,
and Quaternary deposits overlie the Docklum Group
(figs. 1 and 3). Jurassic deposits are limited to the

3
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FI(;lIRE 21,. Isopacil map of the Upper Dockiim Group (Ni{C;owven and others, 1977).
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FIGURE 3. North-south strauigraphic cross section through the Texas Panhandle (modified
showing hydraulic-head profiles of aquifers in the Ogallala Formation, Edwards
Dockurm Group. Line of section A-A' shown in figure 1.

northwestern corner of the Texas Panhandle and to
northeastern New Mexico. Some erosion of Triassic
and Cretaceous rocks took place before deposition of
the Neogene Ogallala Formation. The Ogallala
Formation is composed of wet alluvial-fan deposits
shed from the southern Rocky Mountains during the
Neogene; it caps the High Plains in Texas and New

Mvexico (Seni, 1980).
Dockum Group rocks were exposed at land

surface by erosion of the Pecos and Canadian River
valleys and by retreat of the High Plains Caprock
Escarpment. The broadest exposures are in the
headwaters of the Pecos and Canadian Rivers In

northeastern New Mexico ar
the Colorado River in the s4
study area. The Dockum Grc
narrow band around the basc
Escarpment north of Garza C
the Canadian River valley
Pliocene, anti valley drai
established by the early Pleii
Finley, 1985). Pecos River i
developed until the rnidd
(Morgan, 1941; Gustavson an(
the Caprock Escarpment pro
the late Pleistocene and Ho

from Granata, 19B1)-
,/Trinity Groups, and

id in the headwaters of j
outheastern part of the
)up is also exposed in a
o of the Eastern Caprock 2
ounty (fig. 1). Erosion of ;
began during the late 3<
nage was completely .
itocene (Gustavson and ;-
drainage was not fully
le to late Pleistoccne
J Finley, 1985). Retreat of
bably took place during
leocene (Gustavson and
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Finley, 1985). The effect of erosion of the major river',
valleys on Dockum Group hydrogeology is discussed
in the section"Origin of ground water in the Lower
Docklum Group" (p. 24).

The amount of water availablc'for recharge to
shallow aquifers in the Texas Panhandle and eastern
New Mexico'is limited. The climate ranges from
semiarid to subhumid.' Mean annual precipitation
incrcases wvest to cast from lcss than 12 inches (30 cm)
across the Pecos Plains to about 24 Incites (61 cm)
across the Rolling Plains (Larkin and Bomar,'1983).
Potential evapotranspiration increases from -about
50 inches/yr (127 cm/yr) across the northern end of
the Texas Panhandle to about 70 inches/yr (177 cm/yr)

across the southern end of the High Plains (Eagleman,
1976). Only during winter and early spring does
available'moisture in the ground exceed the soil-
moisture deficit, allowing ground-&ater recharge.
Most of the annual precipitation falls during intense
rainstorms but because Infiltration capacity is
generally exceeded, most rainfall is carried awray as
surface runoff and does not infiltrate the subsurface
Finley and Gustavson, 1980). Warm and subhumrid
climates have prevailed during the Holocene; cooler
and more 'humid climates may have existed in the
Texas Panhandle during the late Pleistocene (Caran
and McGookey, 1983).
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DATA AND METHODS

A report by Duffin (1985), computerized data and
open-file records of the Texas Department of Water
Resources, and records of the High Plains Water
Conservation District No. 1, Lubbock, Texas, were the
sources for water-level measurements of 258 wells in
Texas and records of well drilling in the Dockum
Group. We compiled water-level measurements of
798 wells in eastern New Mexico from Thels' (1932),
Griggs and Hendrickson (1951), Hendrickson and
lones.(1952), Long (1957), Smith (1957), Nicholson and
Clebsch (1961), Berkstressei and Mourant (1966),
Mourant and Shomaker (1970), Dinwiddie and
Clebsch (1973), Hudson (1976,1978), and Hu6dson and
'Borton (1983) and from open-file records of the New
Mexico State Engineers Office. The water levels were
measured In irrigation, stock, and domestic supply
wells during several decades. Some measurements
were made during the Irrigationo season and:were
undoubtedly affected by drawdown. WVe assuime that
historicand seasonal changes In ground-wvater level at
any location are small relative to regional variations in
the potentiometric surface. Where several nmeasure-
ments were made at one well, we used the highest
water level.

Methods and calculations used to estimate trans-
missivity from specific capacity well tests, following
steps described by Brown (1963) and Theis (1963), are
detailed in appendix A:

Most chemical analyses of Dockum Group ground
water are from wells in the outcrop; data coverage of
ground water in the Docklum Group beneath the
Southern High Plains is poor. We compiled chemical
analyses of 266 Lower Dockum Group ground-water
samples from wells in the High Plains and'Rolliig'
Plains of the Texas Panhandle and another 88 samples
from wells in the Pecos Plains and High Plains In
eastern New Mexico (app. B). Several common
problems that arise during sampling and laboratory
determinations require that caution be used In
interpreting the results. Termperature, pH, and
alkalinity were not always measured on site- and
therefore are unreliable estimates of in situIvalues. Of
the 354 analyses, 122 lack pH, and temperature
measurements. Loss of C0 2 gas during fluid
production and sample collection can cause pH to rise
(Pearson 'and others, 1978), accounting for the
apparently high saturation indices of calcite :and
dolomite in most samples. In addition, tie charge
balance between cations and anions was almost
always exact, Indicating that sodium and potassium
concentrations were computed from the difference
between total equivalent charge 'of anions. and
equivalent charge of other cations (He-m, 1970, p. 234).

We collected 21 ground-water samples from the
Dockum Group throughout the study area to verify
previous analyses, to supplement sparse data, and to
determine stable isotopes (P'5O, 6211,and 654S) useful
in interpreting the hydrogeologic system. We
measured pH, alkalinity, Eli, and temperature at well
sites using standard methods (Barnes, 19G4; Wood,
1976). Before sampling, wells were pumped until pH,
Eh, and temperature. stabilized. Samples for
determining 6 i0 and 62H l(6D) were cllected in
500-ml glass bottles.'Samples for determining 6"4S'of
sulfate were collected in 500-mL glass bottles and
treated first with 6N hydrochloricacid and then with a
5-percent cadmium-acetate solution. Ratios of D/H,
10' 0jC 0 , and 34AsA2S are reported as differences from
arbitrary standards expressed as

6 =(Rzamnpic Rsla,,lIafd.)X 1000/Rstandowd (1)

where R is (D/H), (18O/' 0O)o;r c"S/3 2S). Thestandard
for hydrogen and oxygen'Is standard mean ocean
water (SMOW) (Craig,1961).The standard forsulfuris
based on the Canyon Diablo troilite' standard (hode
and others, 1961). Few wells In the Dockum Group in
the southern part of theSouthern High Plains (app. B)
are still available for sampling; they' have been
plugged and abandoned, used for brine injection, or
have had pumping equipment removed.'

Chemical composition of the grouund water was
interpreted with the aid of bivariate plots of ionic
concentrations, plots of mineral saturation indices,
and plots of data on phase diagrams. We used the
program SOLMNEQ (Kharaka and Barnes, 1973) to
calculate ionic activities from measured concentra-
tions to (1) determine activity products-and mineral
saturation indices and (2) plot water samples on the
phase diagrams. To run SOLMNEQ, we assigned the
average pH of 8.0 and the average temperature of
64.20F (17.9?C) to water samples that lacked these
measurements. Analyses using the assigned pli were
not included in estimates of mineral saturation states
that vary with pH, nor were they Included in plots on
phase diagrams. To determine phase boundaries, we
used Helgeson's (1969,1978) !hermodynamicdata and
ecquilibrium constants for mineral dissociation. and
hydrolysis reactions; the Helgeson Oiata differ from
other data sets (Nordstrom and Munoz, 1985, p. 340).
Table 1 lists equilibrium constants for the reactions

..depicted in the phase diagrams. Activity of water was
assumed equal :to. unity, and temperature was
assumed to be 771F (251C).
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TABLE 1. Mineral reactlons anid equilibrioun reaction constants (K)'.

(1)" K a .0.125; albite - kaolinite
NaAISi30 4 H- + 4.51S,0 = MSAISi20slOt) 4 + Na' + 2H45i04

(2) K = -4.02; albite - gibbsite
NiaAISi 3Oe + W + 71HzO i AI(O1)b + Na6 + 3H.SiO,

(3) K = +1.42; alblie - Na-smectito
1.167NaAIS10s + H' + 3.33)H0 = O.SNa. AI2l,33Sl3,I,?O(0H)2 t Na' + 1.67H.SiO,

(4) K a -7.645; Na-smectlte * kaolinitc
3Na,,AI2,3,Siwtu(OH)2 + H' t 11.51102 3.5AlzSiz0 5(0H)4 + Na + 4KiS0 4

(5) K - +8.29; gibbsito kaolinite
ZAI(Oti)s + 21-4,5iO4 - Al4SiaOs(OH]M4 + SHO

(6) K= -1.02; Ca-smcctlte - Na-smecflte
6Ca jAlSi.5Oi,(OiI) + 2NaW ' 6Na.Al2,JSlseYOi&(OI4)2 + Ca"

(7) K - 40.50; Ca-usmectlte - Mg-smectite
C3.aiAl2.3,5i,.GO10(0l)2 + Mge' 6M5.e-TAla.33SI6iO01o(0Hi + Ce* .

(8) K - -16.31; Ca-smectite - kaoiinite
6Ca.sAl2ssls,.0o*(OH)a + 2H' 4 23HaO 7ANS12,0.(0H4 t Ca'* + 8HS140.

(9) K 5 -16.08; Mg-smectlte - kaotlnite
6Mg.,.Ali3Sis.1Oio(011)4 I2H' .+ 231120 -7A12SlXO5(OH).+ Mg"' 4 8HI.S10

(10) K - -475.8; Mg-smectite - chlorite
6Mg.ie7Al2 nSI,,7¶oi0H)x f 721420 + 34Mgg' n 7MgsAlaSlaOioOH)e + 68H4' + H.5104

(11) K - -475.3; Ca-smectite - chlorite
6Ca.l ,67?Ai2Si.s7?lo(OH1 4+ 35Mg2"' 7MgiA6SlIoi(OHi 4 Ca' + 68H*' S8)1O + F1-S1O4

(12) K - -4.00; quartz -. silicic acid
SIO + 2Hx0 = H45i04

(13) K =-3.73; chalcedony silicic acid
SiOn + 21-,0 H&SiOs

(14) K -271; opal - silTicic acid
Sio5 + 21-20 a -145104

(15) K - +9.76; calcite solution
CaCO3 + 21' - Ca"j + CO,"- ts H,0

(16) K -0.28; dolomite - calcite
CaMg(CO,)a + Ca2 - 2CaCO3 t MgB

'The general form of the equations is aA+ bBr cC + dD; the reaction constant for the general equation equals
ICjcIDr/J[Aj'LBr.
"Equation numbers keyed to phase boundaries in figurCs 15 through 17.

RESULTS
Potentlometric Surface

The shape of the potentiometric surface of Lower
Dockumn Group ground water (fig. 5) clearly reflects
the influence of topography, as is expected in a near-
surface aquifer system (Toth, 1962, 1963, 1978;
Hitchon; 1969). A fold, or a reversal in the slope
direction, in the potentiomeiric surface indicates the
locations of hydrologic divides between ground-
water basins. Ground-water-basin divides lie along
the western and northern limits of the Southern High
Plains, and they separate Dockum Group ground
water beneath the Southern High Plains from ground
water in outcropping Dockum rocks in the Pecos and
Canadian River valleys (Fink, 1963; Summers, 1901). A
narrow ridge in the potentlornetric surface, runIning
solithcastward from the Dockum outcrop in north-
eastern New Mexico to the northwesternmost arin of
the Southern High Plains, (felines the divide between
the Pecos and Canadian River valley ground-water

basins (fig. 5). Available data do not accurately define
the northern boundary of the Canadian River valley
ground-water basin.

The shape of the potentiometric surface of Lower
Dockum Grouo groutnd water appears' to be also
influenced by stratigraphy of the Dockum Grou'p. In
the northern part of the Southern High Plains ghround-
water basin, the' potentlometric surface of ground
water (fig. 5) in thick sandstone'deposits (fig. 4a) is
inclined to the east-southeast at gradients ranging
from less than 6 ft/mi (1.1 nn/km) to more than 18 ft/mi
(3.4 rn/km), which are similar to water-table gradients
In the HI gh Plains'aquifer (Knowles and others, 1984).
Hydraulic-head data from the central and'southern
parts of the Southern High Plains, although sparse,
suggest that the lateral hydraulic-head gradient is
steeper in Cochran,' Yoakum, and Gaines Counties
than in Bailey, Parnier, Castro, and Deaf Smith
Counties In ihe northern part of the Southern High

P-........ LES-005026
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Plains (fig. 5). The regionally depressed potentio-
metric surface of the Dockum Group In Cochran,
lfockley,Yoakum,Terry,and Gaines Counties, where
hydraulic head is less than 2,750 ft (830.2m), coincides
with a large area where sandstone and conglomerate
make up less than 30 percent of the Lower and Upper
Dockum Group (figst 4a and 4b) and less than
30 percent of the Ogallala Formation (Seni, 1980,
p. 15). A steep hydraullc-head gradient reflects either
loss of hydraulic head as Dockum Group ground
water moves eastward into an area of lower
permeability or lack of vertical flow of ground water
from the High Plains aquifer downward through
Upper Dockur mudstone into the Lower Dockum
Group. Thickness of the Dokkuri Group does not
decrease and structural dip' does not increase across
the southern partof the Souihern Hlgh Plai,$,sothese
factors probably do not affect 'the steepness of the
hydratilic-head gradient.'

The potentiometric surface of: Lower Dockum
Group ground water is 300 to 700 ft (90 to 210 m)
belowthe water tableof the High Plains aquifer (Fink,
1963) and is below the base of the Ogallala Formation
and Edwards/Trinity Groups (fig. 3), Indicating a
regional potential for vertical flow of ground water
downward from the High Plains aquifer to the aquifer
In the Lower Dockum Gr6up.' Otr the one hand, the
similarity of the potentiometric surfaces of ground
water In the Ogallala Formation and Edwards/Trinity
Groups suggests that the aquifers in these strati-
graphic units are interconnected and part of the High
Plains aquifer system.- On the, other hand, the
difference between the potentiometric surfaces of
ground water in the High Plains aquifer and the
aquifer in the Lower Dockurm Group suggests that
vertical hydrologic connection between the aquifers
is poor in most areas of the Southern High Plains. The
difference between potentiometric surfaces of
ground water In the High Plains aquifer and In the
Lower Dockum Group increases toward the southern
part of the Southern High Plains, mainly because of
the depression in the potentiometric surface of LQwer
Dockum Group ground water. Origin of the large
difference in hydraulic head between ground water in
the High Plains aquifer and In the Dockum Group is
discussed on page 24.

Potentiornetricsut faces of ground water also differ
between sandstones within the Dockum Group. In
the northern part of the Southern High Plains, along
section line A-A' (fig. 3; Fink, 1963, his figs. 2 and 3),
the potentiometric surface of ground water in
sandstones at the base of the Dockum Group appears
to be below the top of the Lower Dockum Group. It is
possible that the potentiometric surface of ground
water In the upper part of the Lower Dockum Group is
above the top of the Lower Dockum and lies between

the water table of the High Plains aquifer and the
potentiometric surface of ground water in the lo wer
part of the Lower Dockum Group. The potentiometric
surface of ground water in Upper Dockum sandstones
is poorly known but is probably also between the
altitude of the water table in the High Plains aquifer
and the potentiometric surface of the Lower Dockum
Group.

Hydrogeocheniistry
In hydrogeocheemistry, isotopic and chemical

compositions are used to Interpret sources of ground
water and to define chemical reactions between wiater
and minerals that.. deternine ground-water qiality.
Chemical composition of ground water In the Lower
Dockum Group is presented with' Pllier,.or triline'ar,
diagrams (Piper, 1944; Freeze and Cherry,1979,'pji'49)
and biviriate plois'of Ionic concentrations. -

Dockum Group ground water appears to be mete-
oric in origin, that is, derived from precipitation aind
not isotopically altered by exchange with. rocks or by
mixing with n onmeteoric wvater. The D/H and
'80/' 0 ratios in Lower Dockum Group ground water
from the Texas Panhandle and eastern New Mexico
(table 2) plot along the meteoric water line (fig. 6),
which is typical of worldwide precipitation (Craig,
1961; Dansgaard, 1964). A southeast to northwest
trend of inceasing depletion of AD and 6'.80 values in
precipitation across the Texas Panhandle and eastern
New Mexico (Taylor, 19741 is generally reflected in the
Isotopic composition of Dockum Group ground
water, but the isotopicaIly lightest water occurs in
thick sandstone deposits In the northern part of the
Southern Hi6%h Plains (compare figs. 4a and 7). Values
of 6D and 6' 0 of Dockum Group ground water are
15 to 25 °/6O and 2 to 3 %O lighter, respectively, than
ground water in the Ogallala Formation throughout
the Southern High Plains (fig. 8; Nativ and Smith,
1985). Isotopic composition of Dockum Group
ground water resembles the isotopic composition of
shallow ground water in the Pecos Plains of eastern
New Mexico (Gross and others, 1982).

Several mappable associations of hydrochemical
facdes are present in the Lower Dockum Group in the
northern, central, and southern parts of the Southern
High Plains (figs. 9 and 10a). Hydrochlemical facies are
named for the ions that account for at least 50 percent
of total equivalent concentration as depicted in Piper
diagrams (Back, 1966); mixed-cation and mixed-anion
hydrochemical facies, as defined in this report, are
waters in which no one cation or anion is dominant.
Although mappable associations of hydrochemical
facies vary across the study area, the reactions that
appear to control the chemical composition of
ground water arc common to all hydrochemnical
fades (see discussion beginning on'page 26).
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TABLE 2. Chlerniic and istopic composition of Lower Dockurm Group ground war'er. Conccnrration; in m8gL

Cnunly, -
Lat. tong.

ON WI PC pH Ca hig Na K Sr
lOD

Cl SO. h1CO, at SlOt e/6

6"O 6S Sanipte
,& *% no.

Andrews 32.240 102.650
Deal Smith 34.84 102.347

34.800 102.431
35.122 102.502
35.121 103.021
, 34.803 102.317
34.904 102.317
34.8'Y6 102.181
34.833 102.344
34.793 102331

Grza 33.279 101A19
- 33.07i 101.08

Howard 32.476 101.361
i2.417 t10123J

Oldham' 35.53t i02.2*9
Randatt 34375 101.869

: 3515 ,10i.752
Swisher, 34,439 -101.881

34.734* - 1Ot64
34.546 101769
34.556 101J74

Dc Uaca 34.523 104225
Quay 35.353 103458

35.142 103.350
34-933 103,367

San Miguel 35.467 104.417

27.1 8.05 15.9 26.5 860 12.6 0.44 518
19 8.2 4.59 1.4 326 2.39 0.12 56
19 5.7 5.95 2.03 917 .3.41 D.2 510
19 8.15 15.4 6.13 239 2.34 0.31 S4J5
18 7.8 15.6 13.1 335 2.34 025 5&4
17.9 8.43 5.14 1.82 28) 2.02 - 48
17.9 .5 7.3 3.52 227 2.44 -. 31,3
17.9 6.9; 3.11 1.9t 230 2.37 - 29
17.9 858 3.41 .89 380 1.63 - 84.5
17.9 8.6 3.24 .65 449 .1.42 - 1t4.5
17 6.7 751 275. 16,930 36.1 4.4 25,1S,
20.5 '7.8 34.9 1B.6' '2.020 5.2 1.29 2,170
26 7.8 47.1 21.9 2.5 6.49 1.6 1,571 1
19 7, 43.1 .21.5 1,320 .S.t2 '1.8 1,183
18 7.2 28 21.7 496 6" .053 53.1
17.9 - 8.18 25.4 15.9 153 4.13 - 49.5
17.5 8.1 12 11.7 110 3. 8 0.73 8.25
17.9 8.14 >35.6 23.6S. 46.9 7 - 24.8
203 .i 4.69-2.6 :318 2.99 0.12 .?1.1
15 0.4 4.7 1.94 391 .' 1.8t 0.16 126,
13, 8.25 3.13 1.7 301 2.C6 0.1 54.9
17 7.85 22.4 17.1 239 1.31 1.01 71.9
18 725 86.6 31.9 42.9 2.4S 0.64 46.1
135 8.9 275 2.11 480 1.41 0.14 129
20 9.7 1.66 0.41 278 1.01 0.04 135
13.5 7.4 70.6 144 135 9.6 '2 90

760
251
360 1
116
177
199
104

94.2
201"
220

1,80;
sn

1,656

279 I
101
25
22-5

194
232
161
214
133
266
1i
378

5.17
503

.074
428
63)
475
447
4C4
630
720
226
377
531

-i91
1.090

362
339
283

'525
510
484
36)
314
753

691

3.3 11
.45 10.4

052 12.1
0.24 10.6
0.64 13.3

- 10.8
- 11.5
- 7.63

10.6
- 10.8

78 11.2
0.73 10.4
4.29 11.1
4.21 10.1
0.28.~

- 27.8
0.19 11.8

- 4;
0.58 10.9
0.47 10.2
0.42 10
0.37 -
0.4 -

1.0
0.54 S.76
055 _

-47;49 -7.5;.7.3
47;-70 -9.6;-9.6
.54:-55 .7.4;-7.4

-76 -10.G
-44;46 -6.8;46.9

40 -1 1.2
.83 -11.8
-CS -12.7
-71 -9.9

-61;.59 -8.9;-8.6
-0;-48 -6.9
.45;45 -6.7
-42;.40 !6.2:-5.9
-66;48 -9.1;-93

-62 -9.1
-55;-55 -7.5;-75

-50 -6
-74.-7S -W0.7;-10B
-73;J71 .10,4
-75;-73 -10.6
-32.t54 -7;4.8
*50;-43 -6.3:-6.5
.57;.58 .7.7;-73
-73;-72 41.1840.7
-SO;-S2 -6i.8:6.6

23;2.4 65407
-64437

-2.4:-2.. 14485'
-6.1 65t>Q0A
-2.7 aS401

- UA446'
- 4.44S'

- 84-438'

- 84444'

9.5 15405
-7.4;.?5' 85-606

. 9.7 85-608
11.2:11.1 e5s40

97 85-07
84:4470

-1. 2384-88

2.5:2S3,644860
-3.8 85403

.1.8;. E85404
8.7 854011

-7.1:7.2 85408
6 85-010

10.1 854611
-5.8 85-009

"Sample colleced 1y Ierws Department of Water Resourcs. .

th measurements: * -0.19 V. O -0.13 V; '4.09 V; -0.12 V.

C-I

-. 13.

. 0

.3-

-

I
-.-. .- --- --

-I, '0 -. 2 .0 -lD

- - , c'o -I,

riGURE 6. Plot of 6D and 6o vlues of Dockum Group ground zater along the mceteoric water line. icieoric
water line defined by Craig (1961). Oxygen isotopes defined relative to SWOW.
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FIGURE 4b. Regional map of percent sandstone Itn the Upper Dockum Gfoup (McGowcer and others, 19771.

9



R. . I

0
I 0

Sout h 4 AIESC

I 41 GNE@ O I TE M, CO

MIDLAND BIASIN

-
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inferred prof ile (if 610 values of groundI water in t he 2
locations of Dockurn Grouip ground waters shown In
The SWIC Mansfield No. 2 well in Oldhamn County

Group that Is partly overlain by thle Cretaceous
Edwards/Trinity Groups (figs. 1 and 3). the transition
fromt fresh to saline water in thle lower Dockum is
poorly defined because of sparse (ata.

Characteristics of Dockum Group ground water in
the southern part of the Souchern I lIglh Plains include
Na-mixed-anion and Na-SO4 hydrochenmical factes
and salinities of less than 5,000 mg/l. (figs. 9, 10a. kind
10b). The two hydrochemnical facies are not rtruly

distinct, and the degree of dominance of sulfate I
amnong anions varies gradually across the area.

Ground waiter from the confined aquifer in the
Dockutm Group appears to mix with less salinie,locally
recharged water In the unconfined aqluifer in the
outcrop of Dockumn Group rocks east of the Southern
h-igh P'lains. Hlydrochemnical facies In the outcrop belt
are variable, including Na-HCO3, Ca-I-CO3, Na-Cl,

Total dissolved solids in the Dockum Group in the
Pecos R iv er valIley grou ndwatIer ba sin ra ngie f rom ilIess J

LES-005032 I

...*.,

In the northern part of the Southern High Plains,
along the southern side of the Canadian River valley,
the total dissolved solids (IDS) of Na-HCO 3, mixed-
cation-HCO,. and Na-mixed-anion hydrochemical
facies is generally less than 3,000 mgl/ (figs. 10a
and lot)).Thlis good qtiality waleroccursinithethicker
deposits of Lower Dockum Group sandstone (fig. 4a).
In comparison, groutnd water in the Ogallala
rorniation in the northern part of the Southern High
Plains is a predominantly Ca-H1CO 3, mixed-
cation-HCO3. or mixed-cation-mniied-anion type
(Nativ and Smith, 1985).

A Na-Cl hydrochetilcal fadces having TDS of more
than 20,000 mtg/l dominates Dockum Group ground
water in tile central part of the Southern High Plains
groundl-water basin (figs. 10.3 an(i 10b); this area has
often teen a disappointment in the searh for good
qtiality water in the Docklum Group (lroadhurst,
1957; Tre Lockney Beacon, 1964). The saline ground
water occurs in a sand-poor area of the Dockum

16
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penetrates (lie Seven Rivers Formation and yields water similar in isotopic composiilon to Dockum Group
waler. isotope data on Ogallala Formation water from Nativ and Smith (1985).

than 400 mg/L to more than 7,000 mg/L (fig. 10b).
Sixty-one percent of the ground-water samples from
that basin consist of Na-HCO3, Na-mixed-anion, Ca-
SO., and mixed-cation-HCO3 hydrochernical facies
(fig. 9d).

The sulfur isotopic composition of dissolved
sulfate in Lower Dockuum Group ground water ranges
from -7.5 to 411.4 I/. (fig. 11). The 6534S value of
dissolved sulfate reflects the d*4S value of sulfur-
bearing minerals that react with ground water. For
example, a 'S value of dissolved sulfate greater than
+5 1/oo in Dockum Group ground water most likely
reflects solution of Permian anhydritc along some
flow path leading tofthe Dockum Group; a 65's value
of Pernilan anhydrite Is typically +11 to +12 %o, less
positive than most marine sulfate deposits (Holser'
1979, p. 331-332). Sulfate with 6idS values of less than
-5 0/o probablycomesfromoxidationfo(pyritewvltichI
is common in Dockum rocks. Dockum Group ground
waters with the greatest concentrations of dissolved

sulfate tend to have 53S values greater than +5 %/oo,
but the correlation between 6345 and sulfate
concentration among all samples is not statistically
significant. Some Na-Cl waters in outcropping
Dockum rocks haVe a positive 634S value (samples
85-605, 85408, and 05-609); sample 05-606 has a
negative 5"45 value (table 2). Sample 85-011 (table 2) in
the Pecos River valley has a 65 5 value of t8.7 %,o
suggesting that ground water in the Lower Dockum
Group has contacted Permian anhydrite or gypsum
along some flow path.

Dockurn Group ground water has also contacted
Upper Permian anhydrite or gypsum deposits in parts
of the Canadian River valley ground-water basin. The
Ca-HCO3, Na-HCO3,and mixed-cation-HCO3 hydro-
chemical facies are predominant, and salinity is
generally less than 1,000 mg/L (figs. 10a and 10b). In
the part of the ground-water basin where salinity
exceeds 1,000 mg/L, however, 345 is more positive
than +5 %o0
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FIGURE 9. Piper diagrams of hydrochernikal facics.
(a3) Northern pari of study area. indluding
Na.11C0 3 .dlominated facies from Blriscoe,
flalla, I tairdcy OlQdhamn D-ef Smith, Randall.
Swisher, Guiadlufre, Quay, and Sin Miguel
Counties. (b) Centr.al part of study anea3
including Na-C).wlominated f.cie% from
Borden, Castro. Coxhran. Dawson, Gaines,
Garza, Lubbtck, Lynn, and Yoakum Counties.
(c) Southern patn of study area, including
Na-SO&-dominatenl facies from Andrews, rctor,
Gainies, Lea. Mattin, and ferry Counties.
(o) Western parr of stdly area, int luding data
from t)e Bac.i, Eddy, Guadalupe, Lc., Mora, and
Saja NMiguel Co(unties. (e) LEastera r)rt of sMudfy
area, includinHa data ftom Crosby, Dickens,
fisher, Floyd. Garzt. Howald, Nlotley, Nolan.
and Scurry Counties.
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FIGURE 11. Relation between 6"'Sand sulfate concenti
well (sec discussion in text).
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hazard and affect soil tilth and permeability Tie '
sodium 'concentration in Dockum Group ground
water In the northern part of the Southern Hlgh Plains
is as much as 1,500 mg/L. fink (19G3, p. '28 suggested

Water Resources
Principal uses of the aquifer in the Lower iDockum

Group include irrigation, livestock w eaterlng, brine
and industrial waste injection' and domestic, munic-
lpal, and oil field water suapply. Most irrigation and
municipal wells were drilled in the early 1960's (fig. 12)
and were equipped with natural-gas-driven turbine
pumps. Ground-water resources were discovered in
Deaf Smith, Randall, and Swisher Counties in thick
sections of fluvial and deltaic sandstones In tihe Lower
Dockun Group (fig. 4a). Transmissivitics, estimated
from drawdown and specific capacity tests, range
fromr10Ito3,180ft 2Al (i to300 m2/d) In these counties
(app. A). Outside the majortrend of thick sandstones,
vell yield and aquifer transmissivity are much less, and

wells commonly tap saline water or produce an
insufficient quantity of water for irrigation or
municipal supply.

Raynor (1973) and Blair (1976) discouraged
continued exploration of the Lower Dockum Group
for irrigation water because of asalinity hazard to sols
and because the production cost was more than that
of Ogallala water owing to greater head lift ind
generally lower transmissivity of the aquifer in the
Dockum Group. Long-term irrigation ivith'sodium-
rich Dockum Group ground water may pose a salinity
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FIGURE 12. rDockcum waler weves drilled in the Tex'as
Panhandlc, 1950-1978.

LES-005037

w - I

i



I

E

a

N
'9

a

,.

FIGURE

3.
4.

4

4
4. I

a -

I., , -% -.i

., IS-t

8 SSULFATE%;

11. Relation betwee n 6S and sulIfate concenrtation. Diainond represents water Irom SWEC Mansfield No.'2
well (see discussion In text).

Water Resources
Principal uses of the aquifer in the Lower Dockum

'Group include irrigation, livestock watering, brine
and industrial waste injection, and domestic, munic-
pipl, and oil field *vater supply. Most irrigation and
municipal wellswere drilled in the early 1960's (fig. 12)
and were equipped with natural-gas-driven turbine
pumps. Ground-water resources were discovered in
Deaf Smith, Randall, and Swisher Counties in thick
sections of fluvial and deltaic sandstones In the lower
Dockumn Group (fig. 4a). Trinsmissivities, estimated
from drawdown and specific capacity tests, range
from 10 to 3,180 ftt/d (1 to 300 m2/d) in these counties
(app. A). Outside the major trend of thick sandstones,
well yield and aquifer transmissivlty are much less, and
wells commonly tap saline water or produce an
insufficient quantity of water for irrigation or
municipal supply.

Raynor (1973) and Blair (1976) discouraged
continued exploration of the Lower Dockurn Group
for irrigation water becauseof asalinityhazard tosoils
and because the production cost was more than that
of Ogallala water owing to greater head lilt and
generally lower transmissivity of the aquifer in the
Dockun Group. Long-term irrigation with sodium-
rich Dockum Group ground water may pose a salinity

§ ,.$r- ??. -.- '

hazard and affect soil tilth and permeabilitTl.'.-
sodium concentration in Dockum Group grlUnd
water in tie northern part of the Southern tigh Plais
is as much as 1,500 mg/L. Fink (1963, p. 28) suggested
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FIGURE 12. Dockum water wells drilled In the Texas
Panhandle, 1950-1978.
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mixing Docklurn Group ground water
calcium-rich water from the Ogallala
reduce the'salinity hazard.

The sodium adsorption ratio (SAR)
to characterize salinity hazard of wate
Mattigod. 19771 and is defined as

Na
SAR =(Ca ' NMg)

2

(concentrations in cquivalents/L). .5
Dock-umr Grouli ground water are large!
Na-SO4,,and Na-mixed-anion hydrochl
Quay, Union, Deaf Smith, Swlsher, An
Ector, Borden, and Garza Counties (coi
and 13). for example, the SAR of D
ground water in Deaf Smith County rar
65 and in seven wvells Is greater than 1i
for waters of high salinity hazard
Laboratory, 1954). In comparison. S.
water from 110 Irrigation wells in
Formation in Deaf Smith County rang
anid average .1.5. Where fields are
Dockurn Group ground water, the ad
amounts of gypsum to the soil may
repIenish calcium and reduce SAR, ul
expensive and apparently not used orl I
Southern High Plains.

The cost of vell construction, rnai
pumping will probablybe a major limit
drilling and use of Dockum Group gr(
irrigation, even In thle northern part o
High Plains, where sandstones are
and 41A) and Iransmissivlties fairly I
Because wells in the Dockurn Group a
(61 to 200 m) deeper than wells ir
Formation, drilling andi cas ing Costs for
arc about three times greater I
$100,000). Dockurn Group irrigation *,
lifts of 300 to 500 ft (90 to 150 m) and c(
200-hip (150-kU) pumps. In contrast,3'
to 37-kW) pumps arc used in Ogal

with tile more water wel
Formation to maintenani

grouncl Wa
is widely used Many i
r (Sposito and Dockurn G

rpumlp mot
electrical p
Castro (cov

(2, ground wal
is generallh

AAR values of - water (S23
stlnNa-HCOj, (1976) estin
cmical facies in to pay uP
dreuws, Mirtin, , Irrigating E
mnpare figs. i 'a 1976, the c
ockum Group risen and I
Iges from 13 to only larme
B, the low limit such as see
(U.S.' Salinity ground w

AR values for Formation
the Ogailala' increasing

e from 0.2 to n aquifer in
Irrigated with provide a I
ditiori of large. irrigation v
be needed to Lower Do4
I this lirattice is Southern I
rarmiand in the i The a3i

water to th
ntenance, and -(table 3). 1
atlorionfutitre only devel
ound water for northern
f tile Southern County, ai
thick -(figs. 4a Group gi
ig h :(fig. A3). - supplies d
re 200 to 650 ft-. The City c
nthe Ogallala water wit
irrigationwells because c
(approximately dilute tota
vells have head wateraret
3mmonly need in the Doc
0- to 50-hp (22- the outcrc
lIla Formation varies fror

Is. lhe larger pumps require more
:ce and use more energy per voluamle of
iter produced.
rrigators hlave abandoned wells in the
roup, and municipialities have converted
,ors from natural gas to less expensive
ower in Deaf Smith, Randall, Swisher, and
inties. Production cost of Dock-urn Grouf

ler ($45 to $82/acre-ft, or $0.04 to $0.07/rn
greater than prodlucion cost of Ogallala t

to $60/acre-ft, or $0.02 to $0.05J3/). Blair
nated that farmers in the arca could afford
to $22/acre-ft ($0.02/rm) (1976 basis) for
,rains such as milo, corn, or wheat. Since
:0os of Dockum Group ground water has
irolit margins on many crops have fallen;
rs growing crops with high piofit margiins, *'t

ed crops, still irrigate with Dockum Group 2
ater. Although the supply, of Ogallala l
waler Is declining and pumping cost is
as water :levels drop, the water-table r
the Ogallala Formation continues to

letter quality and less expensive source of
vaier than does the confined aquifer in thce
ckum Group in the northern part of the ;
ligh Plains. V
uifer In the Lower Dockum Group supplies V
aeTexas cities of Happy, Hcreford, andTulia
Lower Dockum Group ground water is the(
oped water supply for the City of Happy in
Swisher County. In Hereford, Deaf Smith
nid Tulia, Swisher County, Lower Dockurn
round water supplements other water "-
uring summertime peak demand periods.
Jf Hereford mixes Dockurn Group ground
Ih water from the Ogallala Formationm
if an objectionable taste and in order to
I dissolved solids. Small amounts of ground
ised for domesticsupplyand stock waveting
kIurn Group outcrop areas. Water quality in
op helt is related to loe'al hydrogeology and
rn place to place.

,Cr

Group grolrKI wmater,
I Plains.

_ 12_ ;
gal m

36,650,000 138,840 ';
49,800,000 180,63s8
07,909,000 333,027

T~il
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TABLE 3. Municipal Wtef-supply use of )ockturn
nrarthern part of the Southern H-igh

._ _ q83
location gal m'
Ilappy, Texas 33.609,000 127,200
Ikerefrord, Texas 72,750,000 275,600

1Uilia Texas' 250,000,000 - 1,022.714

Mncludei. a'roinntl* ate-r fronm 6OalJba Formrndion in wtvi fiekld.
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Slightly' salinc Na-HCO3 and Na-mixed-anion
hydrochemkal. facies in tlhe southern part of the
Soutilerw Iligh Plains ground-water basin are use(d
extensively'to water flootd oil fields in thie Permian
Basin. Thc dissolved salt content is' incompatible with
formation watets in some oil fields. Regulatory
statutes cncouragc use of the slightly saline Dockum
Group water so that fresh water~is reserved for other
purposes;thierefore, oil companies develop Docktim
Group ground water for water-flood operations even
though the production cost is greater than that of
other sources of water.

At least 47 wells' Inject oil field brine into ithe
Dockurn Group. Most of the wells are in Borden

DISCUS
Origin of Ground Water in the Lower
*Dockiim Group

iThe prcsenrce of' 'ground-.~ater-b-asin divides
around the northern and wecstern perimeters of the

'Soutlierni'l ligh Plains suggests that currently no deep
icdiarge of 'g'round wvatcr comes 'from Dockurn
Group otutciopfS in'the. Pccos land Canadian RNVer
villeys (fig'. 5). Precipitation that falls on thle Dockijni
Oroup outcrop in thece valleys moves away from the
Southern High Plains ground-water basin. After the
ground-water-basin divides formed between' the
Pecos River val!cy and the Southern Hligh Plains,
Dockum Group ground'water could have been
recharged only, by ground water percolating do~vn-
ward from thle Ogallala Formation or Edwards/Trinlity
Groups. Because lhydraulic hea~d of groundl water in
the I l(ih Plains aquifer Ic above the hydraulic head of
ground water in the Lower Docktim Groulp (fig. 3), a
potential for downward percolation of giound water
exists. The several-iundelreId-foot 'difference 'In hy-
draulic heads suggests that the volume of cross-
formational recharge to the Dockum Group is much
less than 0.188 inch/yr (0.5 cm/yr). approximately the
present rate of recharge to the High Plains aquiferi
(K~nowvles atnd othlers, 1984; Nsativ arid Smithl, 1985). The
difference in hydraulic heads might reflect either a
loss of head because of resistance to ground-water
flowdowentward tihroughilow-permneabilityniudstones
or a decrease of ground water stored in the Dockumr
Group due to tile present lack of sukstantial iecharge
and the continuation of discharge in springs arid sceps'
along the [astern Caprocl, Escarpment and western
part of tile Rolling l'lains. low-,'pernmcabilily mudstone
inl the Uppcer Dockurn and aI tile top of tile Lower
Dockum retards recharge. The regional depressioni in
the potentiometric surface of Lower Docktim Groiup
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zone depth 500 to 1,900 It, or 152.4 to
Garza (300 to 1,000 ft. or 152.4 to 579.1 rn),
1,500 to 2,000 ft. or 457.2 to 609.6 m), and
(1,100 to 1,425 ft, or '335.3 to 434.3 mn)
Brine injection In the Dockum 'Group out-
of Garza, Crosby (injecilon zone depth
) ft. or 120.1 to 396.2 m),and Mitchell (500 to '
152.4 to 213.4n m) Counties is a potential
Iresh-waier supplies in the Dockum Group
ala Formation. Fresh-ivater'supplies in thtise
we alr'eady tindergone some brine contatti-
o ,now-abiandoned ibr ine-disposal. pits "'--
id Croich. 1964; Crouch antl Burnitt, 1965).

-. ... ,s

'ater in the southern part oflthe Southern ,,

1s (fig. 5) may be at least partlylue to lthe lick J
-formationlal 'recharge, as' pireviously

olume of cross-formational recharge to the
lckum Group is also'suggest'ed by the fact
L1im Group gi.rou1nid wvater Is in general isbiop- '
hcilcally distinct from ground wiaterin the ',.

is aquifer. The volurne of cross-formitionral ;'
from ihe H ains Ter tndeuprese Lt

tso modif/The chemiial and -4
composition of Dockum Group groun'd

pic and chemical differences between
aters in the Lower Dockunm Group and in the
Forniation probably indicate that Lover S
roup grround watcrw k in

cduring the Pleistoceniatelevations of 6,000-
r thain 7,000 ft (1,830 to greater than 2,130 m) @
in Group sandstones tihalt were later eroced "s'
Pecos Plains and Pecos Rive'r valley. Before 7"
River vall ey waVst fully incised during tlie latc A

nc (Gustavson and Finley, 1985), the promi-
mnd-water-basin divide along the western
Southern High Plains (fig. 5) may have belen

ecise timing of development of the ground-
in (lividCe ha not hieen established becaiuse it @-
oi tlie timing and history of erosion in the
vef 'valley. Recharge of Dockum Group '.
ater from the west may explain 6'0o and 6D
cause elevation of the recharge area could *ve
o several thousand feet higher than that of
iern part of the Southern 111glg Plains. 'the "p

6D values of precipitation decrease with ;
g elevation because of tile effect of cooling
motopic fractionation hct'veen vapor and
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precipitation. Isotopic composition of Dockurm
Group grouint water below the Southern I igh Plains
is generally similar to isotopic compositon of modern
ground twater in rocks of the Permian San Andres
Formation that crop out in the Pecos Plains (Gross and
others, 1932). Tho oxygen and hydrogen Isotopes of
Dockurn Group ground wvater we*re probably not
deplefted by reaction with rock or by evaporation.
which would have enriched the heavy isotopes In
water, and they' probably did not' mix with other,
lionmnteoric, ground wvaters, which would have
yielded waters that plot away from thc mnteoric vater
line.

I Effects of continental glaciation during the middle
to late Pleistocene'on local air temperature and on
Isotopic composition of recharge water may have
been superimposed on the elevation effect.,Clayton
and others (1966), Gat and Issar (1974), Perry and
others (1982), and Friedman (1984) described so-called
"fossil waters" or "palcowaters" that were recharged
during Pleistocene glacial episodes when cool, humid
climates existed. In these studies, 6'80 and 6D values
of Plelsioce~ne-age ground waler were found to be
dlepleted. relative to both moldern precipitation and
ground water aishallow depths iby a proxmrnately the
same amount as the (liferences in 6' O and 1D values
between ground *aters in tile Ogallala Formation and
Lower Dockum Group. The primary cause of isotopic
depletion appears to be cooler mean annutal tempera-
lute across the recharge area during glacial periods.
Temperature and humidity at thle source of the precip-
liable water, storm trajectories differences between
summer and winter precipitation, and duration anti
intensity of rainfall also influence isotopic composi-
tion of recharge 'vater (Gat, 1983). Precipitable water
reaching the Texas Panhandle and eastern New

Mexico dutin the Pleistocene could have been more
depleted in 6 " and 6D than modern precipitation,
relative to SWOW, because the Gulf of Mexico
coastline was approximately 100 mi (160 km) farther
fromn the texas Panhandle owing to episodic lowering
of Pleistocene sea level (Stuart an(d Caughey, 1979).
Precipitation becomes progressively depleted in
heavy isotopes withl distance from the source because
of fractionation between condensed water and
remraining vapor during successive precipitation
events. Elevation of the Southern H-igh Plains'probably
did not change greatly during lhe Quaternary, so no
tectonic effect on isotopic composition (Coplen and
Davis, 1984; Winograd'and'others, 1985) occurred.

The age of Dockum Group ground water in the
Southern High' Plains ground-.-ater basin must be
determined to verify the origin of the water. if
Dockum Group ground water was recharged primar-
ily by intrastratal flow from the west before late
Pleistocene development of ground-water-basin
divides, much of the ground water in the Dockum
Group beneath theSoutiern iigh Plains may be older
than 600,000 yr, the a'ge of incision of the Pecos River
into [hfe Diamond A-Mescalero Plain near Fort
Sumner. New Mexico (Gustavson and Finley. 1985).
Younger ground water could enter the Dockunm
Group below the Southern High Plains only by cross-
formatlonal flow, where the aquifer in the Dockuum
Group is hydrologically conilnected to the I figh Plains
aquifer or. to aquifers in Upper Permian rocks.

Although the age of Lower Dockumn Group
ground water has not been determined, a water
sample from a well in. the Lower Seven Rivers
rormatlion (Upper Permian) in the northern pirt of
the Southern High l'lains was dated at roughly 19,000
to 34,000 yr B.P. (table 4). The ground-water sample

TABLE 4. Estinmation of carblon-14 age of ltdrer [nmm the SWEC Manrsfield No. 2 well.

Data:

IHCO31
pH1

1.7'w ± 0.1.3%
-3.1 4h l'DB
41.53 mrg/L
7.2

Approach: Age = -k In| "C %Mdn I (Pearson and. White. 1957)

k 5 .730 Wr/in 2

I'SC
Estimates ratio of atnmospheric-lerived
carixort to total carbon in system
rypical value of recharge water

Assumption: P"C, is -17.9 VeO PDB iased on CO( In tjnsatur.atirj tone of Ogallala
Fornimation b)ctowv playit lakes WVood and Petraitis, 1984).

Result: Age is 19,20U I 600 yt; I' 0.173.
Age is 13,700 i 600 yr; P '- 1.0 (tn) correction).
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from the Stone and Webster Engineering Corporation
(SWEC) Mansfield No. 2 well is assumed to have
flowed from thl' lower Dockum Group into Upper
Permian rocks because oxygen and deuterlurn iso-'
topic compositions of the water sample are similar to
isotopic compositions of Dockum Group ground
water in the area (figs. 7 and 8). The SWEC Mansfield
No. 2 well is located in the Canadian River valley In
Ollham County, Texas, where erosion has removed
tIle Ogallala Formation and Upper Dockum Group
(Dutton,1985).The test wvell produces from a depth of
*723'to'778 ft (220.4 to 237.1 m) below land surface
(fig.8). The sample age (table 4) suggests that the
isoto'pically deplted waier In'the Lower Dockurn
Group was recharged during late Wisconsinan time
(Johnson, 1982) of tile late Pleistocene. The range in
estimated age reflects uncertainty in the correction of
absolute carbon-14 activity for the amount of.non-
itmospheric carbon present in the sample (Pearson
and White; '1967). The widespread Wisconsinan
deposits across the Southern High Plains Indicate that
:the climate during late Wisconsinan time was cooler
and more humid than'the modern climate (Caran and

.McGookey, 1983). Oxygen and deuterium isotopic
composition of grouind-wvater recharge during late
Wisconsinan time may have been depleted relative to
modern precipitation in the northern part of the
Southern High Plains.fy.latWe isgopnsinwn time, t!he
regional grotund-svater-basin.divides were probably
fully dveloe'd 15austavs' ndi

'ilmiiftig'i i.''1aige to the Dockum Grouip In In:e
Southern ligh Pilains to cross-foinittional 'fow.

F'igure 14 illustrates how regional ground-water
flow paths may have been changed by the erosion of
the Pecos River valley. trom thle late Tertiary to early
Quatertnary, ground-water recharge to tile Ogallala
and Dockum Group aquifers could have taken place
at elevations above 6,000 ft (1.8 kin) in eastern New
Mexico. Hydraulic head in the Dockunm Group may
have been similar to the %vater-table elevation in the
Ogallala Formation, and cross-formrational flow of
ground water may have been minimal. xcavation of
the Pecos River valley isolated Dockurn Group ground

dr iatc Ii' i 'iF.e'Sc6thern igh Pilains (rom
'''echaige-r'i'r aj bfigaher elevations. ihe timiing of

1developnmenit ofbgound-ia(int'-la'sin divides' relative
to the lateral inflow of recharge water from the west is
at present imprecise. Volume of recharge from the
Ivest before the ground-water-basin divides were
established is assumeidto have been large, in part
because the sandstone-distribution maps (figs. 4a
and 41) suggest that the sandstone section lhickTened
to the wiest in the location of the present Pecos River
valley. Sonic deep percolation of ground water from
the Ogallala Formation ma) now slowly take pl-ace in
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-ire. fault.s .Zc ,C1;
areas where the two hydrostratigraphic units. rc
somewhat connected by sandstone deposits.

Mincralogic Controls on Chemiical 7J

0-- ___ -- !AI __

Because samples indicate a meteoric originj njft
Lower Dockum Group ground water, reactions-s'ith- ;
minerals affect the; chemical composition 6fVthN'6 '.
groundwater,includingtheNa-HCOCIiydrocheii'ucaii-n',g'.'-iX
facies in the northern p)art of the Southern High Pllin½J ~
the saline, Na-Cl hydrochemical facies in the cen htralI
part, and the Na-SO 4 hydrochemical facies inth.-; i
southern piart. Calcite, chalcedony, dolomite, fd - l
spar, kaolinite, py'rite,.opal, and smectite appear-t.5
exert significant control on all 'thle hydroche'mtca'1'.-,.-'
facies. Other possible' influences include oxidation'-cf 'l J.\
pyrite and organic matter, inflow and mixin.t,'>.'
ground water that dissolved anhydrite and halite fror ;
Permian strata, and diffusion of connate Cre ic'co-..'x:
seawater from low-permeability Dockum mr dstone's..

Almost all ground-water samples from the Ld lV
Dockum Group plot within the fields'of stalilryof '
kablinite and smectite (figs. 15 through 17). Kaollnitc 2*:
and smnectite, common authigenic cemcnts *in . i
Dockum Grou psandstones (lIohns.1935), teadily fonn
as wveathering' products from feldspar 'and bther
silicate minerals (Garrels, 1976). Both potassiunind',,n.l ;'
sodium-rich feldspars are present in Docklni Group.
sandstones flohns, 1985). The chemical compositioni n.
of water suggests-that calcium-rich smectite isniore C .-
prevalent than sodium-rich smectite in the D166k Lmi 1-:
Group (fig. 16). Kaolinite anid smlectiteappear to be in
thermodynamic equilibrium with dissolved ionsin.
some samples of Docklum GrouP ground water
(figs. 15 and 16). Ilowever, in interpreting positi of f
data on phase diagrams, it Is important to reme'mber -,5i
that phase boundaries were calculated assuming ilat
activity of water is equal to unity, and temperatt re' is.----t-
770F (250C). Activity of water and temperature of.`X:
samples were ignored in plotting data. Errors in these. '.. '.
assumptions may affect the scatter of data relative to:'
the phase boundaries. .

In almost all samples the concentration of mono-, ->4 ,
silicic acid (H.SiO4) is greater than 18 mg/L and less -

than18G 1mg/L (fig. 15). Data distributlon suggeststhai :
low concentrations of dissolved silica are limited bS2 "j
solution equilibrium vwith chalcedony (log K -373) a
and %vith 'Laoli ite'and that high concentrations are
limited by solution equilibrium with amorphous silici'<
or opal (log K =-2.71) and with smectite. The abundant .
detrilal chert in the Dockurm Group must luffersihic'
concentrations, but authigeniC silica cemelnls sudi is:.--
chalcedony and opal within sandstones also buffer
silica concentrations. A preliminary pet rographic ' j

study noted that scattered examples of quartz cement
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-Lover Dockuri Group rrou nd svater rela'tive
to stability fields of ri~inerals in the NaO-
SiO,-1120 syternt iit 771F (25°C), based on
dataf{tom Helgjeson({1969,1978). Equilibrium
reactions ltetwecn mincrals and dissolved
ions are numericaliy kreyed to table 1.

formed as overgrnowths on. detrital quiartz grains
(Johns, 1985). but chalcedony and opal cements have
not been descrii ed. tier (1979, p. 79) stated that
arnorphous silica is depositedi from -til greatest
concentrations of dissolved silica, then chalcedony is
deposited from a lowver conccrilration, and finally
macroscopic quartz crystals are deposited frorn ' he
loxvest concentrations just exceeding the saturation
level of quartz. Iler noted that through mililons, of
years rnost amorphous silica in the. presence of water
is eventually transformed to chalcecdony or chlert anid
quartz..'''

PartiMl pressures of dlissolvedl C02 gas in Dlockuim
Grolip g~round water, calculateci by thle pro'grarn

6
otisP)

Lcio~

9

FIGURE 16. Diagram showing chemical composition of
tower Dockum Group ground water relative
to statility fields of minerals in the NaO-
CaO-SiOV-I aO-CO2 system at 77°F (251C),
based on data from Helgeson (1969, 1978)
and assuming log&H*SiO 4 activity of -3.64.
Equilibrium reactions between minerals and
dissolved ions are numerically keyed to
table 1.

SOLMNEQ (Kharaka and Barnes, 1973) from ph and
alkalinity measurements, range from a low of
10-4 atm to a high of 1()4` atm. Calculated partial
pressures are greater than true pirtial pressures
because of loss of CO2 gas and rise in pli during
sample collection and storage. Figure 17 shows the
equilibrium boundary between dolomite and calcite
fields of stability (line 16) superimposed on the phase
diagram for the MgO-CaO-SiO2 -H2 0-CO2 system.

,Carbon. dioxide outgassing does -not affect the
Ca2'/M 2 ratio as long as calcite does not precipitate
during sample collection. Dockum Group ground

.waters cluster. more tightly along this equilibrium
boundary than along other phase boundarics showii
in figures 15 and 16, and they extend along this
boundary from the kaolinite to the cchlorite stability
fields. suggesting that concentrations of dissolved
calcium and magnesium are controlled more closely
by calcite and dolomite than by equilibration with
smectite. Coarse, sparry calcite is 'the most common
authigenic cement in the Dockum Group at one well
in the northern part of the Southern High Plains
(Johns, 1985). Euhedral rhombs of dolomitt were also
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FIGURE 17. DiCgrar showing chemical cr onposro ion tf
Lower Oockunm Group 19rourd water rtlat tke
lo stabcilicy fields of n conerals in the MgO
CaO*5i02--tl2O-COa system at 77'F l2S0C).
I)JSCdI On datla lfot Otfterges~oi (19.%9, 1978)
and assumlmg Ingll4aSiOlj act~iviy 0f .3.GI.
Equilibrium reactions between 'ricrals and
t eiseolrcd ions Jre ntumerically keyed r
tablel 1.

found in Dockurm Grouth sondo olnes (D. A. t outhrnS
wvritten commun~ication, 19D86).

Chemical compositions of water frop diffgrent
cographic reoeions plat in overlapping Plie us

shon vn t figures 15 throug~h 19, suggesting that thec
various hydrochemical fades are conlrolled by t he-
same sct of mincralogic reactio~ns. The main
difterences JrC correlated with salinrity; te brackish
to salne waterS fronl the central part of the Southern
111gbl Plains formt one end memlber. and the frcsh
ground waters from1 the northern talti of the Southern
High Plains form} the other.

Chemical comp~osition of Dockutti G;roup) groulnd
wvater in the nortiternl part of the Southlern Highm Plainis
COUld haYC dlevelopzed as 3 result of freshl recharge
*atcr reacting in the Docikum Group wvith calcite,
chalced~oly, dotluniite. ferldspar. kaolinitc. opal.

I.,

~11

I . Ong."a a10161,--
_ |

___ _, . w,, , _ , _ w_

Log °
m-I

.z .,

o1"?
44t t.-

FIGURE 18. Plot of saturation Indices relative to halile
and gypsum" calculated for Lower Dockum
Group ground waters using the compuiter
progrram SOIMNEQ.

pyrite, and smtectite. Ground water in most of the
northern part of the study area is domiinated by
Na-HCO 3 hydrochernical facies, but locally Ca-l ICO0
hydrochemical facies occur In the Lower Dockum
Group (fig. l0a). The Na-HCO3 facies tend to be at
greater depth or to occur farther along a flow patlh
away from a recharge source compared with the
distribution of Ca-HCO3 hydrochemical facies. The
Na-HCO 3 facies may reflect weathering of sodium-
rich feldspatrs or exchange of dissolved caklium wvith
sodium adsorbed on clays. Foster (1950), Back (1966),
Kreidler and others (1977), Thorstenson and others
(1979), and Fogg and Kreidler (1982) suggested that
Na-HCO3 facies originates with solution of calcite and
exchange of dissolved calcium for adsorbed sodium.
Dissolved bicarbonate probably derives from solution
of calcite andi dolomiiite; high concentrations of
iicarbonatc, such as those found in the Dockum
Group, can develop vhen cakiumn and magnesium
are removed fron solution by ion exchange, which
allows more solution of calcite and dolomite (Fogg
and Kreitler, 1982). The Na-mnixed-aanion and mixed-
ciation-lICO ground wvaters reflect additional
reactions or sources of water. The mineralogic
controls mentioned previously aipply regardless of
whether Dockumn Group ground water was recharged
by intrastratal flow from pre-l-lolocene outcrops or by
cross-formiational flow from the I-lih Plain; aquifer.

29

., , .�� a� 3.. -� -' 4' -. -
. �)Y¾..ak-. -. 2..�434 .. , /

LES-005046



- - - .,~~ __-.._

*1

'1
'I..

� T�f�

4�

�ts3 .�

ij�vr�

I ;�:t

'I
A

'I
)

4
'A

3 ,4

Log C con:tntrotbntmg/L0 ,a04

FIGURF 19. Plot of sodium and chloride concentrations in Lower Dockum Group ground water with lines
representing fresh-water dilution of seawater and halite-saturated water. lialite-saturated water is
assuimedto contain 6.2 motof Ialite/kgof solution. Concetittations alongdilution linesare natcorrected
for density changes.

Two possible sources'of large concentrations of
dissolved chloride in Na-Cl hydrochemical facies and
in other Dockum Group waters are (1) ground-water
flowthat dissolved Permian halite from Permian strata
and carried it into the Lower Dockum Group and
(2) preservation of diluted connate seawater that
could have flushed through the Dockum Group
during the protracted marine transgression in the
Cretaceous, represented by the marine deposits of
the Edwards/T'rinity Groups. For chlorinity to have
been caused by dissolution of Permian halite, an
upward-directed component of ground-water flow
must have existed at the top of the Permian section
below the central part of the Southern High Plains;
however, this supposition cannot be tested because
the poteritiometric surface of ground water in tile

Upper Perinian section is generally unknown. In the
northern part of the'Southern High Plains, hydraulic
head of ground water in Upper Permian rocks is now
lover than hydraulic head of Lower Dockum Group
ground waterand chlorinity and salinity of Dockum
Group ground water are low. (Dutton, 1985), which
together indicate that ground water flows downward
into Permian rocks. During the Late Tertiary, after the
western side of the Permian Basin was uplifted by
Basin and Range tectonism, a potential for upward
flow of ground water from the Upper Permian section
into the base of the Dockum Group may have existed
(Senger, 1984).

If chloride and other salts remain In Dockum
Group ground water from seawater that percolated
downward Into Dockum Group rocks during the
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Cretaceous transgression, recharge of meteoric
groun d water and displaceinent of Cretaceous
ground water must have been negligible during the
Cenozoic. Modified seawater most likely remains in
low-permeability mudstones and diffuses Into ground
water in sandstones In the central part of the Southern
High Plains ground-water basin. Regionally, both
Cretaceous seawater and solution of Permian
evaporites may have contributed to-salinity levels.
However, reported analyses of saline Na-Cl ground
water (app. B) lack diagnostic ions such as bromide
and iodide, which have been used in otherstudies to
Interpret the origin of salinity (Whittemorei 1984).

The most saline ground wafers In the Lower
Dockum Group are only two orders of nmagnitude
undersaturated with respect to halite (fig. 18).
Figure 19 shows sodium and chloride conrcentrations
of Lower Dockum Group ground water and dilution
lines of modern seawater and of brine in equilibrium
with halite. The data points with the greatest
concentrations of chloride are near the halite dilution
line and have a Na/CI weight ratio of about 0.65, the
Na /C1- ratio in halite. At smaller chloride concentra-
tions the range of Na/Cl- ratios is wide, from less than
0.55 (seawater) to greater than 8.0. Regardless of
whether the dissolved chloride derives from halite or
seawater, the Increase in sodium relative to chloride
probably reflects addition of sodium from the
weathering ofsilicate mineralsandformation of clays,
as suggested in figures 15 and 16.

The Na-Cl hydrochemical facies (fig. 10a) occurs In
mudstones and thin sandstones at the center of the
Dockum Group depositional basin (fig. 4a). Diffusion
of chloride in ground water from mudstones into sand-
stones is slow and can continue indefinitely where
low-permeability sandstones are poorly inter-
connected hydrologically (Domenico and Robbins,
1905), such as at the basin center. It is likely that
seawater invaded the Triassic sediments during the
Cretaceous, but whether significant volumes of that
water or of the dissolved lons remain has not been
proved. Ground water in the Cretaceous Edwirds/
Trinity Groups now is less saline than Dockum Group
ground water, but sodium and chloride are still
predoniinant (Nativ and Smith, 1985).

Origin of sulfate ions in Dockum Group ground
water also is poorly understood. Dissolved sulfate

could originate from Permian gypsum, from oxidation
of suIlfide minerals such as pyrite, which is common in
the Dockum Group, and from Cretaceous seawater.

The Na-SO4 hydrochemical facies in the southern
area of the Southern High Plains may derive from
ionic exchange of (1) sodium adsorbed on clay
minerals and (2) calcium dissolved in ground water
discharged from Upper Permian strata bearing
gypsum or anhydrite. This process is similar to the
generation of Na-HCO3 water by ion exchange, but
gypsum or anhydrite is dissolved instead of calcite.
The most saline ground waters In the Dockum Group
approach saturation with respect to gypsum (fig. 18).
As previously mentioned, large positive 5545 values
indicate that dissolved sulfate of several ground-witer
samples from the Dockum Group outcrop derived
*from solution of Permian gypsum or anhydrite (fig. 11,
table 2).

The Na-SO4 water in the southern part of the
Southern High Plains may also originate as Ca-HCOs
or Na-HCO waterto which dissolved sulfate isadded
from oxidation of pyrite and from which calcium is
exchanged for sodium adsorbed on clays. The Na-SO4
hydrochemical facies contains several hundred milli-
grams of bicarbonate per liiter. Negative 6s values of
some samples reflect pyrite oxidation.

No water samples collected in this study had 6-4S
values In the +14 to +16 %0o range typical of marine
sulfate during Cretaceous time (Holser,1979),and In a
fewv samples the sulfate concentration exceeds the
concentration in seawater. This indicates that
Cretaceous seawater Is not everywhere the source of
high concentrations of dissolved sulfate, which
weakens the argument that Cretaceous seawater is a
source of dissolved chloride ions.

Sodium-sulfate deposits occur around saline lakes
*in the southern part of the Southern High Plains
(Reeves, 1963; BiLuntrzer 1984) and are associated with
the remains of Pleistocenc lakes in the Northern Great
Plains of Canada and the United States (Grossman,
1968). These deposits probably result from dissolution
of evaporites and changes in water composition
during subsequent evaporation. Sodium-sulfate de-
posits are unknown in Dockurn Group lacustrine
sediments.
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CONCLUSIONS
The shape of tlhe iotentiometric surface and the

location of groundcl-water-basin divides in the Lower
Dockum Group are controlled by Dockum Group
siratigraphy and~by topographic positions of the
Dock-urn Group outcrops and the Caprock Escarp-
nient. Ground-water-basin divides along the western
and northern limits of the Southern High Plains reflect
truncations of the Dockum Group potentiometric
surface by the Pleistocene erosion of the Pecos and
Cainadian River valleys. The. ground-water-basin
divides prevent modern recharge in the Dockum
Group outcrops frdm'reacding confined'parts of the
Dockuum Group aquifer. Dockum Group ground
waier in the Southern High Plains ground-water basin
was probably recharged in eastern NeC\Y Mexico
before the PecosRiverexcavateditsvallcyanderoded
thick Dockuni Group sandstones. Throughout the
Soutliern Hig h Plains ground-water basin, 008 and
6D values of Dockum Group ground water'are
depileied relative to ground water In the Ogallala
Formation, suggesting that Dockum'Group ground
watier was recharged in a cool climate, Most likely at
higher clevations in eastern New Mexico during the
Pleistocene. Present ground water in the Pecos Plains,
w here Docckum Group'ground water may have been
recharged, has 61"0 and 6D-values similar to that of
Dockuni Group ground wvater beneath ilihe Southern
HighlPlaitis.

The chemical composition of Dockum -Group
ground water Is derived largely from reactions of
recharged ground water with minerals. Chemical
weathering of silicate mil nerals, equilibration with
calcite and dolomite, and ion exchange determine
major features of groundt 'water composition In the
Dockum Group in thie northern part of the Southern
High Plains. Potable ground water occurs In thick
sandstone deposits in the Docktim Group across the
northern part of the Southern High Plains, but it may

pose a salinity hazard to soil. Brackish to s;ilinc Na-Cl
hydrochemical facies in the central part of the
Southern I ligh Plains indicates that either (1) ground
water that.. dissolvedl halite in Permian rocks
discharged into the Dockum Group or (2) Cretaceous
seawater was flushed from marine formations of the
Edwards/Trinity Groups but not from the Docklum
Group in areas of low transmissivity and poorly
connected sandstone deposits. Chemical composi-
tions of w aters that either discharged into the
Dock'um Group from Permian rocks or invaded the
Dockum Group dtiringlthe Cretaceous have been
modified by reactions with silicate and carbonate
minerals. Fresh to brackish Na-SO4 water In the
southern part of the Southern High Plains most likely
originated from dissolution of Permian gypsum, ion
exchange of dissolvedl calcium for adsorbed sodium,
and oxidation of pyrlite In the Dockum Group. In the
Pecos and Canadian River valley ground-water basins,
'rou'nd waters from the Ogallala Formation, Edwards/
Trinity Groups, and Permian formations flow Into the
Dockum Group.

Current recharge rate to the'aquifer in the Lower
Dockuri Group in the Southern High Plains is low, as
indicated by ground water that is possibly 20,000 to
'33,000 yr old. Accepting this age for Dockum Group
ground water, and given the presence of ground-
watei divides and of low-permcability mudslones
above the aquifer in'the Lbwer Dockurn Group,
ground water in the Dockum Group appears to be less
renewable than ground water in ihe Ogallala Formra-
tion. Wells completed in thin sandstone deposits in
thc Lower Dockum'nGroup% will probably encounter
brackish to saline water below the Southern-High
Plains. High head lift and generally poor qualityv.atcr
with a high sodium adsorption ratio w'vill continu'e to
discourage development of Docku6nm Group ground
water.
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APPENDIX A. Estimated hydraulic properties of the
Dockum Group, Texas Panhandle.

SUMMARY
In contrast to the large amount of information

pertaining to hydraulic conductivity, storativity, and
porosity of the Ogallala aquifer (Knowles and others,
1984), little is known about the hydraulic properties of
the Dockum Group,'which uhiderlies the Ogallala
Formation across much of the Texas Panhandle. An
exhaustive search of the literature and of document
files at the offices of the Texas Department of Water
Resources and the High Plains Water Conservation
District No. 1 yielded data from 4 pumping tests and
specific capacity, or 'vell'perfdrmance, test data from
another 62 wells. Siorativitywas reported for two tesis.
The hydrologic tests were performedi around the

perimeter of the Southern High Plains and along the
outcrop of the Dockum Group east of the Southern
High Plains, where sandstones in the Lower Dockum
are fairly thick and yield good, quality. water.

Transmissivitiesare highest in Deaf Smith, Randall,
and Swisher Counties, where Lower Dockum sand-
stones are most extensive and thick (fig. 4a). Average
transmissivities by county range from 2,060 ±
860 f`2/d (191 ± 80 m2/d) in Deaf Smith'County to
about 30 i 10 ft2/d (3 ± 1 m2/d) in Garza* County.
The two storativity values, I X 10-4 and 2 X 10-,
reflect confined to partly unconfined aquifer
conditions.

i

PUMPING TEST DATA
Myers (1969) presented results of two pumping

tests in Lower Dockum sandstone; one at irrigation
wells owned by V.J. Owens in Deaf Smith County and
the other at City of Snyder municipal supply wells in
Scurry County. F. A. Raynor (Interoffice Memoran-
dum to Texas Water Commission files, February 24,
1963) discussed the Deaf Smith County test in detail
and concluded that the best transmissivity estimate is
approximately 2.940 ft2/d (273 m2/d). Myers (1969)
reported that storativity was 1 X 10-' at the V. J.
Owens wells and 2 X 1O0- at the City of Snyder wells.
These values are typical of confined to partly
unconfined aquifers and are reasonable for the
Dockuni Group at these two sites.

Akin and others (i962) discussed pumping tests of
Lower Dockum sandstones that crop out near Fort
Sumner in Dc Baca County, New Mexico. They
estimated that transmissivity in the test area is lessthan
270 ft2/d (25 m2/d).

Variable-rate or step-drawdown pumping tests
were performed by drilling contractors at the City of
Hereford No. 18 wvell and City of Tulia No. 13 well in
1966 and 1967, respectively. Transmissivity estimates
from these tests follow. No observation wells were
available to determine storativity.

Hereford No. 18 Well Pumping Test
An aquifer test at the City of I lereford No. 18 well

was conducted from December 1 to December 4,
1966, by McDonald Drilling Company to characterize
the production zone in Lower Dockum sandstones
and to test well efficiency. The 16-inch O.D. wvell

casing was cemented from land surface to a depth of
650 ft (198 m). The well screen consisted of a 16-inch
0.D. pipe perforated with 12 rows of slots (3/8 inch X
10 inches) per foot of pipe between 682.8 and 944.0 ft
(208.1 and 287.7 m) below land surface. Total depth of
the wvell is 954 ft (290 mi).

Test records indicated that static water level was at
a depth of 450 ft (137.2 m) but that water level at the
start of the test was 219.45 ft (66.8 m) deeper,
suggesting there was residual drawdowvn from a
preceding pumping period. The reported static water
level was used in calculations of drawdown and
residual recovery, but the earlier conditions that
caused the initial drawdown were ignored. The test
began at 1:00 p.m. on December 1 by pumping the
well at 1,421 gal/min (5.4 m 3 /min). The pump wasshut
down to repaira fuel leakat 11:03a.m. on December2
with the water level at 727.2 ft (221.7 m). When
pumping was resumed at 12:45 p.m., the water level
had recovered to 496.9 ft (151.5 m}) below land surface.
Figures Ala and Alb show the history of discharge rate
and water-level change, respectively, during draw-
down and subsequent recovery.

Drawdown data from the period before the pump
shutdown were analyzed using thie Jacob semiloga-
rithmic approximation, assuming a constant discharge
rate (fig. AUc). The Jacob approximation is valid
because pseudosteady-state conditions were quickly
reached near the pumping well, perhaps within
100 min after the test began (fig. Alc). Step-
drawdown data were analyzed using the Cooper-
Jacob method (Kruseman and De Ridder, 1976,
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p. 138-140; Earlougher, 1977, p.31-33). which assumes Specific Capacity Data
thatthepseudosteady-state conditionofconstantfate Specific capacity, or well performance, tests are
of change of water level was reached. figures Ald and sometimes performed in new wells to determine well
Alc show data from the pumping periods tI1at yield and size of a suitable pump. Specific capacity
preceded and followed the pump shutdown, respec- (discharge rate per unit drawdown, Q/s) is a tool used
tively. Increase in slope of the trend from line a to in reconnaissance studiies to estimate transmissivity
line b In the first period (fig. Ald) possibly indicates (Brown, 1963; Theis, 1963; Walton, 1970, p. 311-321;
faulting, a transition to pseudosteady-state condition Macpherson, 1983). During a test, drawdown in a 4J
of constantrateofchangeofwaterlevel,oradecrease pumping well is measured while discharge is held
in hydraulic conductivity away from the well constant, ideally until the change in drawdown with t*
(Earlougher, 1977, p. 33). The three graphical analyses time is small. Tests in municipal wells generally last at
give similar values of transmissivity, ranging from least24hr.Testsinirrlgattonwellsusualllast6to8hr. :
1,430 ftW/ to 1,980 ft2/d (134 m2fd to 184 m2/d). 2-hr tests are also common (table A1) The pumping

rate is decreased during the test to'keep the water
Tulia No. 13'Well Pumping Test level In the well above the pump intake. In such cases,

T a N.1W l ptTstthe final pumping rate is typically reported as well ;An 6quifer test at the City of Tulia No.13 well was yield . Heath, 1983). Accuracy of estimates by this
conducted from July 24 to July 28,1967, by McDonald yed(et,18) cuayo siae yticodutefrtnuyZtojlly~96byc~nad method are affected by partial penetration ol wells -;A
Drilling Company to characterize the production mtd are affetd port wells in t

zoei oe Dokm ''sandstones and to test well and by wel ltosses. Most wells In the Dockum Grioup rzone in Lower DockurD welltwas cnd ted in l appeared to completely penetrate productive sand-
2iictnch. orhefrm .lG-inchO.D.wellwascemcn6-fted in stone deposits. Wells that are inefficient because of 'R:
dpth.Th worehollfromlan screenlco d of a Of16-i -nch 0.0. turbulent flow In or adjacent to the well or because of .-depthl. The well screen consisted of a 16-inch O.D. d1 h Ib*
pipe perforated with 12 rows of slots (5,16 inch X- rlndme to peraiarounthe wbore
8 inches, 4 inches apart) between 620 and 820 ft (189.0 show a well loss that is an extra amount of drawdown
and 249.9 m) below land surface. Total depth of tile pergivendischargerate.Weitlassdecreasestheappar- t~
eell was 828 ft (252.4 mn). ent specific capacity and results in underestimates of 2.

Test records indicated that static water level a transmissivity. Data fror the two variable-rate w
364 ft (110.9 mn) below land surface but that at the staTt pumping tests were inadequate for characterizing
of the test the water level was 85 ft (25.9 m) deeper, *ell-loss coefficients for typiral Dockum wells, and

wlell loss wasassumed to be zero in all wells usedIn isuggestirng residual drawvdawn from a preceding thstuy
pumping period. The reported static water level was B (6 and y. (e
uise d in calculations of drawvdown and residual recov- rvn193an1Tis(9)devd nrl - fEsedy int cheearlicula ontions oftdraad t cansd resdul c- formulas for estimating transmissivity from spectfic ,cr, but the earlier conditions that caused the initial
drawdown were Ignored. The test began at9:a.m. capacity tests by assuming typical values of
on Jul 1 24 by pumping the wel at 2000gal/mm transmissivity and storativity for unconfined and
(7.6 in /min).FiguresA2aandA1bshowthehistor of confined aquifers. Transmissivity estimated from
discharge rate and of water-level change, relthese formulas is more sensitive to an error in the ;

tynrepc assumed storativity value than to an error in thetively, during drawdot n and subsequent recovery, assumedtransmissivity value Toincrease theaccuracy
Dr.wdown data from ihe long period during of Dockum Group transmissivity estimates, the

which pumping rate was constant were analyzed f e d
.. ~formulas were rederivedJ using transmissivity and >9using the Jacob semilogarithnmic approximation storativity values from pumping tests that were

(fig. A2c). Step-drawdown data were analyzed using sumedto bet frockum G snstones.
he~oper-aco metod lig ~d)The tra~ht-ine assumed to be typical of Docicum Group sandstones. ,l;th ~ C operj co metho (fg.AM). Th e st raig ht- i n e. . . ~Transmissivity estimates from specific cap~acity data r tsolutions are appropriate because pseudosteady-state T e fwere similar to those calculated from the fourconditions were quickly reached near the fiumping va ilab p i test c a ble A t fr. .. . . .avaiiable pumping test records (table A2)..well, perhaps within 500 min after the test began

(fig. A2c). Tle best-fit line for the step-drawdown test
is difficult to determine because of data variability; Derivation of Transmissivity Formulas from
tIhree possible lines are shown in fig ure A2d.Transmis- Specific Capacity Tests
sivity values from the constant-rate and step- Derivation of fotmulas for estimating transmis-
production-rate analyses range from 2080 ft2/d to sivityfromsspecificcapacitytestdatafollowvsthesteps H
3,860 ft2id (193 m2/d to 358 mAl)- presented by Brown (1963) and Tlheis (1963) for
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'TABLE Al. Transmis~ilviy esimates trom %pecific capaciry tests.
(Q - discharge~, i - drawdlown. Q/h - specific capacity. d. wellr diameter, t -. test duration, 7.- estimated trimnmis~ivimy

a - ftandtrd devi.a of n transmistivlty estima1tes)

Depth'
interval Dat/a

County Well no. Owner IJ'e' ~;creencd ((I) gal/min % ((I) (gal/ft-min) d Cnch)' I (hr)" T (Wt/d) 2or (ftt/d) rititrct'

Confined Aquifer Setlings

Andrew fA.')) Unir. JeXAi' IIN 1.150-1.250 117 I10 0.9 -- 2210 30.
-~~ ~0. FiJckrn IN M-.' 05 132 325 0,4 IM - 0 30 3

27.5S-*I3 T(-Yacn "Ir 1.75') oIKen 152 200 011 Th 24 210 68 3
Deal' Sm~it 10-114.20)2 V. 3. Owvni. IR 6558762 708 8-4 9.4 16 946 2.%t) I'0 1,7

07.52.902 Richatet'on S¶,(ds IR~ "-e.62 900 79 11.4 13 3a1MM
104-P(-n 7 F, W%, Hill ER A-27.807 1.0AM 9I 111.04 16 a .9 8'
104&6-01 1F. W. I fill JR 592-764 I.000 7W0 4.ff 16 a 1,230 36* 1
10.113.503 Clit ofJ fleridtfd Xi 603-4*4 1,400 210.3 .5.2 -0 L2 1,40 39011 1
10-14401,7 11. flraman I R W0-e20 A0M 140 6.4 16 a 11,69r) .10 I

p10'14.0Z4 I. I-l. fli' IR 670-ri 0 750 904 7.7 13 8 2,008 570 2
70-07.-'0' LP611Rkr I 61 42'750 10 110 3.9 12h al 11.0210 .290

c~nw KaX '#IM SI 1M13 I, 210-211 40 3
I'"Jritilt'Y WVS%%01 A. A. Sbughter Est. ~ Vr 1.9502.100 227 150 1.5 114- JIM ii' 3

Frazier #25 ffornalulu Oil 51. i 140 0 2.3 - 620 170 3
xUrtin 27.55-202 Teiitoo 'WF f lAOiptn 8 0 . 1 4Ia

W17.SMW LIL Land & CJtl R S20.6A2 Om0 100 9.0 - 7,0 603

C. ,ity. of Canyon7Ut No4. 1' , ' %1 5N9i6 5 . 11 - 2210 2
1 ~1101.M-205 City of CAnyon No. 5 XI 2504550 760 1713 4.3 16' 12 1.149 320 2

City of Canyon N4o. 6 M $007 s US5 3.7 I. 14 970

Ct fCnynN.7, A J-3 so *6.7 2 1.610 a
1111J01-f' A. W. Lair IR .270 -470 325 1 IV 2.7 is 12 70 200 3
1171.02.? Arkt-a Eiploration Su -10-7a 15 40 0.A 10 12 90 30. 3

~-'11-03-IA A. M. Standofm' 17 30"-10 4.5 GO 0.1 12V14 a 10 10 3
1*i32 0. V. %forriil JR 10-1.000M ti0 163 4. 13. 1* 130 371 1

11-26.611 Cif, v o Tutia No. 13 N A3204120 2,000 124 16.1 20 62 4,900 1,200 1
.'.- .11.2-91t. City ot Tulia Not 13 kM 63V.816 95* Mi.S L 4 16 24 910 250 1

.,~I11.26.6512 Citv of Tulla N*t. 1 5 NA 6258210 600 .31l 1.9 1 4 24 5110 14) 1
T~rrry At10-Wl)O Gulf Enrwgy & WVT .1,961 189 651 0.3 a 7.0 -'

.. Pairtly Unconfienedl Aquifer Setting,
Crosby 23-39-502 C. If. Vvifliams JR co 90 30 3.0 la 12 670T 230
Garza 23-45.POI Conoco wrV 557.7SO 62 332 0.2 815 7 31) 10 .3

23I-54.7P1 Am. tero'ftn WVF 5f4662. 40 223 0.2 -3 20 1 1 3
mitchrfl 2,114-25107 poiers &flmJer IRl/5 170M3 865 W 1.4 -6 .300 110 3

29-34-214 UI.I "It.l S Zr0 *110 1130 0.7 - 035 110 50 3
29.34-434 Pa4c" Jz/S 235 710 .192 0.4 I- s 30 .3
29~-34-524 0.08. Thlc R/S 177 180 145 .1. -2 240 (a , 3
2935-704 City oft oralre JR/D .198.26.8 CIO 38 1.6 - 03270) 120

)9-35.721 13. Orreon IR 150-230 350 170 2.1 -4 430 150. 3
.,W.- 29-42-210 MMs. 0. Gale- JR 16;5 -v,/ 25 7.4 -1, 1.540 540

29-42-211 Mrs 0. Cale JR Viat 110 210 S.S 0.5 1.050 410



TABLE Al (conl.)

Depth
interval Q Q/h Data

Use' scieened 0fI) gal/min s ((I) (gal/tfsnin) d (inch)a I (hr)3  T (II'/d) 2a (11'/d) source'

Partly Unconfined Aquifer Scling (contL)

County Wrll no. Owner

Mjilchell 29-42-212 Mrs. 0. Gale
(Cunf.) 29-33-919 Browne 8ros.

P9-42-213 Browne Bros.
29l42214 Browne Bros.

Scurry 2&15-603 A. Beaver
25-23-61 R. E. Smith
28.23.902 R. L Snith
28-24401 - Chevron Oil Co.

23-24-403 Chevaon Oil Co.

28 244706 Chevron Oil Co.

21-24-707 Clhvron Oi Co.

21-24-001 Chevron Oil Cu.

28-24-602 Chevron Oil Co.

28-24W03 Chevmun Oil Co.

IR 110 750
[R 125 SO
IR 183 80
[R 200 100

D/S/IR 200 40
IN 381-43u 575
IN 338C65 475
IN 400-632 M50

(intermittent1
IN 35640 400

(rC n rmniltent)
IN 342.644 521

llote nwillen t}
IN 358,550 400

595-625
IN 35k-S40 400

480-s70
59-630

IN 360-190 4W1
t U4-650

IN 140-400 360
434-540
595-625

I# 360D648 448
IN 421-556 608

finlermilttentj
IN 356-47U 2;0
IN e-230 60
IN 1'5-297 350
M 98-29 1 Y

IN/AR 30-396 326
406443

INflR 97-.16 85
? 147-397 140

IN 357-470 lO
IN 200-282 350

'W7-300
- 50000 75

75 3.3 - 4 .213 240 3
20 2.5 - 1 470 180 J

12D 0.7 - 2 120 50 3
112 0.9 - 2 160 70 3
40 1.0 - 4 200 70 3

353 1.6 - 7 430 120 3
203 2.3 - 7 640 170 3
188 0.3 - 24 60 20 3

78 5.1

123 4.2

75 5.3

66 6.1

7 1,20 370 3

6 9,70 31D 3

6 1,240 390

6 1,420 44

3

3

100 4.0 6

7

910 290 3

740 240 3110 3.3

24.24-804 Chevron Oil Co.
2a-31-301 CulosAdo River

Muncdpal Water Dist.
2U-32-205 Mabec Pctrol. Co.
29-09-90f N. falks
29-17-27 Amor and Clt nwidg-

- City ol Snyder
29-17-;03 UIitj Oil Co.

29-15-702 J. Walker
29-19401 f. A. Thompiocu
29-25-401 New Mont Oil Co.
22-01-201 flerin3g Sand &

Gravel
- test well

82 5.5
162 3.8

79 3.2
180 0.3
170 2.1
64 2.3
58 56

- 24

_ 37.5

_ 24

_ 4
_ 24
_ 24

_ 24

I,'0
960

780
60

490
57Q

1.440

390 3
270 3

230 3
20 3

150 3
170 3,7
410 3

40 3
50 3
50 3

210 5

30 6

142 0.6 - 3 110
209 0J - 3 120
220 0.7 - 24 150
125 2.8 - - 610

190 04 - - 70

Motley

Floyd

'IN . injusgial. WF - war flood, IR - ita iwi. M - murnciWl. SU - tply, D - doinvuic, S - stodl
'Unknown well dimenter imficated by -: 4.8. md 12 ierh awimed in iterat~on.
'Unknown test duraton indiWctcd by - 2, 6. and 12 hr assuenmd in iWt4r6
'I - Ou4tin (1983; 2 - Fink (1$63). 3 - Texas Oprtment c4 WVaWe Rcsogna. Certral Records 4 . Long (1957); 5 - Smih (1973); 6 - Bioadiurs.t (1957Th 7 - Mytrs 1969).
'Cblrtuf aquifer setting. StoraLtividies of 10-f, 10'. and 10i' awimed in iteration.
*Parnly unconlfined aquifer eitmin. Sowrativites ci 10, 10'4 and 10' assumed in iteration.
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TABLE A2. Cornparison of transmissivity estimnates (ft'/d)
fromn pumnping and specific capacity tests

(1 t/d I 0.134 n2/dJ).

Pumping Specific capacity
OCvner/Well test lest

City of Herelord No. 18 1,430 to 1,980. 1,400 ± 90
City of Tujia No. 13 2,080 to 3,460 41,900 + 1,200
City of Snyder, 4co to 483 570 ± 170
municipal supply well
V. J. Owens, -2,940 2,900 ± 700
irrigation well

For confined parts of the Dockum

T' (Q/s) F J- 35.3 log(2,200 5) + 35.3 log(t))

Ywhere '

F = -8.0 - 35.3 log(8.5 10-9 r2).

(2)

(3)

unconfined and confined aqulfers,with characteristic
values of transmissivity and storativity substituted irito
the Theis formula

T = (15.3 Q/s) 1-0.577 - ln(1.87 r* S/IT t))3 (1)
where T is transmissivity'(ft 2/d), Q is discharge rate:
(gal/min), s is drawdown (It), r Is distance from the
pumping well to. the observation well (It), S is
storativity (dimensionless), and t is duration of test (d).
Well radius is substituted for distancd to the
observation well. Transmissivity and storativity of
typical confinedsections of the -ower Dock urn Grou
arc assumed to be 2,9'10 fct/d (273 m2/d) andt1 X 10
respectively, based on the tests at V.J. Owens' wells in
Deif Smith County (F. A. Raynor, Interoffice Memo-
randum toTexasWater Commission files, February 24,
1963; Myers. 1969, p. 120). For typical partly confined
or unconfined sections of the Lower Dockum, trans-
missiity and storativity are assumed to be 48s fW/d
(45 m2/d) and 2 X 10-3, respectively, based on results
of tests at the City of Snyder wells in 5curry County
(Myers, 1969. p. 440-441).

For partly confined and partly unconfined parts of the
Dockium

T = (Qfs) IF - 35.3 log(18.15 5) + 35.3 log(t)) (4)

where
F = -8.8 - 35.3 log(l.03 10' r2). (5)

Theis (1963) suggested reading T from a graph of T(T,
T In gal/d ht) versus Q/h based on

T'= T - 264 (Q/s) log(T 10-). (6)

Transmissivity was solved from equation 6 by
successive approximation using a computer program.

Almost two-thirds of the test records lack data on
well diameter, and one-seventh do not specify test
duration. To miximize the amount of infonrriation
available from these specific capacity tests, a range of
typical values of well diameter (4,8,and 12 inches) and
of test duration (2, 6, and 12 lit) were Iteratively
substituted Into equations 2 and 3 or equations 4 and 5
to calculate an expected transmissivity value. A range
of storativity values also was iteraitively substituted
into the equations; a range from 15 to 10V was used
for wells in confined settings and a range of 10-2 to lo'
was tiseci for wells in partly unconfined -settings.
Table Al lists the mean value of transmissivity from
the iterative estiriates and two standard deviations of
the estimates arrund that mean value. Two standard
deviations include 97.7 percent of expected values,
assuming that errors in transmisslvity calculations
were normally distributed.
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- RESULTS
Variations in quality and completeness ofhydro-

logic test data from Dockum Group water wells limit
the accuracy of transmissivity estimates from specific
capacity tests. Transmissivities estimated from wells in
Deaf Smith, Randall, Swisher, and Floyd Counties
range from 10 ± 10 ft2/d (1 ±- 1 OnM2 d) to 3,180 ±
860 ft'/d (295 ± 80 m2/d). In these counties, Lower
Dockum sandstones reacli'maxiniurn thickness for the
Texas Panhandle but still make tip less than 50 percent
of the Lower Dockum stratigraphic column (fig. 4a).
In areas without thick sandstone sections, well vields
are less than 100 gal/min (0.38 m/min) and most
specificctpacities calculated from discharge and draw-
clown measurements are less than 0.5 gal ft-' min"

(0.3 m3 rm^1 min") (table Al). Transmissivitlies esti-
mated from specific capacity -tests in thin and
discontinuous sandstones range from about 20 ±
10 ft2/d (2 ± 1 m2/d) in Garza County to about
1,540 ± 540 ft2 /d (143 ± 50 m2/0) in Scurry County.
Average transmissivitles by county throuphout the
Texas Panhandle range from 2,060 ± 860 It /d (191 ±
80 m2/d) In Deaf Smith County to about 30 ± 10 ftI/d
(3 ± 1 m 2Id) in Garza Count) and are summarized in
figure A3. Storativity values of 2 X 1 to from
two tests suggest that ground water In Lower Dock- um
sandstones is confined to partly unconfined, probably
by mudstones in the Upper Dockum and top of the
Lower Dockum.
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FIGURE A3. Average transmissivity of Lower Dockum Group sandstones by coLInIy derivedt fromn data in t.bic Al.
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APPENDIX B. Chemical composition of
Dockum Group ground water.

County Lat. Long. TFemp. ptH Ca Mg Na K dl SOA 11CO 3  Slot' Sources
AndrcwS 33.240 102.650 27.2 8.05 15.9. 263 860 12.6 518 760 537 11 is32.67 .102.717 - 1.2 iS.- 6.8 . 69 - 630 M3 493 12 432.275 102.783 - 8.3 9.2 3.4 685 300 625 538 12 432.317 102.642 - 8.1 11 - 4.9 ' 7355 310 793 512 13 ,43 2.25 102.645 - 8.2 9.4 4.2 703 - 300 .668 549 9.4 432.306 102.695 - 8.3 9 4 825 - 286 920 536 1 2 .1232.1940 102.542 - 7.8 73,1 6 780 - 458 940 390 - 1 232.235 MM289 - 8.1 3.3: 15 .741. - 300 960 -405 1 3 1 232.318 -102.269 - 8.6 13 4 1,05 A4 617 764 .587 13 1332.28 102.269 - 8.6 12 .S 958 a 539 .846 593 13 133230 102.225 - 8.4 16e 8 1,176 - M6 938 566 14 1332.291 102.670 - - 90. 39 1,966 - 1.176 2,721 260 7 1332.134 .102.788 - 7.5- 47 19 927 - 420 .1.300 *338 - 1332.207 102.639 . - 8.4 16 . 11 90 - .526 1,011 506 12 1332.17.8 .102.666 - 8.4 12 6 893 - 403 UO fl10 13 1332.238 12.a 84 1 5 .08, .5 674 913 564 13 13

32.213 102.239 - .5 21 .30 ,1,117 11 804 .1052 536 13 1332.225 10L2.224 - 8.5 1 6 a 1,115 .5 685 972 S 56 1 3 1 332.205 102.233 C $S 18 9 1,120 5 702 1.08 525 1 3 1 332.191 102.233 8.5 21 . 10 1,218 6 798 -1,226 , 481 13 1332.28 102.267 - 8.6 15 6 1,062 .5 755 855 584 12 1332.207 102.639 - 7.1 160 10 .1,472 - 1,60 923 517 - 1332.199 -102.215 - 8.5 17 6 1.076 .4 624 1,053 529 13 1332.492 .102.4653 - 8.5 15 6 . 1,046 .5 502 1,191 4 47 1 2 1332.491 '102.388 - 85 . 834 .3 375 796 540 1 2 131llorck~~n 32.105 101.215S - 78 .~28 1,310 - 1.860 . 349 204 1 1 1 232.694 101.419 - - 185 94 3,660 - 4,300 2A410 279 71.2 1 232.539 101.516 - - 80 36 1.9800 - 1,980 156 .r -278 10 1232.56 101.452 - 41 24 1.860 - 1.880 1,460 406 14 1232.550 101.387 - - 26., 28 2.300 - 2.1:8( 1,73(1 476 5 1232.638 101.638 - 8.4 40 13 1.915 - 1.434 1,814 45? 11 1332.674 101.652 - 8.4 43 - 13 1.9Ml - 1,372 1,901 474 1 1 1 332.657 101.653 - 8.4 42 1 3 . 1.915S 1,372 1,901 .4 B 1 1 1 3,32.631 101,639 - 8.A4 46 1 6 1.9301 - 1.3221 2.01 452 1 1 1 332.6.13 101.660 - 8.2 147 3 2 3,371 - .3.892 1.9138 .468 1 1 1 332.G31 '101.615 - 8.4 37 1 5 1,82 - 1,397 1,761 521 1 2 1 332.613 101.632 - 8.5 33 1 0 1,568 - 1,234 I'M,28 .509 1 1 13J32.319 101.668 - 8.3 4 1 1 5 1.H- 52 1,365 W0, 1 1 332.336 101.659 - 8.3 80 31 1,982 - 2,066 1,534 VA26 10 1 3323S75 101.261 - 8.3 4 5 1 6 1,859 - 1.568 1,501 . 494 1 0 1 3323598 101,230 - .- 389 .256 .1277 1.450 2.803 336 1 5 1 3Olce 34.691 101.341 - - 4 5 24 1 9 - 26 . 341 221 - 1 2.34.660 101.330 - - 61 . 42 ~ 30 - 22 28 391 - 1 234.391 101,154 - - 51 4 1 25 - 3 5 so 304 - 1 234.735 101.399 - - 4 0 26 4 3 I 15 55 .270 I 1334.6190 101.380 - 8.2 4 2 27 4 0 6 2 2 44 273 44 13134.730 101.143 .-7.1 570.92 5, I 1 5 1,660 193 - 1 334.S27 101.39)2 - 8.2 4 2 25 8, £ 48, 122 242 36 1 334.306 101.134 - 8.1 77 -26 74 6 5 2 117 322 36 1 334.3r64 101.133 -. - 60 39 297 - 232 113 .60 afi. 13'34.328. 101.193 - 4? 25 91 I 22 65 372 - 1 334.314 101.133 B .2 36 24 '114 - 64 78 322 - 1.1Cato34.483 102.250 - 7.7 308 12 9,1(00 14,200 1,360 .,332 9 12Codiran 33.455 102.691 - 7.1 530" 170 6,100 - 5.600 6,930 '197 11 1333.473 102.633 - 7.4 610 207 9,200 - 9,000 9.130 .220 - 1733.475 102.620 31.6 7,5 704 149 9,558 - 9,223 .9.580 2014 - 1633.470 102.670 27.2 7.7 519 200 8,682 - 6.249 11530 225 Is1Crosby 33.564 101.082 *- 7.9 25S 1.5 254 2.8 71 133 '396 10 1233.815 101.254 '- 8.3 .39 27 57 9 17 '34 332 41 13331.441 101.204 - 8.1' 27 24 184 7 49 146j 439 19 13
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County

DaIlam

Dawson

Deaf Smith

Dickens

Ectot
Fisher

rlod

LaL Long. Tcmp. pH Ca MS Na K Cl S04 HCOx S10a Source'
36.395 1OL233 - 8.3 34 26 56 6 19 84 245 28 13
36.349 102.516 - - 41 40 92 8 51 156 290 33 13
36.301 10599 - - 46 19 42 6 22 52 231 27 13
36.290 102.476 8.2 37 31 33 6 23 5s 229 31 13
36.353 102.230 - 8.4 22 25 28 5 11 39 189 28 13
32.555 101.771 - 8.4 47 42 2,125 11 2,268 1,294 508 11 13
32Z565 101.746 8.4 38 15 1.770 - 1,585 1.352 47U 11 13
35.122 102.502 19 5.15 15.4 6.13 239 2.34 34.5 116 428 10. 18
35.121 1031021 18 7.8 15.6 13.1 335 2.34 58,4 177 633 13.3 18
35.080 103.020 - 81 33 20 54 5 38 51 222 28 13
35.100 102.791 - - 22 16 102 - 10 53 317 - 12
35.869 101293 - 8.6 4.4 2.2 25 4.2 37 177 456 12 19
34.905 102.289 8.2 6 3 243 - 32 146 442 12 13
34.870 102.342 - &.S 4 1 313 2 56 240 449 11 13
34.780 102.330 - 8. 4 1 s36 3 208 269 777 10 13
34.883 102317 - 8.43 5.14 1.82 283 2.02 43 189 47s 10.8 1s
34.904 102317 - 85 7.3 3.52 227 244 31.3 104 447 11.1 18
34,896 102101 - 8.95 3.11 1.96 230 2.37 29 94.2 4G4 7.63 18
34.800 101431 19 5.7 5.95 203 917 3.41 510 360 1,074 12.1 1s
34.854 1OL347 19 A.2 4.59 1.4 326 z39 56 251 503 10.4 l1
34.833 12.344 - 8.58 3.41 .89 380 1.63 84.5 201 630 10.6 18
34.793 102.331 - 8.c 3.24 .65 449 1.42 104.5 220 720 10.8 13
35.148 102.865 17 8.4 15 9 345 3 133 460 206 12 11
35.166 103.523 - 8.2 5 5 202 - 33 58 444 - 11
35.062 102.755 - - 13 8 279 - 55 191 493 9 11
34.879 102.298 - 8.6 4.4 2.2 27S 4.2 37 177 440 12 11
34.894 102.307 - 82 6 3 243 - 32 146 442 12 11
34.895 102.183 - 8.2 5 3 231 - 30 90 479 10 11
34.896 1OZ181 - 8. 3 6 570 * 213 200 840 10 11
33.624 100.600 - 7.5 76 20 41 3.5 47 61 282 16 12
33.620 100.540 - 7.4 74 20 38 4.6 30 49 303 14 13
33.767 100.921 - 8.2 56 17 21 5 31 32 229 29 13
33.874 100.850 - 8.2 208 23 166 - 314 233 356 32 13
33.780 100.830 - 7.9 144 58 92 186 202 345 40 13
33.679 100.90 -. - 78 12 42 ^ 41 44 281 - 13
33.646 100.SS7 - - 208 29 160 8 342 277 297 27 13
33.627 100.829 - - 69 15 42 - 34 39 293 22 13
33.G26 100.818 - 7.S 137 36 74 3 186 142 280 21 13
33.585 100.931 - 8.2 53 15 134 6 81 67 377 23 13
33.585 1W0,926 - 7.5 50 20 147 - 96 73 374 21 13
33.621 100.854 . 7.4 86 2; 23 3.8 0 55 246 16 13
33.619 100.850 * 7.6 68 17 39 3.1 44 47 238 16 13
33.605 100.806 7.9 157 59 200 - 358 28s 295 23 13
31.748 102.G3 - 7.9 5.8 4.5 682 6.9 255 508 760 10 12
32.721 100385 - - 00 77 51 - 69 193 393 - 12
32.622 100.661 - - 42 12 115 - 25 46 367 - 12
32.850 100.4C0 - 7.8 65 34 28 2.8 34 61 304 11 12
3zn50 100.460 - 7.1 96 13 2.4 2 16 179 113 a 12
34.209 101.175 - - 51 27 52 - 23 36 342 - 12
34.127 101.152 - - 17 1 238 - 55 72 50W - 12
34.268 101.178 - - 42 33 35 17 39 305 - 13
34.233 101.156 8.2 50 43 57 7.7 1C 35 414 5s 13
34.224 101.198 - 7.7 43 38 34 6.9 16 36 348 49 13
34.224 101.199 - - 48 41 19 - 15 36 336 - 13
34.225 101.108 - 7.7 37 218 so 7.7 22 34 312 .10 13
34.180 101.082 - - 64 18 22 - 16 25 287 - 13
34.141 101.123 - - 5o 26 29 - 21 35 268 - 13
34.150 101.117 - - 45 31 41 8 25 34 311 47 13
34.138 101.082 - 7.6 44 24 34 6 20 23 276 39 13
34.091 101.055 - 37 19 )40 - 16 2G 256 - 13
34.090 101.053 - 47 23 1ll 6.3 145 33 274 32 13
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County
floyd
lcotit.

Gaines

HJrtlte

HIowatd

i

I
I

Lat. ot1ng Tetfp. pft Ca Nt8

34-.095 101.01 - 48 18.
34.098 lOl.4v, - - 89 31
34.110 101.076 - - 40 16
32.946 102.298 - - 112 74
32.739 102.974 - 7.9 1C6 8.2
32A47 102.233 - 7.5 94 4S
32L624 102.774 - 9.3 6 5
32.954 102.293 * 7.7 100 44
32.832 102.244 - - 381 186
3'2.24 io2232 - 7.7 53 32
33.279 101.4 19 17 6.7 751 273
33.074 101.098 20.5 7.8 34.9 15.6
33.355 .101.091 - 7.7 95 34
33282 101,108 - 7.5 63 33
3.310 10t.173 - 7.2 lr '30
33205 101.097 - 8.4 3.5 . 1.1
33.100 101.119 - 7.4 95 110
32.932 101.151 - S.) 3.8 1.4
33.267 101.217 21.1 7.3 496 1E9
33.CK1 101.250 2L2 7.1 247 98
33.042 101.170 - 8.G 2S 19
33352 101.293 - 7.9 45 30
32.841 102.22 - 7.6 71 :0
353729 10'2.726 - 8.3 15 17
35.673 102.636 - 8.4 33 19
35.661 102.".1 - 8.2 30 1l
3s.G67 o102470 8.2 39 30
35.648 102.481 - 8.2 33 23
32476 101.361 26 7.8 47.1 21.9
32.417 101.238 19 7.8 431 21.5
3Z518 101280 - - 178 263
32A13 101.278 - 7.7 72 2$
3L4.'4 1Ol.2'5 - 7.9 33 12
33.149 101.855 - 7.4 2a4 122
33.642 101.842 - 7.8 332 114
33.21t1. 101f6o - 7.4 (46 '425
32.245 102.192 - 8.4 14 5
32.295 101.40 - 7.6 341 145
3 2.30A 101.010 - 7.6 218 377
32376 101.037 -^ 8.1 e6 37
32.453 101.031 - 8.7 11 5
32.411 100.974 - 7.3 131 49
32.42M 10.554 - a.3 67 24
32.382' 10.EAs - 8.5 Z -
3Z343 100.97l - 8.5 2.1 14
32.347 1001)2 - - 615 344
32.342 100.666 - - 161 50
32.246 100.731 - 7.S 123 53
12r2M 101.107 - 8.1 SS 40
32.41.1 101.1 - 8.2 148 75
31247 1088S - 7.6 220 48
32t253 100.6;4 - 8.1 117 82
312.470 100.61 - 5.1 - 79 40
32.40.3 100.799 - - 82 42
32.23.1 100.952 - 7.fiII 61
)2.364 100.724 - 8.5 33 ;9
32.310 10.21 - 8.2 119 32
12.452 100.821 - 0.4 53 33
12.411 1Im.am0 - 8.1 119 59
232)(j 10o83 - 7.9 58 26
M515 1W0.662 . - 82 113 lo0
05.791 102.008 - B.5 26 14

296
1.873

233
3.500
1,140
3.030

807
3,242
4,261
2,230

16,930
2.020

239
23

266
620
184

894
9.220
6,280

375

2.70
142
3?2

40

42
2,050

526
1.410

990
7,420
7,332

12,660
991
620

1.150
2.3%

731
1e8
160
447
475
114
83
44
15

964
139

59
*103

S4
3.37
163
178
103
96

'175
.195
149

*K Cl

_ 390
_ 2.720
- 260
- 2.)06

- 2.09
- 256
- 2,415
- 4,964

'- 1.050
36.1 25,160

5.2 2,170
4 27B
8.3 18
4.5 332
1.9 500
5.9 104
2.2 D50

25 14,S00
18 .9,420

464
345

_ 120
.7 4)
6 216
5 20
5 10
5 18
E'.49 1,571
5.82 1,183

10 219
_ 1,390
- ,40
- 10,8I0r
- 11,375
- 15,532

7 612
_ 650
_ 570

9 2.240
- 55.4
- 242

2 131
_ 91

5 183

- 150
1 163

- 116
_ 1
- 1,150
- 11

6 131
.0 128

3;
_ 447

3 25
4 64
5 42

_ 85
- 103

8 360
13

*so 4

69
327

2

4,220

1,654)
3,700

817
3,506
3,347
2.990

972

130
30

306
224
543
342

1,850
1t0

74
402

3.150
v0

338

28
113
45

1,656
840

2,054
1,10

630
1.850
1.942
2,995

857
1,630'
3,170
1932

409
263
2.2
490
521

2,520
288
20S

7
1385
655
2SS
176
193
<44

110
443

1683
357

20G
276
110

fICO, S1O0 Sourcin
256 - 13
293 - 13
293 - 13
334 12 12
37s 10 13
417 17 13
332 - 13
395 16 13
59" - 13
46S 19 13
.226 11.2 1s
377 10.4 18
374 31 12
316 32 12
28D 24 12
442 9.3 12
462 10 12
794 8.7 12
255. 9.8 12
371 11 12
276 13 13
520 35 13
224 1s 13
323 16 13
404 11 13
240 27, 13
240 30 13
249 27 13
531 11.1 18
491 10.1 1i
301 60 13
403 11 13
500 11 13
230 A.4 1 2

264 - is
384 - 12
6co 13 13
244 14 13
510 24 13
4281 10 13
492 C 13
2a3 27 13
243 37 13
417, 18 13
449 - 13 13
478 19 13
278 17 13
293 20 13
366 9: 13
323 20 13
397 13 11
378 11 13
259 1d 13
314 16 13
282 14 11
292 2: 13
315 23 13
309 16 13
320 19 13
317 13 13
338 5-2 11
366 20 13

Lulibock

Lyrin
Martin
Nitchell

klcfte

48

LES-005065



; L.

County La1. Long. Temp. pit Ca ig
Mudey 34.108 101.023 - 7.6 68 9

34.030 101.006 - 8.1 .A3 12
341.07 101.037 - - 54 19

34.025 101.011 - - 47 16
33.937 100.92fi - - 48 7
:13.j67 100,875 - 8.2 18 8
33.94a 100.9,75 - - 20 15
33.923 100W.77 - - 48 26
33.887 10O.970 - &81 48 14
33.917 100.935 - - 54 15
33.875 100900 - 8.3 81 17

33.997 100.837 - 8.1 56 12
33.873 100.83S - 7.6 72 31
33.665 100.885 - - 78 24

3.B850 100.865 - 7.1 79 30
33.952 101.025 - 8.1 59 18
33.950 101.017 - - 48 1t

Nolan 32.295 100.632 - 7.7 296 59
32296 109.6]3 - - 220 86
32.350 100,593 - - 94 15
32334 100.621 - 7.9 71 14
.2.345 100.511 - 82 81 2
32.330 100.612 - 8.3 76 10

011d.uirn 35.621 102.676 - 8.4 50 30
35.595 102.953 - 8.2 45 23
35.538 102.289 1 7.2 28 21.7
35.517 102.325 - 8.2 93 39
35.546 102.339 - 8.2 28 17
35.538 102.352 - 7.8 45 27
35.555 102.357 - 7.5 46 20
35.504 102,263 - 8.4 14 9
35.515 102l87 - 1H.4 13 15
35.457 102.804 - 7.6 1l0 29
35.497 103.007 - 8.1 49 16

Randall 35.005 101.939 - . 6 6
35077 101.662 - 7.4 25.6 22.3
34.764 101.022 - 8.4 10 4
34.764 102043 - 8.4 1 1 3
34.800 101.820 - - 7.7 5S.8
34.848 10109 - 3.2 23 10
14.768 102.0-11 - 8.3 4 2
34.758 102.0(6 - a.c 10 4
34.662 101.953 * - 16 15
34.775 101.869 - 8.18 25.4 15.9
34.793 101.899 - 8.2 9 5
34.790 101.031 - 83.2 11 S
34.935 10 133 - 8.2 5 3
35.01s 101.752 17.5 8.1 12 11.7

Scurry 32.676 101.011 - 8.3 3.2 1.1
32.838 100.93fi - 7.9 9.8 4.2
32.730 100.936 - 7.7 54 18
32.685 100.749 - 7.7 S2 17
32.060 1 Oil 7() - 8.1 4 21
34.(44 101.01l9 8.5 .3 3
3.710 101.019 - 7.5 35 III
32.784 100.718 - 8.1 92 64
32.533 100.731 - U.4 87 39
3263G 100)763 8.4 S1 39
32.694 100.11,69 7.41 151 42
32.743 100.817 - 7.7 37 19
32.789 1M.947 - 7.f 56 19
32.753 I0W9q3 . - 59 19

Na

3S8
126
so
29

116
142
284
40
2)
20
62

112
62
C0
74
16
17

401
284
40
23
14
14
71
41

498
260
396
121
30

478
490
65
.36

150
PA).8

298
3M0
13S
539
312
239
265
153
419
4.06
237
110
357
146
23
13
94

2.z18

101
277

72

102
67
72
J1R

K Cl
1.9 430

- 127
- 63
- 27

6 99
1.9 56

- 190
- q20

3 16
_ 13

6 44
- 80

8 121
4 110

_ 83
_ 12
_ 6
- EGO
- 538
_ 64

2 39
1 17
2 17
3 36
4 30
6 58.1
4 125
8 70

_ 35
_ 24

3 69
6 70

* 134
4 23

_ 24
_ 12

- 60
_ 81

3.2 17
_ 441
_ 58

- 62
- 250

4.13 49.5
_ 181
_ 163

- 30
3.85 0.25
1.2 212
1.1 35
3.9 5.5
1.7 9.4
4.2 32
1.1 57

_ 2.090
6 91

- 202
- 55

7 279
53

_ 64

_ 5

so'

62
33
17
14
51
64

100
24
15
18
59
53
82

173
77
16
9

540
501
57
62
1s
20
77
59

279
420

119
47

304
278
167

48
36
23.1

195
201

29
M6
203
IS0
48

101

302
209)

116
46
16
17

222
78

494
152
403
164
164
.13
22
.18

IlCOS SiO2 Source'

304 - 13
227 24 13
256 - 13
238 - 13
245 19 13
304 17 13
427 13
305 - 13
232 12 13
246 31 13
314 32 13
323 19 13
244 - 13
146 - 13
315 34 13
265 32 13.
2441 - 13
278 19 13
254 1n 13

i65 18 13
203 14 13
243 15 13
272 13 13
331 21 13
239 29 13

1,090 - 18
417 26 13
786 16 13
382 .30 13
220 27 13
856 141 13
944 14 13
187 20 13
2'6 29 13
334 - 12
353.8 12 12
483 14 12
555 14 12
341 11 1
337 11 13
4U6 at 13
367 10 13
348 13 13
362 27.8 13
4GS 9 13
492 9 13
475 9 13
359 1 1.8 13
410 11 12
322 13 12
287 41 12
296 16 12
274 17 5
431 1 1 13
3513 11 13
279 17 13
329 36 13
244 17 13
267 33 13
3011 23 13
31S 21 13
259 33 13
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County t.M. Long. Tcmp. pli Ca Mg Na K Cl SOS' HCO1 SiOg Sottur
Scurry 32.756 100.959 7.7 44 16 55 - 14 -25 306 27 13
(cont.) 32.609 101.051 - 7.5 63 1S 85 1 26 124 273 18 13

322C69 101.009 - 8.7 1 1 240 - 44 94 427 - 10 13
32.697 101.216 - 8.8 3 1 328 - 72 .182 465 9 13
32.649 101.116 7.6 18 7 1,590 - 1,600 .750 592 - 13
3Z649 101.118 - 8.7 33 13 1,081 - 1.257 462 346 8 13
32.M90 100.786 - 8.2 90 25 162 - 122 231 :285 22 13
37.626 100.922 - 8.3 12 5 277 - 59 192 443 12 13

- 32.694 100.869 - 7.8 151 42 102 7 279 164 2G7 33 13
32.707 100.522 - 7.7 96 23 24 - 126 -16 231 36 13
32.538 100.933 - 8.1 200 84 142 6 109 734 332- 20 13
32533 100.31 - 8.4 87 C 39 277 - 202 403 329 36 13

Swisher 34.546 101.769 1S 8.4 4.7 1.94 391 1.85 126 232 . 510 10.2 1B
34.555 101.774 13 8.25 3.13 1.75 301 2.86 54.9 161 486 10 18
31.558 101.591 - 8.3 4 1.5 414 1.6 1633 264.5 474 - 14
34572 101.581 8.3 6.2 3 351.9 1.9 169 217.4 402 - 14
34,439 101.881 - 8.14 35.6 23.6 .46.9 7 24.8 .22.5 283 45 1S
34.5t>2 101.929 17.7 - 46 28 40 177 20 49 284 62 14
34.734 101164 20.S 8.1 4.69 2.6 318 2.99 71.1 194 529 10.9 18

Tcry 33.020 102J317 - 7.5 57 20 '2,470 -' 1,3SO 3,170 485 12 12
*orikum 32.973 102.974 - 5.7 144 52 2.250 - 3,520 407 :99 - 12
De Baca 34.523 104.225 17 7.85 22.4 i7.1 239 1.31 71.9 -214 367 15-

34.342 104.619 - 7.7 73 20 14 - 20 '57 232 33 8
34.418 104.620 17 7.9 4i2 100 22 - 121 1,270 106 61 B
34.350 104.541 - 7.9 102 36 2; - 79 151 214 32 8
34.357 104.331 19 7.2 120 71 26 - 1G2 -281 150 31 .
34.442 104.730 18 7.6 44 54 30 - 24 100 279 23 8
34.518 104.220 18 7.9 51 41 279 - 143 354 384 32 8 *
34.481 104.247 17 7.9 51 14 86 - 37 123 -222 8
34.603 104.552 18 7.4 108 *23 40 - S 221 168 25 a
34.540 104.475 15 7.6 72 20 34 - 36 127 177 21 8
34.531 104.373 1S 7.5 90 25 20 - 33 168 176 29 8
34.597 104.293 18 7.2 91 30 119 - 39 174 450 23 8
34.568 104.321 18 7.9 16r 'S2 51 - 34 1330 240 19 8
34.550 104.355 - 7. 39 17 129 - 41 230 178 19 0
34.529 104.273 16 8.1 56 27 117 - 44 138 356 25 8
34.600 1041.167 - C.4 74 23 323 - 242 315 336' 18 8
34.552 104.212 - 8.2 25 14 234 - 74 206 ' 376 24 8
34.549 104.207 17 8.4 48 28 2cn1 - 103 322 3n7 29 8
34.612 104.425 22 7.6 107 36 42 - 73 230 192 41 8
34.192 104.804 18 7.7 90 13 4 - 4.8 230 28 8

dfly 32.841 104.040 - - 660 161 393 - 815 1,810 ISO - 3
32.732 104.031 - - 397 s8 43 - 110 911 167 25 3
32.658 104.026 - _ 628 104 171 - 240 1,820 151 3
32.628 103.875 - - 139 54 56 - 55 398 219 23 3
32.621 103.878 - - 504 303 46 - 60 2,160 191 40 3
32.602 104.061 - - 656 20 7.6 - 18 1.490 1SS 53 3
32.571 103.968 - -636 108 260 - 380 1,860 114 38 3
32.538 103.997 - - 680 68 177 - 388 .590 166 36 3
32.525 103.966 - - 662 152 348 - 620 1,O 108 33 3
3Z570 103.813 - - 400 626 931 - 63; 4,280 248 - 3
32L576 103.864 - - 132 190 707 - 78e 1,190 301 - 3
3L329 103.840 - - 604 146 437 - S10 2,150 114 - 3
32.326 103.804 - - 554 199 201 - 410 1,560 266 . 3 -'
'32.100 103.912 O-' -8 31 47 - 78 177 175 ' 3
32.147 103.885 - ' -53 S 102 .59 - 22 .1,710 ' 89 - 3
32110 '103.888 -132 45, 220 360.' 339 160. - 3

- 32.112 103.777. - - 205 67 . 161 - 1in 837 137 - 3 '-
3Z070 103.726 - - 410 121 . 366 - 470 1500 109 - 3 <?i
32.00. 103.803 - -51 18 58 - 17 135 18 - 3
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County taL Long. Temp. pH Ca Mg

Guadalupe 34.824 104.693 17.2 7.4 81 57
34.802 104.550 - - 128 89
35.031 104.760 - - 72 57
35.001 104.769 - - s0 24
34.964 10677 16.7 7.3 572 71
35.212 105.060 14.4 7.4 60 22
35.13 104.716 16.7 7.2 189 115

t 32-678 103.779 - - 10 13
32,680 103.569 - 7.1 430 6S
32504 103,257 ^ - 17 7.8
.11444 103.162 - - S0 31
32.401 103.276 - - 18 6
32.252 103.9 - - 32 26
3L235 103.152 - - 121 93
32.118 103.202 - 55 49
32.111 103.190 - - 34 43

Mora .36.049 105.140 17 7.9 62 12
35.942 105.235 - .7.7 130 40

Quay 34.983 103.367 20. 9.7 1.66 .41
35.358 103.438 18 7.25 86.6 31.9
35.142 103.350 13.5 8.9 2.J5 2.11
35.205 103.738 - - 25 29
35.203 103.597 - - 3 2.4
35.184 103.624 - - 13 6.3
35.166 103.683 - - 29 43
35.159 103.612 - - 9.5 4.5
35.160 103.626 - - 5 5
35.200 103.575 - - 6 4.3
35.200 103.517 - - 7.5 6.3
35.175 103.526 - - 332 141
35.164 103.57 - - 2.5 1.3
35.131 103.526 - - 1.S 5
35.180 103.038 - 7.6. 45 38
35.365 103.403 17.2 7.4 109 32
35.383 103.392 18 6.96 210 as
35.3t5 103.400 18 6.93 140 190

San KIIuel 35.467 104.417 13.5 7.4 70.6 144
35.054 .105.340 - 286 34
35.259 104.604 - - 125 184
3S.246 104.483 - - 172 97
35.385 104,685 - - 135 48
35.330 104.481 - _ 60 50
35.312 104.510 - - S1 71
35.337 104.353 - - 2C 16
35.438 104.375 - - 53 2S
35.470 1W4.423 - - 60 103
35.550 104.410 - - 33 19
35.50S 104.381 5.2 4.3
35.629 104.424 - - 93 39

Na

9.7
57
45
30
*45

129
53'

131
67S
280
563
425
163
402
170
175

19
105
278

42.9
480
136
518

1.200
307

1,370
970

1,060
564
342
453
285
239
54
4g

205
135

4
379
230

S
133
200
485
126
127
343
513
419

K

3.3
1.01
2.48
1.41

4.9
7.1
9.6

Cl

41
44
39
29
46
21
19
21

560
65

208
20
52

252
71
54
5.4

41
135
46.1

129
26
92

510
116
300
2318
26

303
80
71
so

111
51
42.5

255
9X0
15
70

168
37
60
90

118
30
45
52
62
S3

S0 1IC03 Sib 2 Source'

174
494
253
142

1.340
253
542

74
1,680

216
855
340
219
934

286
21

288
188
133
266
126
494

1.100
249

1.760
968

1,450
501

1.670
348
121
215
170
600
548
378
620

1,030
7B3

211
278
4Sa
153
228
42.5
416
600

263 26
283 20
235
194
181 16
272 1S
569 19
306 19
189 41
434 _
360 16
477
287 -
277 11
376 12
264 9.3
246 26
412 14

- 5.76
314 -

753 -

372 -

504 1.9
824 -
572 -

824 -
852 -

516 -

340 -

356 -

528 -
420 -

496 15
314 27
355 27
761 16
691
264
880 -

313 24
350 _
404 19
521 19
658 13
372 _
658 16
473 10
759 12
7SO 7.2

. -. 4

I

K.

I

I

:

11 - Broadhurst and others (1951); 2- Griggs and Hendriclson (1951); 3 - Hendrickson and Jones (1952); 4 - long (19571; 5 - Smith (1957);
6 . ioton and Cleb-cht (1961); 7. Ocrksttesscr and M1ouirant (1966); 8- Niruzist And Shomaker (19701; 9. Dinwiddie ind Clebsch (1973);.
10. Hydro Geo Chem, Inc. (1984) 11 *Duffin l1985); 12- Stevens (1974); 13- Texas Department of Water Resources (open-tife documents and
computerized data); 14 * Mercer and Iappala 41972); 15 - R. A. Taylor (written report to City of Lubbock. Texai, 1949): 16 - Martin Water
I aboratoies (%written reports to Gulf Energy & Minerals and to Gulf Oil Corporation, .arlously dated%; 17 . ARCO Oil and Gas Company
(Internal Report, 1960I; 18 - Bureau of tEConomic Geology (see table 2, p. 141; 19 . fink 41963).
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