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Ground waters in three adjacent regional flow systems in the midcontinent exhibit extreme 
chemical and isotopic variations that delineate large-scale fluid flow and mixing processes 
and two distinct mechanisms for the generation of saline fluids. Systematic spatial vari- 
ations of major ion concentrations, H, 0 ,  and Sr isotopic compositions, and ground-water 
migration pathways indicate that each flow system contains water of markedly different 
origin. Mixing of the three separate ground waters exerts afundamental control on ground- 
water composition. The three ground waters are: (i) dilute meteoric water recharged in 
southern Missouri; (ii) saline Na-Ca-CI water in southeastern Kansas of far-traveled me- 
teoric origin that acquired its salinity by halite dissolution; and (iii) Na-Ca-CI brines in 
north-central Oklahoma that may have originated as Paleozoic seawater. 

Saline ground waters are a common but 
poorly understood component of many sed- 
imentary basins. The processes involved in 
the formation. evolution. and migration of - 
saline ground waters are fundamental to an 
understanding of continental-scale hydro- 
logic processes and have important implica- 
tions for sedimentary basin evolution, hy- 
drocarbon dvnamics. ore formation. and 
water-use management. Three generalized 
processes have been invoked to account for 
the origin of saline fluids in sedimentary 
basins: (i) subsurface dissolution of evapor- 
ite deposits; (ii) subaerial evaporation and 
burial-modification of seawater; and (iii) 
shale membrane filtration (I) .  Shale mem- 
brane filtration, whereby water molecules 
pass through semipermeable, compacted 
clay layers and dissolved ions are retained to 
varying degrees, has not been documented 
in large-scale field examples (1). In addi- 
tion to these processes, water-rock interac- 
tion and fluid mixing can significantly alter 
ground-water composition and thereby 
mask initial salinity-generating processes. 

Ground waters in Cambrian-Ordovician 
and Mississippian sedimentary rocks in 
southwestern Missouri, southeastern Kan- 
sas, and northern Oklahoma exhibit ex- 
treme variations in chemical composition. 
In this article. we use elemental and isoto- 
pic results in conjunction with hydrogeo- 
logic data in order to characterize the 
chemical evolution and flow history of 
these ground waters. We then use these 
results to quantify the important role of 
fluid mixing processes in ground-water ev- 
olution and to identify the origins of two 
different saline ground waters in the same 
aquifer system. The operation of two dis- 
tinct mechanisms for generating saline 
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ground waters in the same aquifer system 
has significant bearing on models for the 
origin of saline subsurface fluids. 

Hydrogeologic setting. Regionally con- 
tinuous Paleozoic carbonate rocks comprise 
large parts of two aquifer systems-the 
Ozark Plateaus and Western Interior Plains 
aquifer systems in Missouri, Kansas, and 
Oklahoma (2). Within these two aquifer 
systems, there are three regional patterns of 
ground-water flow (Fig. 1A). Ground water 
in southern Missouri migrates radially out- 
ward from the Ozark Dome through the 
Ozark Plateaus aquifer system; the resulting 
flow is westward in southwest Missouri into 
southeastern Kansas (3). In Kansas, ground 
water migrates to the southeast and east 
through the Western Interior Plains aquifer 
system (4-6). Discharge occurs from natu- 
ral springs in Cambrian-Ordovician and 
Mississippian carbonate rocks in central 
and southern Missouri, and to the Missouri 
and Mississippi rivers (2). Ground-water 
salinity in the Western Interior Plains aqui- 
fer system increases to the west and south- 
west. In the southern part of this system, 
ground-water flow is out of the Anadarko 
Basin, which is overpressured, to the north- 
east (5, 6). These three regional flow com- 
ponents converge in the study area (Fig. 
lA), a setting ideally suited to address 
large-scale ground-water mixing processes. 
The principal aquifers are Cambrian-Or- 
dovician and Mississippian marine carbon- 
ate rocks (Fig. 1B). Underlying Precam- 
brian crystalline basement rocks and over- 
lying Pennsylvanian shale serve as confin- 
ing units. Regional potentiometric gradients 
for both Cambrian-Ordovician and Missis- 
sippian aquifer rocks are similar (5), and 
the two units are hydraulically connected 
(7, 8). Thus, they are considered here as 
one regional hydrostratigraphic unit. 

Paleozoic rocks were de~osited in a 
broad epicontinental sea covering the 
greater Oklahoma Basin, which encom- 
passed most of the southern midcontinent 
(9). Subsequent tectonic activity produced 
the Anadarko Basin. Nemaha Ridge. and 

u ,  

Ozark Dome (Fig. I), among other struc- 
tures. Porositv and ~ermeabilitv varv con- , , 
siderably within the 'carbonate aquifer units 
because of the presence of abundant and 
spatially heterogeneous solution channels 
and fractures (7, 8). Aquifer porosity and 
permeability are presumed to be greater in 
uplifted areas, such as the Nemaha Ridge 
and Ozark Dome, where rocks have been 
subjected to greater solution weathering 
and fracturing, than in deeper basinal areas 
such as the Anadarko Basin (4). 

Ground-water geochemistry. Thirty- 
nine sample localities were selected in 
order to assess regional variations in 
ground-water geochemistry. Ground-wa- 
ter samples from Cambrian-Ordovician 
and Mississippian aquifers were collected 
from municipal drinking water and indus- 
trial water supply wells, and oil and gas 
wells during November 1989 and June and 
July 1991 (1 0). Well depths range from 
approximately 270 m to 1340 m, increas- 
ing to the western and southwestern por- 
tions of the study area due to the regional 
dip of these units. We apply variations in 
major and trace element concentrations 
and H, 0 ,  and Sr isotopes to this flow 
system as tracers of hydrologic flow and 
water-rock interaction along ground-water 
migration pathways. Hydrogen isotope val- 
ues and Cl concentrations are among the 
most conservative parameters in ground 
water during processes of water-rock inter- 
action involving carbonates and many sili- 
cates, and are therefore particularly well 
suited to assess processes of fluid mixing. 

The ground waters throughout the re- 
gion exhibit a wide range in elemental and 
isotopic compositions (Table 1). Salinity 
ranges from 200 to 250,000 mgfliter total 
dissolved solids (TDS), and SD and S180 
values (I I) range from - 108 to -5 per mil 
and - 14.6 to 2.8 per mil, respectively. The 
87Sr/86Sr values range from 0.7089 to 
0.7 167. Geochemical and isotopic varia- 
tions over the study area allow the ground- 
water samples to be divided into three 
groups, each with a distinct endmember 
composition. Endmember 1 ground waters 
are dilute waters with small amounts of 
dissolved solids (200 to 800 mglliter TDS) , 
predominantly Ca, Mg, and HCO, ions. 
The SD and S180 values of this endmember 
vary from -44 to -36 per mil and -6.8 to 
-5.4 per mil, respectively, and reflect the 
com~osition of local meteoric water re- 
charging to the Ozark Plateaus aquifer sys- 
tem (Fig. 2). The 87Sr/86Sr values (0.7099 
to 0.7117) are intermediate between the 
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other endmembers. Endmember 2 is a sa- 
line Na-Ca-C1 water with salinities of 
22,000 to 35,000 mgAiter TDS, SD values 
of - 108 to -98 per mil, and 6"O values of 
- 14.6 to - 12.4 per mil. These low 6D and 
6IHO values are similar to those of modern 
meteoric precipitation to the west of the 
study area in the Front Range of Colorado 
[(12) Fig. 2). The most saline samples of 
group 2 have the lowest 6D and 6180 

values. The "Sr/dhSr values (0.7 12 1 to 
0.7156) are higher than the values for the 
two other endmembers. Endmember 3 is a 
Na-Ca-C1 brine with salinities of 230,000 
to 250,000 mgAiter TDS. This water has H 
and 0 isotope values that are not indicative 
of values for meteoric waters; rather they 
are close to values for modern ocean water, 
with slightly higher 6180 values. H and 0 
isotope data for group 3 ground waters are 

Fig. 1. (A) Reg~onal d ~ s -  A 
tribution of ground-water 
salinities In Cambrian-Or- 
dovlcian rocks ex- 
pressed as contours of 
total dissolved sol~ds 
(TDS) in grams per I~ter. 
Reg~onal ground water 
flow grad~ents In Cam- 
br~an-Ordov~c~an rocks, 
based on equivalent 
freshwater potentlomet- 
ric head values, are de- 
picted with arrows and 
indicate three major flow 
systems converging In 
the study area [(2-6) 
NWlP = northern sect~on 6 Carbonate 0 Sandstone 
of the Western Interior Evapor~te Shale 
Plains aquifer system, Red Beds Basement 
SWlP = southern section 
of the Western Interlor 
Plains aquifer system, 
OP = Ozark Plateaus 
aquifer system] Ground 
waters in Mississippian 
rocks exhibit s~m~lar re- 
g~onal salinity and hy- 
draul~c grad~ents. Salinity 0 100 200 300 400 500 600 
and potent~ometr~c data km 
based on (5). Hydrologi- 
cally important structural features C 
are labeled. A-A' is line of cross 
section dep~cted in (8). Geo- 
chem~cal data for f~ve ground-wa- 
ter samples from the Western In- 
terior Plains and Ozark Plateaus 
aquifer systems in Sal~ne County, 
Missouri, detailed in (12), are in- 
cluded in this study. (6) Repre- 
sentative west-east cross section 
through the study area from (44). 
Highs in Precambrian basement (for example, D 
the Nemaha Ridge) exert local control over 
regionally continuous Cambrian-Ordovician 
and Mississippian carbonate aquifer units. (C) , 
Close-up of study area from Fig. 1A showing 
ground-water sample localities. Symbols used 
In all figures correspond to geochem~cal sam- 
ple groups as defined in Table 1 Open sym- 
bols represent group 1, half-filled symbols cor- 
respond to group 2, and filled symbols are group 3. Clrcles denote endmember waters, and 
squares, triangles, and d~amonds delineate waters of intermed~ate composition in each group The 
geochemical var~at~ons of each endmember and group are shown in Fig. 3A and d~scussed in text. 
(D) Close-up of study area depicting relation between sample locality and ground-water composi- 
t~on Sample group identificat~ons (lA, 1 B, lC, and so forth) correspond to geochemical compo- 
sitions ~dent~fied In Fig. 3A. Pos~t~on of boundary lines between groups, which are based on sample 
localities and geochemical characteristics, are less certain near edges of study area. Arrows 
represent regional ground-water flow patterns based on data in (2-6) Note correlation of 
geographic sample locations, ground-water flow patterns, and geochemical composition 

consistent with trends observed for other 
saline basinal fluids where salinity increases 
with deviation from meteoric 6D and 6"O 
values (1 3). The H7Sr$6Sr values of these 
brines ranee from 0.7091 to 0.7099. These " 

values are significantly lower than those for 
the other saline water (endmember 2), 
overlap with the estimated range of values 
for Paleozoic seawater (14), and are in the 
ranee of values for Paleozoic carbonate " 
rocks in the midcontinent (1  5). 

Endmember signatures and ground-wa- 
ter mixing models. The stable isotope data 
indicate that ground waters in groups 1 and 
2 are meteoric in oriein. but not those in " .  
group 3 (Fig. 2) .  The occurrence of saline 
ground waters with meteoric SD and 6"O 
values (that is, endmember 2) is different 
from the trend commonly observed in sa- 
line eround-waters from other localities " 
where increasing salinity correlates with 
increasing deviation from the SD and 6180 - 
values of meteoric waters (1 3). This posi- 
tive correlation is generally attributed to 
ground-water evolution by modification of 
seawater, extensive water-rock interaction, 
or mixing with evolved fluids. The ~osit ion " 

of endmember 2 ground waters along the 
meteoric water line indicates that these 
processes are not controlling their H and 0 
isotopic composition. 

An origin for endmember 2 ground wa- 
ters involving meteoric precipitation in 
high altitude regions to the west of the 
study area (the Colorado Front Range) 
implies that eastward migrating waters in 
the central part of the Western Interior 
Plains aquifer system are far-traveled. Such 
an origin is consistent with the hydrologic 
model proposed by Jorgensen (4, 12). Oth- 
er potential origins for ground waters with 
such low 6D and 6180 values include re- 
charge during colder climatic periods and 
infiltration by glacial meltwater (1 6, 17). 
On  the basis of geographic constraints, and 
rates and patterns of ground-water flow (2, 
5, 12), a glacial meltwater origin is unlikely 
for endmember 2. A model involving far- 
traveled (-1000 km) water also necessi- 
tates that the water is old, and thus may 
reflect recharge during colder climatic peri- 
ods. The calculated temperature difference 
(8" to 14°C cooler) necessary to account for 
the observed 6I8O difference (6 to 9 per 
mil) between endmember 2 and present-day 
meteoric precipitation in central Kansas 
exceeds estimates of ice-age surface temper- 
ature chanees of 4" to 5°C for the North " 
American midcontinent (1 8 ) .  Moreover, 
recharge during intermittent periods of 
colder climates is not a likely source for 
regional isotopic trends (12), and altitude 
effects are proposed to exert a dominant 
control on stable isotope values of meteoric 
precipitation relative to climatic effects 
(19). Halite dissolution can account for 
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Table 1. Range of geochemical and isotopic parameters for midcontinent samples from Saline County, Missouri (12), are included in groups 1 and 
ground waters; Temp, temperature. Categorization of groups and respec- 2. Analytical methods and sample information given in (10). Seawater 
tive group endmembers discussed in text. Geochemical data for five data from (43). 6D and S i 8 0  values relative to SMOW (1 1). 

TDS Temp 6' 6D CI Br Ca Sr 
(mglliter) ("C) (per mil) (per mil) 87Sr186Sr (mglliter) (mglliter) (mglliter) (mglliter) 

Endmember 1 (1A) 

Group 1 (1A-1 D) 
n  = 21 

Endmember 2 (24) 

Group 2 (2A-2C) 
n =  14 

Endmember 3 (3A) 

Group 3 (3A-3C) 
n = 9  

Seawater 

Fig. 2. 6D versus S q 8 0  for 
ground-water samples with 
respect to the meteoric wa- 
ter line (MWL) of both 
Craig (45) and Taylor (28); 
l , 2 ,  and 3 (circled) refer to 
ground-water groups as 
discussed in text. Values 
for meteoric water for 
southern Missouri and Col- 
orado are from (28, 45, 

both the salinity and meteoric signature of 
endmember 2 and is consistent with Na-Br- 
C1 systematics for these ground waters (20). 

Similar to endmember 2 ground waters, 
endmember 3 is also a saline Na-Ca-C1 
water, but exhibits a distinct isotopic and 
elemental signature. Values of SD and S180 
similar to those of endmember 3 have been 
demonstrated to result from the evapora- 
tion of seawater (2 1 ) . The amount of evap- 
oration can be expressed by a seawater 
evaporation factor (equal to the ratio of the 
H 2 0  in unevaporated seawater to the H 2 0  
remaining in solution, by weight) ; for the H 
and 0 isotope data the evaporation factor is 
estimated to be in the range of 4 to 12 (2 1, 
22). Similarly, the Br and C1 concentra- 
tions of endmember 3 ground waters corre- 
spond to an evaporation factor in the range 
of 5 to 10 (23). These evaporation factors 
are also consistent with speciation models 
that indicate that endmember 3 waters are 
close to halite saturation, which begins at 
an evaporation factor of 11 (24). These 
chemical and isotovic variations are similar 
to trends for fluid inclusions from Permian 
halite in central Kansas that have been 

1 1  1 1  1 l , , , 1 1 , , , ,  

-1 0 -5 0 5 

6le0 (per mil) 

proposed to be evaporatively concentrated 
Permian seawater (22, 25). 

Two-component mixing between a sa- 
line and a dilute endmember ground water u 

has been previously delineated on a local 
scale in this area (7, 12, 26). Our chloride 
and SD data show that mixing involves all 
three endmember ground waters (Fig. 3, A, 
B, and C). Systematic variations of SD 
values and salinity across the study area 
indicate that the endmember ground waters 
originate in distinct geographic areas (com- 
pare Figs. 1D and 3A). The close corre- 
spondence among mass-balance model re- 
sults, ground-water geochemical variations, 
flow patterns, and sample localities demon- 
strates that fluid-mixing exerts a fundamen- 
tal control on ground-water compositions 
over the 40,000 km2 study area. As indi- 
cated in Fig. 3C, the freshwater endmem- 
ber, endmember 1, makes up a greater 
component of the mixed ground waters in 
the center of the studv area than do the 
other ground waters. This result is consis- 
tent with the higher permeability and 
ground-water flow rates of the Ozark Pla- 
teaus aquifer system relative to the Western 

Interior Plains aquifer system ( 2 4 ) .  Jor- 
gensen et al. (27) proposed that this mixing 
zone has migrated outward from the Ozark 
Dome (that is, westward into the study 
area) through time as erosion resulting from 
uplift of the Ozark Dome has decreased the 
thickness of Pennsylvanian shale overlying 
the aquifer in southern Missouri. 

On the basis that group 1 and 2 ground 
waters have retained their meteoric SD and 
S180 values, water-rock interaction be- 
tween carbonate aquifer rocks and these 
ground waters has been limited, as such 
interaction would increase the S180 values 
of the water (1 3, 28). Undersaturation of a 
ground water with respect to minerals (pri- 
marily calcite) in the host aquifer rocks 
provides a driving mechanism for water- 
rock interaction and isotopic shifts. Calcite 
undersaturation in ground waters may result 
from mixing between ground waters of dis- 
tinct composition, even when the ground 
waters that mix are each saturated with 
respect to calcite (29). Nearly all of the 
water samples we analyzed are saturated or 
supersaturated with respect to calcite (Fig. 
4). Moreover, calculated saturation indices 
for mixtures of endmember water composi- 
tions approximate saturation indices of the 
intermediate ground-water samples. These 
results indicate that ground-water mixing 
does not produce undersaturation with re- 
spect to calcite and support the interpreta- 
tion that geochemical variations (such as 
stable isotope values) across the study area 
are controlled by mixing of ground waters 
rather than water-rock interactions. 

Interaction of ground water with the 
carbonate or silicate rocks of the aquif& 
and confining systems may affect the com- 
position of other isotopic systems and ele- 
mental concentrations, however. The 87Srl 
86Sr value of a saline ground water may be 
altered by low extents of water-rock inter- 
action without significantly altering the 
S180 or SD values of the water (12). Al- 
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though the 87Sr/86Sr values of the end- 
member ground waters are distinct, values 
for several intermediate (that is. mixed) 
waters are outside the range of the end- 
members (Table 1) and therefore cannot 
be explained solely by mixing among the 
three endmember waters. The higher 87Srl 
"Sr values of waters in groups 1 and 2 
cannot reflect interaction with carbonate 
aquifer rocks either. High 87Sr/86Sr values 
probably resulted from interaction of 
ground water with silicate minerals, such 
as cation exchange with clay minerals (30) 
and the dissolution or alteration of potas- 
sium feldspar and mica (31, 32). Such 
silicate minerals are present in the under- 
lying granitic basement rocks and argilla- 
ceous sedimentary rocks within the aquifer 
system and overlying confining system. 

Hydrologic models and salinity origins. 
Jorgensen (4) proposed that ground waters 
in the Western Interior Plains aquifer sys- 
tem are far-traveled and migrate eastward 
from the Front Range of Colorado by grav- 
ity-driven flow. Our results support this 
model. There is also a clear distinction in 
geochemical composition between the 
ground waters in the northern (endmember 
2) and southern (endmember 3) sections of 
this aquifer system. 

The eeochemical data for endmember 2 u 

ground water, flowing into the study area 
from the west, indicates an origin involving 
dissolved halite. In support of this model, 
bedded halite in subsurface Permian evap- 
orite strata of central Kansas (Fig. 1B) is 
undergoing dissolution (1 2, 33). Vertical 
flow of brines produced by halite dissolution 
across Pennsylvanian shales in central Kan- 
sas would result in elevated 87Sr/s6Sr values 
by interaction with silicate minerals. On 
the basis of (i) H, 0, and Sr isotopic values 
and maior and trace element concentra- 
tions and (ii) the geographic proximity of 
endmember 2 eround waters to bedded Per- - 
mian halite (1 2), we propose that the end- 
member 2 ground water is itself a mixture of 
dilute meteoric recharge from the west and 
downward migrating brines in central Kan- 
sas. Dingman and Angino (34) docu- 
mented the presence of saline fluids in 
Pennsylvanian shales in central Kansas. 
The salinity of these fluids exceeds that of 
ground waters in Cambrian-Ordovician 
and Mississippian carbonate aquifers in 
the same areas. An approximate 1: 4 mix- 
ture of these brines and dilute ground 
waters with low SD and S180 values mi- 
grating eastward in Cambrian-Ordovician 
and Mississippian rocks can account for 
the composition of endmember 2 ground 
waters (20). Additionally, two-dimen- 
sional finite-element hydrologic modeling 
of this svstem (35) indicates that down- . , 

ward flow is occurring across Pennsylva- 
nian shales in central Kansas. 

Fig. 3. (A) 6D versus CI con- 
centration, with CI concen- 20 
tration depicted on a loga- 
rithmic scale to illustrate o 
variations of both dilute and 
saline around waters. Other -3n -- 
geochemical variation dia- 
grams-such as versus /U i;LO A 1C " ~ ~ 0  ID 8 < 3 ~  
Sr, and S i 8 0  versus Na, ex- 

A 4 hibit similar trends. Group -60 A 

identifications (1 A, 1 B, 1 C, 
2C A 

The origin of the high-salinity waters in 
the southern part of the Western Interior 
Plains aquifer system (endmember 3) is not 
readily explained by the same model. As 
discussed above, SD and S180 values and 
the relation of Br and C1 concentrations are 

and so forth) cbrrespond to 
those shown on Fig. 1 D. 
Open symbols represent 
group 1,  half-filled symbols -loo 
correspond to group 2, and 

consistent with numerous studies in which 
evaporative concentration of seawater has 
been proposed as an origin for such geo- 
chemicalvariations. However, the geochem- 
i s t ~  of this fluid also must reflect the results 

- 028 - 
Il 

- 8 - 
@ @2A 

of extensive water-rock interaction. Such 
interaction has been invoked to account for 

filled symbols are group 3. -mt 
Circles denote endmember B 
waters, with squares, trian- o - 
gles, and diamonds (for 
group 1 D) delineating pro- -20 - 
gressively mixed intermedi- 
ate waters in each group. A, 
B, C, and so forth also de- 

E -40 -0 
lineate progressively mixed 5 1 
intermediate waters in each 
group. Note correlation be- 
tween geochemical compo- -80 

- 

sition (Fig. 3A) and sample 
localities (Figs. 1 ,  C and D). -100 - 

(B) Same as (A). Curves de- 
pict results of mixing mod- -120 * ' ' L n ' l '  ' ' " * ' "  ' ' ","' ' n """ n a t " q n l  b 

1 
loo msn 

1,000,000 
els involving endmember 
ground waters, based on 
mass-balance relations 
(47). Simulated mixtures 
readily encompass natural 
ground-water compositions. -20 
(C) Same as (A) with CI con- 
centration on a linear scale 
to illustrate relation between 
two saline ground water -60 
groups. Mixing curves com- 
pare two-component mixing -80 
between saline endmem- 
bers 2 and 3 and three- -loo component mixing involving 
all three endmembers. Per- 
centages of each endmem- 0 50,000 100,000 150,000 200,000 
ber involved in the mix are CI mgn 
depicted at various points 
along the model curves and are indicative of relative amounts of endmember contributions to mixed 
ground waters. The three-component mixing model more closely accounts for observed ground- 
water compositions than does the two-component model. 

nonmeteoric stable isotope values of saline 
ground waters (1 3, 31). Modification of 

pore fluids during burial may be sufficient to 
obscure the original water compositions 
(31, 36, 37). For example, the marked 
enrichment of endmember 3 waters in Ca 
and Sr (Table 1) relative to evaporated 
seawater is typical of saline fluids from many 
sedimentary basins [for example (23, 36)] 
and requires significant fluid-rock interac- 
tion. The relatively low 87Sr/s6Sr values 
indicate that this interaction predominant- 
lv involved marine sulfate or carbonate 
rocks. This would be expected from the 
long-term residence of these fluids in the 
Anadarko Basin, which is necessitated by a 
model involving a Paleozoic marine water 
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Fig. 4. Logarithm of satura
tion index (S.I.) for calcite 
versus total dissolved solids 
(TDS) for ground waters. 
S.I. = ([Ca2+][C03

2-]//<sp)I 

where brackets denote ion 
activities and /Cn is the tern-
perature-dependent equi
librium solubility product for 
calcite. Indices calculated 
with the thermodynamic equi
librium models PHREEQE 
(48) and PHRQPITZ (24). 
Estimated equilibrium range 
shown for log S.I. values 
from -0.5 to 0.5. Modeled 
mixtures between all end-
member pairs (endmembers 
1 and 3 mix shown) approx
imate compositions of inter
mediate (that is, mixed) ground waters from the study area. Symbols as in Figs. 1 to 3. Most 
samples, as well as modeled mixtures, are saturated to supersaturated with respect to calcite. 
Calculated dolomite S.l.'s yield similar results as calcite S.l.'s for the ground-water samples and 
modeled mixtures. 

origin for endmember 3. Although the his
tory of water-rock interaction of endmem
ber 3 ground waters is not well constrained, 
the origin of these fluids is clearly distinct 
from that of endmember 2, which is readily 
accounted for by the dissolution of halite by 
meteoric water. Geochemical study of 
ground waters from the deep Anadarko 
Basin may further constrain the evolution 
of endmember 3. 

Paleohydrologic studies indicate that the 
Ozark Plateaus aquifer system formed dur
ing the late Permian (4), Ground water in 
this system (endmember 1) represents re
cent local meteoric recharge, as supported 
by H and O isotope evidence. The present 
west to east topographically driven flow of 
the Western Interior Plains aquifer system 
developed as a result of the Laramide Orog
eny (4) • In that the onset of the Laramide 
Orogeny and resulting uplift occurred 65 
million years ago (38), flow rates of at least 
0.015 m/year are necessary for meteoric 
recharge to migrate eastward from the Front 
Range to Missouri, a distance of approxi
mately 1000 km. As discussed in (12), 
these flow rates fall within a range estimat
ed by regional hydrologic models of gravity-
driven flow in similar systems (39) and 
conservative estimates for present-day flow 
rates in the Western Interior Plains aquifer 
system (40). Flow rates in the northern part 
of the Western Interior Plains aquifer sys
tem may be more rapid, up to several meters 
per year, on the basis of regional hydrologic 
models of similar ancient gravity-driven 
flow systems (39). Ground-water flow rates 
out of the Anadarko Basin should be lower 
than those for eastward migrating ground 
waters in the northern, higher porosity and 
permeability parts of the Western Interior 
Plains aquifer system (4)- These rates may 
be as low as 1 X 10 - 5 m/year (40), For the 

same time frame of 65 million years, flow 
rates on the order of 5 X 1 0 - 3 m/year are 
required for water to migrate 350 km out of 
the deep Anadarko Basin to the center of 
the study area. Very low flow rates out of 
the Anadarko Basin are consistent with the 
long-term residence of marine fluids here. 
The migration of petroleum from the deep 
Anadarko Basin to central Kansas has been 
traced both by linking structural highs of oil 
and gas fields (41) and hydrocarbon 
geochemistry (42), This relation between 
ground-water flow patterns and hydrocar
bon migration pathways suggests a common 
driving mechanism for transmitting both 
types of fluids from the deep Anadarko 
Basin to central Kansas. 

Implications. The quantification of 
ground-water mixing processes allows end-
member water compositions to be con
strained, and hydrologic models for these 
flow regimes to be evaluated. Regional 
ground-water flow paths in the Western 
Interior Plains aquifer system provide a 
modern analog for models of ancient con
tinental-scale flow systems [for example 
(39)]. The presence of two geochemically 
distinct saline ground waters in the same 
aquifer system, reflecting different origins 
and evolutions, may have parallels for sa
line ground water in other sedimentary 
basins where mixing processes and end-
member compositions cannot be clearly 
defined. The two models proposed to ac
count for the formation of saline ground 
water (evaporite dissolution and seawater 
modification) are commonly held as mutu
ally exclusive. However, the mere presence 
of bedded marine evaporites in any sedi
mentary sequence indicates that these two 
processes are closely related and may both 
operate, albeit at different times, in the 
same aquifer system. 
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