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Evolution of formation waters in
the Permian Basin, United
States: Late Permian evaporated
seawater to Neogene

meteoric water

Arthur H. Saller and Alan M. Stueber

ABSTRACT

Understanding subsurface waters is important for hydrocarbon
exploration and development. Waters from the Permian Basin
were collected and analyzed for stable isotopes, ionic concen-
trations, and strontium isotopes to determine their origin. Three
main geochemical groups of waters are present. Group 1 has high
880 and 8D values with high total dissolved solids (TDS;
100-240 g/L), including high concentrations of Na*, Cl”, and Br".
Group 1 waters contain distinctly less sodium (Na*) than chlorine
(CI) on a molar basis, similar to modern seawater. Group 2 and
3 waters have low 80 and 8D values. Group 2 waters have
relatively low TDS (4-75 g/L). Group 3 waters have high TDS
(170-225 g/L), Na" and CI” in approximately equal molar
amounts, and low Br~ concentrations. Group 1 waters are inter-
preted as forming from highly evaporated seawater during pre-
cipitation of uppermost Permian salts. Because of their high
density, those waters displaced preexisting formation waters
throughout the Permian Basin during the latest Permian. Waters
in groups 2 and 3 came mainly from precipitation in the moun-
tains of southeast New Mexico. Those mountains formed during
Neogene tectonic uplifts. Group 3 waters acquired their Na* and
CI” by dissolution of upper Permian salt. Many group 2 and 3
waters acquired their Ca®* and SO4%~ by dissolution of Permian
anhydrite or gypsum. Some waters contain a mixture of these
groups. Understanding the origin of subsurface waters helps
predict subsurface salinity, aquifer drive, sulfate reduction,
chemical reactions during water injection, and chemistry of dia-
genetic waters.
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INTRODUCTION

Understanding subsurface waters is important for
many facets of hydrocarbon exploration and pro-
duction. Knowledge of the salinity of formation
waters is critical for the accurate interpretation of
hydrocarbon saturations in resistivity logs. The hy-
drology of subsurface waters may determine whether
an aquifer can supply sustained reservoir pressure.
Waters circulating at oil-water contacts can sweep oil
out of reservoirs or facilitate in the degradation of oil.
Burial diagenesis can greatly alter the reservoir quality
of carbonate rocks, and the geochemistry of diage-
netic components is impacted by the water involved
in the alteration; hence, insight into the geochemistry
of subsurface waters will help in the accurate in-
terpretation of diagenetic environments. The ele-
mental composition of brines determines whether

Figure 1. (A) Map showing
location of study area in the
southwestern United States. (B)
Map of the Permian Basin and
mountainous areas to the west.

(A)

UNITED

scaling will be a significant issue during production,
especially when waters are mixed.

Oil has been produced from the Permian Basin
(Figure 1) for over 90 yr, and approximately 584,000
oil and gas wells have been drilled in the basin (C. R.
Lemons, 2017, personal communication). As a result,
the Permian Basin has a very large geologic database
and acts as a natural geologic laboratory. Determining
the origin and distribution of subsurface waters has
been complicated by the long history of oil pro-
duction and injection of water and CO, into the
subsurface, and care must be taken to ensure that
formation waters collected have not been contami-
nated by injected fluids.

Permian Basin waters have been studied by
several different groups including McNeal (1965),
Dutton (1987), Senger et al. (1987), Bein and Dutton
(1993), Stueber et al. (1998), Barnaby et al. (2004),
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Basin, Delaware Basin, and ad- B u
jacent shelfal areas. Numbers oo K
show location of wells sampled. _—

Multiple wells were sampled at
some locations. See Table 1 for

details of wells sampled at each
location. Waters from the Cline
and Wolfcamp shale were
sampled and analyzed from the
areas shown by Engle et al.
(2016). Barnaby et al. (2004)
sampled waters in Indian Basin
and Dagger Draw fields that are
approximately at location 19.
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and Engle et al. (2016). McNeal (1965) shows re-
gional patterns in pressure and chemistry of Permian
Basin waters. Most other studies have examined the
geochemistry of specific parts of the Permian Basin.
The purposes of this study are to (1) document the
geochemical characteristics of the Permian Basin
waters on a regional basis, (2) determine the origin
of those waters, (3) relate characteristics of the
subsurface waters to hydrocarbon production, and
(4) provide insight into the evolution of waters in
other basins.

GEOLOGICAL SETTING AND
STRATIGRAPHY

During the early Paleozoic, the Permian Basin was
a part of the passive southwest margin of North
America. Sedimentation started in the Cambrian
with deposition of sand and then Ordovician car-
bonates of the Ellenburger Group (Figure 2; Adams,
1965). Carbonate and shale deposition continued
until the Mississippian when proto-South America
(part of Gondwana) collided with proto-North
America (part of Laurasia), and the Permian Basin
area changed from the broad Tobosa Basin to the
Delaware and Midland Basins separated by the
Central Basin platform (Figure 1; Galley, 1958;
Adams, 1965; Hills, 1984; Horak, 1985). Following
Mississippian and Early Pennsylvanian tectonic de-
formation, the Permian Basin was dominated by re-
gional subsidence from the middle Pennsylvanian to
the late Permian. Carbonate platforms were built on
the margins of the Midland and Delaware Basins
from the middle Pennsylvanian to the late Permian
(Adams, 1965). Both basins were largely filled by
the late Permian, and then the basins and adjacent
shelves and platforms were covered by evaporites
of the Salado Formation in the latest Permian
(Adams, 1965).

The Permian Basin area was relatively stable
during the Mesozoic (Horak, 1985). Minor sub-
sidence allowed deposition of some Triassic silici-
clastics and Cretaceous carbonates. During the
Laramide tectonic event (latest Cretaceous and early
Neogene), the Permian Basin and especially areas to
the west were thrusted and uplifted (Horak, 1985).
Basin and range tectonics have been uplifting the
western margin of the Permian Basin for the last 24
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Figure 2. Generalized Permian Basin stratigraphy showing
intervals sampled in this study. Modified extensively from Dutton
et al. (2005) and Matchus and Jones (1984). Age dates at left are
from The Geological Society of America (2017).
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m.y. (Horak, 1985). During the Pliocene and Pleisto-
cene, fluvial sands, gravels, and muds of the Ogallala
Formation (Figure 2) were deposited as sediments were
eroded from mountains uplifted to the west.

PREVIOUS STUDIES

Formation waters in and near the Permian Basin have
been studied geochemically in the Midland, Palo
Duro (e.g., Bassett and Bentley, 1982; Dutton, 1987;
Fisher and Kreitler, 1987; Knauth, 1988), and Del-
aware Basins (e.g., Stein and Krumhansl, 1988;
Lambert, 1992; Siegel and Anderholm, 1994) as
evaluations for potential nuclear waste storage. Bein
and Dutton (1993) formulated a regional model for
the origin, distribution, and movement of brines in
the Palo Duro, Anadarko, and northern Midland
Basins. This model has a diagenetically modified
Permian brine of evaporitic origin currently mixing
with and being displaced by a more dilute brine
derived from meteoric water as young as 5-10 Ma.
The process is taking place in a deep-basin brine
aquifer system in Paleozoic strata with intrusion of
meteoric water being initiated from highlands created
by recent Basin and Range uplift (Trimble, 1980;
Senger, 1991).

Stueber et al. (1998) studied formation waters
in the Southwest Andrews area on the eastern side of
the Central Basin platform. They focused on the
Pennsylvanian and lower Permian carbonate reser-
voir section. In the Southwest Andrews area, me-
teoric waters interpreted as coming from southeast
New Mexico were mixing with highly saline for-
mation waters. Stable isotopes and elemental ratios
indicated that the highly saline waters came from
highly evaporated seawater that had precipitated
halite. Widespread halite deposition occurred in the
latest Permian, and the highly saline formation water
apparently formed during uppermost Permian salt
deposition and descended deeply into the basin
because of its very high density.

Barnaby et al. (2004) collected 71 water samples
from the Upper Pennsylvanian reservoir in the Indian
Basin and Dagger Draw field complex on the north-
western side of the Delaware Basin (approximately
location 19 on Figure 1B). Although they focused on
strontium isotopes, they also analyzed stable oxygen
and hydrogen isotopes as well as dissolved elemental

concentrations. They found that waters within the
field were heterogeneous and used strontium isotopes
to determine reservoir connectivity and paths of fluid
flow. The waters in the Indian Basin and Dagger Draw
field complex were generally derived from precipi-
tation (rain and snow) in highlands to the west. The
waters acquired modest salinity by dissolution of
upper Permian salts, then flowed through a variety
of Paleozoic carbonates while moving down and
into the subsurface.

Engle et al. (2016) focused on formation waters
produced from the “Wolfcamp shale” and “Cline
shale” in the Midland Basin (Figure 1B) and put those
data into a regional context. Wolfcamp shale is an
informal unit that Engle et al. (2016) use for basinal
shales that are Wolfcampian. Similarly, Cline shale
is an informal term for Virgilian basinal shales that
correlate with the Cisco (Figure 2). Engle etal. (2016)
also recognized saline late Permian waters as well as
young meteoric waters. They postulated a deep basin
meteoric aquifer system in the middle and lower
Paleozoic of the Permian Basin (Devonian to Ordo-
vician). Engle et al. (2016) also used data from
Stueber et al. (1998) and many additional samples
collected from different intervals and various areas
in the Permian Basin to understand the evolution of
formation waters in the Permian Basin on a regional
basis.

METHODS

Chemical and isotopic data for this study were ob-
tained through analyses of 90 water samples. Most
samples were formation water from wells scattered
across the Permian Basin (Figure 1; Table 1), and
productive intervals ranged from the Lower Ordo-
vician (Ellenburger) to upper Permian (Capitan).
Waters from the Ogallala aquifer and Pecos River
were also acquired and analyzed. The samples were
collected between 1994 and 1999 from intervals not
subjected to water injection in the immediate vicinity
of the well. These data include samples from the
Southwest Andrews area previously presented in
Stueber et al. (1998), as well as many additional
samples that allow a regional distribution of water
characteristics. Production fluids were generally ob-
tained from the bleeder valve on the well head.
Formation water was then separated from the oil-
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Table 1. Continued

8D¥,

8'%0*,

cl, Br, SO, TDS, %o %0 875/
mg/L SMOW S6grt

mg/L

Sr,

Ca, Mg,

Na,

Interval, m  mg/L

Sample,

SMOW

gL

L

mg/!

mg/L
46
375

mg/L  mg/L

mg/L

Interval, ft

Field Well

Formation

Location

—-62 0.71926
—18 0.71504

-50

—46

-83

1900 424

26.2

24,000
93,500 422

333

374
1660

2625-2630 13,930 1750

8612-8629

Ellenburger  Reinecke W. Wolf 1

84, 15

0.8
—6.1
—53

695 1545

893
772
13,600 365.8

12,816-12,832 3906-3911 46,420 10,430

E.P. Cowden 1

SE Dollarhide

At Artesia
At Loving

Ellenburger

85, 25
86
87

Pecos River

45

0.46
0.49

14 9 1750
12
265 12,600 41,500 113

102

185
173

539

444

1060

29

926
202,000

568
95,700

Pecos River
Salt Lake
Ogallala

=25

3
—6.4

10

Near Loving
At Lovington

At Maljamar

88
89
90

—44  0.70848

46

13 2.1 0.7 63 0.42 101 03
0.6 0.22

11

100 30 100

Collier Residence

02 -65

25 31 32

63

23

Ogallala

Depths are in feet below surface. Locations for samples are shown in Figure 1B. Precisions are given in the Methods section.

Abbreviations: Ah = Arrowhead; Ant. = antelope; Fed = Federal; na = not available; SMOW = standard mean ocean water; SWD = salt water disposal; TDS = total dissolved solids.

*§'80 and 8H are relative to SMOW.

t875r/%65r are relative to National Bureau of Standards 987 value of 0.71014.

water emulsion and passed through a 0.45-um filter,
acidified to pH < 2 with Ultrex concentrated nitric
acid (HNO3), and stored in polyethylene bottles. The
filtrate was then split into subsamples for different
types of analyses.

Concentrations of major and minor cations and
anions as well as selected trace elements were deter-
mined at the University of Michigan by inductively
coupled plasma emission spectroscopy (ICP) and ion
chromatography (Walter et al., 1990). Precision of
analyses ranges from +1% for Sr** to +7% for K™,
based upon replicate analyses. Chloride, bromide,
and SO, concentrations were measured on a Dionex
4000i series ion chromatograph with AS2 and AS5
columns and suppressed conductivity detection. Pre-
cision of anion analyses was +1% for Cl~ and SO4*~
and £3% for Br™. Analyses of some subsamples that
had not been treated with HNO3 yielded results
identical to those for acidified samples.

Subsamples were analyzed at Chempet Research
Corporation for stable oxygen isotope ratios using the
standard CO, equilibration method (Epstein and
Mayeda, 1953) and for stable hydrogen isotope ratios
after liberation of hydrogen gas through reaction with
hot metallic uranium (Godfrey, 1962). Oxygen iso-
topic analyses have been corrected for the effects of
brine chemistry using the equation of Sofer and Gat
(1972) and are reported as per mil (%o0) deviations
from the standard mean ocean water (SMOW; Craig,
1961). Precision (two standard deviations [20]) for
8'80 is +0.2%o. Precision (26) for 8D is 2%o. After
separation of strontium by ion chromatography,
87Sr/%°Sr ratios were determined at Washington
University according to procedures described in
Podosek et al. (1991). Measured strontium isotope
ratios (37Sr/%°Sr) were adjusted to a value of 0.710140
for National Bureau of Standards (NBS) 987. Precision
(26) for ¥’Sr/®°Sr was +0.00002. Values from other
studies shown on figures have also been adjusted to

an NBS 987 ratio of 0.710140.

RESULTS

Results for geochemical analyses of waters are in
Table 1. Stable isotopes and elemental concentrations
show distinct patterns, some of which are correlated
to geographic location and stratigraphic position.
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Isotope ratios, 8'%0 and 8D, cluster at two end
members. The light (low) end member has §'%0
values of —9.2%o0 to —5%o0 spow and 8D of —30%o to
—65%o snmow (Figure 3A). Those data cluster along the
meteoric line of Craig (1961). The heavy (high) end
member has §'%0 values of +2%o0 to +9%0 spow
and 8D of —22%o to —12%o smow as is apparent on
Figure 3A. Most of the remaining data are mixtures
between the two end members. Samples belonging
to the low 8'%0 and 8D end member include most of
the formation waters collected from the Grayburg,
San Andres, and Capitan Formations as well as waters
from the Pecos River and Ogallala aquifer, and some
formation waters from the Devonian, Ordovician,
and Pennsylvanian carbonates (Figure 3A). Samples
with high §'80 and 8D include many waters from
Pennsylvanian and Wolfcampian shelfal carbonates
as well as basinal sandstones and carbonates of the
Leonardian and Guadalupian. Mixtures of the two
end members occur in waters from Pennsylvanian,
Wolfcampian, and Leonardian shelf carbonates
(Figure 3A).

Concentrations of dissolved solids are highly
variable in Permian Basin formation waters. The
distribution of total dissolved solids (TDS) and stable
isotopic compositions show distinct patterns relative
to stratigraphy but not depth (Figures 3B, 4). Con-
centrations of TDS range from 3.9 g/L (3900 mg/L)
to 240 g/L (240,000 mg/L; Figure 3B). In saline
formation waters, sodium (Na") is the dominant
cation (900-83,460 mg/L), and chloride (CI") is the
dominant anion (1480-155,700 mg/L; Figure 5;
Table 1). Dissolved calcium is variable, from 216 to
25,970 mg/L (Figure 6A), magnesium varies from
109 to 8720 mg/L (Figure 6B; Table 1), and potas-
sium varies from 21 to 4300 mg/L (Table 1). Dis-
solved sulfate (SO4%) varies from 11 to 4800 mg/L
(Figure 6A). Bromine varies from less than 1 to 1346
mg/L in subsurface brines (Figure 7) (Ogallala waters
have <1 mg/L Br.)

Isotope ratios of dissolved strontium are variable
(Figure 8). Most San Andres waters have low ®/Sr/
86y ratios that are similar to mid to late Permian
seawater (Burke et al., 1982). Most waters from
Pennsylvanian and Wolfcampian carbonates are in
a fairly narrow field of 3/Sr/®°Sr ratios between
0.7086 and 0.7090 (Figure 8). Waters from Devo-
nian and Ordovician strata are much more radiogenic
than other waters collected with values of 0.71097

to 0.71926 (Figure 8; Table 1) that are far above
contemporaneous (Paleozoic) seawater (Burke et al.,

1982; Veizer et al., 1999).

INTERPRETATION

The stable oxygen and hydrogen isotopes in water
(8'%0 and 8D) give great insight into their origin.
Low 8'80 and 8D values near the “meteoric line” of
Craig (1961) are generally associated with rainwater,
whereas high §'%0 and 8D values are commonly
associated with trajectories of evaporated seawater
(Craig, 1961; Craig et al., 1963; Holser, 1979).
Waters with 880 of +2%o to +9%o spow and 8D
of —24%o to —8%o snow (Figure 3A) can form when
seawater undergoes extreme evaporation and pro-
longed halite precipitation. As seawater evaporates,
both 8'%0 and 8D initially increase (Holser, 1979;
Gat, 1996), but when seawater evaporation is extreme,
the trajectory of the 8'®0 and 8D composition
of seawater “hooks” around at approximately four
times seawater concentration (Figure 3A; Holser,
1979). With continued evaporation, §'%0 and 8D of
evaporated seawater decrease so that a field of §'%0
of +3%o to +5%o0 spow and 8D of —22%o to —12%o
smow corresponds to an evaporative concentration
of approximately 10 times seawater, which would
also be associated with the precipitation of a large
amounts of halite (Holser, 1979). Interaction be-
tween marine carbonates with high §'%0 values
(+20%o to +30%0 spow) can also increase 880 val-
ues in formation waters (Land and Prezbindowski,
1981), however, the correlation of high §'%0 with
high Br~, TDS, 8D, and lack of increase of 'O with
depth in our samples suggest evaporation of seawater
is main cause of high 880, rather than rock-water
interaction. Engle et al. (2016) made similar conclu-
sions. Interactions between lower Paleozoic carbon-
ates and evaporated seawater may be responsible
for a few of the extremely high §'%0 values (+8%o to
+9%o0 smow; Figure 3A).

Bromine concentrations and other ion relation-
ships with Na* and CI” provide additional insights
into the origins of subsurface waters. Bromine is
preferentially excluded from halite and most other
minerals precipitated from evaporating seawater
(Herrmann, 1972). As a result, waters precipitating
halite should have progressively increasing Br™ in the

410 Evolution of Formation Waters in the Permian Basin, United States
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residual waters. Halite precipitated from the evapo-
rated seawater should have low Br™ relative to the
precipitating waters (i.e., seawater) because Br~ is
preferentially excluded from halite. Hence, waters
that gained their salinity by dissolving halite should
also have low Br™. Bromine in subsurface waters can

5180 (%o, SMOW)

Figure 3. (A) Plot of 5'0
versus 6D for water samples.
Blue dashed line is the meteoric
precipitation line from Craig
(1961). Data for meteoric waters
from the Sacramento Mountains
aquifer are from Eastoe and
Rodney (2014). Black dashed
line and arrows show the tra-
jectory of highly evaporated
seawater from Holser (1979).
Data for waters from the Wolf-
camp and Cline shales are from
Engle et al. (2016). Dagger Draw
and Indian Basin water data are
from Pennsylvanian carbonates
reported by Barnaby et al.
(2004). Capitan aquifer data are
from Lambert and Harvey
(1987). Group 1 waters have
580 values that cluster from
+2%o0 to +9%o syow (standard
mean ocean water), and 8D
values cluster from —12%o to
—24%o0 spow- Groups 2 and 3
have §'0 values of —5%o to
—10%o0 spow, and 3D values of
—30%0 to —70%0 spow- San
Andres 2 samples have high sa-
linity (>150 g/L) and low &'20.
San Andres 1 samples represent
the remainder of the San
Andres samples. (B) Plot of 5'0
versus total dissolved solids
(TDS). Group 1 waters gener-
ally have §'%0 values of

+2%0 to +9%o spow and TDS of
100-240 g/L. Group 2 waters
have 520 values of —5%o to
—10%0 spow: and low TDS
(4-70 g/L). Group 3 waters
have §'0 values of —5%o to
—10%o0 spow: and hlgh TDS
(180-230 g/L).

also come from organic material (Engle et al., 2016)
complicating its interpretation. When Br™ is plotted
against 8'%0 (Figure 7), Permian Basin waters with
8180 greater than seawater generally have high Br~
concentrations, and waters with 8'80 less than sea-
water generally have low Br concentrations. Hence,
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the waters with low §'®0 values and low Br~ con-
centrations (below seawater) are interpreted as me-
teoric waters that gained most of their salinity by
dissolution of halite. Permian Basin waters with high
8'80 ratios and high Br~ concentrations (above sea-
water) are interpreted as seawater that was intensely
evaporated and precipitated halite (similar to Bein
and Dutton, 1993; Stueber et al., 1998). Waters with
Br~ concentrations of 400-1000 mg/L (Figure 7)
correspond to 6-20 times seawater concentration
(McCaffrey et al., 1987).

Permian Basin waters can be divided into three
groups based on 8'%0 and concentrations of Br,
TDS, Na", and CI” (Table 2). The geochemistry of
these groups is related to evaporation of seawater or
influx of meteoric (fresh) water. In the Permian Basin,
significant amounts of halite were only deposited
in the upper Permian (interval from San Andres
[Guadalupian] to Salado [Ochoan]). Hence, highly
saline waters that precipitated halite came from that
period of time, and waters that dissolved halite, must
have dissolved halite from those stratigraphic in-
tervals (Figure 9). Analyses of halite from the Castile
and Salado Formations in the Permian Basin have Br~
concentrations similar to group 3 water that dissolved
halite (calculated from data in table 10 of Moore,
1960; Raup and Hite, 1978). Group 1 waters have
high §'®0, high TDS, relatively high Br~, and high Na*

and CI” concentrations with CI” in distinctly higher
molar amounts than Na*. Group 1 waters are in-
terpreted to be highly evaporated late Permian sea-
water (Figure 9A). Group 2 waters with low §'%0,
low TDS, and relatively low Br~, are interpreted as
Neogene meteoric water (rainwater) entering the
Permian Basin from mountains to the northwest
(Figures 1, 9B). Group 3 waters have low §'®0, high
TDS, relatively low Br~, and high Na* and CI™ present
in approximately equal molar amounts. Group 3
waters are interpreted as Neogene meteoric water
that dissolved significant amounts of upper Permian
halite as they entered the subsurface (Table 2). A
number of other formation waters appear to be
mixtures of those three groups.

Group 2 and 3 waters have Mg®" and Ca®" con-
centrations that are different from group 1 waters.
Most group 2 and 3 waters have Ca®" and SO4*~
(Figure 6A) in similar molar amounts, and hence were
likely the result of meteoric waters dissolving anhy-
drite or gypsum. Magnesium concentrations in group
2 and 3 waters are generally low (<8000 mg/L) and
are not proportional to CI™ (Table 1).

Group 1 waters generally have high Ca**, low
SO4*", and low Mg®* concentrations (Figure 6A, B).
Group 1 waters have distinctly more Ca?* and dis-
tinctly less Mg®" than would be expected for evap-
orated seawater (Figure 6B), suggesting that group 1
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waters have been involved in dolomitization. Rela-
tive to evaporated seawater, the excess Ca”" in many
group 1 waters is approximately equal on a molar
basis to the deficit of Mg?* (Figure 6B), supporting
significant dolomitization by group 1 waters.

The San Andres and Grayburg Formations are
dominated by group 2 and 3 waters (Figure 10A).
Some San Andres and Grayburg waters from the
Northern and Northwest Shelves have high salinities
(>180 g/L) and are group 1 and 3 waters, whereas San
Andres and Grayburg waters on the Central Basin
platform have low salinities (<50 g/L) making them
group 2 waters (Figure 10A). San Andres and Gray-
burg water ®’Sr/%Sr ratios are generally consistent and
low (0.70707-0.70852) with the two high §'%0
samples having very low ®'Sr/*¥Sr ratios (Table 1).
The group 2 and 3 waters in the San Andres and
Grayburg Formations have consistent 8’Sr/®Sr ratios
(most 0.70723-0.70819) that are similar to seawater
during deposition of the San Andres and Grayburg
Formations (Figure 8), and hence could have come
from dissolution of parts of those formations. The
lowest 37Sr/®¥Sr ratios in waters (0.70707 and
0.70723) are observed in San Andres and Grayburg
waters with high 8'®0 values, which is consistent
with derivation from latest Permian (Ochoan) sea-
water (Figure 9A). The other San Andres and

Grayburg waters probably derived much of their
strontium from dissolution of anhydrites in the San
Andres and Grayburg Formations that would have
had ®/St/®®Sr that were similar to seawater at their
time of deposition (0.7070). Group 3 waters have
distinctly higher Sr concentrations (40-70 mg/L) than
San Andres group 2 waters (3-20 mg/L; Figure 8).
Formation waters in shallow marine Pennsylva-
nian and lower Wolfcampian carbonates on the east-
ern Central Basin platform and Midland Basin are
generally group 1 waters (high 8'®0 values, high
TDS, and high Br~ concentrations; Figure 10B).
However, waters in similar shallow marine Pennsyl-
vanian and lower Wolfcampian carbonates on the
western side of the Delaware Basin are group 2 waters
(low 8'80 values, low TDS, and low Br~; Table 1;
Barnaby et al., 2004). The strontium isotopic com-
position of waters from shallow marine Pennsylva-
nian and lower Wolfcampian carbonates are relatively
consistent with most 8/Sr/%¥Sr ratios between
0.70856 and 0.70929 in formation waters with both
high and low §'%0 values (groups 1 and 2; Figure 8).
These ®’Sr/®®Sr ratios are higher than seawater from
the Mississippian to the Eocene (Burke et al., 1982;
Veizer etal., 1999); however, most are slightly below
the 3/Sr/%¥Sr ratio that Register and Brookins (1980)
derived for waters precipitating Salado halite,
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Figure 6. (A) Plot of Ca**
versus sulfate (50,%") for Perm-
ian Basin waters. Black dashed
curve shows trend produced by
dissolution of CaSO, and as-
sumes equal molar amounts of
Ca*" and SO, Field of waters
from the Wolfcamp shale is from
Engle et al. (2016). Dagger Draw
and Indian Basin water data are
from Pennsylvanian carbonates
reported by Barnaby et al. (2004).
San Andres 2 samples have high
salinity (>150 g/L) and low 5'20.
San Andres 1 samples represent
the remainder of the San Andres
samples. (B) Plot of Ca** and Mg*"
versus CI~ for data with 5'%0 >
3.0%o spow (standard mean
ocean water) (group 1). Data are
shown relative to curves of Ca®*
and Mg>" in evaporated seawater
from McCaffrey et al. (1987).
Most of these data show an in-
crease in Ca®* and decrease in
Mg>* relative to the precursor
evaporated seawater. On a molar
basis, the increase in Ca** is very
similar to the decrease in Mg*",
suggesting that change in the
water chemistry was caused by
dolomitization. The change is
approximately 200-250 mmol/L
for saline waters with >2500
mmol/L of chloride.

suggesting substantial input of strontium from the
highly evaporated seawater that precipitated the
Salado salts. The waters precipitating the Salado salt
apparently had 87Sr/®®Sr ratios higher than late
Permian seawater because of input radiogenic
strontium from siliciclastic sands, silts, and clay
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carried by wind and streams flowing into the Salado
evaporative basin (Engle et al., 2016). Dolomitization
of Pennsylvanian and Wolfcampian limestones by the
group 1 waters probably exchanged strontium with
the host limestone causing formation waters to have
87Sr/%8Sr ratios between the original Salado derived
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water and Pennsylvanian-Wolfcampian seawater
(Figure 8).

Waters in Ordovician (Ellenburger) and Devo-
nian carbonates have variable TDS, §'80 values, and
Br~ concentrations. We do not have enough data from
those intervals to show geographic patterns. Several
formation waters from Ordovician and Devonian
carbonates have low TDS, low 880 values, and low
Br~ concentrations (group 2) suggesting waters that
were originally meteoric. Two waters from the De-
vonian of Bryant G Field have moderate salinity, high
8'80 values, and high Br~ concentrations (group 1)
suggesting they came from highly evaporated late
Permian seawater. Their §'%0 values (+8 to +9) are
higher than any other samples and might have been
increased by rock-water interaction (similar to Land
and Prezbindowski, 1981). Unfortunately, those De-
vonian group 1 samples were not analyzed for stron-
tium isotopes (Table 1). Group 2 water ¥'Sr/*Sr ratios
in Ordovician and Devonian strata (0.71097-0.71454;
Figure 8) are higher than observed in seawater during
the entire Phanerozoic (Veizer et al. 1999), suggesting
strontium input from a radiogenic source. The waters
with high ®/Sr/®®Sr ratios have meteoric character-
istics (low 8'80 values, low TDS, and low Br; group

2). The high 8Sr/%8Sr ratios may indicate that these
meteoric waters flowed through the radiogenic base-
ment before entering the Ellenburger and Devonian
carbonate intervals and acquired radiogenic strontium
from those rocks.

Several samples in this study were collected
from basinal Permian sandstone and carbonates.
Most basinal samples (“Leonardian Basinal” and
“Guadalupian Sandstone”) have relatively high §'%0O
values, moderate to high salinities (131-236 g/L),
and high Br~ concentrations (group 1), suggesting
the waters were derived from brines associated
with evaporation of late Permian seawater and halite
precipitation. Some of the most saline (highest
TDS) water samples come from Permian sandstones
in the northeastern Delaware Basin (samples 33, 34
with TDS of 236 and 223 g/L, respectively). McNeal
(1965) also shows very high salinities in the Permian
basinal sands in the eastern part of the Delaware
Basin. The reason for the higher salinity (TDS) in
waters in Permian sands in the eastern part of the
basin is not geochemically obvious. It is possible that
eastward tilting of the Delaware Basin caused
eastward infiltration of denser water to the more
deeply buried Delaware sandstones. A Grayburg
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sample (no. 4) as well as those Delaware sandstone
waters (sample nos. 33 and 34 in Table 1) have very
high TDS with §'®0 and 8D values characteristic of
group 1 waters. Extreme evaporation of seawater
can cause a similar trend (Holser, 1979; McCaffrey
et al., 1987). A few samples from basinal intervals
have moderate to low §'30 values, moderate to low
TDS (60-70 g/L), and moderate Br~ concentrations,
and hence are hybrid waters or mixtures of our three
groups of waters.

Waters from the Cline (Cisco) and Wolfcamp
shales in the Midland Basin have high §'%0, 8D, and
high Br~ values like our group 1 waters, but have
moderate to low TDS, CI”, and Na* concentrations
(Figures 3-5, 7, Engle et al., 2016). Engle et al. (2016)
interpret waters in the Cline and Wolfcamp shales
as coming from evaporated late Permian seawater,
similar to our group 1 waters, but with clays acting
as semipermeable membranes preventing complete
diffusion of ions into those shales.

Table 2. Geochemical Characteristics of Groups of Permian Basin Waters

§'%0, oD, %o Br
Group %o smow swow  T1DS, g/L NaCl Concentration Concentration Main Intervals
1 +2t0+9 -25t0 -8 100-240 High; molar Cl more than molar Greater than ~ Wolfcamp and Pennsylvanian
Na seawater carbonate shelf; Pennsylvanian

and Permian basinal sands and
shales

2 —95t0-45 -65t0-30 5-75 Low Less than Grayburg, San Andres, Devonian,

seawater Ellenburger
3 —8to—45 -55to—30 170-235 High; molar amounts of ClandNa Greater than ~ San Andres

are similar

seawater

Abbreviations: 5'%0 = stable oxygen; 8D = stable deuterium; SMOW = standard mean ocean water; TDS = total dissolved solids.
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Figure 9. (A) Schematic cross section across the Permian Basin showing stratigraphy near the end of the Permian. Highly saline waters
(group 1) were generated by evaporation of seawater during halite precipitation and deposition near the end of the Permian, and those very
dense waters (black arrows) descended into Paleozoic strata displacing most of the preexisting formation waters in the Permian Basin. Base
cross section is modified from data in Matchus and Jones (1984). (B) Schematic cross section from the Sacramento Mountains in southeast
New Mexico (left) across the Permian Basin (to right) showing current structure and stratigraphy. Meteoric waters (groups 2 and 3; arrows)
started in the Sacramento Mountains and descended into the San Andres Formation across the northern shelf and Central Basin platform.
Meteoric waters also descended into the Ellenburger, though the connection to surface charging is not obvious in this section. Eastern (right)
part of the base cross section is modified from Matchus and Jones (1984).
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Figure 10. (A) Map showing
data for the San Andres and
Grayburg intervals in the Permian
Basin and adjacent areas. Four
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HISTORY OF FORMATION WATERS IN THE
PERMIAN BASIN

Most strata in the Permian Basin were deposited in
seawater. Although many stratigraphic intervals ex-
perienced repeated subaerial exposure and infiltration
by freshwater, upon subsequent transgressions, sea-
water would have displaced the freshwater because
of its greater density. This displacement by marine
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waters is observed in all major modern carbonate
provinces, for example the Bahamas (Swart et al.,
2001) and Pacific atolls (Schlanger, 1963).

The group 1 brines with high 8'0 and 8D values
(+3%0 to +9%0 smow and 8D of —22%o to —12%o
smow, respectively) apparently entered the sub-
surface in the late Permian when halite deposition
was widespread (Figure 9A). Those hypersaline
Permian waters appear to occur now wherever
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Neogene meteoric water is not present. From that
distribution and other factors, we postulate that prior
to the infiltration of Neogene meteoric waters, those
highly saline late Permian waters (group 1) filled most
of the Permian Basin. The halite-rich strata of the
uppermost Guadalupian and Ochoan were deposited
over almost the entire Permian Basin, hence dense
brines that formed during deposition of those for-
mations could infiltrate the Permian Basin’s entire
Paleozoic section from many different entry points
(probably broad areas) across the Permian Basin.
These brines have a density >1.15 g/cm?®, which gives
them substantial gravitational energy to move down
and displace all previous, less dense formation waters.

The pervasive replacement of most Permian
Basin formation waters by group 1 waters (Figure
9A) is supported by the apparent presence of these
brines in some of the stratigraphically oldest (deepest)
and youngest intervals as well as low-permeability
basinal sandstones and shale (Table 1; Engle et al.,
2016). Group 1 waters came from the Devonian in
two wells. One sample from the Ellenburger (sample
no. 85) appears to contain a slightly altered (diluted)
group 1 water. Areas of very high-salinity water
occur elsewhere in Ordovician and Devonian strata
(McNeal, 1965), suggesting that many group 1 waters
are present in the deep Ordovician as well as the
Devonian in the Permian Basin. A group 1 water was
also recovered from the Grayburg (sample no. 4,
Figure 10A; Table 1), one of the shallowest reservoir
intervals in the Permian Basin.

The late meteoric waters (groups 2 and 3)
probably entered the Permian Basin from the west
and northwest. Potentiometric maps indicate that
recent flow in most Permian Basin formations has
been mainly from west to east (McNeal, 1965; Figure
9B). Modern rainwater in the Guadalupe Moun-
tains and Carlsbad area varies in §'%0 from —2.3%o
to —14.1%0 smow (Hill, 1996, appendix 4). Spring
waters from McKittrick Canyon in the Guadalupe
Mountains have §'80 values of —8.1%o spow. Our
samples from the Pecos River have §'%0 values
of —=6.1%0 and —5.3%o0 spow at Artesia and Loving
(Figure 1), respectively. Our samples of the Ogallala
aquifer have §'%0 values of —6.4%o and —6.5%o
smow- Eastoe and Rodney (2014) sampled waters in
Sacramento Mountains and found 8'80 values from
—7.9%o0 to —10.2%0 spmow. Hence, meteoric waters
from the Sacramento Mountains and Pecos River

drainage have §'®0 values in the range of —5.3%o to
—10.2%o0 spow, which is very similar to the group 2 and
3 meteoric waters [8180 of =9.2%o to —5%0 spmow)-

That source of water is also consistent with hy-
drogen isotope (8D) data. Modern rainwater in the
Guadalupe Mountains and Carlsbad area varies in 6D
from —19%o to —=97%o0 smow (Hill, 1996, appendix 4).
Spring waters in McKittrick Canyon have 8D of —50%o
smow- Our samples of the Pecos River have 8D val-
ues of =50%o and —46%o snow at Artesia and Loving,
respectively. Our samples of the Ogallala aquifer have
3D of —44%o and —46%0 spiow. Eastoe and Rodney
(2014) found 8D of waters in Sacramento Mountains
to range from —53%o to —71%o snow. Hence, meteoric
waters from the Guadalupe Mountains and Pecos Riv-
er drainage have 8D in the range of —44%o to —50%o
smow, which is similar to the water compositions in
the group 2 and 3 waters (8D of —30%o to —56%o
smow). Therefore, hydrogen isotope data (8D) also
support meteoric waters in the Permian Basin (group
2 and 3) coming from the Guadalupe and Sacra-
mento Mountains on the west side of the Permian
Basin (Figures 1, 9B).

The basin was originally overlain by the salts of
the Salado Formation. After uplift, the initial mete-
oric waters would have dissolved halite before entering
the deeper subsurface. Hence, the saline meteoric
waters (group 3) may represent some of the earlier
Neogene meteoric waters entering the Permian Basin,
however, dissolution of halite in the Salado and Castile
continues through the present, and hence saline mete-
oric waters continue to form and descend into the basin.

San Andres and Grayburg

After entering the Grayburg and San Andres For-
mations in southwest New Mexico, Neogene meteo-
ric waters probably flowed laterally to the east and
south (Figures 9B, 10A) through higher permeabil-
ity conduits along the margin of the northern shelf
and Central Basin platform. This is a corridor of low-
salinity San Andres waters shown in McNeal (1965),
and this flow route is consistent with a potentio-
metric map in McNeal (1965). This is similar to the
model in Trentham et al. (2012). The waters have
hydraulic head establish by relatively high elevations
of the San Andres Formation on the eastern flank
of the Sacramento Mountains and start in a confined
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artesian aquifer on the northwest side of the Delaware
Basin (Land and Newton, 2007). Those waters flowed
to the southernmost part of the Central Basin platform.
The distance from the eastern edge of the mountains
in New Mexico to the southern Permian Basin is ap-
proximately 300 km (185 mi) (Figure 1B). Uplift
started circa 24 Ma (Horak, 1985). Waters traveling
185 mi (300 km) in 24 m.y. would require a flow rate
of only 0.4 ft (12.5 cm)/yr, which is reasonable for
active aquifer systems (Alley et al., 1999).

In a few areas near the northern, updip limits of
permeable dolomites, flow in San Andres and Gray-
burg Formations was apparently protected from the
Neogene meteoric waters, and the saline Permian
water (group 1) remains (sample no. 4, Grayburg;
no. 24, San Andres; Figure 9A). Note that the lateral
facies change from permeable dolomites to low-
permeability anhydritic rock is much further south
in the Grayburg Formation than in the San Andres
Formation (Ramondetta, 1982; Kerans and Kempter,
2002). Most of the San Andres waters have relatively
low salinity, except for some waters in the north and
west (group 3 waters) that have high Na* and CI”
concentrations in similar molar concentrations sug-
gesting that they dissolved halite. The upper San
Andres Formation contains halite in the northwest
part of the Permian Basin (Ramondetta, 1982),
therefore, the salt could also have been dissolved
from the San Andres, though much of it may have
come from dissolution of the Salado Formation.

Basinal Sandstones and Carbonates

Our water samples from Permian basinal sandstones
and carbonates generally have moderate to high sa-
linity with intermediate to high §'80 values (Fig-
ure 3). Similar characteristics were observed by
Engle et al. (2016) for lower Permian basinal shales
in the Midland Basin (TDS of 36,000-125,000
mg/L and 880 of +1%o to +7%o spow for Cline and
Wolfcamp shales). Waters derived from late Permian
evaporated seawater moved down because of their
high density and filled the Permian Basin including
basinal sandstones, carbonates and shales (Figure 9A).
These evaporated late Permian waters were modified
as they entered the shale decreasing TDS (Engle et al.,
2016). The basinal strata, especially shale and most
of the Permian basinal sandstone-siltstone intervals,

have limited regional permeability, which probably
limited the intrusion of Neogene meteoric waters
from the mountains of southeast New Mexico into
those basinal strata during the last 24 m.y. Salinity
data from McNeal (1965) show a trend of low salinity
in updip Delaware sandstones in the west part of the
Delaware Basin. Those sandstones outcrop in the
Delaware and Guadalupe Mountains and, hence,
meteoric water is probably entering Delaware sand-
stones there and flowing down dip (to the east);
however, the permeability and amount of water
going into the Delaware sandstones has apparently not
been sufficient to replace all of the saline group 1
waters in those basinal sandstones.

Pennsylvanian and Wolfcampian Shelf and
Platform Carbonates

The Pennsylvanian and Wolfcampian shelf and plat-
form carbonate interval is dominated by the saline
latest Permian evaporated seawater (group 1), how-
ever, Neogene (group 2) waters occur in some parts of
the basin in this interval (Figures 9B, 10B). Our data
set from the Pennsylvanian and Wolfcampian shelf
section is not robust regionally, and hence does not
show a continuous flow path for the meteoric waters
that occur in that interval. Data in Bein and Dutton
(1993) suggest low-salinity waters along the southern
margin of the northern shelf in the Pennsylvanian
and that corresponds to a low-salinity area in maps
of the Strawn and Wolfcampian by McNeal (1965).
Therefore, the low-salinity group 2 waters in the Penn-
sylvanian and Wolfcampian section were originally
probably derived from meteoric waters in southeast
New Mexico, and then came through narrow corridors
in Pennsylvanian and lower Wolfcampian strata from
the west (Figures 9B, 10B).

Devonian and Ellenburger

Waters from Devonian and Ellenburger (Ordovician)
strata vary geographically in the Permian Basin and
include saline brines in some fields, but low-salinity
meteoric waters in many other fields. McNeal (1965)
shows very high-salinity waters in the Devonian and
Ellenburger in southeastern Delaware Basin and
southern Central Basin platform and low-salinity
waters at many other places in the Permian Basin,
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especially along a northwest-southeast trend ema-
nating from the eastern Sacramento Mountains area
and Artesia area of New Mexico. Engle et al. (2016)
also observed meteoric waters in Ordovician and De-
vonian strata and postulated a “Deep Basin Meteoric
Aquifer System” in the Permian Basin with low-salinity
and low 8'80 values. Evaporated late Permian sea-
water descending into the Ellenburger and Devonian
across the entire basin during the late Permian is
suggested by (1) a few group 1 waters and mixtures
with group 1 in this study, and (2) very high salinities
noted in those intervals in other areas by McNeal
(1965).

Our group 2 waters as well as low-salinity water
described by McNeal (1965) and meteoric waters
described in these intervals by Engle et al. (2016)
suggest meteoric waters from the mountains of
southeast New Mexico also reached Ellenburger and
Devonian strata in many parts of the basin during the
Neogene. The exact path that those waters flowed is
not clear because Ordovican and Devonian strata do
not outcrop on the eastern side of the Sacramento
Mountains (Figure 9B). The radiogenic strontium
isotope ratios in these formation waters suggest that
the meteoric waters may have flowed through the
radiogenic basement. However, those meteoric wa-
ters have not reached all parts of the Permian Basin.
Flow rates required to get group 2 meteoric waters to
Devonian and Ordovician strata in the southern
Permian Basin would be similar to the calculation
for group 2 waters in the San Andres. Uplift started
circa 24 Ma (Horak, 1985). Waters traveling 185 mi
(300 km) in 24 m.y. would only require a flow rate
of 0.4 ft (12.5 cm)/yr, which is reasonable for active
aquifer systems (Alley et al., 1999).

DISCUSSION

A few ideas presented here deserve further discussion.

Volumetrics for Group 1 Water

Could enough water have been produced during
deposition of the Salado to fill all the pores in the
subsurface of the Permian Basin? Below are some
simple calculations. The Salado Formation is com-

monly 1000-2000 ft (300-600 m) thick (Matchus

and Jones, 1984; Hill, 1996). Approximately 240 ft
(73 m) of seawater will evaporate to form 3 ft (1 m)
of halite (Dean, 1978). Approximately 1500 ft
(457 m) of Salado salt required approximately
109,500 ft (33,375 m; 1500 x 73 ft [457 x 73 m])
of cumulative seawater (across the basin) to come
into the Permian Basin to form the Salado salts. As-
suming the average thickness of Permian Basin strata
is approximately 12,000 ft (3658 m; estimate from
cross sections by Matchus and Jones, 1984; Figure
9A) and assuming 10% average porosity, 1200 ft
(366 m) of water would be required across the basin
to fill the pores. This is only 1/90 of the minimum
water required to precipitate the Salado. Hence,
plenty of water could be produced during Salado
deposition to infiltrate and fill pores in the Permian
Basin.

Salinities of Group 1 Waters Are Lower Than
Expected for Seawater Evaporated to Halite
Saturation

Although group 1 waters are highly evaporated sea-
water that precipitated halite, the waters are not as
saline as would be expected for evaporated Permian
seawater that precipitated halite. Engle and Blondes
(2014) and Engle et al. (2016) indicate that evapo-
rated Permian seawater that precipitated halite
should have a salinity of 311 g/L, which is above
most of our group 1 waters that are commonly
100-240 g/L (Figure 3B). Mixtures of variable stages
of evaporated seawater could produce the observed
8'%0, 8D, and TDS concentrations observed in our
group 1 waters. For example, when seawater con-
centrated by a factor of 4 is mixed with seawater
concentrated by a factor of 45, the resulting brine has
a salinity of 220 g/L with 8'®0 and 8D similar to our
group 1 waters (Engle etal., 2016). Hence, group 1
waters likely represent a mixture of Permian sea-
water at various stages of evaporation.

Rock-Water Interaction Altering Stable Oxygen
Isotopic Composition of Subsurface Waters

Rock—water interactions have altered the stable ox-
ygen isotopic composition of many limestones dur-
ing subaerial exposure (Allan and Matthews, 1982,
among others). This is expected when meteoric

SALLER AND STUEBER 421



waters dissolve and reprecipitate carbonate because
the amount of oxygen in water far exceeds the
amount of oxygen in dissolved carbonate; hence the
reprecipitated carbonate largely equilibrates with
the water in systems with active water circulation. In
relatively closed systems, rock-water interactions
have been proposed to alter the composition of the
waters (Land and Prezbindowski, 1981) because the
volume of oxygen in the carbonate rock is large rel-
ative to the formation waters. The §'0 of carbonate
rocks is very high (+20%o to +30%o sypow) relative to
most surface waters, and, hence, interaction with
carbonate rocks could increase the 8'0 of the wa-
ters. Although possible, we do not think that rock—
water interactions have significantly affected most
Permian Basin waters for several reasons. First, there
is no petrographic or isotopic evidence that such
a process is widespread in carbonate rocks of the
Permian Basin. Such a process, if widespread, should
homogenize the §'0 of the rock and that is not
observed in studies of geochemical components of
Permian Basin carbonates (Dickson and Saller, 1995;
Dickson et al., 2001). Second, high §'®0 values occur
in samples with high salinity. Interactions of carbon-
ate rocks with water will not significantly increase
salinity (especially Na™ and CI7), however, evapo-
ration of seawater increases both. Third, widespread
alteration of the isotopic composition of Permian
Basin water by rock-water interaction was also dis-
counted by Engle et al. (2016). It is possible that
in the two Devonian waters with very high §'%0O
values (+8%o to +9%o spow) (Figure 3A), the §'%0
compositions that started high (+3%o to +6%o0) were
increased by rock-water interactions.

Water in Other Basins

Some other basins in the world may have waters that
formed by processes similar to those observed in the
Permian Basin. The Alberta Basin has (1) evaporitic
waters that are geochemically similar to our group 1
water that could have formed from evaporated sea-
water during salt deposition in the Devonian, and (2)
meteoric waters similar to our group 2 and 3 waters
that are entering the Alberta Basin from the modern
Rocky Mountains to the west (Hitchon and Fried-
man, 1969; Hitchon et al., 1971; Connolly et al.,
1990a, b; Michael and Bachu, 2001). Wilson and

Long (1993) interpret highly saline waters in the
Michigan Basin as being derived from highly evapo-
rated seawater based on isotope and ion concentration
data similar to ours. Evaporitic basins along the south
Atlantic, the Middle East, and other parts of the world
might have waters with origins similar to those in the
Permian Basin.

IMPLICATIONS TO DEVELOPING
RESERVOIRS

Information discerned from formation waters can
have many implications for developing reservoirs.
First, understanding salinities and variations in salin-
ities of formation waters can have a significant im-
pact on calculations of water and oil saturations from
resistivity logs. It is important to know or predict where
low-salinity meteoric waters might be replacing or
mixing with high-salinity waters. Group 1 waters
commonly have salinities (TDS) of 150-200 g/L,
which would give a water resistivity (R,) of ap-
proximately 0.059-0.049 ohm m (Crain, 2017). In
contrast, group 2 waters commonly have salinities
of 10-50 g/L, which would give an R,, of 0.57-0.14
ohm m at 75°F (24°C; Crain, 2017). If low-resistivity
meteoric waters (group 2) were in a formation, and
water saturation calculations were based on high-
salinity formation waters, oil could be calculated
in a formation filled with water and vice versa.

Below is a simple example of how different water
resistivities would affect calculations of water and
hydrocarbon saturations in a reservoir. Water sat-
uration (Sy) can be calculated from the Archie
equation:

Sy = [(1/@™)x(R./R)] ™
(Asquith and Gibson, 1982; derived from Archie,

1942), where S, = water saturation, ® = porosity, m =
cementation exponent, R, = resistivity of the water,
R = formation resistivity, and n = saturation exponent.

For our calculation, relatively common parame-
ters are assumed: ® = 0.15, m = 2.5, n = 2 (Asquith
and Gibson, 1982). An R,, of 0.05 ohm m (typical
group 1 water) would give an R, of 5.7 ohmm ata S,,
of 1. An R,, of 0.35 ohm m (typical group 2 waters)
would give an R, of 40 ohm m atan S, of 1. If an R,
of 0.05 ohm m (group 1) was assumed, but the rock
was filled with group 2 water (R,, of 0.35 ohm m), an
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Figure 11. Core photographs showing alteration near oil-water contacts. (A) Burrowed dolomitized fusulinid wackestone-packstone
at South Cowden field (Grayburg Formation) with molds of fusulinids (arrows) and a vug (V) formed by dissolution of an anhydrite nodule
by late meteoric waters flowing through the Grayburg aquifer. (B-D) Burrowed dolomitized fusulinid wackestone-packstones near
the oil-water contact in the San Andres Formation at Blackwatch field (location 5 on Figure 1). Photos from Renee Robertson. (B, C)
Anhydrite nodules were partially converted to calcite (white), sulfur (arrows; yellow) and open pore space (V). (D) Dissolved anhydrite
nodules resulted in V lined by white calcite cement (arrows). Small molds of fusulinids are common.

R; of 40 ohm m would result, and an S,, of 0.38 is
calculated. This would be incorrectly interpreted as
a formation with a hydrocarbon saturation of 0.62
(62%).

Active flow of meteoric water from the surface
can affect oil production. For example, active water
circulation of meteoric waters in an aquifer adja-
cent to the reservoir might provide a natural water
drive. Many Ellenburger reservoirs and Devonian
reservoirs have natural water drives (Galloway
etal., 1983) that are apparently associated with the

group 2 meteoric water. A few San Andres and
Grayburg reservoirs adjacent to a shelf or platform
margin aquifer have a partial water drive (Means,
Midland Farms; Galloway et al., 1983), but most
platform interior reservoirs do not. Hence, knowledge
of the source of the waters can help identify potential
water drive early in the appraisal and development of
a field.

Relatively cool waters flowing through aquifers
can cause flushing, tilting of the oil-water contact, and
alteration (bacterial sulfate reduction) of the lowest oil
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in some reservoirs especially in San Andres and Gray-
burg reservoirs (Brown, 2001; Lindsay, 2001; Trentham
et al., 2012; Harouaka et al., 2014). This circulation of
group 2 meteoric waters has apparently contributed to
significant residual oil zones in San Andres reservoirs
(Seminole, Wasson, Vacuum fields) that are now the
target of CO, floods (Koperna et al., 2006; Trentham
et al., 2012; Wachtman et al., 2012; Harouaka et al.,
2014).

In addition to altering hydrocarbons, these me-
teoric waters have caused anhydrite dissolution and
precipitation of alteration minerals, calcite and sulfur
at oil-water contacts (Figure 11). The calcite cements
associated with anhydrite alteration at the oil-water
contact at Blackwatch field (location 5 on Figure 1)
have 8'%0 values of =9.9%0 to —11.8%o ppg, and
813C values of —23.4%o to —=32.3%o ppg. The very
low 8'3C values require an organic source (probably
oil) for much of the carbon. The §'%0 values of the
calcite cements could be derived from precipitation
from meteoric water with §'80 of approximately
—5.5%o0 spmow at the current formation temperature
of 40°C (104°F), assuming equilibrium precipitation
(Friedman and O’Neil, 1977). Hence, the isotope
data support calcite precipitation by bacterial sulfate
reduction at the existing oil-water contact. Because
8'80 of approximately —5.5%o0 spow is higher than
the current formation waters at Blackwatch field (—9%o
smow), waters associated with sulfate reduction and
calcite precipitation were probably heavier either be-
cause of a difference in the composition of the me-
teoric waters circulating through the San Andres at
time of alteration or because of a mixing of light water
(8'80 values of —7%o0 to —9%o spow) with heavier
water in the formation prior to more widespread in-
vasion by the current freshwater.

Water injection for pressure maintenance and
water flooding are common in Permian Basin oil
reservoirs. Precipitation of carbonate or sulfate
crystals in injection and producing wells and in the
adjacent formations can cause significant problems
for flow of water and oil. Precipitation of anhydrite
or gypsum in the well bore or the adjacent forma-
tion during water injection is an especially common
problem (Allen and Roberts, 1978; Moghadasi
et al., 2003). Knowledge of the ionic composition
of the formation waters can give insights and poten-
tially predict mineral precipitation related to mixing
of waters.

The following is an example of how mixing two
formation waters result in a water with a much higher
ion product capable of gypsum precipitation. Sa-
line Permian Basin waters (group 1) commonly
have high Ca®" concentrations (10,000 mg/L;
250 millimoles/L) and low SO4*~ concentrations
(500 mg/L; 5.2 mmol/L; Figure 6A) giving an ion
product of 1302 millimoles?/L? for Ca?* x SO4*". In
contrast, meteoric (group 2) formation waters can
have low Ca®* (1800 mg/L; 45 mmol/L) and high
SO4*” concentrations (4000 mg/L; 41.7 mmol/L;
Figure 6A) giving an ion product of 1875 mmol?/kg?.
A mixing of those two waters at a 1/1 ratio results in
a solution with Ca** of 5900 mg/L (147 mmol/L)
and SO4* of 2250 mg/L (23.4 mmol/L) resulting
in an ion product of 3457 mmol?/L?, which is much
more supersaturated with respect to gypsum than
either of the precursors. That mixture is similar to
the ionic product (3479 mmol?/L?) of seawater
concentrated by evaporation by a factor of four
that McCaffrey et al. (1987) found precipitating
gypsum.

The geochemical characterization of formation
waters will obviously help in interpreting the burial
diagenesis of rocks in the Permian Basin. Clearly,
radically different waters can be encountered during
burial that would affect the geochemistry of car-
bonates precipitated. The interpretation of stable
oxygen isotopes (8'%0) is probably the most af-
fected with the potential for variations of more than
15%o in the deep host waters. Knowledge of the
geochemistry of the formation waters in the basin
during burial would also help with the interpretation
of trace elements, strontium isotopes, and fluid in-
clusions in diagenetic carbonates.

CONCLUSIONS

Formation waters in a basin can vary greatly through
time. In the Permian Basin during the latest Perm-
ian, very saline, dense, evaporated seawater as-
sociated with salt precipitation (group 1 waters)
displaced most of the formation waters previously
present in the basin. Their high density made those
highly saline waters gravitationally stable in the
basin and difficult to displace until Neogene tec-
tonics created mountains in southeast New Mexico.
Fresh waters from those highlands (groups 2 and 3)

424 Evolution of Formation Waters in the Permian Basin, United States



have been displacing the dense evaporated seawater
in the basin because of the hydraulic head created
by high elevation (>8000 ft [2500 m] above sea
level). The distribution of those meteoric waters
has been determined by permeability networks in
Paleozoic strata that created aquifers of meteoric
water (groups 2 and 3) above and below older
waters (group 1). In some areas, meteoric waters
became very saline when they dissolved upper
Permian salts forming group 3 waters. As a result,
three groups of waters are present in the Permian
Basin. (1) Late Permian evaporated seawater
commonly has very high salinities (100-240 g/L),
heavy stable oxygen isotopes (8'%O of +2%o to
+9%0 smow), high bromine concentrations (sub-
stantially greater than seawater), and CI” concen-
trations that are distinctly greater than Na® on
a molar basis (similar to seawater). (2) Low-salinity,
meteoric waters from mountains in southeast
New Mexico have light stable oxygen isotopes
(880 of —5%o0 to —10%o symow) and low bromine
concentrations (substantially less than seawater).
(3) Some meteoric waters from mountains in south-
east New Mexico became saline by dissolving salt
and, as a result, have low 880 values (—=5%o to —10%o
smow), low bromine concentrations (substantially
less than seawater), but high TDS and molar chlo-
rine (Cl7) concentrations that are similar to Na®.
Mixtures of these three groups of waters are also
present.

The origin of the waters gives geoscientists and
engineers insights into (1) water salinities for de-
termining hydrocarbon saturations from resistivity
logs, (2) the possibility of a natural water drive, (3)
ionic concentrations that might cause scaling in pro-
ducers and precipitation of carbonates and sulfates
in the reservoir around injectors, (4) geochemistry
of waters affecting rocks and possible reactions (do-
lomitization) occurring during burial diagenesis,
and (5) the possibility of alteration of oil at the
oil-water contact. Other basins in the world may
have similar formation waters. This geochemical
information can be derived from ionic concentra-
tions from routine subsurface water analyses and
relatively inexpensive stable isotope analyses (530
and 8D) of the waters. Strontium isotope ana-
lyses give additional insight, but they are generally
more expensive, and may be more complicated to
interpret.
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