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Abstract 
A suite of samples composed primarily of halite from the upper Castile and lower 

Salado Formations of the Permian Basin was selected from Waste Isolation Pilot Plant 
(WIPP) core for a reconnaissance study of fluid inclusions. Volume percent of these 
trapped fluids averaged 0.7% to 1%. Freezing-point depressions varied widely and 
appeared to be unrelated to fluid-inclusion type, to sedimentary facies, or to strati-
graphic depth. However, because very low freezing points were usually associated with 
anhydrite, a relation may exist between freezing-point data and lithology. Dissolved 
sulfate values were constant through the Castile, then decreased markedly with lesser 
depth in the lower Salado. This trend correlates very well with observed mineralogy 
and is consistent with an interpretation of the occurrence of secondary polyhalite as a 
result of gypsum or anhydrite alteration with simultaneous consumption of dissolved 
sulfate from the coexisting fluids. Together with the abundance and distribution of 
fluid inclusions in primary or "hopper" crystal structures, this evidence suggests that 
inclusions seen in these halites did not migrate any significant geographical distance 
since their formation. 
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Preliminary Report on Fluid inclusions From 
Halites in the Castile and Lower Salado 

Formations of the Delaware Basin, 
Southeastern New Mexico 

Introduction 
The study of fluid inclusions in halite from the 

proposed Waste Isolation Pilot Plant (WIPP) site 
near Carlsbad, NM, has been of considerable interest 
owing to the presence of brine pockets encountered 
during preliminary drilling operations. These brine 
reservoirs, flowing at rates of several hundred to several 
thousand bpd (Register, 1981), were discovered dur­
ing the drilling of ERDA-6 and WIPP-12 at depths of 
2710 and 3000 ft, respectively. In both of these holes, 
the brines were encountered near the base of the 
uppermost anhydrite unit in the Castile Formation. 

The source of these brine pockets is not yet clear; 
neither is the origin of fluids in the intracrystalline 
inclusions commonly present in halites throughout 
the halite-bearing zones. It is the object of this report 
to examine fluid inclusions in selected Delaware Basin 
halites from the perspective of a possible relationship 
between these inclusions and the accumulation of 
brine reservoirs. 

The primary consequences of large brine reser­
voirs at or near the WIPP are the threats to contain­
ment of low-level radioactive waste posed by possible 
fluid movement of the brine, and resultant corrosion 
of waste canister material. Complementary studies 
(Lambert, 1983; Borns, 1983) were made to determine 
the extent of any past brine flow through the forma­
tions and to evaluate the potential for recurrence of 
this phenomenon. 

Samples selected for this study came primarily 
from the Salado and Castile Formations. These two 
units, together with the Rustler Formation, constitute 
the upper Permian series designated as the Ochoan 
and overlie the Guadalupian Bell Canyon Formation. 
Both the Castile and the Salado Formations attain 
maximum thicknesses of ~2000 ft around the WIPP 
site. The Castile is composed primarily of interbedded 

halite (NaCl) and anhydrite (CaS04) ranging in thick­
ness from fine laminae ( ~ 1 cm) to massive beds. 
Farther up in the stratigraphic section, the Salado 
consists dominantly of massive halite containing mi­
nor anhydrite; polyhalite [K2MgCa2(S04)4 • 2H2O] 
appears to become more abundant with decreasing 
depth. A detailed description of the lithology and 
stratigraphy of the Delaware Basin can be found in 
Adams (1965). Hereafter, this paper is limited to a 
discussion of the lithology of the Castile and lower 
Salado Formations only. 

Several mechanisms have been proposed (Regis­
ter, 1981) to explain the origin of fluids trapped in 
halite inclusions in at least the portions of the Castile 
and lower Salado examined in this study: 

1. Fluid inclusions result from the dehydration of 
primary gypsum as it converts to anhydrite: 
CaS04 • 2H2O -^ CaS04 + 2H2O. This excess 
water then migrates locally into the adjacent 
halite as fluid inclusions. 

2. Intergranular water in halite is mobilized by 
deformation and subsequently moves into the 
halite as fluid inclusions under the influence of 
such factors as lithostatic pressure, geothermal 
gradients, and deformation pressure. 

3. Permian seawater trapped in primary anhydrite 
as either inter- or intragranular fluid migrates 
into the adjacent halite as fluid inclusions. 

4. Dissolution fluids moving through the Castile 
and Salado Formations at postdepositional 
(but as yet undetermined) times migrated into 
and through the halite. 

5. Fluid inclusions contain meteoric water that 
diffused intermittently throughout these parts 
of the Castile and Salado Formations. 
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6. Fluid inclusions represent original Permian 
seawater trapped in situ; they formed concur­
rently with precipitation of halite. This mecha­
nism may explain the formation of a large 
portion of the fluid inclusions examined in this 
study, as evidenced by the appearance of pri­
mary inclusions such as those observed in the 
structures known as chevron or hopper crys­
tals. However, fluid inclusions in obviously re-
crystallized halite may owe their presence to 
one or more of the processes outlined in 1 
through 5 above. 

With the exception of No. 6, these proposed mecha­
nisms for the formation and migration of fluid inclu­
sions raise the question of whether there are, in fact, 
any true primary inclusions in these halites (R. Bod-
nar, 1983). Fluid inclusions that have been exposed to 
either fluids or host lithologies that differ from their 
conditions of formation are properly classified as sec­
ondary. However, this author concurs with others 
(Roedder and Belkin, 1979; Callender and Ingwell, 
1978), who believe that fluids in hopper crystals re­
flect primary formation resulting from entrapment of 
water on the growing faces of halite crystals. 

To summarize briefly at this point, the following 
processes may result in only very localized fluid move­
ment: (1) the formation of fluid inclusions by gypsum 
dewatering, (2) entrapment of Permian seawater in 
anhydrite, and (3) mobilization of intergranular wa­
ter. In particular, the hypotheses involving dewatering 
of gypsum and seawater entrapment in anhydrite are 
strongly supported by the apparent concentration of 
fluid inclusions in halite immediately adjacent to an­
hydrite, as observed in the samples examined in this 
study. Basin-wide processes such as the movement of 
dissolution fluids through these formations, or inter­
mittent large-scale diffusion of meteoric water also 
suggest secondary inclusions; but they may also indi­
cate fluid movement on a regional scale as proposed by 
Lambert (1983), Dean and Anderson (1978), Ander­
son et al (1978), and others. 

Methods 
This reconnaissance study was conceived for the 

specific purpose of determining what information 
could be gained from analyzing fluid inclusions in 
halite from the Castile and lower Salado Formations. 
Initially, it was hoped that measuring freezing-point 
depressions might define significant compositional 
differences between fluid-inclusion populations and 
hence possibly indicate different sources for the water 
they contain. The study of fluid inclusions in this part 

of the stratigraphic section is relevant to the specific 
question of the origin(s) of the brine reservoirs, as well 
as to the hydrology and migration of fluids in general 
throughout the Delaware Basin. The measurement of 
freezing-point depressions does not in itself confirm or 
refute any particular hypothesis relating to the origin 
and history of the formation waters. Data obtained 
from freezing-point analyses were nonetheless useful 
in suggesting alternative approaches, specifically other 
analytical methods for acquiring data that could be 
used to eliminate some of these hypotheses. 

Halite samples were selected from core of ERDA-6, 
ERDA-9, ERDA-10, WIPP-12, and DOE-1. Samples 
were taken immediately adjacent to halite-anhydrite 
contacts, in the middle of thick halite sequences, and 
in deformed as well as undeformed halite. 

According to previous work by Roedder (1962), 
Roedder and Belkin (1979), and others, halite samples 
from the Delaware Basin indicate temperatures of 
deposition between 25°C and 45°C, essentially near-
surface conditions, as expected in a geologic setting 
such as an evaporite basin in the Permian of western 
Texas and southeastern New Mexico. Heating mea­
surements are usually made only on high-temperature 
minerals associated with ore deposits—typically, 
quartz, calcite, and fluorite. Fluid inclusions in ore-
type assemblages frequently contain vapor bubbles 
resulting from fluid entrapment at very high tempera­
tures. Therefore, heating-stage analyses (i.e., heating 
these inclusions until the point of vapor-liquid homog-
enization is observed) are of great value for tempera­
ture determination of ore-forming fluids. However, it 
seems obvious that the presence of vapor bubbles in 
fluid inclusions in evaporitic halite, probably deposited 
at temperatures of 25° C to 45° C, does not imply 
deposition from a high-temperature solution. 

Since Roedder's values for homogenization tem­
peratures are consistent with environmental condi­
tions for evaporite deposition, it was decided to forego 
high-temperature measurements on fluid inclusions 
from these samples and to concentrate primarily on 
analyses of freezing-point depressions, at least for the 
present. Heating measurements may prove to be im­
portant in subsequent studies of diagenetic or defor-
mational effects. A Chaixmeca heating-freezing stage, 
maintained by the Department of Geology at the 
University of Texas at El Paso, was used to make these 
measurements. Initially, samples were prepared by 
cutting and doubly polishing thick (3- to 4-mm) sec­
tions of halite core mounted on glass slides. Because it 
was later necessary to break up these sections before 
mounting small fragments for use in the freezing 
apparatus, it was deemed more efficient simply to 
cleave individual halite crystals through judicious use 
of a rock hammer and a single-edged razor blade. 
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For analyses of freezing-point depressions, these 
sample slices were mounted directly on the cooling 
stage, which was attached to a Zeiss microscope. Ther­
mocouples attached to the stage controlled the freez­
ing rate. Freezing was achieved by circulating dry N2 
through a liquid-Ng-filled Dewar and then through 
the cooling stage. Because of kinetic problems in the 
freezing of brine solutions, it was usually necessary to 
drop the temperature to — 70°C or lower to induce 
freezing in these inclusions. However, the tempera­
tures at which inclusions finally froze were not at all 
related to "freezing temperatures," as the term is used 
in fluid-inclusion studies. 

After all the liquid in an inclusion had turned to 
crystalline solids, it was allowed to warm up; the point 
at which liquid water is first visible is termed the "first 
melting point" (Roedder, 1962). The temperature at 
which the last crystal in a frozen inclusion turns to 
liquid is the freezing temperature or freezing point. It 
is believed that the freezing data in this report are 
accurate, reproducible, and have a standard error of 
±0.1°C. All freezing-point determinations were made 
according to the method described by Roedder (1962). 
Results of these analyses are shown in Table 1. 

One problem encountered was the condensation 
of atmospheric moisture on the sample surface during 
cooling, owing to the hygroscopic character of NaCl. 
This condensation almost invariably obscured the 

temperature of first melting, often making it difficult 
to observe freezing points. The problem was alleviated 
somewhat by mounting the sample slices individually 
on Vaseline-coated glass cover slips and surrounding 
these slices with crystals of CaClg. It would appear to 
be advantageous to design a sample chamber for any 
conventional cooling stage that could either be evacu­
ated before cooling or could contain a desiccant to 
further minimize condensation. 

Samples were also examined petrographically for 
general shape, size, and distribution of inclusions. The 
photographs in Figure 1 indicate that, most commonly, 
the inclusions maintain a cubic symmetry. However, 
inclusions that are aligned along what appear to be 
shear planes or annealed fractures are often rounded, 
stretched, and deformed (Figure 2). This feature is 
especially prominent in samples with macroscopic 
fabric or alignment of halite crystals (e.g., what is 
usually referred to as "brickwork" texture) and is 
presumed to result from mechanical deformation of 
the halite. Several samples that had been deformed 
under controlled conditions in a set of experiments 
conducted by W. Wawersik (Division 1542) were also 
examined petrographically. Note the visible changes 
in fluid-inclusion geometry as a function of applied 
load (Figures 3 and 4). Investigations of the mechanics 
of this phenomenon are currently being planned. 

Table 1. Freezlng-Point Depressions^ 

Core 
Sample 

No.'' 

1=' Melt 
Point 
(°C)' 

Freezing 
Temp 
(°C)^ Comments 

ERDA-9 9-2828.4 -36 .8 
- 3 0 
- 3 5 
- 3 0 
- 3 4 

-38 to - 3 3 

9-2828.4 

9-2819.0 - 3 5 

- 2.1 
- 2.7 
- 1 0 
- 1 0 
- 2 5 
- 2 8 . 3 
- 2 8 
- 2 4 
- 2 9 . 8 
-29 .0 
- 3.1 

- 4.7 

- 2 9 
-25 .2 
-25 .0 
- 2.5 
-24 .6 
- 1.7 

Adjacent to anhydrite 

In hopper crystal close to anhydrite 

Same inclusions 

Clear crystal ~ 1 cm below anhydrite 

Clear crystal ~ 1 cm below anhydrite 

-—l cm above anhydrite lamellae 



Table 1. (Continued) 

Core 
Sample 

No.'' 

1 '̂ Melt 
Point 
(°C)'= 

Freezing 
Temp 
(°C)= Comments 

ERDA-6 

WIPP-10 

WIPP-12 

9-2822.0 

6-2552.0 

6-2548.5 

10-2339.4 

10-2324.2 

10-2328.5 

12-2483.3 

-34 .9 

25 

-30 
-27 
-25 

- 3 0 

-35.8 

-35 

-35 

-45 
-27.4 

-31.5 

-34 .8 

-32.7 

12-3060.4 

12-2467.4 

12-3055.8 

12-2741.5 

12-3275.4 

- 4 4 to -
- 5 8 
- 5 2 

- 3 7 

-39 

-26.2 
- 1.7 
-26.5 

_ 2 2 i ( Hopper crystal 

Slightly elongate - 1.8 
- 2 8 . 6 
-25 .0 
-12 .6 
- 1.7 

- 0.3 

0.0 
- 1 . 1 
- 0 . 3 

0.0 

-0 .7 
0.0 

- 4 . 2 
- 2 . 6 

- 2 7 . 8 

"2 cm above anhydrite 

-27 8 1 
_ • I ~ 1 cm from anhydrite band 

- 2 6 
-24 .6 

- 2 . 4 
- 3 . 5 
- 3 , 

Clear crystal ~ 2 cm above anhydrite 

In hopper crystal 
5 1 
• I In clear halite close to anhydrite 

- 4 . 6 
- 3 . 8 
- 2 . 9 
- 4 . 0 
- 3 . 8 
- 1 . 5 

- 2 . 2 
- 1 . 9 
- 1 . 4 
- 0 . 4 

- 1 0 . 3 
< - 7 . 1 
< - 6 . 1 

- 2 3 . 1 

-17 .6 

- 2 2 . 1 

- 1 6 . 1 
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Table 1. (Concluded) 

Core 
Sample 

No.'' 

r' Melt 
Point 
(°C)' 

Freezing 
Temp 
(°C)" Comments 

DOE-1 

12-3077.5 

12-3386.0 

12-3174.5 

12-2050.2 

3374.1 

2297 

3708 

3709 

3709 

3380.7 

4031 

-35.3 

-30.8 

-27 to - 3 0 

-22.1 
-30 
-22 

-30 

-22.4 

-21 .4 
-21 .7 

-22 .9 

- 3 0 
- 2 6 

-10.3 to 
-13.1 to 

-0.4 
-0.6 
-1.2 
-1.6 
-0.2 

-7.9 
-4.2 

- 0 . 8 
- 0 . 2 

- 2 . 7 
- 2 . 9 
- 2 . 6 
- 2 . 5 

+ 3.9 
- 0 . 3 
+ 1.6 

- 2 . 9 
- 1 . 5 

-10.0 
- 9 . 2 

+0.0 
-0 .2 

+0.1 

• In one large crystal—may be hopper crystal 

Inclusions deformed; 
disseminated anhydrite 

Very linear fabric; crystals small 

""Each measurement is for a different inclusion unless otherwise noted. 
''Sample numbers refer to depth in core. 
Tor further discussion of first melting points and freezing temperatures, see Roedder (1962). 
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(a) Sample 9-2671 (undeformed): Inclusions are euhedral cubes, 
aligned along right-angle growth planes in the classic "hopper 
crystal" configuration. 

ii 

(b) Sample 9-2625.5 (undeformed): Inclusions in remanent hopper 
crystal structure, near grain boundary (near top of photograph). 
Inclusions containing gas bubbles may be locally common, perhaps 
resulting from leakage during recrystallization. 

Figure 1. Photographs of Sample Inclusions 



Figur® 2. Sample 9-2677: < 1 % Mechanical Deformation. 
(Inclusions on grain boundaries showing typical "smeared-out" 
texture of mechanically deformed inclusions; from Carter and 
Hansen, 1983.) 
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(a) Magnification X63 

(b) Magnification X160 

Figure 3. Sample 2625: This Sample, a Product of the Experimental 
Work of W. Wawersik, Has Undergone 7% Deformation. (The 
inclusions seen here exhibit a strikingly different texture from the 
smooth-walled, euhedral, undeformed inclusions seen in Figure 1. 
Moreover, the morphology of these inclusions is distinctly different 
from the "smeared-out" shape of those seen in Figure 2. 
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Figure 4. Sample 2625: As Seen in Figure 3, 1% Deformation. (Note 
particularly the deformation at the corners and edges of the inclusions. 
This appearance is attributed to the processes of NaCl dissolution and 
reprecipitation in a stress gradient, an as-yet poorly understood 
phenomenon. High-magnification photomicrographs of these and other 
fluid inclusions in mechanically deformed samples show trains or shadows 
of extremely small inclusions along the former walls of the inclusions 
shown here (the arrows in Figure 4(b), suggesting that these sides are the 
loci of NaCl precipitation during inclusion deformation.) 



By far the greatest density (i.e., abundance) of 
fluid inclusions occurs in hopper crystals. This struc­
ture is assumed to be a growth feature and therefore 
indicative of essentially undeformed halite, although 
fragments of crystals containing evidence of hopper 
growth are occasionally seen in otherwise deformed 
halite. Hopper crystals contain the greatest abun­
dance of fluid inclusions ( > lOVcm^), aligned in bands 
parallel to the growing crystal faces (Figure 5). The 
density of fluid inclusions along these faces is so great 
that these bands are often milky in appearance as a 
result of the parallel alignment of thousands of tiny 
inclusions. The overwhelming abundance of fluid in­
clusions in hopper structures, as seen in samples ex­
amined in this study, appears to be located almost 
immediately adjacent (within 1 to 2 cm) to anhydrite 
veins or lamellae. In contrast, in large, clear halite 
crystals not associated with anhydrite, fluid inclusions 
are much larger (0.1 to 1 mm on a cube edge) and are 
several orders of magnitude less abundant in number. 

Fluid-inclusion volume (as volume percent of the 
host halite) was calculated from measurements taken 
from polished thick sections. Approximately 300 fluid 
inclusions were measured by using four microscope 
objectives (2.5X, 6.3X, 16X, and 25X). Volume calcu­
lations based on the calibration factors for these ob­
jectives with the stage micrometer yielded a fluid-
inclusion volume of ~ 1 % of the whole-rock volume. 
This result is in good agreement with those obtained 
by Roedder and Belkin (1979) from WIPP salt and by 
Roedder and Bassett (1981) from Palo Duro Basin 
(TX) salt. 

Because this investigation was formulated origi­
nally as a pilot study to evaluate the usefulness of 
fluid inclusions as indicators of brine origin and 
migration, it was decided at this point to tabulate the 
results obtained thus far. Freezing-point tempera­
tures did not appear to exhibit any consistent trends 
as a function of stratigraphic position or associated 
lithology, as indicated in the "Discussion" section that 
follows. The schematic plots shown in Figures 6 
through 9 support the hypothesis that at least some of 
the fluid inclusions analyzed here are generically re­
lated to the adjacent anhydrites. In general, freezing 

points of fluid inclusions in halites that were close to 
anhydrites are significantly lower than freezing points 
of inclusions taken from halite that is much farther 
from halite-anhydrite contacts. This conclusion is 
summarized by the data shown in Figure 10 for 
WIPP-12. 

O.S em 

Figure 5. Sample of Lower Salado Formation Salt From the 
Level of the Facility Horizon at 2150 ft. (This example 
contains extremely large fluid inclusions in clear, recrystal-
lized salt, such as that seen in the center of the photograph 
(with bubble). In the unrecrystallized upper left corner, the 
milky bands composed of thousands of microscopic fluid 
inclusions define a primary "hopper" crystal. Scale bar = 
0.5 cm.) 
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X R®f@rs to freezing 
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Figure 6. ERDA-6 Lithology (from Sandia Report 
SAND79-0267) Showing Distribution of Halite and 
Anhydrite. (Positions of fluid-inclusion samples and 
freezing temperatures, in °C, are also shown.) 
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Figure 7. WIPP-12 Lithology (from Sandia Report 
SAND82-2336) Showing Distribution of Halite and 
Anhydrite. (Positions of fluid-inclusion samples and 
freezing temperatures, in °C, are also shown.) 
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Figure 10. FreezingTemperaturesvs Lithology in WIPP-12. 
(Bulk density log of a portion of WIPP-12 shows freezing 
temperatures of fluid inclusions and their relative proximity 
to anhydrite-halite contacts.) 
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These freezing measurements seem to suggest 
that one or more of the previously discussed mecha­
nisms implicating gypsum and/or anhydrite in the 
formation of fluid inclusions may be responsible for 
this distribution of freezing temperatures. This con­
clusion is reinforced by additional compositional data 
on fluid inclusions from the WIPP facility horizon. A 
comprehensive discussion of these data and their 
chemical evolution are soon to be forthcoming (Stein 
and Krumhansl, in progress). 

It would be of great interest to perform identical 
analyses on fluid inclusions from the associated anhy­
drites. The expectation is that the Ca content of fluids 
in anhydrite and adjacent halite would be similar if in 
fact the fluid compositions are related. However, the 
freezing-point temperatures from the WIPP-12 sam­
ples were plotted against the neutron density log from 
that hole because the freezing data from WIPP-12 
were abundant and the logs were available (Figure 10). 
The distribution of the freezing data suggests that 
extremely low freezing temperatures tended to occur 
in samples taken in halite immediately adjacent to 
very thick anhydrite layers (e.g., at the contacts be­
tween Halite III and Anhydrite III, Anhydrite III and 
Halite II, Halite II and Anhydrite II, etc). Because it is 
well established that significant quantities of calcium 
ion depress freezing temperatures much below the 
eutectic for the NaCl-HgO system (see, for example, 
Weast, 1974), the WIPP-12 data suggest the possibility 
of a connection between very low freezing points and 
excess Ca^+ from adjacent anhydrites. 

In general, it is unclear what value should be 
attached to freezing-point measurements of fluid in­
clusions in halites. Owing to the potential complexity 
of the solution compositions involved, the kinetics of 
the phase transformations, problems of metastability 
in vapor, liquid, and solid phases, and mechanical 
problems such as cracking or leaking of inclusions on 
freezing, it seems apparent that such analyses must 
not be relied on exclusively as independent proof of 
any single theory's explaining brine origin and migra­
tion. Rather, these data may be useful in setting limits 
on the compositions of multicomponent solutions. In 
this context, these data are here interpreted as sug­
gesting a possible correlation of fluid composition 
with adjacent lithology. 

Further, the inverse relationship between Ca^+ 
and S0|"" concentrations in equilibrium with gypsum 
or anhydrite inspired the thought that low freezing 
temperatures (and therefore possibly high Ca^"'' con­
tent) might also be correlated with low SO4" values, 
according to the following: 

CaSO^ = Ca2+ + S O ^ (1) 

hence 

k,, = [Ca2+][S0M . 

To this end, a suite of samples was selected from 
WIPP-12 and DOE-1 for examination of dissolved 
SO4" in fluid inclusions through the use of laser 
Raman spectroscopy. 

The laser Raman technique uses an argon laser 
beam focused through an optical microscope and cen­
tered on the interior of a fluid inclusion. This tech­
nique, as applied to fluid inclusions, is described in 
detail by Tallant et al (1983). Similar applications are 
discussed in papers by Dubessy et al (1983) and 
Rosasco and Roedder (1979). Standards for this pro­
cedure consisted of various solutions of sulfate (as 
sodium sulfate) in a saturated NaCl brine. Sulfate 
concentrations, in ppm, were determined by the ratio 
of the Ui sulfate band (980 cm^^) to the v^ water band 
(3400 to 3500 cm-i). Results of the laser Raman 
analyses are presented in Table 2; the spectra of all 
samples run are included as Appendix A. 

The dissolved sulfate values as determined by 
laser Raman spectroscopy are shown in Figure 11, 
plotted against depth in the formation. Figure 12 
shows the mineralogy of a portion of the stratigraphic 
section as described in the lithologic logs from 
WIPP-12. Of extreme interest is the correlation be­
tween the apparent linear decrease in sulfate values 
and the presence of polyhalite, both occurring in the 
interval from ~1000 to 2300 ft. The possible implica­
tions of this result are discussed in the next section. 

Below a depth of ~2700 ft, laser Raman results 
showed a well-defined bimodal distribution. These 
values were all obtained from primary fluid inclusions 
selected from halite samples in close proximity (on the 
order of inches) to anhydrite. At present, no clear-cut 
explanation exists for two distinct populations, al­
though this result is also consistent with the analyses 
reported by Dubessy et al (1983). 

Current research to further explain the geochem­
istry of fluid inclusions in these halites involves ex­
tracting brine from individual inclusions. It was fortu­
itous that excavation for the WIPP facility intersected 
a horizon within the Salado, at a depth of ~2150 ft, 
that contained unusually large inclusions. Some of 
these are as much as 5 mm on a side (Figure 5). With 
extreme precision and a small (No. 65) drill bit, it was 
possible to drill a hole directly into several of these 
inclusions and remove the liquids by means of a 
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preweighed 25-gauge hypodermic syringe. Weights of 
the inclusion fluids were recorded, the fluids were 
injected into preweighed polyethylene vials, water was 
added, and a dilution factor was then calculated. 

These samples were analyzed by argon-plasma 
emission spectroscopy for K"̂ , Na+, Ca^^, and Mĝ "*̂  
by J. L. Krumhansl (Div 1543). For the purpose of 
calculating a cation-anion balance, CI" was analyzed 
by titration, and SOf" values were taken to be those 
obtained from inclusions in this horizon by laser Ra­
man spectroscopy. From these numbers, the ratio of 

M+:M~ is 1.00, giving credibility to the belief that 
these analyses are accurate to within the detection 
limits of the analytical procedures used. 

This work is currently in progress; therefore, re­
sults obtained so far will not be reported here. Briefly, 
we feel that we have established a data base that is 
sufficient for defining two distinct fluid inclusion 
populations from this horizon, based on groupings of 
the cation compositions. From these data we have 
formulated an explanation for compositional varia­
tion in these brines that is the result of clay alteration 
and evaporite mineral diagenesis. 

Table 2. Laser Raman Spectroscopy Analyses for Dissolved 
Sulfate In Fluid Inclusions 

Sample Depth 
Sample 

WIPP-12 
WIPP-12 
WIPP-12 
WIPP-12 
WIPP-12 
Facility 

Horizon 
DOE-1 
WIPP-12 
WIPP-12 
WIPP-12 
WIPP-12 
WIPP-12 
WIPP-12 
WIPP-12 
DOE-1 
DOE-1 
DOE-1 
DOE-1 
DOE-1 

"90% confidence 

(ft) 

1125 
1125 
1692 
1692 
1692 

2150 
2297 
2483 
2483 
2483 
2483 
2483 
2741 
2741 
3374 
3708 
3709 
4031 
4031 

different fluid inclusions 
'same fluid inclusion 

Band Ratio 
(SO4/OH) 

<0.004 
<0.007 

0.085 
0.086 
0.082 

0.140 
0.182 
0.120 
0.113 
0.118 
0.105 
0.107 
0.088 
0.088 
0.104 
0.110 
0.038 
0.036 
0.100 

SO4 
(ppm) 

<100'' 
<400'' 

7900<^ 
8000"= 
7600*= 

13200 
17300 
11300'' 
10600'' 
11100'' 

9900'' 
10100'' 

8200'' 
10000'' 

9800 
10400 

3400 
3200'' 
9400'' 

Est. Error^ 
(ppm SO4) 

< 500 
< 500 
± 300 
± 300 
± 300 

±2600 
± 900 
± 600 
± 600 
± 600 
± 600 
± 600 
± 700 
±3400 
± 700 
±1100 
± 700 
±1300 
±1300 
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Figure 11. Laser Raman Spectroscopic Analyses of 
Samples From WIPP-12 and DOE-1. (The sulfate values, 
as determined by laser Raman spectroscopy, are plotted 
vs depth in the lower Salado and upper Castile Forma­
tions. Extended lines denote error bars.) 

Figure 12. Lithology of 
WIPP-12. (Compiled from 
data in core description con­
tained in Sandia Report 
SAND82-2336. The asterisk 
indicates approximate oc­
currence of primary glau-
berite according to Lowen-
stein, 1982.) 
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Discussion 
A profusion of papers has appeared in the geologi­

cal literature dealing with the mineralogy, petrology, 
and geochemistry of halites from the Delaware Basin 
(Adams, 1965; Jones, 1972; Dean and Anderson, 1978; 
Anderson et al, 1978). The work of Roedder and 
Belkin (1979) contains what appears to be, to date, the 
most comprehensive summary of geochemical re­
search on fluid inclusions from core samples taken at 
the WIPP site. Although their study was confined to 
samples only from ERDA-9, many of their conclusions 
are consistent with observations described in this 
study. To summarize briefly the points in common 
with this work: 

1. The inclusion types most commonly seen in the 
WIPP samples described herein are primary; 
i.e., those in the configuration of hopper crys­
tals—the Type A inclusions of Roedder and 
Belkin (1979); and those seen in clear, perhaps 
partly or completely recrystallized halite—the 
Type B inclusions of Roedder and Belkin 
(1979). 

2. The amount of fluid contained in these inclu­
sions as estimated by Roedder and Belkin 
(1979) is ~ 1 vol %; the measurements reported 
in this study are in good agreement with theirs. 
However, as they report, fluid content is ex­
tremely variable and highly dependent on sam­
ple selection. 

3. The wide range of freezing temperatures, as 
discussed in the following section, indicates 
considerable variation in fluid composition, 
even on a relatively small stratigraphic scale. 
Moreover, these liquids are not simple NaCl-
HgO solutions. Analytical work, to be the sub­
ject of a later report, already shows that some 
solutions contain 10 to 40 ppt K+ and Mg^+, 
and/or lesser Ca^^, as well as Na+, CI", and 
SO4". The effects of these cations on freezing 
temperatures of brines and on the stability 
behavior of the phases formed during freezing 
are poorly understood. 

The freezing-point determinations presented here 
show a wide range, from -44.1°C to -h3.9°C. (A 
freezing point of +3.9°C possibly results from the 
slow melting of hydrohalite, NaCl • 2H2O; Roedder, 
1984.) There is no apparent correlation between freez­
ing temperatures and sample depth in the formations, 
as seen in Figure 13. Also, the lack of any consistent 
trend with increasing depth tends to preclude a model 
involving the mixing of meteoric and intraformational 
waters. If such mixing has occurred and if inclusions 

then migrated to any significant extent because of the 
geothermal gradient or lithostatic pressure, one 
should expect the distribution of freezing tempera­
tures to be more uniform. 
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Figure 13. Plot of Fluid-Inclusion Freezing Temperatures 
(in °C) vs Depth in the Lower Salado and Upper Castile 
Formations 

However, the distribution of freezing tempera­
tures appears to be related to the lithology (as seen in 
Figure 10). Although vague, this relationship is also 
consistent with fluid inclusions containing substantial 
amounts of other solutes—K"'', Mg^+, and/or Ca^+, 
although the sulfate data and cation data were ob­
tained from different inclusions. The tendency for 
fluid inclusions with extremely low freezing tempera­
tures to be associated with halite-anhydrite contacts 
suggests that these fluids are representative of forma­
tion water composition at the time of deposition. This 
observation also indicates that the inclusions have not 
moved any great distance since their formation. Fur­
ther, as Roedder and Belkin (1979) suggest, the abun­
dance of fluid inclusions in the classic hopper-crystal 
configuration is assumed to signify original, or "pri­
mary," depositional texture. Even where halite recrys­
tallization is evident, freezing-point measurements on 
both Type A and Type B inclusions (after Roedder's 
definition) show very little difference in the same 
hand specimen. 

It was noted that, almost as a rule, halite crystals 
in the samples used in this study tended to become 
clearer, larger, and presumably more recrystallized 

25 



with increased distance from anhydrite (e.g., at dis­
tances greater than several millimeters to several cen­
timeters). Simultaneously, fluid inclusions tended to 
become larger but increasingly scarce. This inclusion 
volume increase may result from partial coalescence of 
the smaller inclusions that make up the hopper crys­
tals. It is not yet known how or to what extent inclu­
sions disappear when they contact grain boundaries. 
Future work, as discussed in the following section, 
addresses this problem. 

The trend defined by the laser Raman spectrosco­
pic analyses proved particularly interesting. It was 
disappointing to find that these analyses for dissolved 
S04^ in fluid inclusions did not appear to correlate 
with freezing-point measurements as anticipated. 
However, the SO4" values do show a reasonably con­
sistent correlation with depth in this portion of the 
stratigraphic section above ^2300 ft (Figure 11). The 
split in dissolved sulfate values within Castile Forma­
tion samples remains problematical. 

The rationale for the sample selection scheme is 
based on the expectation that fluid inclusions in close 
association with anhydrite, whether through original 
deposition (e.g., in situ inclusions) or by postdeposi­
tional migration, would exhibit some degree of equili­
bration with anhydrite, which would then be reflected 
in the S04~ concentrations in the fluid inclusions. 
Using the Ca^+ values obtained by emission spectros­
copy (from inclusions in the WIPP facility horizon, as 
described previously), together with data from Mar­
shall et al (1964), we calculated S 0 | " values for a fluid 
in equilibrium with anhydrite in a 5-molar NaCl 
brine, e.g., comparable to WIPP brines. 

These calculated values exceed those in the Cas­
tile by a factor of ~ 3 ; clearly, equilibration with 
anhydrite is not responsible for the 5 to 10 ppt SO4" 
seen in these samples. Therefore, some other mecha­
nism must be involved to explain the two distinct 
populations. They possibly represent fluid mixing 
and/or compositional modification by diagenetic reac­
tions at some time in the past; currently, isotopic data 
are insufficient to prove this conclusively. However, 
this result does indicate that these inclusions have not 
migrated any significant distance—in particular, 
through the associated anhydrite beds or laminae— 
because the fluids are substantially undersaturated 
with respect to equilibrium with anydrite. 

The linear trend seen in the S04~ analyses from 
the level of the facility horizon (at 2150 ft) and above 
is particularly noteworthy. This consistent decrease in 
fluid-inclusion S04~ values going upward into the 
Salado Formation appears to coincide with the in­
creasing abundance of polyhalite (Sandia Report 

SAND82-2336), as seen in Figure 12. One possible 
hypothesis that may explain this observation is the 
alteration of gypsum or anhydrite to glauberite and 
then to polyhalite according to the following reactions 
(Harvie et al, 1980): 

an gl 
CaS04 + 2Na+ + S 0 ^ -* Na2Ca(S04)2 (2) 

'•̂  (Na+)2(S02-) 

or, alternatively: 

gyp 
2CaS04 • 2H2O + 2Na+ ~f- S O ^ 

an gl 
- CaS04 + Na2Ca(S04)2 + 4H2O (3) 

'" (Na+)2(S0|~) 

gl an 
Na2Ca(S04)2 + CaS04 + 2K+ + Mg2+ + SOI-

poly 
-f 2H2O ^ K2MgCa2(S04)4 . 2H2O -f 2Na+ (4) 

K (Na+)^ 
^̂  (K+)2(Mg2+)(SOr) 

This reaction of seawater with anhydrite and 
glauberite to form polyhalite appears to explain the 
depletion of seawater SO4", as seen in the fluid-
inclusion analyses, as well as the appearance of poly­
halite. In addition, if these reactions did indeed occur, 
the scarcity of glauberite in this portion of the strati­
graphic section is also explained. Lowenstein (1982) 
does in fact report the primary occurrence of glauber­
ite in lower Salado halite. He has observed randomly 
oriented glauberite crystals that are now replaced by 
anhydrite and halite. It is assumed, mainly from pet-
rographic evidence, that these alteration reactions 
occurred at some time following deposition of this part 
of the formation. 

In addition, this conclusion is based largely on 
analyses that were taken from both primary and sec­
ondary fluid inclusions. The distribution of sulfate 
values with depth appears to reflect a quasi-static 
equilibrium with a solution from which both halite 
and either gypsum or anhydrite were being deposited 
(e.g., the nearly constant but bimodal SO4" values in 
primary inclusions from the Castile samples). The 
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decrease in dissolved SO4 (going upward in the lower 
Salado) is consistent with the appearance of poly­
halite, assuming an origin for this mineral involving 
the alteration of glauberite and anhydrite. As the 
dissolved SO4" analyses in the lower Salado are from 
unequivocally primary inclusions, one may conclude 
that these reactions must have occurred essentially 
contemporaneously with deposition of this part of the 
stratigraphic section. The uppermost samples, taken 
from secondary inclusions immediately adjacent to 
and above the McNutt Potash Zone, are most likely 
the result of postdepositional alteration, the relative 
timing of which is, as yet, undetermined. 

Plans for Future Work 
The general trends defined by the dissolved SO4" 

values are thought to represent some degree of long-
term evolution in the composition of seawater in the 
Delaware Basin. Further work is planned to clarify 
this point. Seven major topics either in progress or 
under consideration are described below. 

1. Further fluid-inclusion analyses to comple­
ment those obtained thus far are potentially of 
great value. Specifically, it seems desirable to 
analyze fluid inclusions from halites immedi­
ately above, below, and intermixed with the 
McNutt Potash Zone. If these fluids in fact 
reflect either changing composition of basin 
water or secondary diagenetic alteration, the 
inclusion compositions should systematically 
reflect the associated mineralogy. The correla­
tion of dissolved S 0 | - with mineralogy appears 
to be a promising lead. Continued laser Raman 
spectroscopy is therefore expected to be a nec­
essary part of future fluid-inclusion investiga­
tions. Also, the laser Raman technique may be 
a valuable tool for investigating dissolved gases 
(particularly hydrocarbons and related organic 
compounds) in inclusion fluids. 

2. The emission spectroscopy of fluids from indi­
vidual inclusions is being continued. The evi­
dence obtained to date suggests that fluid in­
clusions may be grouped into distinct 
populations on the basis of elemental composi­
tion at the ppm level. Moreover, it may be 
possible to distinguish meteoric from marine 
fluids on the basis of the minor element compo­
sition, although this is also merely speculative 
at this point. In addition, it is hoped that fluid-

inclusion compositions may be correlated with 
other waters found in the vicinity of the facility 
horizon (for example, the "weeps" occasionally 
seen on the mine walls). 

3. It would be highly interesting to make deter­
minations of freezing points and laser Raman 
analyses on fluid inclusions from some of the 
anhydrites in the Castile and lower Salado. 
These measurements would answer such ques­
tions as: Are these fluids similar to, or radically 
different from, those in adjacent anhydrite 
units? Does the additional information from 
anhydrite inclusions confirm or refute any of 
the previously described hypotheses for fluid 
origin? 

4. Much experimental work has been planned for 
the purpose of investigating the mechanics of 
fluid-inclusion migration. These experiments 
will focus primarily on the phenomenon of 
pressure solution vs plastic deformation and on 
measurements of rate and direction of inclu­
sion migration in a nonuniform stress field, 
including what happens when a fluid inclusion 
reaches a grain boundary. 

5. Electron microprobe analyses have been com­
pleted by Division 1822 for selected samples. 
They showed that concentrations of major ele­
ments (Ca^+, Mg^+, and K+) in the halite do 
not change significantly in the immediate vi­
cinity of fluid inclusions. Because of their geo­
chemical importance and because these data 
are being requested by W. Wawersik (Div 1542) 
in an attempt to relate creep behavior in rock 
salt to impurities in the NaCl structure, addi­
tional efforts of this nature are planned. 

6. As mentioned earlier, heating measurements 
were not made on these fluid inclusions as a 
matter of priority. However, it may be of 
interest to look at such analyses as a possible 
way to distinguish zones or episodes of halite 
deformation. 

7. Stable isotope analyses of fluid inclusions 
from these samples would also be useful in 
distinguishing fluid origin and relative 
time(s) and temperature(s) of emplacement 
or mineral alteration. At present, it is antici­
pated that these analyses will eventually be 
performed with the new mass spectrometer 
facility under the direction of S. J. Lambert of 
Sandia National Laboratories Div 6331. 

27 



Conclusions 
In general, fluid-inclusion compositions in the 

Delaware Basin appear to be best represented by a 
NaCl brine. The plots shown in Figures 14 through 17 
are based on groundwater data compiled by Lambert 
(1978) and show the relationships of Ca^+ to S04~ and 
K+, Mg^+, and Na+ to CI", respectively. Clearly, the 
only linear relationship is that of Na+ to Cl"~. Figure 
17 also contains a point representing fluid-inclusion 
compositions from ERDA-6; Na+ and Cl~ are calcu­
lated from the equations given by Potter et al (1978) in 
Appendix B and the measured freezing temperatures. 
This point is nearly coincidental with the composition 
given for the brine reservoir found at ERDA-6. Thus it 
appears that, at least to a first approximation, the 
assumption of a NaCl-HgO system for inclusion com­
position is valid. 

However, both the laser Raman S0 |~ analyses 
and those obtained to date by emission spectroscopy 
show that the fluid-inclusion chemistry is much more 
complex and therefore deserving of continued investi­
gation as outlined in this report. Dissolved S04~ ana­
lyses of samples from the brine reservoirs at ERDA-6 
and WIPP-12 differ from the values for the same 
depths seen in Figure 11 by a factor of 2. Thus the 
evidence obtained from the results of this study 
strongly suggests that water contained in the brine 
reservoirs encountered during preliminary drilling is 
unrelated to fluid-inclusion compositions. Further, 
the geochemical and petrographic evidence discussed 
here indicates that fluid inclusions in these halites are 
essentially in situ. Whether they are primary or the 
product of secondary alteration, it appears that they 
are, for the most part, situated in the location of their 
formation, with relatively little movement through 
the host rock. 
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Figure 14. Composition of Delaware Basin Groundwater, 
log (Ca2+) vs log SO^. (From Lambert, 1978.) 
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Figure 15. Composition of Delaware Basin Groundwater, 
log (K+) vs log (CI"). (From Lambert, 1978.) 
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Figure 16. Composition of Delaware Basin Groundwater, 
log (Mg2+) vs log (CI"). (From Lambert, 1978.) 
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inclusion composition calculated from freezing-point mea­
surements and the equations of Potter et al, 1978.) 





Appendix A 

Laser Raman Spectra 
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Figure A1. Sample from WIPP-12, 1125.2 to 1125.6 ft 
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Appendix B 

Freezing-Point Calculations in NaCl Solutions 
(from Potter et at, 1978) 

M, = 0.00 -I- 0.30604^ - 2.8598 X lO^^ 6^ + 4.8690 X 10"® 5̂  ±0.007 

W, = 0.00 -I- 1.76958^ - 4.2384 X 10"^ ^̂  + 5.2778 X 10"^ 9̂  ±0.028 

0 = 0.00 + 3.29325M3 + O.O7249M3 -I- 0.013185M='±0.03° 

6 = 0.00 -I- O.58I855W3 + 3.48896 X 10"^ W^ + 4.314 X lO "̂* W^±0.03° (Bl) 

where 

^ = 0 — freezing point (in °C) 
Mg = molality of NaCl in solution 
W3 = weight % NaCl in solution 
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