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Radiocarbon and Other Nuclides to the
Groundwater Hydrology of the Rustler Formation,
Southeastern New Mexico

Steven J. Lambert
Earth Sciences Division 6331
Sandia National Laboratories
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ABSTRACT

Radiocarbon, tritium, and *°Cl were measured in groundwaters from the dolomite aquifers
of the Rustler Formation in the northern Delaware Basin of southeastern New Mexico to
determine the feasibility of using these nuclides in dating the groundwater at and near the
Waste Isolation Pilot Plant, a facility for geological disposal of radioactive waste. No
measurable *°Cl was found in any of these groundwaters, which derive their dissolved
chloride from Permian evaporites. Demonstrably uncontaminated groundwaters contained
no significant amounts of tritium (<0.2 TU). Percent modern carbon (PMC) correlates
linearly and directly with bicarbonate concentration, indicating mixing of a high-PMC/high-
bicarbonate reservoir with a low-PMC/low-bicarbonate reservoir. This relationship,
together with the history of development of the wells sampling the groundwaters, indicates
contamination by anthropogenic modern carbon rather than simple dilution by dissolving
rock carbonate. &'°C does not linearly correlate with bicarbonate, indicating no single
source of contaminant radiocarbon. Values of PMC and 6'*C for groundwaters were used
to calculate apparent radiocarbon ages according to an interpretive model that accounts for
water/rock interactions in carbonate aquifers. All but six pairs of values gave significant
negative ages (-1,000 to -7,000 years). This suggests that in contaminated samples the
model over-adjusts (based on 6'°C) for radiocarbon loss due to dilution and isotopic
exchange with the rock. Four groundwater samples (3 from the Rustler and 1 from the
overlying Dewey Lake Red Beds) gave apparent radiocarbon ages >10,000 a, and their
carbon-isotope systematics suggest that their apparent ages are all the result of a single
evolutionary trend of rock/water interaction involving carbon isotope exchange, with a
probable recharge age of 13,000 a b. p. This time of isolation from the atmosphere, which
is unrelated to travel time within the Rustler, is consistent with paleoclimatic evidence of
wetter conditions more conducive to recharge in the late Pleistocene than at present.
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EXECUTIVE SUMMARY

Several nuclide systems have been examined for possible application to the groundwater
hydrology of the Rustler Formation (Permian, Ochoan) in the Delaware Basin of southeas-
tern New Mexico. An understanding of the geologic history of the Rustler Formation is
fundamental to the evaluation of the ability of the bedded evaporite environment at the
Waste Isolation Pilot Plant (WIPP) to contain waste radionuclides for long periods of time.
The Rustler is deemed important because it (1) is the uppermost evaporite-bearing unit in
the Ochoan (Permian) sequence, (2) is experiencing active dissolution where it outcrops
west of the WIPP site, (3) immediately overlies the Salado Formation where the WIPP
facility is being mined, and (4) contains interbeds of brittle fractured rock that contain the
most abundant and regionally persistent occurrences of groundwater associated with the
evaporites. One class of atmospherically generated nuclides of interest in groundwater
studies, together with their approximate half-lives, includes *H (12 years), **Kr (10 years),
*°Sr (29 years), and '*’Cs (30 years). These fission or activation products are generated
principally by atmospheric testing of nuclear weapons. Another class of atmospherically
generated nuclides arises principally from neutron-activation or spallation reactions involv-
ing cosmic rays; these also can be generated by the atmospheric testing of nuclear devices
and by some subsurficial neutron-activation, given a suitable neutron flux from spon-
taneous fission. This class includes '*C (half-life 5730 years), *'Kr (200,000 years), *°Cl
(300,000 years), '°Be (1,600,000 years), and '*°I (15,900,000 years).

Sampling and analytical methods, and interpretive models have been developed extensively
in the literature for °H, '“C, and *°Cl. Samples of wellbore fluids were collected from three
regionally persistent water-producing units in the Rustler (Magenta and Culebra dolomite
members and the basal Rustler zone near the contact with the underlying Salado
Formation) to be analyzed for these nuclides, using procedures designed to minimize
contamination of major and certain minor solutes arising from wellbore effects. Even with
such precautions, the nature of the contamination associated with newly emplaced
hydrologic test holes designed for maximum core recovery is not limited to simple mixing
of fluids, but microbial metabolism of solid cellulosic material introduced to control lost
circulation has apparently contributed a more or less steady infusion of modern
anthropogenic carbon to the total dissolved carbon in the wellbore effluent. Nuclide
systems generated in the atmosphere from neutron-activation by cosmic rays are par-
ticularly susceptible to contamination by even small amounts of modern sources, especially
organic carbon in the case of radiocarbon. This is demonstrated by a linear mixing
relationship between percent modern carbon (PMC) and dissolved carbon concentration
(represented by the alkalinity, which is here assumed approximately equal to bicarbonate).
The PMC varies directly with [HCO?], and shows that '*C-rich carbon has been added to
the baseline value of dissolved carbon in the Rustler Formation. If the low-PMC values in
this relationship had arisen through dilution with dead carbon, the slope would be negative.
In the absence of any solid/liquid interaction, the slope would be vertical.

Whereas the PMC/bicarbonate relationship indicates simple binary mixing between low-
and high-PMC reservoirs, the actual number of carbon reservoirs is greater than two. This
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is indicated by the nonsystematic variation of 6'°C values with bicarbonate. A linear
relationship between 6'°C and dissolved carbon concentration would result if there were
only two reservoirs of carbon, because 6'°C values are indicative of a carbon source (i.e.,
rock carbonate versus organic material). In the PMC/6'°C relationships, there is a con-
spicuous dichotomy in carbon isotope systematics between waters with less than 10 PMC
and those with greater than 10 PMC (for which one could argue that contamination had
taken place during well development). The mathematical relationships among the data
from the contaminated wells suggest that the mechanism of contamination due to nonsys-
tematic modern mixing has involved three carbon reservoirs as endmembers: ancient
organic material dissolved in the water at the time of recharge, carbonaceous species
dissolved from the host carbonate rock, and modern organic material introduced during
water-well development. The last two dominate the more contaminated samples (PMC >
10), but such samples probably contain some component of original dissolved carbon
dioxide. Consequently, it is assumed here that the contaminated waters were derived from
the original widespread low-PMC waters. In view of the likely effects of contamination of
the Rustler, the lower limit of resolution for PMC measurements may represent the
baseline value of radiocarbon in the Rustler groundwater system. Thus, the possibility that
the true minimum age of recharge of the Rustler groundwater system at the WIPP site and
in eastern Nash Draw is greater than 30,000 years cannot be ruled out.

The tritium concentrations of groundwaters from the Rustler Formation (especially the
Culebra member, which contains the most abundant water) and the overlying Dewey Lake
Red Beds are all less than 7 tritium units (TU). This includes one value of about 7 TU and
one value of about 3 TU; the remaining 5 are less than 0.3 TU. The extremely low values
show that the confined groundwaters in the Rustler and at least one instance of possibly
"perched" water in the Dewey Lake have not received significant amounts of recharge from
meteoric precipitation in the last 30 years. TU values as high as 7 are attributable to
contamination, in view of the demonstrated radiocarbon contamination in the well that
produced this TU value. A significant modern component in the groundwater would yield
values of 20 TU or more.

The *°Cl concentrations in groundwaters of this study were below the limit of detectability,
even with high-sensitivity accelerator mass spectrometry. Despite claims of very low
detection limits allowed by such instruments as accelerator mass spectrometers, the over-
whelming amount of **Cl and *’Cl (as chloride) in Rustler waters makes inapplicable the
assumption of a known initial concentration of chloride (including *°Cl) that is entirely
atmospheric in origin. Thus, with the breakdown of assumptions fundamental to dating
models (such as mixing and contamination as have been demonstrated here for radiocar-
bon, tritium, and *°Cl), analyses of the atmospherically-generated nuclides alone will but
little aid in the determination of flow paths, groundwater velocity, and the
recharge/discharge areas.

Groundwater-dating methods based on the atmospheric generation of nuclides by cosmic
rays should not be used by themselves, without a due consideration of their geological
context. This is especially true in slow-moving groundwater systems in carbonates and

iv



evaporites where the "purging" effect (cf. Lambert and Robinson, 1984) during sampling is
small and the contamination effect can be large due to the relatively small amount of
natural water recoverable from the system. Confidence should not be placed in an age
calculation made on the basis of a single nuclide measurement together with only its
inferred initial value and half-life, without the support of regionally derived trends of
groundwater behavior.

Several of the existing radiocarbon-dating models were applied to the PMC and 6"°C
values obtained from groundwaters thought to be minimally contaminated on the basis of
their carbon-isotope systematics. The various models were first evaluated for the ap-
plicability of their assumptions to the Rustler geology. The models considered include (1)
the fundamental decay equation, (2) Vogel (1970), (3) Tamers (1975), (4) Pearson and
Swarzenki (1974), (5) Mook (1976), (6) Fontes and Garnier (1979), (7) Wigley et al.
(1978), and (8) Evans et al. (1979). Several of the models account for dilution of the PMC
value with dead carbon by dissolution of mineral carbonate. Others account for the addi-
tional loss of radiocarbon by processes other than radioactive decay, such as precipitation
from solution. Some of the models examined (decay equation, Fontes and Garnier,
Wigley) were found inapplicable, either because their necessary assumptions were not
consistent with observed systematics in the Rustler Formation, or their level of sophistica-
tion and rigor required too many unsupportable inferences to account for unobtainable
input data. Of the remaining models, those of Tamers, Pearson and Swarzenki, Mook, and
Evans et al. accounted for radiocarbon loss by dilution, but only that of Evans et al.
handled loss by precipitation in a way that could conceivably be supported by observations
of the Rustler. Application of some of the models resulted in indeterminate ages (due to
taking the logarithm of a negative number), indicating either failure of fundamental as-
sumptions, or some degree of contamination even in the low-PMC waters, or both. The
model of Evans et al. gives the youngest calculable radiocarbon ages for groundwaters
thought to be (1) minimally contaminated with drilling-introduced modern carbon, and (2)
part of the same carbon-isotope systematics. However, the numerical model of Evans et al.
for calculating the radiocarbon age of groundwaters in carbonate aquifers yields the
"correct” radiocarbon age only when:

1. The PMC value is less than 50 (i.e., there is no contamination of the water by
modern carbon introduced after the initial infiltration).

2. The steady, progressive equilibration of the '*C/'*C ratio of dissolved
carbon with the equivalent ratio in the rock has not been perturbed by an event
that adds nonradioactive carbon dioxide to the water by instantaneous leaching
(congruent dissolution) of the rock.

3. There has been no mixing of waters of significantly different ages to produce
the water sampled.

If any of these conditions have been violated, the radiocarbon age is indeterminate. For
the cases of severe contamination (PMC > 10) in these data), significant negative ages
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commonly resulted. If independent information is not available to show that none of these
conditions has been violated, a high degree of confidence should not be placed in the
premise that even positive radiocarbon ages are maxima.

The radiocarbon dating method cannot be applied to groundwaters without a consideration
of the geological/geochemical context. Despite the detailed development of the method in
well-characterized sandstone aquifers (cf. Pearson et al., 1983), spurious results are very
likely to ensue if the method is blindly applied to any other system, especially carbonate
aquifers. Radiocarbon dating of groundwater should not be attempted without a
reasonably complete understanding of the carbon-isotope systematics in the groundwater
system.

The age of the uncontaminated carbon reservoir is estimated to be at least 13,000 and
possibly in excess of 30,000 radiocarbon years. The confidence limits, based on replicate
analyses, applied to the least contaminated waters having less than about 6 PMC imply that
these values are statistically indistinguishable from 0 PMC. In other words, the "age" (time
of isolation from the atmosphere) of the natural carbon in these waters may exceed the
limit of resolution of the radiocarbon method. This result is consistent with the hypothesis
proposing that regional meteoric recharge of Rustler groundwater in the WIPP area has
been effectively inactive since the Pleistocene.

The minimum estimated age of surface-derived recharge for groundwaters in the Rustler
and parts of the Dewey Lake "aquifers" near the WIPP site is 12 to 16 Ka, and this age
range is supported by other paleoclimatic evidence (fossil packrat middens) in the region.
The recharge may actually be part of an earlier Pleistocene event older than the age range
of the radiocarbon method, about 30 Ka, given the possibility of even a small amount of
contamination of these waters by modern carbon introduced during well development,
which would make apparent radiocarbon ages spuriously young. These ages should not be
used to calculate a travel time for Rustler groundwater across the WIPP site, since (a)
residence times of the four least contaminated groundwaters show no coherent, statistically
significant, monotonic trends becoming younger toward some recharge point, (b) residence
times (or ages of isolation from the atmosphere) of least contaminated groundwaters are
statistically indistinguishable from one another, and may represent pulse-type recharge in a
discrete event rather than continuous flow away from a recharge area, and (c) the relatively
uniform residence times of least contaminated groundwaters may have arisen through
homogenization after recharge.

The wide geographic separation of wells in the >10,000 a age range suggests that water of
this apparent age was originally widespread throughout the area near the WIPP site. In
some cases, insufficient time had elapsed between well development and sampling to allow
for dilution of modern contaminants to the expected 50 PMC value, which would be
derived from the reaction of new carbon dioxide with host rock.

Calculations of maximum age should not be done on any individual value of PMC available
for the Rustler Formation groundwaters, since it is impossible to eliminate the effects of
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anthropogenic contamination or natural mixing for any individual value. This contamina-
tion has had the effect of raising the PMC values significantly above probable native values
and lowering the apparent age; this is exactly the opposite effect that is usually obtained in
groundwater systems involving exchange of carbon species between water and host rock. If
this were the usual case (i.e., if contamination due to well development had not occurred),
one would expect to find a decrease in PMC with increasing bicarbonate, owing to the
dilution and "sorption" of radiocarbon as carbon dissolved from the host rock. In such
usual cases, the lowering of the PMC value by rock-water interactions would give a
spuriously old apparent age, unless the PMC value could be corrected for rock-water
interactions.

Taken as a group, these radiocarbon data indicate mixing phenomena between a source of
dead carbon, probably in the rock carbonate, and modern carbon, probably in the organic
matter introduced during drilling and developing wells. There is no indication of a prepon-
derance of original soil- or atmosphere-derived carbon dioxide in most of these wells. The
most comprehensive applicable model for interpreting radiocarbon data as ages fails for
most of the data because of the complex mixing phenomena. Given the highly variable
climatological history of the Delaware Basin, and the fact that the area has not always been
arid, the soil cannot be excluded as an important source of the original carbon dioxide
introduced into the groundwater system.

Enhanced analytical capabilities designed to allow detection of smaller amounts of
radiocarbon have no bearing on the interpretability of PMC values as ages, since the effects
of contamination and mixing in groundwater systems of nonuniformly low productivity
cannot be precisely quantified.

Because of better ways of identifying meteoric water (D/H and '*O/'°O ratios), and due to
surface contamination associated with the venting of the Gnome event in the area, the
usefulness of the class of weapons-generated nuclides (e.g., tritium and krypton) is limited.
Furthermore, the relatively small content of native radiocarbon shows that the Rustler
groundwater has been out of contact with the atmosphere for so long (at least several half-
lives) that no native tritium, °’Sr, ">’Cs, or *°Kr should be observable. If significantly
nonzero concentrations of these nuclides were observed, they would surely be attributable
to contamination.

Because of the questionable validity of the assumptions necessary in applying radiocarbon
and radiochlorine dating methods in the evaporite environment of southeastern New
Mexico, and because of the previously demonstrated susceptibility of these components to
contamination in this groundwater system, these methods will not be pursued beyond this
feasibility study with the expectation of obtaining additional or more definitive absolute
dates. As a general recommendation to those who would apply the radiocarbon method in
studies of other areas, auxiliary measurements (such as concentration of dissolved carbon)
should be determined in the field at the time of collection of radiocarbon samples. Any
variations observed in time or space, together with the history of past drilling in the area,
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should be evaluated to test the validity of the assumption that the PMC measurements are
representative of the carbon native to the groundwater.
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1. INTRODUCTION

1.1 Relevant Questions

An understanding of the geologic history of the Rustler Formation in the northern
Delaware Basin of southeastern New Mexico is considered fundamental to the evaluation
of the ability of the bedded evaporite environment at the Waste Isolation Pilot Plant
(WIPP) to contain waste radionuclides for long periods of time. The Rustler is deemed
important because it (1) is the uppermost evaporite-bearing unit in the Ochoan (Permian)
sequence, (2) is experiencing active dissolution where it outcrops west of the WIPP site, (3)
immediately overlies the Salado Formation where the WIPP facility is being mined, and (4)
contains interbeds of brittle fractured rock that contain the most abundant and regionally
persistent occurrences of groundwater associated with the evaporites.

Lambert and Harvey (1987) documented the stable-isotope compositions of confined
groundwaters in the Rustler Formation and concluded that they are of meteoric origin.
However, stable-isotope ratios of most Rustler groundwaters are distinctly different from
those of other local meteoric groundwaters whose origins could be traced by observation
and inference to infiltration of modern precipitation. This implied that most of the Rustler
groundwaters were probably recharged under climatic conditions different from those at
present. Thus, Lambert and Harvey suggested that the Rustler Formation near the WIPP
site contains mostly "fossil" groundwater, no longer being actively recharged by direct influx
of surface-derived modern meteoric water.

Until now, the time of major recharge to the Rustler was indeterminate, but independent
paleoclimatic evidence indicated much wetter conditions, more conducive to recharge, at
various times in the Pleistocene, ranging from about 20,000 to 600,000 years ago (Bachman,
1987). 1If the inferences of Lambert and Harvey (1987) based on stable isotopes are cor-
rect, it is of interest to know how long the groundwater has been isolated from the
atmosphere (i.e., how long since the water fell as rain). Closely related, and perhaps of
more direct interest is how long the groundwater has been isolated from other
groundwaters that are demonstrably modern. The extent to which either question can be
addressed for a given groundwater system depends on one’s ability to determine the effects
of mixing of different reservoirs in the subsurface. In fact the effect of mixing, an event the
age of which is generally indeterminate, is typically so nontrivial as to make "absolute"
dating of limited value.

1.2 Residence Time versus Travel Time

Under the best of circumstances the radiocarbon and related methods for dating
groundwater give a residence time, or age of isolation from a source of a natural nuclide
that is assumed to be entirely of atmospheric origin at the time of recharge. Determination
of minimum travel time between points along an inferred flow path in a groundwater
system requires additional inferences and/or assumptions that: (1) the fastest possible flow



path between points has been identified, (2) time markers can be determined for points
along the path, and (3) the travel time between points is the difference between the dates
determined at the markers.

Travel times are of particular interest in characterizing groundwater systems that have the
potential of carrying radionuclides away from a radioactive waste repository. Regulations
proposed for such facilities by some governmental agencies (such as the United States
Environmental Protection Agency) have specified minimum travel times for groundwater
in such systems. One way of determining representative minimum groundwater travel time
in a local area is to take the difference in apparent recharge times for two different points
along the fastest flow path; this requires assumptions that: (1) a common recharge area has
been identified for both points, (2) both points lie along a common flow path emanating
from the recharge area, and (3) the flow path thus identified is the fastest possible in the
local area.

One of the purposes of this report is to examine and evaluate the assumptions and in-
ferences necessary to interpret radiocarbon data as recharge ages in carbonate aquifers.
The assumptions necessary to calculate travel times from apparent recharge times are
based on physical hydrology and well hydraulics, and their evaluation is beyond the scope
of this report.

1.3 Origins of the Nuclides

One class of atmospherically generated nuclides of interest in groundwater studies,
together with their approximate half-lives, includes *H (half-life=12 a), *’Kr (10 a), *°Sr
(29 a), and "*’Cs (30 a). These nuclides are fission or activation products generated
principally by atmospheric testing of nuclear weapons. Waters that have been out of
contact with the atmosphere for several tens of years theoretically contain none of these
constituents, apart from some background level; these nuclides may be found in
groundwater samples contaminated during sample collection and handling. Small amounts
of these nuclides may also be generated during subsurface activation of stable nuclides by
neutrons from spontaneous fission.

Another class of atmospherically generated nuclides arises principally from neutron-
activation or spallation reactions involving cosmic rays. These also can be generated by
nuclear bomb effects and by some subsurficial neutron-activation, given a suitable neutron
flux from spontaneous fission. This class includes '*C (half-life=5730 a), *'Kr (200,000 a),
**C1 (300,000 a), '°Be (1,600,000 a), and '*°I (15,900,000 a).

Samples for analysis of *'Kr must under no circumstances come in contact with the atmos-
phere; because of the small solubility of Kr, even a few *'Kr atoms added to the water
could produce such a high degree of contamination as to give a spuriously young age.
Sampling techniques to ensure this minimal level of contamination are virtually nonexist-
ent.



12°T has been measured in marine sediments, where it has accumulated from both
anthropogenic and cosmogenic sources, in petroleum, where its possible origin is spon-
taneous fission of uranium (Elmore, 1986), and in the well characterized groundwater
system in the Great Artestian Basin of Australia (Fabryka-Martin et al., 1985). Due to the
chemical and biological reactivity of iodine along poorly defined flow paths (especially in
bedded evaporites), and the possible contamination of sampled groundwater with drilling
brine, the use of this nuclide will not be actively pursued. Application of '*’I in the
groundwaters in evaporites of southeastern New Mexico would require extensive develop-
mental work.

'“Be concentrations measured in groundwaters range from 1 x 10° to 2 x 10° atoms/g, "with
the higher values being consistently associated with low pH and/or high salinity" (Valette-
Silver et al., 1986). Furthermore, at pH higher than 5.6 (i.e., most groundwaters) the
sorption and retention of '"Be by fine-grained material is "very effective." Due to its
exceedingly low solubility, making it highly susceptible to small amounts of contamination,
and its high degree of sorption, involving a high degree of rock-water interaction, the use of
'°Be, would also require a large amount of developmental work before its applicability to
groundwater "dating" in southeastern New Mexico could be determined.

Methods for sampling, analyses, and systematic interpretation have been developed exten-
sively in the literature for °H (tritium, abbreviated "T"), '*C (radiocarbon), and *°Cl
(radiochlorine or radiochloride). The balance of this work is a detailed evaluation of the
applicability of these nuclide systematics to the groundwater hydrology of the Rustler
Formation as related to the WIPP.

2. METHODS

2.1 Origins of Samples

Locations of boreholes relevant to this work are given in Figure 1. Three water-bearing
units above the main evaporite sequence are of primary interest in this study: the Magenta
and Culebra dolomite members of the Rustler Formation, and the zone near the contact
between the Rustler and underlying Salado Formation. In addition, two of the boreholes
allowed sampling of local water-bearing horizons in the Dewey Lake Red Beds im-
mediately overlying the Rustler Formation. The Culebra dolomite member of the Rustler
Formation appears to be the most regionally-pervasive and consistent water-producing
horizon (Mercer, 1983). The detailed stratigraphy of the Rustler Formation and the
general stratigraphy of the Ochoan rocks in the northern Delaware Basin of southeastern
New Mexico have been described by Snyder (1985), and will not be reviewed here.

In 1980 and 1981, water samples were collected by personnel of Sandia National
Laboratories. After 1981 samples were collected by Hydro-Geo-Chem, Inc., of Tucson,
Arizona, a Sandia sub-contractor.
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Figure 1. Locations of boreholes and other geographic features relevant to this study,
northern Delaware Basin, southeastern New Mexico.



In several boreholes core samples of the water-bearing horizons were available along with
water samples. Carbon-isotope analyses of the rock in most recent contact with the water
allow carbon-isotope systematics of rock-water interactions to be considered in various
interpretive (dating) models. This is necessary in the case of attempted radiocarbon dating
of groundwaters from carbonate aquifers. Boreholes WIPP-25, -26, 27, -28, -29, and -30
were drilled in 1978 with as complete recovery of core as possible. Boreholes H4, H-5, and
H-6 were drilled largely by the rotary method, and were cored through the Magenta and
Culebra members only. Where the Culebra member contains significant (i.e., recoverable)
amounts of water it is typically highly fractured or poorly consolidated in its water-bearing
horizons, and near the WIPP site is rubblized due to a combination of high fracture density
and partial dissolution of its significant calcium sulfate component (Mercer, 1983). Thus,
complete recovery of intact core is not typical of the permeable horizons of the Culebra. It
is more typical for loose fragments and poorly consolidated material to fall out of the the
core barrel in the subsurface or after it is brought to the surface, and hence the precise
depth of many fragments of Culebra from permeable zones is unknown; however, the
depth of origin for most fragments can be determined within an interval of a few feet.

In any field investigation, what is proper for one set of objectives may not be consistent
with optimizing the experimental design for an entirely different set of objectives.
Specifically, the Nash Draw series of holes (WIPP-25 through -30) was designed to be
drilled for as complete core recovery as possible. This commonly required the addition of
organic materials such as shredded newspaper, peanut shells, cottonseed hulls, and
proprietary hydropolymer mud to control lost circulation. Other holes were designed to
optimize hydrologic testing, to establish maximal hydraulic communication between forma-
tion and borehole, and to minimize hydraulic communications between the formation and
units above and below. Thus, none of the boreholes in this study was designed expressly for
geochemical sampling to support radiocarbon dating of Rustler groundwater. The collec-
tion of samples for hydrochemical studies is largely dependent upon pre-existing hole
conditions, and must be considered a "target of opportunity."

2.2 Carbon Isotopes

The methods of collection and field preservation of samples for radiocarbon analysis were
reported in detail for boreholes WIPP-25 through -30 by Lambert and Robinson (1984). In
1980 these boreholes (originally cored, cased, and cemented in 1978) were perforated in
the zones of interest. Water samples were obtained during extended pump tests lasting
from 17 to 184 hours, in which each zone was isolated from the others by packers. At
intervals of several hours during each pump test, various solution parameters were
measured on the well effluent, notably chloride, total divalent cations, and alkalinity. Final
samples were collected for solute and other isotope analyses after the chloride and divalent
cations values had reached steady state, but in many cases it was judged that the concentra-
tions of carbonaceous species would require too long to reach steady state. Hence, not all
effluents from pump tests were considered suitable for radiocarbon sampling.



The principal procedure used by Lambert and Robinson (1984) for field preservation of
radiocarbon samples involved the (presumed) quantitative fixation of dissolved carbon in
the solid state. A 50 to 200 L sample was made basic and the inorganic carbon was
precipitated as BaCO,; the precipitate was sent to the laboratory for analysis. When high
total dissolved solids interfered with the chemical preservation procedure, a bulk water
sample (also 50 to 200 L) was sent to the laboratory. For four of the samplings, both
methods were used. Similar methods were used for Culebra samples from boreholes H4B,
H-5B. and H-6C (Robinson, 1987). The methods used at wells sampled after 1981 are also
given by Robinson. Basically, post-1981 bulk samples were collected in 500 mL stainless
steel cylinders.

The procedure used to measure dissolved carbon (an ordinary bicarbonate/carbonate
“alkalinity" titration), unless otherwise specified, was also the same as that described by
Lambert and Robinson (1984). Confidence limits at the 95% level for this method were *
5 mg/L. Many literature tabulations of radiocarbon data for groundwaters do not include
the concentrations of dissolved carbon, although in this study it was necessary to know the
concentration of bicarbonate and carbonate prior to applying the chemical preservation
procedure in the field, in order to determine required quantities of certain reagents.
Recent analytical developments appear to have made the preservation procedure unneces-
sary, and unfortunately the dissolved carbon concentration may no longer be routinely
determined by those principally interested in radiocarbon. The usefulness of other
measurements related to radiocarbon dating (in addition to PMC and 6'°C), such as total
dissolved carbon concentration, is apparent in this study.

All carbon-isotope measurements were performed by the Laboratory of Isotope
Geochemistry at the University of Arizona. Samples of barium carbonate prepared in the
field as described by Lambert and Robinson (1984) were acidified in the laboratory under
vacuum to liberate carbon dioxide, which was then purified (over cupric oxide at 800°C to
convert any carbon monoxide to carbon dioxide, over phosphorus pentoxide to remove
water, and through activated charcoal to remove any remaining impurities). In some cases,
the carbon dioxide was obtained from bulk water samples by acidification and nitrogen-
purging after the bulk water samples had reached the laboratory. Each gas sample was
then aged to allow the decay of ***Rn (half-life of 3.8 days versus 5730 years for '*C). The
activity of '*C in the gas was determined in a gas proportional counter, and expressed as
percent modern carbon (PMC) relative to the '“C activity in the equivalent amount of
carbon dioxide liberated in the combustion of 1950 wood (containing organic carbon fixed
before the era of atmospheric testing of nuclear devices). Each gas sample was counted at
least twice, for at least 2000 minutes. 6'°C values of the carbon dioxide samples were
measured using a Micromass 602C isotope-ratio mass spectrometer, and are expressed in
parts per thousand (%) relative to the Chicago Peedee Belemnite (PDB).

Water samples in 500 mL stainless-steel cylinders were treated differently. Dissolved CO,
was extracted, incorporated into a graphite target, and analyzed with an accelerator mass
spectrometer. &'°C was measured on an aliquot of the CO, gas resulting from this extrac-
tion, as above.



Ratios of the stable carbon and oxygen isotopes in carbonates were measured at Sandia
National Laboratories on the carbon dioxide liberated according to the method described
by Epstein et al. (1964). This procedure differs from the phosphoric acid extraction
method of McCrea (1950), in that CO, collected after one hour is attributed to calcite, and
CO, collected after three hours is attributed to dolomite, allowing the determination of &-
values for both of these carbonates in a mixture. The multiple collection steps described by
Clayton et al. (1968) were unnecessary, since the fractions of gas liberated during the first
hour and after the sixth day were negligible. For all the carbonate samples a three-day
reaction time was sufficient to obtain reproducible &-values, but a maximum CO, yield
required 6 days.

2.3 Chlorine-36

All samples for *°Cl were collected as described by Lambert and Robinson (1984); bulk
water samples were collected in 125 mL polyethylene bottles and sent to Hydro-Geo-Chem,
Inc. of Tucson, Arizona. Samples were collected from the Magenta at WIPP-25 and 27,
the Culebra at WIPP-25, -26, -27, -28, -29, and -30, and the Rustler/Salado contact at WIPP-
25, 26, 28, 29, and -30. Chloride was precipitated from water samples using silver ion, and
was incorporated into a target and analyzed for *°Cl with an accelerator mass spectrometer

in the Nuclear Structure Laboratory at the University of Rochester, as arranged with Hydro-
Geo-Chem.

2.4 Tritium
There were three episodes of tritium sampling:

1. Samples collected in 1980 by Sandia National Laboratories, in 4-0z clear flint
glass bottles fitted with polyseal-lined screw-caps. These bulk samples were
counted for tritium in a liquid scintillation apparatus as part of a preliminary
screening procedure. Results were in pCi/L or dpm/L, and were not corrected
for density.

2. Aliquots taken by Hydro-Geo-Chem from bulk radiocarbon samples
(polyethylene jerrycans) of H4B Culebra (may actually have been WIPP-26
Culebra), WIPP-27 Magenta, and H-SB Culebra. The first two were counted in
bulk for tritium by Teledyne Isotopes, Inc. The last was analyzed for tritium by
the U. S. Geological Survey using a method similar to that of the University of
Miami, described below. The Teledyne results were reported in pCi/L and
were corrected for density.

3. Samples collected by Hydro-Geo-Chem, 1983-1985, in 1-L brown flint glass
screw-cap bottles, sealed with beeswax/paraffin. Measurements on these
samples were made by the University of Miami. After distillation of the water
sample, electrolytic enrichment of tritiated water, and liberation of hydrogen by
reduction of water with hot magnesium, the gas was admitted to a low-level gas
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proportional counter. Counting times were 6 to 20 hours. The procedure is
described in detail by Ostlund and Dorsey (1977). Results were reported in
tritium units (TU; 1 tritium in 10'® hydrogen atoms).

3. DATA AND CONFIDENCE LIMITS

3.1 Data

The alkalinity, 6'°C, radiocarbon, and some tritium data (from Teledyne and the
University of Miami) are given in Table 1.

3.2 Confidence Limits for Carbon Isotopes in Groundwaters

Table 2 contains only the raw radiocarbon data, including the *1 o arising from the repli-
cate counting. Standard deviations (s values) were calculated from the replicate
measurements for WIPP-27 Magenta, WIPP-27 Culebra, WIPP-26 Culebra, WIPP-25
Culebra, and WIPP-25 Magenta; in each of those five cases, the number of degrees of
freedom was 1. The pooled s value for S degrees of freedom was 1.57, which was found to
be statistically representative of the S individual s-values, according to the M-test (Natrella,
1963). Thus, using the method of calculation given by Natrella (1963), at the 95% con-
fidence level the double-sided confidence limits are +2.86 for 2 replicates and $4.03 for 1
replicate; at the 99% confidence level the respective limits are ¥4.48 and £6.33. Note that
at the 95% confidence level, the PMC values for H-9B Culebra and Pocket (the two lowest
PMC values in Table 1) include zero in their confidence limits. At the 99% confidence
level, the three lowest PMC values in Table 1 (H-9B Culebra, Pocket Dewey Lake, and
H-4B Culebra) include zero in their confidence limits. The confidence limits are not
derived from the conventional standard deviation arising from counting statistics on an
individual analysis, but from replicate sampling, extraction, and counting. Indeed, counting
statistics contribute to the analytical variation in PMC, and are designed to so contribute
minimally. The replicate analyses show variations exceeding the variations ascribable to
the measurement alone (Table 2), so the variations arising from replicate sampling, chemi-
cal preservation (in some cases), and laboratory treatment clearly outweigh the
contribution of counting variation alone. Thus, the counting variation does not adequately
represent the total analytical variation ("uncertainty"), and could be a minimum but not a
maximum estimate of this variation.

The same set of S samples was used to calculate confidence limits at the 95% level for 6'°C
values. There were also two replicates of each, giving a pooled s-value (0.71) with 5 de-
grees of freedom as before. Using the same T-factor as before, the double-sided
confidence limits at the 95% level are £1.82 %. Again, this is much larger than the typical
analytical confidence limits for 6'°C measurements, due to inclusion of wellbore effects
that adversely influence sample homogeneity at various sampling localities.



TABLE 1. RADIOCARBON AND OTHER RELEVANT MEASUREMENTS

IN GROUNDWATERS OF SOUTHEASTERN NEW MEXICO

Well and s'’c Tritium ;
Date of Bicarbonate vs. PDB TU (lab)
Collection ma/L (%) PMC (type) t10
Dewey Lake Red Beds:

Unger

26 Jan 84 unk. -0.08%0.07

Pocket 2

2 Nov 83 unk. -3.78 3.67 (cyl)
Magenta Member, Rustler Formation:

WIPP-25 -6.8 50.7  (bulk)

18 Sep 80 180 ~6.4 49.27 (pptn)

WIPP-27 -7.0 69.6 (bulk) 6.9%0.9

25 Sep 80 210 -9.0 67.76 (pptn) (Tel)
Culebra Member, Rustler Formation:

H-3B3

11 Jun 84 0.0510.04

H-3B3

4 Feb 85 -79.35 [lost] (cyl)

H-4B 2.8%0.6

29 May 81 71 -6.7 4.82 (bulk) (Tel)

H-5C 0.310.1

15 Oct 81 86 -3.7 18.0 (bulk) (USGS)

H-6C '

27 May 81 95 -8.4 9.7 (pptn)

H-9B° (USGS)

7 Oct 83 90 -2.40 2.22 (cyl)

H-12

11 Jan 84 unk. 0.17%0.08

25 Jan 84 0.11%0.08

WIPP-25 -7.6 59.8 (bulk)

20 Aug 80 210 -7.1 56.6 (pptn)

WIPP-26 -5.9 36.2 (bulk)

24 Aug 80 140 -5.8 33.3 (pptn)

WIPP-27 -4.3 30.7 (bulk)

5 Sep 80 120 -5.1 30.0 (bulk)

WIPP-29

28 Aug 80 210 -5.1 49.76 (bulk)

WIPP-30 40 (HCO;’) 6

5-6 Sep 81 17 (co5?) -



TABLE 1. (continued)

Well and . s8'’c Tritium
Date of Bicarbonate vs. PDB TU (lab)
Collection mg/L (%) PMC (type) t10

RF-10"

6 Oct 83 unk. -5.39 39.7 (cyl)

Engle8

9 Nov 83 110 -2.80 11.5 (cyl) 0.03%0.09

Rustler/Salado Contact Zone:

WIPP-26
23 Jul 80 270 -7.1 90.7 (bulk)
WIPP-28
31 Jul 80 170 -4.7 48.5 (bulk)
WIPP-29
24 Jul 80 200 -4.8 53.4 (bulk)

1. Unless otherwise specified, all tritium measurements were performed by the University of Miami. USGS
indicates measurements made by the United States Geological Survey. Tel indicates measurements made by
Teledyne Isotopes. Samples sent to Teledyne for tritium analysis were drawn from the bulk water samples (in
polyethylene jerrycans) collected for radiocarbon analysis. Teledyne received these samples, and analyzed them
for tritium 10 months after sample collection. Hence, values reported here have been corrected for tritium
decay between time of collection and time of measurement. There is reason to question the reliability of the
mode of preservation of these samples. There is also some indication (the date of collection given as "8/24/80"
on the Teledyne report) that the "H4B" tritium value may actually be from WIPP-26.

2. cyl - water samples collected in 500 mL steel cylinders, whose carbon-isotope compositions were analyzed
by accelerator mass spectrometry.

3. bulk - bulk water samples (in wax-sealed polyethylene jerrycans) from which carbon dioxide was liberated
by acidification andn itrogen-purging in the laboratory.

4. ppt - carbon dioxide samples obtained by acidification of the barium carbonate precipitate prepared in the
field immediately following the collectin of the water.

5. The bicarbonate and PMC values for this well were measured on samples collected according to different
criteria, and which came from two different pump tests of the well.

6. "No CO, from 6 bottles of barium ppt."

7. These data were identified with "H.13" (and bore the same collection date as given here) by the letter of
transmittal from University of Arizona to Hydro-Geo-Chem, March 1, 1984. In the transmittal of data from
Hydro-Geo-Chem to Sandia, the hole identification was "RF-10", as appears here. The correct hole designation
is more likely "FR-10".

8. The bicarbonate and PMC values for this well were measured on samples collected according to different
criteria, and which came from two different pump tests of the well.
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TABLE 2. CONFIDENCE LIMITS FOR RADIOCARBON MEASUREMENTS1

PMC
t counting 5
Well (1 o) DF Mean S

3

WELLS HAVING TWO REPLICATE ANALYSES:

WIPP-25 50.7
Magenta 1.1
1 49.99 1.01
49,27
+0.79
WIPP-27 69.6
Magenta 0.7
1 68.68 1.30
67.76
+0.71
WIPP-25 59.8
Culebra 1.1
1 58.20 2.26
56.6
+1.0
WIPP-26 36.2
Culebra +1.9
1 34.75 2.05
33.3
+1.0
WIPP-27 30.7
Culebra +1.4
1 30.35 0.49
30.0
1.2

WELLS HAVING ONE REPLICATE ANALYSIS:4

Pocket 3.67

Dewey Lake 10.33 0
H-4B 4.82

Culebra t0.96 0
H-5C 18.0

Culebra 1.9 0]
H-6C 9.7

Culebra 1.4 0
H-9B 2.22

Culebra t0.33 0
WIPP-29 49.76

Culebra +0.59 0]
RF-10 39.7

Culebra 1.3 0
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TABLE 2. (continued)

PMC
t counting
Well (1 o) DF Mean S

Engle 11.5
Culebra 1.5 0
WIPP-26 90.7
Rustler/Salado 1.9 0
WIPP-28 48.5
Rustler/Salado 1.7 0
WIPP-29 53.4
Rustler/Salado 1.2 0

1. See Natrella (1963) for a detailed discussion of the procedure used to calculate two-sided confidence limits
at various levels of confidence.

2. Pooled s = 1.57; df = 5.

3. For two replicates (one degree of freedom) the confidence limits derived from the pooled S-value (note 2)
are +2.86 and +4.48 PMC, at the 95% and 99% confidence levels, respectively.

4. For one replicate (zero degrees of freedom) the conficence limits derived from the pooled S-value (note 2)
are $4.03 and +6.33 PMC, at the 95% and 99% confidence levels, respectively.
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Some PMC and &6'°C values are available from both BaCO,-precipitate and bulk-water
samples from the same unit in the same well. The analytical results differ somewhat for the
two methods of carbon preservation. In subsequent discussions and calculations,
preference is given to the results from the barium carbonate method, if available, as it is
not known how much carbon-isotope exchange took place through the walls of the bulk-
water-sample containers while bulk samples were awaiting transit to the laboratory.
Several samples (WIPP-25 Magenta, WIPP-25 Culebra, WIPP-26 Culebra, and WIPP-27
Magenta) spent 6 to 7 months awaiting shipment to the laboratory, while the typical delay
was 1 to 2 months. This preference also assumes that no isotopic fractionation occurred
either during carbon fixation as BaCO, or subsequent extraction in the acidification step.
In the case of WIPP-27 Magenta, for which only bulk water samples were available, the
higher of the two PMC values (30.7) is given preference. Fritz et al., 1985) compared two
methods of CO, collection for carbon isotope studies (wellhead versus downhole fixation
with sodium hydroxide), showing that during the course of a sampling episode, isotopic
fractionation was likely to occur, as might be expected, if sorption and fixation of an aliquot
of CO, were incomplete. The BaCO,-precipitation method was designed for use in rela-
tively dilute groundwater solutions, to maximize the probability of complete fixation.
However, treatment of one sample (WIPP-30 Culebra; Table 1) resulted in no carbon
fixation. The completeness of the fixation in any of the BaCO, samples cannot be
evaluated, because no information is available regarding the quantity of CO, recovered
from the BaCO, by acid-extraction in the laboratory relative to the estimated quantity of
original CO, in each aliquot of water sampled and subjected to the BaCO, procedure.

Although the 6"°C measurement is typically reproducible to within 0.1 %, larger variations
between replicates are observed in Table 1 for WIPP-27 Magenta (A = 2.0 %), WIPP-27
Culebra (A = 0.8 %), and WIPP-25 Culebra (A = 0.5 %). The variation is particularly
conspicuous for WIPP-27 Magenta, and accounts in part for the anomalously large con-
fidence interval for the 6'°C value of dissolved carbon (* 1.8 %). The variation in WIPP-27
Culebra is remarkable in that the 6'°C measurements came from each of two identical
jerrycans of bulk water. According to analyst Austin Long at the University of Arizona,
(written communication, June 17, 1981):

Differences in '*C/'*C are greater than expected for duplicate analyses, but the
'*C sampling technique is 