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INTRODUCTION

The results documented in this report represent an extension of earlier work
supported by Sandia National Laboratories (SNL) to explore the use of 8'Kr as a natural
tracer of groundwater travel time in the Culebra Dolomite overlying the WIPP (Waste
Isolation Pilot Plant) site near Carlsbad, New Mexico. The Culebra Dolomite Member of
the Permian Rustler Formation is believed to be the most likely path for radionuclides to
reach the accessible environment from the repository horizon in the bedded salts of the
underlying Salado Formation. This report summarizes the methods, results, and
preliminary interpretation of the radiokrypton analyses obtained for Culebra groundwater
samples collected during June, 2015 from three monitoring wells near the WIPP site.

METHODS

The wells sampled for radiokrypton analysis were AEC-7R, H-12R, and SNL-16.
Sampling was performed during June 16-19, 2015 by a procedure involving gas
extraction from pumped groundwater in the field, using a portable membrane extractor
(Probst et al., 2007). The cylinders were filled to pressures of 2.2 to 2.8 bars. The
sampling apparatus and sample gas cylinders were shipped to SNL's Carisbad site in
New Mexico. The sampling of monitoring wells was performed by Neil Sturchio and
Gavin Phillips (University of Delaware), who were assisted on site by SNL personnel.
The sampling procedure extracted dissolved gas from the groundwater at each well and
transferred it into a 5-lb. aluminum cylinder. Gas cylinders were filled to a pressure
between 2.2 and 2.8 bars. The filled cylinders were shipped to the laboratory of Dr.
Reika Yokochi at the University of Chicago. Dr. Yokochi verified that the cylinders had
not leaked by checking their pressures, then separated Kr from the bulk gas by the
method of Yokochi et al. (2008). The purified Kr from each sample was transferred to a
small container and brought to the Laboratory for Radiokrypton Dating at Argonne
National Laboratory for measurement of atom ratios of 8'Kr/®*Kr and ®Kr/**Kr by laser-
based ATTA (atom-trap trace analysis) methods as described by Jiang et al. (2012).
The Kr analyses were completed during January 20-22, 2016.

RESULTS

The results of ATTA analyses of radiokrypton isotopes ®'Kr (half-life = 229,000
years) and ®Kr (half-life 10.76 years) are given in Table 1. The measured ®'Kr/Kr ratios
in Table 1 are reported relative to those in modern atmospheric Kr, [i.e.,
(O'Kr/Kr)sampie/ ¢'Kr/KNam].  The original data report as received from Argonne is
attached as Appendix 1.
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Table 1. Radiokrypton data for samples collected during 2015

Well ID Date of collection Date of analysis 2Kr (dpm/cc) 2Kr (sample/air)

AEC-7R 6/16/15 1721716 5.90 + 0.34 0.58 £ 0.03
H-12R 6/18/15 1/20/16 7.21+0.36 0.49 £ 0.02
SNL-16 6/19/15 1/22/16 2.16 £ 0.22 1.05+0.05

®Kr -- The ¥Kr results are reported in units of dpm/cc (decays per minute 3°Kr
per cubic centimeter of Kr). Modern atmospheric air contains 3°Kr at a concentration of
approximately 81.8 dpm/cc. Thus, the ®Kr results for the WIPP samples from June
2015 (Table 1) indicate that contamination of the extracted gas by modern atmospheric
Kr during sampling was small, ranging at most from 2.5 to 8.5 %, assuming no
detectable ®Kr was present in the formation water being sampled. The samples from
wells AEC-7R and H-12R have higher amounts of modern atmospheric Kr, which is
consistent with the longer times required for sampling these wells and small air leakage
rates in the apparatus during sampling.

8Kr -- The measured ®'Kr/Kr ratios in Table 1 are reported relative to those in
modern atmospheric Kr [i.e., (3'Kr/Kr)sampie/(}'Kr/Kr)am] and range from 0.49 + 0.02 to
1.05 £ 0.05. The two low-transmissivity wells sampled in June 2015, AEC-7R and H-
12R, have low ¥'Kr/Kr ratios, 0.58 + 0.03 and 0.49 + 0.02, respectively. These values
are similar to the low ®'Kr/Kr ratios (0.50 + 004 and 0.67 + 0.05) measured previously in
two other low-transmissivity wells (SNL-8 and SNL-14, respectively) as reported by
Sturchio et al. (2014). The high-transmissivity well sampled in June 2015 (SNL-16),

however, has a measured 3'Kr/Kr ratio indistinguishable from modern atmospheric Kr
(1.05 £ 0.05).

DISCUSSION

The measured values of the 8'Kr isotopic abundances in the June 2015 samples
from the low-transmissivity wells AEC-7R and H-12R are substantially lower than that of
air, indicating long groundwater residence times. The first step in estimating a
groundwater residence time is to make a correction for the modern atmospheric Kr
component based on measured %°Kr concentration, as described by Sturchio et al.
(2014). In this discussion, we use the same notation and calculation procedures as
defined by Sturchio et al. (2014). Before correcting the 8'Kr/Kr ratios, **Kr is adjusted
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for decay from time of sampling to time of measurement. Next, the fraction of modern
atmospheric Kr (Fam) is estimated from the ratio of the corrected ®°Kr concentration to
the ®Kr concentration in modern atmospheric Kr. We assume that the 3°Kr/Kr ratio in
modern atmosphere of the northern hemisphere during 2015 was ~2.48 x 10" based
on publically available information (Dubasov and Okunev, 2010; Momoshima et al.,
2010; Schlosser et al., 2015). This value may have a relative uncertainty of about 3%.
The fraction of “old” Kr that is intrinsic to the Culebra groundwater (Fg4y) is then obtained
simply as

Fow = (1 = Fatm) (1)

Next, the 3'Kr/Kr ratio of the intrinsic Culebra groundwater Kr fraction (Ryw), after

being corrected for the modern atmospheric Kr contribution acquired during sampling, is
given by

Row = [(*'Kr/K)sampie! ¢ 'KI/KF)atm — Fatm] / Fqw (2)

The Rgw value can be used to calculate a ®'Kr model age (tmode), Which
represents the apparent mean residence time elapsed between recharge and sampling,
using the radioactive decay equation

tmodel =- 1/A In (81ng) (3)

where A is the decay constant of 8'Kr, 3.03 X 10 yr'. The apparent 3'Kr model
ages for AEC-7R and H-12R are about 198,000 years and 269,000 years, respectively.

As shown by Sturchio et al. (2014), the ®'Kr model age for the sample from SNL-
14 does not agree with the mean travel time obtained from particle-tracking results of
the numerical flow model used for WIPP performance assessment. Assuming that the
numerical flow model results are correct, then the ratio of the mean travel time predicted
by the flow model (t.) to that obtained from equation (3) (t) is given by

to/t = k/(k+kair) (4)

where k is the decay constant of 8'Kr and kg is defined as the diffusive loss
constant defined in equation (7) of Sturchio et al. (2014). The ratio of t./t calculated for
SNL-14 was 0.244. In that case, the 'Kr model age was ~132,000 years and the mean
travel-time predicted by the flow model was 32,100 years. If we assume that the same
t/t factor (0.244) applies to the samples collected in AEC-7R and H-12R, we can
calculate corrected mean residence times for these wells. The corrected times for AEC-
7R and H-12R are ~48,000 years and ~66,000 years, respectively. Assumption of a
constant t./t factor may introduce a larger, but unknown, error into the diffusion-
corrected mean residence times. The diffusion correction is based on an assumption
about the effective diffusivity in the aquitard rock surrounding the Culebra Dolomite,
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which was estimated by Sturchio et al. (2014). If our assumed effective diffusivity is too
low, then the diffusion-corrected mean residence times should be considered as upper
limits. If our assumed diffusivity is too high, then the diffusion-corrected mean
residence times should be considered as lower limits.

The values of Fam, Fgw, Rgw, and the 3'Kr model ages and diffusion-corrected
mean residence times discussed above are summarized in Table 2, with propagated
analytical errors, along with comparable results for the two samples reported by

Sturchio et al. (2014). The diffusion-corrected mean residence times are shown on a
map of the WIPP area in Figure 1.

Table 2. Calculated Kr fractions, with calculated ®'Kr model ages (tmoder) and
diffusion-corrected mean residence times (t.) in units of 10° years.

Well ID Fatm Fow Ryw tmose, 10° yr t. 10° yr
AEC-7R 0.069 + 0.004 0.931+0.004 0.549+0.034 198 '#/,, 48+5
H-12R 0.065 + 0.003 0.935+0.003 0455+0.002 269*°,, 665
SNL-16 0.025 £ 0.003 0.975 +0.03 1.056+0.05 <17 * <17 *
SNL-8 0.203 + 0.016 0.797+0.016  0.37 £ 0.06 326*%/5, 79114
SNL-14 0.0128 +0.0001 0.9872+0.0001 0.67 +0.05 132*%/, 316

** upper limit of diffusion-corrected mean residence time for SNL-16 based on two
standard deviations of analytical error on Ry, value. For comparison, this calculation for
one standard deviation gives a diffusion-corrected mean residence time of 0 years.
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Figure 1. Map of WIPP area showing diffusion-corrected ®'Kr mean residence times
from Table 2 (values in boxes, in units of 10° years) for Culebra Dolomite groundwater
samples. Also shown are Rustler halite margins, Salado dissolution margin, single-well
Culebra aquifer test locations, WIPP Land Withdrawal Boundary (LWB), and Nash
Draw.
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APPENDIX 1 — Radiokrypton Data Report for SNL Samples
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