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Abstract: Vadose zone transport of tritium and nitrate can be important considerations at radioactive
waste sites, landfills, or areas with industrial impacts. These contaminants are of particular con-
cern because they typically have a relatively higher mobility in the subsurface compared to other
compounds. Here, we describe a semiarid site with tritium and nitrate contamination involving a
manmade ponded water source above a thick unsaturated zone at Los Alamos National Laboratory
in New Mexico, USA. This study demonstrates the value of vadose zone flow and transport modeling
for the development of field investigation plans (i.e., identifying optimal borehole locations and
depths for contaminant characterization), and how a combination of modeling with isotope and
geochemical measurements can provide insight into how tritium and nitrate transport in the vadose
zone in semiarid environments. Modeling results suggest that at this location, tritium transport is
well predicted by classical multiphase theory. Our work expands the demonstrated usefulness of a
standard tritium conceptual model to sites with ponded surface conditions and agrees with previous
results where a standard model was able to explain the evolution of a tritium plume at an arid waste
disposal site. In addition, depth-based analyses of δ18O and δ2H of pore waters helped confirm the
extent of pond infiltration into the vadose zone, and the δ15N of nitrate showed that the contaminant
release history of the site was different than originally assumed.

Keywords: vadose zone; stable isotope; tritium; contaminant transport

1. Introduction

Transport studies in the vadose zone cover a wide range of both natural and man-made
chemical and isotopic signals. Such studies can benefit from a multi-tracer characterization
approach, e.g., [1]. Tritium (3H) is especially useful as a tracer of water movement due to its
affinity for water molecules, thus traveling as tritiated water in both the liquid and vapor
phases [2]. Although released in large quantities during atmospheric testing of nuclear
weapons in the 1940s through 1963, tritiated water in the atmosphere has greatly decreased
from a maximum concentration of greater than 10,000 pCi/L through both dilution and
radioactive decay (t

1
2 = 12.3 years), such that near-surface concentrations have returned

to near pre-nuclear testing values of approximately 15–30 pCi/L [3,4]. Currently, tritium
as hydrogen gas and tritiated wastewater, typically found at low-level radioactive waste
disposal sites, nuclear test sites, and nuclear reactor facilities, has been demonstrated to be
an effective indicator of contaminant migration [5,6]. With respect to health and safety, EPA
guidance suggests a maximum contaminant level of 20,000 picocuries per liter (pCi/L) for
tritium to remain below the dose-based drinking water standard of 4 mrem per year [7,8].
Tritium data collected in arid [6,9] and multiphase settings [10] have been used successfully
in confirming conceptual models of transport through numerical simulation.
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Stable isotopes of water (i.e., δ18O and δ2H) are quite sensitive to phase changes such
as evaporation [11,12]. Evaporation results in increases in stable isotope values that devi-
ate from typical meteoric water values [11,13], thus making δ18O and δ2H useful tracers
of percolation below features such as evaporation ponds. Characterization methods for
measuring vadose zone δ18O and δ2H depth profiles are well established, e.g., [14–16], but
underutilized. Nitrate stable isotopes (δ15N) can also be a useful tracer in contaminant
studies because different nitrate sources can have different δ15N values [11,13]. Thus, δ15N
values can provide a valuable source attribution tool, especially because many subsur-
face systems have measurable, and sometimes relatively large amounts of natural nitrate
(e.g., [17]). In addition to isotopic tracers, major ion chemistry can also provide useful
fingerprints of vadose-zone flow and transport. Anions such as bromide, chloride, ni-
trate, and sulfate are particularly useful because they are often quite mobile compared to
most cations.

In the work presented here, we use a combination of these tracers to better understand
the flow and transport from evaporative surface impoundments at Los Alamos National
Laboratory (LANL) in New Mexico, USA. We summarize the analysis of the transport of
water, and the chemical and isotopic signatures beneath the TA-53 surface impoundments.
The objective of this study is to interpret stable isotope (δ18O, δ2H, and δ15N), anion, tritium,
and moisture profiles from cores retrieved from the deepest borehole at the site in terms of
past hydrologic behavior and contaminant extent beneath the surface impoundments. A
second goal is to determine what portion of the site was impacted by leakage from surface
releases. Because the water in the impoundments was subject to substantial evaporation,
which affects the stable isotope values, it is hypothesized that the δ18O and δ2H data could
indicate how the effluent water has moved downward in the mesa. It was also hypothesized
that the anion data may indicate the depth of movement of impounded water. Further,
the presence of tritium further indicates migration from the impoundments to depth. The
tritium data are used to constrain simulations of tritium transport in the subsurface. The
simulations create a bounding case scenario of water and tritium migration beneath the
impoundments. Simulations are presented to show that the most recent observations
of tritium and water saturation beneath the impoundments can be explained within the
framework of a standard tritium transport conceptual model. These results advance the
work of Maples et al. [6] and Garcia et al. [9] by including a ponded source region that
complicates the tritium migration. Further, the data and modeling results provide a useful
reference case for understanding unsaturated zone flow and contaminant transport in
dryland environments with thick vadose zones and are relevant to other studies where
flow and transport from ponded industrial water sources may be important.

2. Materials and Methods
2.1. Site Description

Three surface impoundments that were built to evaporate effluent from Technical Area
53 (TA-53) at LANL are the focus of this study. The main activity of TA·53 centers around
the Los Alamos Neutron Science Center (LANSCE) and associated experimental facilities.
LANSCE produces intense ion beams from an 800·mega-electron-volt linear accelerator [18].
During the time that the surface impoundments were used, activities at TA-53 focused on
medium energy physics research. Radioactive liquid waste streams from the accelerator
facility included tritium and other short-lived radionuclides.

The surface impoundments are located on the Pajarito Plateau on the eastern flank of
the Jemez Mountains in northern New Mexico (Figure 1. [19]). The plateau is composed of
finger mesas with deep canyons carved into the rocks of the Bandelier Tuff over the last 1.6
M years [20]. The two northern surface impoundments were designed to hold 12,100 m3

wastewater from various TA-53 facilities. The northern impoundments were constructed in
1969 by excavating into the tuff and placing a clay liner on the surface of the tuff. Gunite
(concrete) was sprayed onto the crushed tuff berm. The two impoundments originally
were planned as wastewater retention surface impoundments. The surface impoundments



Geosciences 2022, 12, 294 3 of 24

received a variety of wastewater from various TA-53 facilities, including sanitary and
radioactive liquid wastewater from lines serving 420 structures. Thirty meters south of
the center of the northern impoundments, an unlined overflow drainage was cut into the
tuff and flowed east, draining over the edge of the mesa into a tributary of Los Alamos
Canyon (pink circles, inset of Figure 1). This drainage ditch was removed in 1985 during
construction of the southern impoundment [21–23].
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Figure 1. Aerial photograph of Los Alamos and the Pajarito Plateau looking west into the Jemez
Mountains. The surface impoundments of TA-53, prior to remediation, are visible in the bottom
middle of the figure (after Newman and Robinson, 2005). The inset shows the locations of the seven
monitoring boreholes drilled in 2002 (green numbered circles) and the approximate trajectory of the
unlined drainage ditch (pink circles).

The southern surface impoundment was constructed in 1985 by excavating into tuff,
overlaying the exposed tuff with crushed tuff and sand, and covering with a HypalonTM

(rubber polymer) liner. The original purpose of the southern impoundment was to receive
overflow from the two northern impoundments, but starting in 1989, this impoundment
became the primary recipient of radiological waste, while sanitary waste was diverted
solely to the northern impoundments. From 1985 to 1992, occasional releases from the
northern impoundments occurred through an overflow pipe leading off the mesa. Starting
in 1992, the LANL Sanitary Wastewater System Consolidation (SWSC) became operational,
and all sanitary waste was diverted from the northern surface impoundments to the SWSC.
The southern impoundment continued to receive radiological waste until 1998 with no
reported overflows in the period of 1989–1998 [21–23].

The surface impoundments were remediated in the early 2000s as part of the U.S.
Resource Conservation and Recovery Act (RCRA) corrective actions. Shallow boreholes
drilled during remediation activities showed concentrations of tritium, nitrate, and other
constituents to depths of 30 m, with the highest concentrations of tritium reaching 100 nCi/L
at 30 m below the impoundment surface [23]. The primary contaminant of concern at this
site is tritium. The water table is deep relative to the plume at approximately 300 m depth,
so the contaminants remain well within the vadose zone.
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As part of the corrective action at this site, LANL was directed to define the nature and
extent of any contamination resulting from leakage out of the surface impoundments. After
removal of the surface impoundments in 2000–2002, seven new boreholes were drilled
to define the nature and extent of the contaminants in the upper vadose zone (inset to
Figure 1). The vertical extent of the plume is based on borehole 53-02-20824 (hereafter
referred to as Borehole 7). Borehole 7 was drilled at the northern edge of the footprint of
the southern impoundment. This borehole was drilled at the approximate centroid of the
three TA-53 surface impoundments, close to the unlined drainage ditch, and provides a
representation of the TA-53 subsurface [23].

2.2. Conceptual Model of Transport beneath the TA-53 Surface Impoundments and Drainage Ditch

Our conceptual model of transport in the dry mesa underlying the TA-53 impound-
ments is summarized as follows. Liquid effluent, mainly water containing some contam-
ination, has infiltrated the dry rock beneath the impoundments primarily through the
drainage ditch and is moving under the forces of gravity and capillary suction. Gravity
pulls water down while capillary suction pulls water from areas of high saturation to
areas of low saturation. During the period of active infiltration from the surface, high
saturations allowed liquid water to move more quickly to depth. Since the effluent source
was removed, capillary forces continue to spread the subsurface effluent into regions of
lower saturation leading to a much slower liquid flow rate. As liquid flow is reduced,
vapor transport in the vadose zone becomes more important [24,25]. Our conceptual model
of transport is based on decades of research and local field observations [26–28]. Model
calibration of field injection experiments in boreholes within the vadose zone and from
waste infiltration galleries have verified our ability to use standard unsaturated zone flow
theory to implement the conceptual model in a numerical framework [24,29].

For tritium transport, our conceptual model of release from the wet surface impound-
ments and transport through the dry host rock assumes that the majority of tritium was
released in the form of liquid water and that each tritium atom is attached singly to a
water molecule [30]. Tritium is radioactive hydrogen with a half-life of 12.3 years. It is
incorporated into the water molecule to form a tritiated water molecule (sometimes called
HTO) that behaves nearly identically to normal water with respect to transport in the
environment. Being intimately bound to water, tritium migrates as both liquid water and
as water vapor in the pore gas (soil air) [31].

Within the unsaturated porous media, equilibrium between water and water vapor is
assumed (a well-mixed model) because diffusive transport of both phases is slow relative
to the rate of tritium exchange between pore water and pore gas [32]. Tritium in the vapor
phase equilibrates with residual liquid pore water before diffusing through the air-filled
pore space [32]. Migration of tritium due to water vapor transport is important in arid and
semiarid regions with low moisture content such as at this LANL site. Vapor transport
becomes the dominant transport mechanism as the liquid effluent is spread by capillary
suction after the source is removed [27,29]. Finally, the short half-life of tritium causes a
large reduction in the inventory during the time needed to migrate from the source.

2.3. Field Methods

Core was collected from a hollow-stem auger system during the drilling of Borehole
7 and analyzed for anion concentrations using a leaching process previously described
by [16]. The analytical suite included bromide, chloride, chlorate, fluoride, nitrate, nitrite,
phosphate, oxalate, and sulfate. Moisture-protected core samples were collected and
analyzed between 3.2- and 86.7-m depths. The stratigraphic units sampled include (from
bottom to top) the Otowi member of the Bandelier Tuff, the Cerro Toledo Formation, the
Tsankawi Pumice, and Tshirege member units 1g, 1v, and 2 of the Bandelier Tuff.

Pore water anion concentrations were calculated from dried samples of core using
leachate concentrations (measured using ion chromatography), gravimetric water contents
(measured using ASTM method D2216-90), and bulk densities. Bulk density was not
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measured on the samples; therefore, typical local Los Alamos bulk density measurements
for the specific tuff and pumice units encountered in the borehole were used [33].

Stable isotope analyses (δ18O and δ2H) were also performed on water samples ex-
tracted from moisture-protected cores. These analyses provide data on the isotopic compo-
sition of the pore water and are an effective way of characterizing hydrologic processes in
semiarid environments such as the Pajarito Plateau. Analyses for δ18O and δ2H of core pore
waters were performed at the Stable Isotope Laboratory at the New Mexico Institute of
Mining and Technology. The sample preparation for δ18O and δ2H analyses was previously
described in Newman et al. (2010) and used the vacuum distillation method of Shurbaji and
Campbell [34], and the δ18O and δ2H extraction methods of Socki et al. [35] and Kendall
and Coplen [36], respectively. The analytical precision for the δ18O and δ2H analyses by
mass spectroscopy was better than ±0.2‰ and ±4‰, respectively. The hydrogen and
oxygen isotopes are reported in delta (δ) notation as permil (‰) differences relative to the
Vienna Standard Mean Ocean Water (V-SMOW) isotope standard:

δ2H or δ18O =

[Rsample − RV−SMOW

RV−SMOW

]
× 1000 (1)

where R is the 2H/1H or 18O/16O ratio. Because the V-SMOW standard has a relatively
large heavy to light isotope ratio (RV-SMOW), negative delta values are commonly observed
for precipitation, surface water, and ground water.

In addition to the pore water isotope analyses, an additional set of core leaches was
conducted to collect nitrate for nitrogen-stable isotope analyses (δ15N). Nitrogen isotopes
can be an effective indicator of the source of nitrogen (or nitrate) in the environment
(e.g., whether the nitrate had a natural or anthropogenic source). The leaching was per-
formed on remnant core samples after the anion leaching was completed. Nitrate leaching
followed the same procedure as the anions, except that approximately 1 kg of sample was
leached with 1.5 L of water to recover enough nitrate for the analysis. Only a limited set
of samples was leached and analyzed, mainly because nitrate concentrations were not
high enough in some samples to perform the isotopic analysis. Recovery of the nitrate
from the sample leachates and the δ15N isotope analysis method were conducted following
Chang et al. [37] and Silva et al. [38]. The δ15N results are reported in delta (δ) notation as ‰
differences relative to the atmospheric nitrogen (AIR) standard. The analytical precision of
the mass spectrometer δ15N results is better than 1‰.

Tritium analyses were conducted on waters extracted from moisture-protected core
samples collected during hollow stem auger drilling. Samples were analyzed using liquid
scintillation counting and details are provided in LANL [23].

2.4. Numerical Model of Tritium Transport

A site-specific, three-dimensional tritium transport model was originally developed to
support decisions regarding borehole placement for determining the maximum horizontal
and lateral extent of tritium beneath the TA-53 surface impoundments [39]. The same
numerical model is used in the current analysis to bound future tritium transport. The
simulations are run using FEHM [40–42]. FEHM is regularly benchmarked against an
extensive test suite to ensure continued adherence to analytical and semi-analytical flow
and transport solutions [42]). This project led to the creation of a new analytical test problem
related to tritium transport that is described in detail below. Publications illustrating other
transport models using FEHM include contributions to the Yucca Mountain Project [43–45]
and LANL site environmental analysis [24–26,28,29,46–48].

The conceptual model of dual-phase tritium transport was simulated using an equiva-
lent, enhanced, liquid-phase, diffusion coefficient formulation. The Smiles formulation [32]
relates effective diffusion (Deff) in a single phase to the full two-phase formulation as:

Deff = H
θa

θw
Da + Dw (2)
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where H is the dimensionless Henry’s partitioning factor, θa and θw are air and water
volume fraction of the total rock volume (air and water content), and Da and Dw are the
molecular diffusion coefficients in the vapor and liquid phases of the rock, modified for
tortuosity [42]. Water content can be defined as saturation (s) multiplied by porosity (ϕ),
while air content is defined as (1-s) multiplied by ϕ. The ability to represent two-phase
flow and transport using the Smiles formulation is demonstrated in Figure 2 using two
parameter sets within FEHM. These code verification simulations use a 1-D numerical
mesh of 10-m length with a node spacing of 0.2 m. Concentration results are shown for a
point 5 m from a fixed concentration of 1 mol (tritium) per kg of water using both the single-
phase [32] formulation and a full multiphase solution. Case one in Figure 2 uses a saturation
of 0.01, a porosity of 0.2, a Dw of 1 × 10−9 m2/s, and a Da = 1 × 10−5 m2/s, yielding a Deff
of 1.8 × 10−8 m2/s. Case two in Figure 2 uses a saturation of 0.2, a porosity of 0.5, a Dw of
1 × 10−10 m2/s, and a Da = 1 × 10−4 m2/s, yielding a Deff of 6.9 × 10−9 m2/s. Although
FEHM is capable of simulating full multiphase, thermally driven, tritium transport [49],
the decision to use the simplified, single-phase representation of tritium transport at this
site was based on the low thermal gradient (i.e., nearly isothermal conditions). These two
examples verify that the single-phase formulation is accurate as implemented in FEHM.
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equivalent formulation, all simulations run with FEHM.

Site-specific geologic and hydrologic data [24–26] were used to develop a numerical
mesh from the land surface to the water table that encompasses a lateral area centered on
the impoundments (Figure 3). Geological units shown on this figure, starting at depth and
moving upward, include the Puye Formation (loosely consolidated sands and gravels),
the Cerros del Rio basalt (interbedded massive and rubble zones), the Guaje Pumice (the
basal ash flow of the Bandelier Tuff), the Otowi member of the Bandelier Tuff (Qbo), a
volcanoclastic sedimentary unit (Qct or the Cerro Toledo interval), and finally the Tshirge
member of the Bandelier Tuff comprised of the basal Tsankawi Pumice (Qtsk), and overlying
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units Qbt1g, Qbt1v, and Qbt2. These rocks range in age from 1.2 Ma on the surface to
Pliocene age rocks greater than 2.5 Ma in the Puye formation [20].
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Figure 3. Three-dimensional numerical mesh used for all tritium simulations. Color contours show
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The numerical mesh was generated using LaGrit grid generation software [50] and
incorporates information from the LANL site-wide geologic model. Hydrogeologic proper-
ties including porosity, permeability, and Van Genuchten retention parameters [24–26] are
assigned to the different geologic units shown in Figure 3 [51]. Finite volume elements are
15.24 m in both x and y, while vertical spacing varies to capture thinner geologic units and
unit interfaces as seen in Figure 3. A more complete description of the mesh generation pro-
cess can be found in Miller et al. [52]. Hydrological values for these rocks, including all van
Genuchten parameters, and a description of the underlying unsaturated flow equations can
be found in Stauffer et al. [24] and Stauffer et al., [53], respectively and are reproduced here
in Table 1. The land surface boundary is fixed to zero concentration of tritium, while the
lateral boundaries of the model are no-flow. The bottom boundary is a drainage condition
to allow excess water to flow out of the domain with little resistance. A combined effective
diffusion coefficient [32] of 1.53 × 10-8 m2/s was used, and the simulations were found
to be insensitive to this parameter because the primary transport mechanism is advective
liquid flow. Initial tritium concentration in the subsurface is set to zero.
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Table 1. Hydrogeologic properties used for the three-dimensional model.

Geologic Unit Bulk Density
(kg/m3)

Permeability (m2)
ϕ

Van Genuchten Parameters

Horiz. Vert. Satres α(1/m) n

Tshirege Qbt2 1.6 × 103 1.2 × 10−13 1.2 × 10−13 0.40 0.017 0.30 2.2
Tshirege Qbt1v 1.3 × 103 5.1 × 10−13 5.1 × 10−13 0.51 0.004 0.54 1.7
Tshirege Qbt1g 1.2 × 103 6.8 × 10−13 6.8 × 10−13 0.56 0.00 0.63 1.6

Tsankawi Pumice ND 2.2 × 10−12 2.2 × 10−12 0.59 0.00 0.43 1.9
Cerro Toledo interval 1.2 × 103 7.1 × 10−13 7.1 × 10−13 0.51 0.00 0.53 1.4

Otowi 1.2 × 103 9.8 × 10−14 9.8 × 10−14 0.53 0.008 0.30 2.0
Guaje Pumice 8.4 × 102 1.6 × 10−13 1.6 × 10−13 0.66 0.00 0.28 2.5

Cerros del Rio basalt ND 1.0 × 10−12 1.0 × 10−12 0.001 0.001 3.8 1.5
Puye Formation 2.6 × 103 8.7 × 10−13 4.1 × 10−14 0.21/0.40 0.0012 0.85 2.3

Numbers are rounded to two significant digits, NA = Not applicable, ND = No data.

The simulations are run for a period of 100 years. The first 15 years (1970–1985)
represent the active “wet” leaking phase at the site with enhanced infiltration and high
tritium concentrations in the effluent. The final 85 years represent the period after removal
of the effluent source (and the overflow drainage ditch). Site data on water discharge to
the drainage ditch from the TA-53 surface impoundments are available for the years 1978
to 1989 [21]. Focusing on the existing data through 1985 when the unlined drainage ditch
was being used, we calculate an order of 2 × 107 L/year were discharged. Extrapolating
for the entire 15 years of operations of the unlined drainage ditch yields an estimate of
3 × 108 L of total discharge. An estimate of source concentration was developed by decay
correcting the highest measured 2002 near surface concentration back to a 1985 value of
1.43 × 106 pCi/L. In the absence of other data, the estimated source concentration in the
injected water was applied to all infiltrated effluent. To estimate the maximum amount of
effluent that infiltrated the unlined drainage ditch, we use the numerical model to vary
infiltration flux until subsurface concentrations in the simulation bound the data.

3. Results
3.1. Field/Core Analysis Results
3.1.1. Moisture Content and Tritium Data from Borehole 7

Moisture content and tritium data from Borehole 7 are shown in Table 2. Water
content values range from 3–20% gravimetric moisture and are well below saturation.
Tritium soil concentrations ranged from below detection to just over 30 pCi/gram of soil.
Soil concentrations were highest in the shallowest depths and were below detection at
depths greater than 46 m. Table 2 also shows soil concentrations converted to pore water
concentration units used to compare data to simulation results. Water content (θw), in this
case, is defined as the mass of water divided by the mass of solid material, and is converted
to saturation using the following easily derived relationship:

s =θw
2.65·(1 −ϕ)

ϕ
(3)

where ϕ is porosity and the assumed grain density of the tuff units is 2650 kg/m3. Porosity
values are listed in Table 2 and come from Stauffer et al. [24]. Conversion of pCi per wet
gram to pCi per liter follows a similar approach. Skipping the derivation, we arrive at:

pCi
L

= 1000·
(

pCi
g

wet
)
·2.65·(1 −ϕ) +ϕs

ϕs
(4)

where the factor of 1000 converts from cm3 of water to liters of water.
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Table 2. Borehole 7 moisture content, saturation, porosity and tritium concentration data.

Depth (m)
Percent

Moisture
(θw)

pCi/g Wet Porosity Saturation
(s) pCi/L

3.2 6.1 31.7 0.4 0.24 551,372

6.1 5.9 13.5 0.4 0.23 242,314

9.1 5.1 20.4 0.4 0.20 420,400

12.2 4.3 19.7 0.4 0.17 477,840

15.2 4 11.9 0.4 0.16 309,400

18.3 3.4 9.99 0.4 0.14 303,814

21.3 5 10.1 0.4 0.20 212,100

24.4 6.3 11.6 0.4 0.25 195,727

27.4 6.3 11.6 0.4 0.25 195,727

30.5 7 11.6 0.4 0.28 177,314

33.5 6.2 11 0.51 0.16 188,419

36.6 9.6 10.4 0.51 0.24 118,733

39.6 10.9 7.25 0.51 0.28 73,764

42.7 13.6 1.45 0.51 0.35 12,112

45.7 17.2 0.17 0.56 0.36 1158

48.8 12.3 0.077 0.56 0.26 703

51.8 10.7 −0.065 0.56 0.22 BD

54.9 11.2 0.085 0.56 0.23 844

57.9 12.5 −0.038 0.56 0.26 BD

61.0 12.8 −0.091 0.56 0.27 BD

64.0 11 −0.128 0.56 0.23 BD

66.9 10.6 0.07 0.56 0.22 730

69.8 11 −0.116 0.56 0.23 BD

73.0 12.5 −0.122 0.56 0.26 BD

74.3 17 −0.1 0.59 0.31 BD

77.6 6.6 −0.085 0.51 0.17 BD

80.5 5.6 0.169 0.51 0.14 3187

83.7 5.3 0.22 0.51 0.13 4371

86.5 6.3 0.115 0.53 0.15 1940

90.9 5.9 0.014 0.53 0.14 251
BD—below detection.

3.1.2. Anion Profiles from Borehole 7

The vertical distributions of bromide, chloride, fluoride, nitrate (as nitrate), nitrite
(as nitrite), oxalate, phosphate, and sulfate pore water concentrations from core samples
collected from Borehole 7 are shown in Table 3 and are plotted in Figures 4 and 5. Anions
with maximum concentrations less than 10 mg/L are shown in Figure 4, and anions with
maximum concentrations greater than 10 mg/L are shown in Figure 5.
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Table 3. Borehole 7 pore water anion concentrations.

Depth
(m)

Grav.
Water (%)

Br−
(mg/L)

Cl−
(mg/L) F (mg/L) NO2−

(mg/L)
NO3−

(mg/L)
Oxalate
(mg/L)

PO4−

(mg/L)
SO4−

(mg/L)

3.2 5 3.8 146 61 BD 6.0 5.8 0.82 310

9.4 4 4.5 173 115 BD 1.5 2.3 6.8 32

15.5 4 6.0 166 186 0.4 1.1 0.7 2.5 21

21.5 3 8.2 202 230 BD 0.5 BD 5.3 14

27.6 6 4.3 128 108 0.3 6.3 BD 1.8 17

33.7 8 2.3 109 73 BD 14 BD 0.75 22

39.8 10 2.3 79 58 BD 11 BD 0.57 20

45.9 20 2.4 49 32 0.2 13 BD 0.15 199

52.0 12 2.4 101 31 0.1 19 BD 0.26 75

58.1 15 2.1 50 34 BD 1.8 BD 0.10 37

64.2 13 2.3 48 39 0.1 0.9 0.2 0.23 42

70.0 13 1.9 46 41 0.1 2.6 0.4 0.24 11

74.5 20 0.7 36 28 BD 1.6 BD 0.23 12

80.6 7 3.6 59 59 BD BD 0.64 0.64 6.6

86.7 7 3.3 66 41 0.2 2.9 0.6 1.0 4.2

Anions whose concentrations fell below the detection limit are reported as below
detection (BD) in Table 3. To construct the figures presented in this report a value of 0 was
used for the BD values.

3.1.3. Stable Isotope Profiles from Borehole 7

The δ18O and δ2H profiles from the Borehole 7 core show large isotopic values from
approximately 3- to approximately 40-m depths (Table 4, Figure 6). At depths between
approximately 40- and 57-m, δ18O and δ2H values decrease substantially. At depths below
about 57 m, the stable isotope values decrease, but less dramatically than in the 40- to
57-m zone.

Table 4. Borehole 7 (53-20824) stable isotope values.

Depth (m) δ18O (‰) δ2H (‰) δ15N (‰)

3.2 −4.2 −49 15.9

9.4 −3.4 −44 12.9

15.5 −2.8 −47 NA

21.5 −2.1 −45 NA

27.6 −2.5 −44 12.7

33.7 −1.9 −40 17.4

39.8 −2.4 −41 13.6
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Table 4. Cont.

Depth (m) δ18O (‰) δ2H (‰) δ15N (‰)

45.9 −5.9 −59 16.9

52.0 −8.6 −79 9

58.1 −11.5 −93 10

64.2 −11.5 −98 NA

70.0 −11.5 −102 7.7

74.5 −13.4 −105 11

80.6 −12.0 −106 NA

86.7 −12.7 −107 NAGeosciences 2022, 12, x FOR PEER REVIEW 11 of 24 
 

 

 
Figure 4. Pore watepr chloride, fluoride, nitrate, and sulfate concentrations in Borehole 7, TA-53. 
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Figure 4. Pore watepr chloride, fluoride, nitrate, and sulfate concentrations in Borehole 7, TA-53.
Stratigraphic contacts are shown on the right side of the figure.
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Figure 5. Pore water bromide, nitrite, oxalate, and phosphate concentrations in Borehole 7, TA-53.
Stratigraphic contacts are shown on the right side of the figure.

The δ15N data show positive values throughout the profile and range from 7.7 to
17.4‰ (Table 4). The highest values occur in the upper 45 m of the profile.

3.2. Bounding Case Simulation Results

Simulation results presented are for the bounding case derived from our sensitivity
analysis. A limited number of simulations were performed to determine if leakage through
the unlined drainage ditch could be adjusted within the bounds of the conceptual model
to explain the depth of observed tritium, particularly in Borehole 7. The location of the
seven boreholes drilled in 2002 are shown in Figure 7. These boreholes were drilled to
delineate the extent of the tritium plume. The lateral extent of the numerical grid used
to calculate tritium transport and changes in saturation is also shown in Figure 7. Water
injection locations (pink circles) representing the unlined drainage ditch are also shown.
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Figure 6. Stable isotope (δ18O and δ2H) profiles in Borehole 7, TA-53. Stratigraphic contacts are
shown on the right side of the Figure.

The simulations were initiated by running the flow simulation to a steady state using
a 1 mm/year (1 L per m2 per year) background infiltration flux across the upper boundary.
This minimal flux was not applied during the years of 1970–2001, during which time most
of the site was covered with impermeable liners (clay/HypalonTM). In 2002, after site
remediation, background infiltration was reset to 1 mm/year through the year 2070.

The only parameter that was varied (manually) to generate a bounding case is the
volume of infiltration flux during the active period. The bounding case has enhanced
infiltration from leakage, used to simulate the active wet period of operation, of 1 m3

per m2/year over an area of 1394 m2. This area aligns with where the unlined outfall
channel was located. The bounding case of simulated leakage injection is equal to a volume
of 1394 m3/year. The total volume of the simulated infiltration from the unlined drainage
ditch over the 15-year period, 2.1 × 104 m3, represents a significant fraction (7%) of the
total estimated discharge from the impoundments to the drainage ditch (3.0 × 105 m3).
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Figure 7. Image of the surface impoundments before they were removed. The numerical grid is
overlain on the photo. The color contours are the simulated tritium plume at 2088 m elevation for the
bounding case. The six pink dots show the location of the simulated leakage (injection) along the
unlined drainage ditch. The green circles are the locations of Boreholes 1–7 drilled in 2002.

The total simulated leakage of tritium activity is 31.6 Ci. This likely represents a
small fraction of the total tritium that flowed into the impoundments, because much of the
effluent evaporated before reaching the unlined drainage ditch. Based on the simulated
volume fraction of discharge that infiltrated in the ditch (7%), the results imply that effluent
flowing past the drainage ditch could have carried as many as 450 Ci beyond the mesa
edge. Fortunately, much of this tritium would have evaporated along the flow path before
reaching Los Alamos Canyon.

3.2.1. Tritium

The simulated tritium concentrations with depth at the location of Borehole 7 and for
the year 2002, are compared to the set of 2002 borehole tritium data (converted to pore
water concentration (pCi/L)) for the seven investigation boreholes in Figure 8. Simulation
results are interpolated to the same locations as the measured Borehole 7 data using a
quad-linear interpolation scheme with the nearest four points from the same elevation. The
simulation captures the general character of the measured Borehole 7 tritium data. The
only apparent difference is that the measurements show little tritium moving below the
Qbt1v-Qbt1g contact, while the simulation over-predicts the depth of the transport. This
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difference is likely the result of incomplete knowledge of the surface release history, with
the simulated release history having more water reaching depth than occurred at the site.
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Data from Boreholes 4, 5, and 6 (Figures 7 and 8) support the conceptual model for
primary leaking along the unlined ditch because tritium was measured to be quite low on
the perimeter of the impoundments, especially to the north. Data from Boreholes 1 and 2
(Figures 7 and 8) also support assumptions that the most likely location of major tritiated
water migration to depth occurred along the unlined drainage ditch. These boreholes
indicate that there was no significant leakage of tritiated water across the clay liner in the
northern impoundments.

3.2.2. Saturation

As a further examination of the simulation fidelity, the bounding case, simulated
saturation profile was compared to the Borehole 7 saturation data from Table 2 (Figure 9).
For comparison purposes, saturation data from Mesita del Buey [26] are also represented
as the light blue shaded areas in Figure 9. Mesita del Buey is a similar mesa located
south of the study site but was not impacted by large volumes of water disposal, and
thus represents a more natural condition. The background simulation used as the initial
saturation state for the tritium analysis is also shown in Figure 9. The initial saturation
in Qbt2 is at the high end of the background compared to Mesita del Buey. Saturations
within Qbt1g are within the drier part of the Mesita del Buey field. In the Qct and Qbo
units, the initial saturation is drier than in Mesita del Buey. However, the Borehole 7 data
indicate that conditions are drier in these units than at Mesita del Buey. A comparison of
the 2002 data with the saturation ranges shows increased liquid saturation from the surface
to an elevation of 2065 m in Borehole 7. Although saturation in Borehole 7 in the lower part
of Unit Qbt1g appears to be elevated above the background, the tritium values associated
with this water are relatively low and suggest that the source of water was not from the
higher-concentration southern impoundment. Major ion analysis indicates that an alternate
source of infiltration is likely to have occurred before the tritium release.
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4. Discussion
4.1. Implications of the Anion Profiles

One of the main objectives of this study was to determine what portion of the site
was affected by leakage from the surface releases at TA-53. All the anion profiles from
Borehole 7, except for those for nitrate and nitrite, have maximum concentrations and
bulge-shaped profiles in the upper 45 m of the vadose zone (primarily in Qbt2 and the top
of Qbt1v) (Figures 4 and 5). The anion profiles with bulges above 45 m are not identical in
appearance, which may be related to variations in anion concentrations in the discharge
waters with time, and/or variations in natural background concentrations. Nevertheless,
the fact that six of the eight profiles have bulges/maximum concentrations in the same
stratigraphic interval suggests that much of the impact of surface discharges near Borehole
7 are limited to approximately the upper 45 m of the vadose zone.

4.2. Implications of the δ18O and δ2H Profiles

The δ18O and δ2H stable isotope profiles from Borehole 7 show a distinct zone of
higher isotopic composition that spans the same depth interval as the anion profile bulges
(3- to about 45-m) (Figure 6). Thus, the isotope data also suggest that much of the impact of
infiltrating impoundment water near Borehole 7 was limited to the upper 45 m of the vadose
zone (elevations of 2110 m to 2065 m). The δ18O values in this zone are approximately −3
to −2‰ and the δ2H values are approximately −40 to −45‰. These values are indicative
of evaporation that would have been prevalent in the ditch and impoundments (during
evaporation, the isotopic composition of the remaining water increases, i.e., becomes less
negative). Though the change in isotopic values is abrupt at approximately 45 m, the
data suggest there may have been some deeper leakage because the isotopic values have a
smooth transition to more negative values below 45 m. A comparison of the δ18O stable
isotope values to the Borehole 7 tritium profile (Figure 10) also indicates that most impacts
were limited to the upper 45 m near Borehole 7. Tritium concentrations are highest in the
upper 45 m zone, and this matches the zone of highest stable isotope values and highest
anion concentrations quite well.
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Figure 10. Comparison of δ18O and tritium profiles in Borehole 7, TA-53.

4.3. Implications of the Nitrate, Nitrite, δ15N, and Tritium Data

Nitrate is sometimes found in semiarid vadose zones at concentrations equal to
or greater than that observed in Borehole 7, including beneath other Los Alamos area
mesas [17]. Thus, it is possible that the nitrate observed is from a natural source. However,
there is strong evidence that some of, and perhaps a large fraction of, the nitrate inventory
encountered in Borehole 7 (Figure 11) is not from natural sources. One piece of evidence is
that the nitrate profile does not match the other anion profiles. Another reason is that the
highest nitrate in Borehole 7 is associated with elevated water contents. Walvoord et al. [17]
show that under natural conditions, high nitrate concentrations tend to be correlated with
high concentrations of other anions such as chloride. In addition, the high natural nitrate
concentrations at Mesita del Buey described in Walvoord et al. [17] were in low water
content zones.

In addition, the water content profile in Figure 12 is unusual. If there was substantial
and relatively continuous leakage from the ditch, one might expect elevated water content
from the near-surface down to the point where enhanced percolation ceased. However, the
Borehole 7 profile has a zone of elevated water content (some samples are >10%) between
approximately 30- and 80-m that is sandwiched between shallow and deep zones with
water contents that are relatively low (<7%). This kind of profile might form if there was
a temporal change in the percolation of water such as variations in the amount of water
flowing in the ditch.
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Figure 11. Comparison of Borehole 7 nitrate and gravimetric water content values.

The association of nitrate with the water content bulge suggests a sanitary waste
component to the water in the elevated water content zone. The northern impoundment
received sanitary waste until 1992 and the southern impoundment received sanitary waste
from 1985 to 1989 [21,22]. The fact that there were nitrite detections in nearly half of the
Borehole 7 samples also suggests a sanitary source (although the nitrite profile does not
mimic the nitrate profile). Another factor that suggests a sanitary source for the nitrate
and elevated water content is the Borehole 7 tritium profile (Figure 12). If the elevated
water content and nitrate were largely derived from impoundment waters while tritium
effluent was released, one would expect to see collocated elevated tritium concentrations;
however, this is not the case. Instead, there is no tritium associated with nitrate below
45 m and this is where the maximum nitrate concentration was observed. If the source was
mainly from sanitary waste, tritium would not be expected. This suggests that a sanitary
nitrate source preceded the tritium effluent source to the impoundments. There is a region
where the nitrate and tritium bulges overlap (about 30 m depth), which could result from
commingling of the two sources.

The final piece of evidence supporting a sanitary waste source are the δ15N results
(Table 3). Nitrogen isotope values between approximately 10 and 20‰ are strongly in-
dicative of sewage/sanitary waste [11,13]; eight of the ten samples fall within this range.
A comparison of the δ15N and nitrate profiles (Figure 13) show good, but not perfect,
correlation between elevated nitrate concentrations and high δ15N values, particularly at
depths less than 45 m.
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Figure 12. Comparison of nitrate and tritium profiles in Borehole 7.

4.4. Implications for Long-Term Risk of Tritium

The bounding case simulation was used to predict long-term tritium risk to the regional
groundwater aquifer beneath the site. The numerical model was run from 1977 to 1992 with
an infiltration flux of 1 m3 per m2 per year over an area of 1394 m2 representing the unlined
drainage ditch. This area is shown as the pink nodes in Figure 7. Another 85 years of post-
leakage drainage was then simulated to predict plume evolution following remediation.
The infiltration flux for this latter period was 1 mm/year (1 L per square meter per year),
the same as the flux applied over the other portions of the upper boundary. Maximum
tritium concentrations drop rapidly during the 85 years of drainage as shown in Figure 14.
By the simulated year 2070, all pore water concentrations in the plume drop below the
EPA MCL of 20,000 pCi/L [7,8], and the tritium plume remains in the upper 100 m of the
mesa. The regional aquifer at the site is at a depth of greater than 300 m. Therefore, these
simulations indicate that the tritium plume will not pose a risk to groundwater because of
a long travel time coupled with a short half-life. At longer times, the concentrations will
decrease even further due to radioactive decay.
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Figure 13. Comparison of δ15N and nitrate profiles in Borehole 7.
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Figure 14. Simulated tritium concentrations vs. depth for the years 2002 and 2070.

The simulated migration of the water pulse is shown in Figure 15, where increased
saturation drains downward from the upper 50 m of the profile in 2070, returning nearly
to a background value at the land surface. The water from the upper section redistributes
downward to units Qbt1g and Qct. The model predicts very little migration below the Qct,
although slightly increased saturation in the Otowi member (Qbo) can be seen.
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This set of simulations thus shows the power of radioactive decay for attenuating the
tritium plume at TA-53. The ability of the unsaturated tuff at this site to redistribute water
laterally also plays an important role in limiting the vertical extent of migration.

5. Conclusions

Analyses of the anion, stable isotope, and tritium data from Borehole 7 at the TA-53
surface impoundments suggest infiltration from the ditch or through impoundment leakage
was primarily limited to the upper approximately 45 m of the vadose zone. The various
data types, except for the nitrate and nitrite data, show profiles that are consistent with
percolation of ditch water above approximately 45-m depth. This result seems reasonable
because the HypalonTM (rubber polymer) liner deployed in the southern impoundment
should have limited the amount of downward water movement, and because water contents
in the upper part of the vadose zone are low (typically <7%), which suggests not much
water was moving into the vadose zone.

The nitrate, nitrite, δ15N, and water content data suggest an additional release source
that preceded the main tritium releases and appears to have affected the vadose zone
deeper than tritium. The nitrate, nitrite, δ15N, and water content data strongly suggest that
this earlier source may be largely derived from sanitary waste that has percolated below
the ditch. This interpretation is based on the lack of tritium and other anions at depths
greater than 45 m, that nitrate and nitrite are commonly associated with sanitary waste, the
isotopic composition of the nitrate, and that sanitary waste was released over many years
at the site.

A tritium transport simulation, calibrated to the vertical extent of observed transport,
was used to create a prediction of plume behavior to the year 2077. The combination of
a relatively rapid radioactive decay (12.3-year half-life) and low liquid migration rates
to depth (due to removal of the surface impoundments and high capillary forces in the
relatively dry subsurface volcanic tuffs) provide a supportive environment for natural
attenuation of the tritium plume. Tritium pore water concentrations in 2077 are predicted
to fall well below the EPA drinking water MCL (<20,000 pCi/L), and the plume is predicted
to remain in the vadose zone at a minimum of 200 m from the regional water table.

Dryland areas have been utilized for tritium disposal and are subject to other kinds of
releases for many years because of high evapotranspiration rates, generally low subsurface
moisture conditions, and deep groundwater. The results provide an additional confirmation
that tritium transport in arid and semi-arid environments can be described using standard
theory [6,9], with our work expanding the demonstrated usefulness of tritium transport
simulations to situations where ponding in source regions drives flow to depth.
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