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Abstract

Plant, soil, water, and other media from various locations at the Savannah River Site were
measured for total tritium (T) content and T speciation to characterize T in these areas, as well
as investigate its uptake behavior and the transport of T species in these media. This
characterization included the isolation and measurement of T in tritiated water (HTO), and
(when possible) exchangeable organic bound T (E-OBT) and non-exchangeable organic bound
T (NE-OBT). Two areas of interest were investigated: 1) a holding pond with T-contaminated
water and 2) open basins or streams with low to background levels of T. Water in the holding
pond is used to irrigate forest plots in the local area as a T remediation approach. This study
compares the analytical data for water, soil/sediment, plants, and lichens from these
locations. The results indicate that the behavior of T in plants from these areas can be a
function of one or more of the following: seasonal precipitation, the plant’s primary route of
access to the T-contamination (such as water uptake through the root vs. shoot), plant
physical location (relative to T-contaminated water sources), plant rooting depth, pond water
level, and plant height above the ground. Total T concentrations were lowest in the un-
irrigated forest plants, followed by irrigated forest plants, shallow rooting plants near the
pond, deep rooting plants further from the pond, and then water-saturated plants. The
OBT:HTO and NE-OBT:E-OBT ratios were always greater for plants from irrigated forest plots
compared to those from the holding pond.

Environmental Significance Statement

Tritium (T) is an effluent from nuclear processes and anthropogenic activities and it is a
biological hazard. Fusion reactors (once in operation) handle extremely high levels of T as
HTO and there is some perceived risk of environmental contamination as a result. The
findings provide information on impacts and environmental management options if an
aqueous or atmospheric T release event from a fusion reactor occurs and reaches a water
body. An improved understanding of how OBT and HTO move and are transformed in these
locations will also provide information on biological risk.

Introduction

The anthropogenic production of tritium (T) presents some disposition challenges despite its
short half-life of 12.3 years. Tritium is a biological concern to living organisms because it is an
isotope of the essential element of hydrogen (H) and it is a beta radiation emitter.
Environmental T is often defined as tritiated water (HTO), HT (gas), and organic bound tritium
(OBT). These forms of T include HTO that is found in tissues and other matrices, tritiated
methane gas (CH;T), T-labeled drugs, amino acids, research chemicals, and OBT that is found
in environmental media.® Tritium is a product of many nuclear processes that support
electrical power, industrial needs, and anthropogenically mediated activities. It can be
released from nuclear reactors, fuel storage and separation activities, nuclear weapons
testing, nuclear waste sites, nuclear research, industrial T handling facility operations and
potentially fusion power facilities.?
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Fusion reactor facilities are under development. Fusion represents a “green” clean energy
alternative to currently-used power sources, but they present a potential public health
concern if they reach a level of maturity where they become widely used for global power
production.? Tritium is the most abundant radionuclide released from fusion reactors.* It is
not easily confined and it readily diffuses through materials. This is subject to inadvertent
releases from handling, research, nuclear power and processing facilities.>* Regulations
restrict routine releases of airborne T to 3.7 to 7.4 x 10*? Becquerel (Bqg) Ci of HTO day for a
boundary at 1 km from a fusion reactor.> An analysis of reference accidents has also been
studied for the International Thermonuclear Experimental Reactor (ITER) that include primary
source terms and environmental release guidelines.® In contrast to a base case estimate of T
released from ITER (a ~500 Megawatt fusion reactor) during normal operations (1.8 x 103 Bq
Ciyrtas HTO)?, potential accidents ranged from operational events (“Cat I” with 3.8 x 10'* Bq
T as HTO event?) up to extremely unlikely sequences (“Cat IV” at 3.6 x 10% Bq T as HTO event
1).6 Some T that is released will decay, while some T will accumulate and persist in the
environment. It is conceivable that nearby surface water bodies, such as ponds or rivers will
inadvertently or intentionally be contaminated from fusion and other T-related accidents.

Tritiated water is a biologically important form of T because water is common to all types of
life. Water is found throughout the terrestrial and atmospheric environment. Tritiated water
can move in the environment via wet/dry precipitation (with dry being precipitation that loses
its water content before reaching the ground), in soil by diffusion, within biota, and within
water bodies.® Tritium can isomorphically exchange with H in sediments containing kaolinite
and montmorillonite clays as interlayer and outerlayer.? The exposure of biota to HTO-rich
water sources also has considerable potential to allow exchange due to dilution of H,0 with
HTO within the living and growing organism that are exposed when equilibrium conditions are
met.?® The microbial conversion of HT to HTO in soil is a process that allows for the re-entry of
HTO into the atmosphere where more biological interactions can occur.>!° Organic-bound T
can become bioaccumulated in HTO-rich environments, when in the case of plants (including
algae, moss and higher plants), HTO can be converted to OBT through photosynthesis
reactions.!! Isotopic effects that favor the uptake of stable H,O over HTO in the form of
organic bound H should be noted.

Organic bound T is the sum of non-exchangeable OBT and exchangeable OBT in the present
study. Non-exchangeable OBT includes T that is chemically bound to carbon (C), whereas
exchangeable organic bound T (E-OBT) includes T that is weakly bound to oxygen (O), sulfur
and/or nitrogen (N).1> Exchangeable-OBT is considered to be more labile (i.e., exchangeable
or more subject to displacement by other compounds) than NE-OBT in the environment.
Exchangeable T in OBT is determined analytically by exchanging H from T-free “dead” water
(i.e., groundwater that is geologically very old and nearly void of T due to radioactive decay) in
a sample for 3 days after all forms of water (including HTO) have been liberated from the
sample through heating of the sample to 150 deg C in a purge gas of air.!3 There is a type of
OBT that is bound in an exchangeable form but it is not highly mobile because it is found in
high molecular weight biomolecules that are present in dried matter. This form of E-OBT is
often called “buried T” but it does not exchange with H in T-free “dead” water.}* Boyet et al.
(2009) and Diabate and Strack (1993) present an extended discussion about OBT forms and
their incorporation and movement in biota and the environment.%1>
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Tissue free water tritium ( TFWT) in environmental material will be referred to in this
manuscript as HTO; OBT will be delineated as E-OBT or NE-OBT when the analytical results
support the assignment of NE-OBT (with a very small contribution of buried T) and/or E-OBT;
otherwise, “OBT” will collectively denote all types of OBT. The behavior of OBT often impacts
biological organisms when elevated levels of T are allowed to persist over time in the
environment.!®17.1 Microbial and other biological processes such as the deposition and
absorption of T-containing bioaerosols on plants, can contribute to the uptake of T and
conversion of HTO to OBT and these processes can influence the OBT:HTO ratio in biota.!®:20.21
The release of excreta which can be tritiated can be transferred and consumed by other living
organisms that are part of the food chain in effluents from nuclear facilities.!

The Savannah River Site (SRS, Aiken County, SC) has a history of nuclear activities that involve
T and its consequential legacy contamination in the environment. The presence of
contamination at the SRS provides an opportunity to study the behavior of T and its speciation
in the environment. Previous work on T releases and contaminant levels in SRS vegetation
and other environmental media was published and reviewed by others.?22324252627 Seyeral of
these works highlight the importance of OBT, as well as HTO, on T accumulation environment
but more information is needed to explain the behavior of OBT and HTO in T-contaminated
environmental systems. An improved understanding of how OBT and HTO move and are
transformed in the environment will provide information on biological risk and support more
informed T contamination response.

The primary focus of this study was on environmental samples collected at the Mixed Waste
Management Facility (MWMTF), which is a 25-hectare area within the SRS. It is managed by
the U.S. Department of Agriculture’s (USDA) Forest Service, with old and new growth forest
vegetation that are dominated by pine trees. Trees at the MWMF plots were irrigated with T-
rich water for the last ~20 years as part of a T-based phytoremediation effort to slow the
release and spread of T into the environment. Tritium-rich seepage water has been collected
in a holding pond and used to irrigate plots of old natural forest growth, as well as more
recently-planted loblolly pine trees, since 2001. The T-rich water comes from a nuclear waste
burial ground, which contains a variety of waste forms including T-rich absorber rods.?® The
intended phytoremediation path for T at the MWMF is to slow the release of environmental T
via the irrigation of pine trees with T-contaminated water.2526:27

This study was performed to: 1) measure the total T levels in materials from the highly
contaminated (MWMF) pond and surrounding area including plants, lichens, water, and
sediment, 2) make measurements of T speciation (HTO, E-OBT and NE-OBT) in the MWMF
samples and a small selection of samples from three other SRS areas with considerably lower
exposure to T contaminated waters, and 3) determine the likely reasons for the behavior,
uptake and transport of T species in the plants and other sampled biological materials. We
also examined how various routes of T exposure (via pond water irrigation vs. direct pond
water exposure, for example) impacts the T speciation, as well as the OBT:HTO and NE-OBT:E-
OBT ratios in the sampled materials. We anticipated that the MWMF pond and neighboring
(unirrigated) vegetation would have elevated levels of OBT relative to HTO due to 20 years of
consistent exposure to tritiated seepage water contamination as well as aerial inputs of T
where irrigation was occurring nearby but not directly. This study identifies factors that
influence T speciation and T accumulation from a nearby T-contaminated environment
relative to an uncontaminated (mostly T-free) environment.
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Methods

This investigation is focused primarily on the T-contaminated MWMTF pond and to a more
limited degree, three SRS areas with lower-level T contamination: Tinker Creek (TC), R-Canal,
and the north arm of Par Pond (Fig. 1).23 The source of T in the MWMF pond water is
primarily ground water seepage from the Low-Level Radioactive Waste Burial Ground at SRS.
This burial ground received an estimated 1.56 x 10'® Bq of T in 1988.23 One of the low level
contamination areas is TC, which receives water inputs from outside the SRS. Tinker Creek is
considered to be a background area for water and biota comparisons with the MWMF due to
the absence of T contamination. Tinker Creek is a fast-moving stream with water that comes
from outside the SRS. It is fairly remote in terms of impact from nuclear facilities. The other
two areas (R-Canal and the north arm of Par Pond) were subject to T inputs from SRS reactor
operations that occurred several decades ago. The third sampling location was R-Canal which
is a narrow, heavily-wooded canal that received cooling waters from the former R-reactor
during operation from 1958 to 1964. It was dismantled and decommissioned in 2011. The
fourth sampling area was Par Pond, which is a large manmade reservoir that has some floating
marshes. This reservoir received reactor cooling waters from P- and R-reactors, which were in
operation several decades ago.?* Soil from an uncontaminated area that was 32 km from SRS
in Aiken County, SC (Fig. 1) was also included in this study.

Environmental media were collected in plastic bags (for plants, lichens, soil and sediments)
and plastic or glass bottles as noted (for water) from four locations in the SRS area (Fig. 1) in
2021 and 2022. Plant samples were taken of above ground portions unless noted. The plants
that were available at these locations varied with season, proximity to the pond and the pond
water level. It was not possible to sample the same plants throughout the year. This was due
to changes in season (winter vs. summer), water levels, rain precipitation and/or other
influences which impacted the dynamics of plant growth and prevalence throughout the year.
A detailed description of the wetland and non-wetland plants that were sampled is provided
in the Supplementary Information (Sl).

Soil and sediment samples were taken from the upper 5 cm of surface material. A few
samples were taken from areas with low levels of known T exposure, but most of the samples
were from various locations within the MWMF. Most samples were acquired in the mid-
morning to early afternoon. The samples were stored in a -80°C freezer until time of analysis.
The SI Figure 1 illustrates the T-rich groundwater plume migration from the burial ground
complex to the MWMF sampling locations for this study, including: Plots 4, 33, and 43, Plot 43
ditch, the MWMF pond and its neighboring Old Evaporator area.?>?® The Plot 43 ditch is a
drainage area between Plots 4 and 43. Our sampling area within that ditch is noted on Sl
Figure 1. The Old Evaporator is the former location of a mechanical evaporator that was used
for over a decade to mobilize T from the pond water into a vapor form during the MWMF
operation. Soils at the SRS are predominantly well-drained, sandy, and have less than 2%
organic matter. These soils have a high permeability which makes them ideal for growing
timber and supporting the pine trees that dominate the area. These soils are members of the
Fuquay-Blanton-Dothan Association.?® The soil that was taken from northern Aiken County
background location is closely related to the SRS soils that are part of the Dothan and Fuquay
Series so it is related to the SRS soils.?°

Unfiltered water samples from the MWMF pond and TC were collected, as well as waters
filtered with 0.8- or 0.2-um polyether sulfone membrane filters. Some waters, as noted in the
reported data, were syringe-filtered with 0.45-um cellulose acetate filters upon collection.

Page 4 of 21
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Filtering was completed to assess the impact of filtration on T activity. The storage of waters
in plastic and glass was briefly investigated.

e Adken
&-~9 : Fig. 1. A map of four SRS sampling locations
RINET U and one offsite location. Green stars:
T Uppermost star is Aiken County and lower star
is Tinker Creek (TC) and these are
4021 uncontaminated areas. Green flags (from left

to right): the MWMF, R-Canal and Par Pond. R-
Canal and Par Pond have low level T
contamination, whereas the MWMF has some
areas with high- and low-level T
contamination. Please see Sl Table 1 for
latitude and longitude information for the
sampling locations.

The extraction of T (HTO, E-OBT, NE-OBT) from
the samples was completed using a Raddec
Pyrolyser-6 Trio combustion furnace
(Southampton, UK) equipped with three
separate furnace zones and can accommodate
six different samples at a time. Plant, lichen,
surface organic matter, soil and sediment
samples were prepared for analysis in triplicate

as approximately 0.5 to 0.9 gram (g) samples.

One milliliter (mL) volumes of the water
samples were added to a 1-g mass of high purity silica sand support and analyzed in triplicate.
The prepared samples were placed in glass boats that were inserted into the cold end of the
furnace work tubes. These work tubes were pre-loaded with 10 g of platinum-coated alumina
catalyst pellets (in the hot end) to ensure the combustion and recovery of all the T in the
attached T bubbler traps. Each of the bubblers were filled with 20 mL of 0.1 M trace metal
grade nitric acid to capture the T released from the plant, water, soil, and sediment samples.
The catalyst was changed out and pre-conditioned in an air stream after every 20 oxidative
combustion furnace runs. Sample boats were cleaned after each run with DI water, Decon-90
soap (Decon Laboratories Limited, East Sussex, UK), and ethanol wipes. The bubblers were
rinsed with MilliQ water and allowed to dry in between use. The total T, HTO and NE-OBT
speciation methods are described in Pettitt et al. (2022; 2024) and also shown in Sl Tables 2, 3
and 4.2>27 After the HTO pyrolyser run, the E-OBT was recovered by extracting the T from the
HTO run sample product (in T-depleted water).

Six mL of bubbler solution was added to 14 mL of Perkin Elmer (PE) Ultima Gold (UG) LSC
cocktail—after completion of all of pyrolyser runs except for those where E-OBT was being
measured. For those samples, three mL of 0.1 M nitric acid was added to 3 mL of sample
water after a 72-hour period on an orbital shaker. A 14-mL amount of UG was then added to
the 6-mL mixture for the E-OBT measurements. All sample were counted by LSC with Tri-Carb
Liquid Scintillation Analyzer (Quantulus™ GCT 6220, PE). Count times were 50 to 450
minutes. Most MWMF pond biota, sediment and water samples required 50-minute count
times due to their elevated T levels (roughly 10-fold more than the other SRS area samples)
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and the remaining samples were run for 450 minutes due to their relatively lower T levels.
This approach allowed the measurements to achieve similar numbers of counts per minute.
The LSC data were corrected based on the UG quench curves and the PE 3H standard (<7400
Bqg, 281,400 DPM, 10-Feb-2020, 89-TOL). Decay corrections were applied to the data. The UG
and 6 M nitric acid blanks in 20-mL plastic scintillation vials had an average of 0.68 + 0.01 Bq
for a 450-minute count time and 0.602 Bq = 0.12 Bq for a 50-minute count time.

The error on each LSC measurement was calculated using the formula for 2 Sigma % (%20)
error (Eqn. 1) referred to in the PE LSC manual.3°

200 Equation 1

Vaccumulated counts

2 Sigma % =

This error represents the 95% confidence limit as a percent uncertainty of the total counts.
This was applied to the Bq value of T g* of sample [wet weight (w.w.) or in the case of water,
volume]. The T activity calculations considered the dilution of T in the bubblers.

Total dissolved C as well as organic and inorganic C in the MWMF pond and other SRS water
samples were analyzed in triplicate with an XPERT C and N analyzer (Trace Elemental
Instruments, Houston, TX USA). Standards of dissolved inorganic C (made from sodium
carbonate) and organic C (made from potassium hydrogen phthalate) in water were used to
calibrate the instrument.

Results and Discussion

Total T in Waters

Figure 2 shows all the total T data for various waters from the sampling locations as initially
shown in Figure 1. Waters from TC had slightly lower levels of T than those of R Canal and Par
Pond, whereas the water from all MWMF samplings had highly elevated levels of T. The levels
of Tin Par Pond and R Canal were probably higher historically, but considerable time has
passed since there were sizable inputs of T and there has been enough time for the T to
undergo several half-lives of radioactive decay. Some dilution of the T in these waters is also
to be expected due to precipitation events in the sub-tropical SRS area.

The influence of water filtration on T activity was fairly minor; unfiltered (UF) TC and MWMF
samples had approximately the same T levels as filtered samples (Fig. 2). This indicates the T
in these waters exists primarily as a dissolved form as opposed to a particulate form—within
the error of the triplicate sample measurements. Sampled waters that were taken directly
from the laboratory MilliQ water purification system before processing had the lowest
average levels of T as expected. The potential impact of glass (G) versus plastic (P) sampling
bottles on the levels of T in the MWMF waters was also investigated with a small number of
measurements. The results revealed little measurable differences in total T between the
different storage medium that was used.

The irrigation sprinkler heads at the MWMF become intermittently fouled with black organic
material called riser water. The sprinkler heads must be cleaned periodically to permit
adequate function. Samples of this foulant material contained similar T levels to that of the
MWMF pond, which was the irrigation water source (Fig. 2).
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Levels of T in R-Canal water were slightly higher during spring relative to summer (Fig. 2). The
amount of precipitation in the summer at the SRS can be quite high. The precipitation was
more than 53 cm between June and August 2021 and down to 19 cm between October and
December 2021, for example.?” This elevated precipitation could result in the seasonal

9 dilution of T water levels relative to months when precipitation and the temperatures are

10 lower.

oNOYTULT D WN =

12 The MWMF pond waters have higher T in winter relative to other months (Fig. 2). The

13 amount of precipitation is lower during the cooler months so the pond water is less subject to
14 dilution from rain. The water levels had also dropped by more than 2 meters (m) from May
2021 to October 2021. Irrigation water use at the MWMF is lower in the winter due to smaller
water deficits in the cooler months. This practice may keep the T levels higher in the pond in
the winter months because less tritiated water is being removed for irrigation. Surface runoff
19 from the MWMF forest (a particular problem due to road washout) was successfully diverted
20 from entering the MWMF pond during the middle of our sampling program (in fall 2021) and
21 this also was another contributing factor to the decreases in pond water level. The pond

22 irrigation continued year-round throughout the majority of MWMF plots, with the exception
23 of Plot 43 which was not watered between January 2020 through July 2021 (personal

24 communication from Andrew Thompson, USDA Forest Service).

26 The MWMF pond water that is used for forest irrigation typically has 36.8 Bq mL* of T. This
27 water also contains low levels of RCRA- and CERCLA-listed contaminants from more than 10
28 years of routine sampling, has an average pH of 6 to 6.5, an average specific conductance of
30 to 40 uS cm'?, and total CaCOj alkalinity of 3 to 9 mg L. These and other MWMF pond
characteristics were described previously.?®
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Lab Blank UF

Tinker Creek UF - 5/21

Tinker Creek UF - 11/21

Tinker Creek UF - 3/22

Tinker Creek UF - 7/22

Tinker Creek 0.45 pm F - 5/21
Tinker Creek 0.2 pm F - 5/21
Tinker Creek 0.2 pm F - 5/21

R Canal UF - 3/22

R Canal 8.0and 0.2 ym F - 3/22
R Canal 0.2 pm F - 6/21

Par Pond UF - 3/22

ParPond 8.0and 0.2 ym F - 3/22
Par Pond 0.2 pm F - 5/21
MWMF Pond UF - 5/21 I
MWMF Pond UF P - 7/21 )
MWMF Pond UF G - 721 ¥
MWMF Pond UF - 10/21 B

MWMF Pond UF - 12/21 1

MWMF Pond UF - 7/22 1
MWMF Pond 0.45 pm F - 5/21 ]
MWMF Pond 0.2 ym F - 5/21 B
MWMF Pond 0.2 um F - 5121 ¥

MWMF Riser Water UF - 5/21 T

0.001 0.01 0.1 1 10

[ |Blanks

[_] Tinker Creek

T(BgmL")

Fig. 2. Alog plot of the total measured T from the total combustion of water samples. F:
Filtered; UF: Unfiltered; P: Plastic; G: Glass. Sample names that are listed twice on the X-
axis are those that were taken as two separate samples in the field or in the lab although
they were analyzed in triplicate. Month and year of sampled collection are represented
with a backslash. For example, 10/21 would represent October of 2021.

Total T in Sediment and Soil

Sl Figure 2 shows a plot of the total measured T in soil, sediment, and organic matter from the
sampling areas. The soils from Plots 33 and 43 at the MWMF had low levels of total T relative
to the pond sediment. Plot 43 was not irrigated in 2020 through July 2021 due to the
construction of a new building. Plot 4 has been in operation since the MWMF began irrigation
and it is an old growth forest of oak and pine. Plot 33 has been under irrigation since 2011
(with trees planted in 2008), which is two years longer than that of Plot 43 (planted in 2013);
but regardless of the irrigation schedule, the total soil T levels were quite similar. This
suggests that the forest soils that have been irrigated for longer periods of time (like Plots 4
and 33) do not accumulate more T despite their multiple years of exposure. This may be due
to the evaporative loss of added T (as HTO) to sandy soil and air into the atmosphere, the
uptake and evaporative loss of HTO by tree transpiration, and the assimilation of OBT by the

100
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pine trees.?® Trees are the dominant vegetation by mass in these plot areas, so they are likely
to impact the behavior of the added T.

The soils from outside the SRS boundary had slightly lower T levels than that of the irrigated
plots, and similar levels to Plot 43 ditch soils at the MWMEF (SI Fig. 2). This is somewhat
expected because these Plot 43 ditch soils have not had the direct exposure to T from MWMF
pond water irrigation. It is possible that the Plot 43 ditch receives some HTO water vapor
from other, nearby irrigated plots (which exist on both sides of the ditch) and this is the
source of increased T contamination. These contributions are due to legacy contamination
that causes the T levels in the MWMF soil to be above the background levels of the TC and
Aiken County areas. All of the forest soils in this study have similar characteristics. They are
sandy, well-drained, and are somewhat low in organic matter so differences in soil
characteristics may not always contribute to differences in T contamination or T speciation.
Isomorphic substitution of T in kaolinite and montmorillonite clays as interlayer and
outerlayer H can occur. This form of clay-associated T is resistant to combustion at the
temperatures that were used in this study.® It may have not been recovered at our
combustion temperature of 600 °C (instead of 800 °C which is more optimal for clay-
associated T combustion) and could be underestimated in the soil and sediments in this study.
Additional studies would be needed to evaluate the magnitude of this possibility.

The sediments from the MWMF pond had very high levels of T (SI Fig. 2) compared to the T
levels of the other sampled soils (a few 3.7 Bq g relative to a less than 1 Bq g'). The
sediment with the highest T levels was from the pond location that primarily receives T-
contaminated seepage waters (USDA Forest Service, personal comm.). The other two areas
sampled at the MWMF pond periphery also had high levels of sediment T, but not as much T
as the area where seepage enters. Organic matter that was obtained from Plot 4 had elevated
T relative to that of the MWMF plot soils, which is expected due to the ways T can be
incorporated into organics and the abundance of sandy soils in the various MWMF plots.

Total T in Plants

Data for total T levels in the plants sampled are shown in SI Fig. 3. Most of the plants that
were located on the upper elevation of the MWMF pond edge generally had low levels of T
relative to that of the plants submerged in the pond or near the pond edge in water-saturated
sediment. The plants that had higher levels of T were pond lily (Nymphaea), wild millet
(Echinochloa spp, with a 1-m rooting depth), and moss (which grew in wet sediment on the
edge of the pond), whereas other plants near the pond edge that had lower T levels were
water hyssop (Bacopa carolina), Juncus, Cyperus, and Vitus (wild grape). Bacopa, Juncus and
Cyperus are shallow-rooting plants (with rooting depths of 30 cm or less) and the grape plants
were located several m away from the pond. Their levels of total T were low, and this is likely
due to their shallow roots which give them limited physical access to T-rich MWMF pond
water despite their proximity to the pond. Millet had fairly high levels of total T. This plant
was not close to the pond water edge although its deep roots most likely provided it with
pond water access.

Pond Lily, which is an aquatic plant at the MWMF, had particularly high levels of T that were
almost equal to the levels of total T in the MWMF pond water. There were some possible
seasonal influences on total T activity in the pond lily. The pond lilies that were sampled in
May of 2021 had T activities that were more than twice that of the plants that were sampled
in October 2021. The pond plants (Bacopa and Juncus) that were sampled in May 2021 also



oNOYTULT D WN =

Environmental Science: Processes & Impacts Page 10 of 21

had higher T activities than those that were sampled in October 2021. The pond water during
these two months in 2021 (Fig. 2) had similar T activities, but the pond water level was clearly
more than 2 m lower in October through December relative to May in 2021.

Spanish moss, which is an aerial epiphyte that grows mostly on trees (at waist height or much
higher), had measured total T levels that were slightly higher at the MWMF pond relative to
TC (SI Fig. 3). This suggests that T water vapor in the MWMF pond air space probably
contributes to the tritiated moisture in the aerial Spanish moss at the MWMF. It is also
possible that the HTO from plant respiration also contributes to T levels in the Spanish moss.
The TC vegetation had much lower levels of T than that of the MWMF areas.

Total T in Lichens

The SI Figure 4 shows data for total levels of T in lichens. Lichens are a mixture of two species:
an alga (or cyanobacterium) and a fungus. They can exist on a variety of living (on the bark of
a tree, for example) and non-living media (such as metal, steel, rock and wood). Lichens were
sampled from the dock (made of steel and wood) of the MWMTF pond, as well as from surface
soils around the SRS. Lichens at the MWMTF forest areas had higher levels of T than those at
Par Pond. Lichens that were collected from near the MWMF pond surface had the highest
levels of T. The lichens from the MWMF pond dock and pond edge constantly receive T from
moisture in the air above the pond, as well as from the air of the neighboring irrigated forest.
The levels of total T in the lichens at the MWMF pond in May 2021 were much higher than
that of similarly located lichens (in terms of sampling area) in November and December of
2021 when the water levels were more than 2 m lower (Fig. 2). These higher levels are
probably due to the greater proximity of the T-rich pond water, which provide more potential
for HTO exchange and interaction with lichen tissue. Daillant et al. (2004) review several
processes by which lichens can remove T, minerals, and other radionuclides from their
environment.3!

The levels of total T in the lichens from the forest Plot 43, Plot 43 ditch and Plot 43 road
showed a different seasonal trend than the lichens near the MWMTF pond (Sl Fig. 4). The
lichens that were sampled in the Plot 43 ditch and road in the winter of 2021 had higher levels
of T than the lichens that were sampled during July and May of 2021. These high T levels are
probably due to the resumption of irrigation in plot 43 and its neighboring plots in August
2021. The levels of T in lichens from the Plot 43 ditch were higher in July 2022 than in July
2021.

The levels of T in the lichens were greater than that of Spanish moss (another aerial plant)
from the MWMF pond area (compare Sl Fig. 3 with SI Fig. 4). The Spanish moss at the pond
was sampled at a height of 0.5 m or more, unlike the lichens that were sampled from the
ground or MWMF pond dock. The above ground elevation of the Spanish moss provides less
exposure to MWMF pond water than that of the pond lichens that were found on the ground
near the pond water. A concentration gradient for tritiated moisture in these areas and the
rapid equilibration of HTO in these tissues?? is expected and could cause these differencesin T
tissue levels. The concentration of T decreases with increasing distance from the ground
surface.?

10
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Total Dissolved Organic and Inorganic C in Pond Water

Total dissolved organic and inorganic C were measured in the MWMF pond waters to examine
whether there were any changes in dissolved C speciation over time. The evaporation of the
MWMF pond and the diversion of overflow water coincided with a substantial increase in
soluble total organic C as shown in Fig. 3. This enrichment of organic C could favor the
accumulation of organic C thatis rich in T.

25
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Fig. 3. A plot of the total inorganic and total organic C data for the unfiltered MWMF pond
water samples from the dock. These waters were stored in plastic until analysis.

Tritium Chemical Speciation in Pond Water

The speciation of T was determined in several of the samples for which total T measurements
were also made. Only two species of T in the pond water samples (total HTO and total OBT)
were determined because NE-OBT and E-OBT could not be distinguished from one another
with our method. The ratio of OBT to HTO (OBT:HTO) in the pond water (Fig. 4) appears to
show a seasonal trend; the OBT:HTO ratio is greater in winter than in spring and summer. The
March 2021 OBT:HTO ratio is also greater than that of July, which suggests that the high
seasonal summer precipitation dilutes the pond water OBT:HTO ratio. There is less
precipitation and more enrichment of OBT relative to HTO in the cooler winter month of
October. The water level during March and July was typically at 2.3 to 2.4 m but in October,
that level had dropped to less than 1.4 m. The USDA Forest Service diverted a large amount of
surface runoff flow that was coming into the pond in the fall of 2021. This effort kept the
pond water level lower than normal during late 2021 and into 2022 as well. This suggests that
evaporation of HTO during these warmer months may have also caused some concentration
of OBT.
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Fig. 4. A plot of the T speciation data for the unfiltered MWMF pond water samples from the
dock. A 50 Bq T mL? pond water with an OBT:HTO ratio of ~0.4 would have 10 Bq T mL* as
OBT. A pond water with an OBT:HTO ratio of 1.7 would have about 31.5 Bq T mL! as OBT.

The total T that was measured in the MWMF pond sediments was compared with the sum of
T species that were obtained through separate HTO, E-OBT and NE-OBT measurements (Table
4). There are slight discrepancies between total measured T and the sum of the species; the
sum of the analytically determined T species was consistently less than the measured total T.
This could be due to sample heterogeneity or large differences in water content. We avoided
homogenizing the samples because of the potential to lose T as HTO vapor to air. The
OBT:HTO ratios in the July 2021 sediments were extremely low because HTO was the
dominant T species in these sediments. This finding is rather consistent with low levels of
pond water OBT:HTO that were observed in the summer when precipitation was greater than
in the winter and early spring (Fig. 4).

One potential route of how NE-OBT, E-OBT and HTO enter and move through the MWMF
pond could be proposed. It is known that the T-contaminated seepage enters the MWMF
pond near the pond lilies and some seepage enters across the pond near the old evaporator.
The total amount of incoming OBT is very low relative to that of HTO from the burial ground
seepage (compare Sl Fig. 3 with Sl Table 5). The NE-OBT:E-OBT ratios for the July MWMF
pond sediment samples from these seepage areas are lower in NE-OBT relative to E-OBT. This
small pond, in terms of physical mixing or boat activity, has been a fairly undisturbed water
body throughout our sampling activities. There may be an impact of distance in the pond
where NE-OBT has the opportunity to form over time and deposit in the sediments at greater
distances from the T seepage source through biological activity. Another potential impact on
this ratio could be that the pond intake for irrigation is nearer to the dock than the other two
areas but no explanation can be provided (based on our current information) for the greater
NE-OBT:E-OBT ratio in the sediments near the dock. More information about the
groundwater seepage characteristics is needed to assess these potential explanations more
adequately.
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Tritium in Plants: E-OBT and HTO Relationships

The total T and T-based speciation data for the MWMF and TC plants are shown in Sl Table 6.
The total T obtained from complete combustion compared well with the total T obtained from
the sum of the speciation in only a few cases. The standard deviation (SD) values for the sum
of the T species in the plants were typically larger than the SD values from the total T
determinations through combustion. The plants that were growing submerged in the MWMF
pond (such as pond lily), growing on the MWMF pondwater edge, or with deep roots (like
millet) but grew near the pond had much higher T than the other plants in this study. The T
measurement data for these plants resembled that of the pond sediment total T data because
they also have elevated total levels of T that are dominated by HTO relative to OBT (compare
Sl Tables 5 and 6). The results in Sl Table 6 present a somewhat unexpected case in which
HTO is the dominant species of T in plants that are exposed to large amounts of (pond) water
with OBT:HTO ratios from 0.4 to 1.7. This relationship is most easily observed in Fig. 5 where
the plants that are not in direct contact with MWMF pond water tend to have higher OBT:HTO
ratios than those that are in pond water contact. This includes the aquatic plants in TC.

These observations suggest that the plants in direct physical contact with MWMF pond water
do not have the capacity or preference to assimilate/retain the OBT that they are exposed to.
This observation is in contrast to plants that bioaccumulate and retain more OBT relative to
the HTO that they encounter—as in the wood of irrigated MWMF pine trees, in lichens
(present study) and other plants.’?6 The OBT in the pond water is not greatly impacted by
post-collection filtration, so the OBT is in a dissolved and potentially bioavailable form.
Further studies on the chemical behavior of organic compounds in the plants, MWMF pond,
as well as the pond seepage water, could provide a more through explanation for these
observations.

The plants that were sampled further away from the pond, such as those from the Plot 43
ditch, MWMF forest and the old evaporator area had mostly lower levels of total T than the
plants in or at the pond edge (Sl Table 6). These plants also had OBT:HTO ratios that were
near or greater than 1.0 and higher than those of the MWMF pond plants (Fig. 5). The
irrigated MWMF forest plants had low OBT:HTO ratios (being equal or less than 0.5) which
suggests that their repeated exposure to T from pond water irrigation results in above
background levels of T accumulation and most of that T is present as HTO (Sl Table 6). The TC
plants, the MWMF Spanish moss (an aerial plant) and the Plot 43 ditch plants all had OBT:HTO
ratios near or above 1.0 (Fig. 5 and Sl Table 6). The plants that were not irrigated and aerial
plants that live above the irrigation zone, like Spanish moss, all had OBT:HTO ratios near or
greater than 1.0. Plants that had more contact with the pond water through irrigation or
direct immersion had OBT:HTO ratios that were 0.5 or less—with submerged aquatic plants
having OBT:HTO ratios of 0.1 to 0.3.

Ota and colleagues (2012) concluded there should be greater assimilation and conversion of
HTO to OBT in shallow soil rooting depths as opposed to deeper ones.3? Their observations
include HT deposition from the air, the oxidation of HT to HTO by H,-oxidizing microbes, and
the ultimate conversion of HTO (that is removed by plants) to OBT. This rooting relationship
pertains to a T source that enters from above the soil as opposed to the current study with
MWMEF pond plants, which obtain their T from water saturated sediments or direct immersion
with MWMF pond water.
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Fig. 5. Plot of OBT:HTO ratio vs. total T or sum of T species for SRS plants. The black filled
and outlined data symbols (upper left) represent relatively uncontaminated plants from TC,
aerial plants (Spanish moss) from multiple locations and the Plot 43 ditch. The orange data
symbols represent the MWMF plants that were in the irrigated areas or found in areas near
the MWMF pond and the green data symbols represent MWMF plants in direct contact or
physical (i.e., deep root) access to the pond water. TBC: Total T by combustion; TBSS: Total
T by sum of speciation. All plants are from the MWMF area unless noted in the legend as
being from TC.

Baglan and colleagues (2013) reviewed published literature on OBT and HTO behavior in
plants and several other T-analysis topics. They concluded that elevated levels of OBT:HTO
(exceeding 1 and going as high as 4) are due to low levels of HTO in the soil root zone relative
to the HTO levels in the air within the (plant) atmosphere above.3?® This may explain some of
the observations that can be made for Fig. 5. More research could be conducted to better
characterize this system and confirm the mechanism for these observations. It is evident that
plants with root access to high levels of HTO (via pond water or irrigation) seem to have lower
OBT:HTO ratios.

Measurement data for total T, HTO and OBT in vegetation were reviewed and plotted with
respect to OBT:HTO versus total T—much like that in Fig. 5. Values from Svetlick et al. (2014)
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for plants3* were also evaluated (not shown) for comparison. There was little relationship
between OBT:HTO and total T in these studies. The OBT:HTO ratios in this study were very
similar to that of plants in Svetlick et al. (2014), but the total T levels spanned a narrow range.
Strong correlations or trends were non-existent in that data set. The data for SRS plants
showed some trends that are not captured in other published studies. This is likely because
nearly every T-contaminated location is somewhat unique and it can be expected to have
different dynamics than that of the MWMF. Areas that are managed in a similar manner to
the MWMF are likely to have similarities in T uptake and speciation behavior. Itis also
possible that other studies have not yet reported similar information to ours at this time.

Some mechanisms for the enrichment of T and OBT relative to HTO are being revealed. Fievet
et al. (2013) suggest the OBT:HTO ratio should be approximately one unless the system being
investigated has been perturbed, such as by a T release event.'® This suggests that the
elevated anthropogenic T releases are the likely cause of the elevated T speciation ratios pre-
2000, while the T in the irrigation water transpired by the trees as HTO and incorporated into
the wood structure as OBT is the cause for T speciation ratios greater than one post-2000.

Tritium in Plants: NE-OBT and E-OBT Relationships

The OBT in the majority of the MWMF pond plants is almost entirely NE-OBT, which is
consistent with the high NE-OBT:E-OBT levels in pond sediments (compare Sl Tables 5 and 6).
The levels of E-OBT were quite low in the Plot 43 ditch plants relative to NE-OBT as evident by
the very high NE-OBT:E-OBT ratios. Another unexpected observation is that the NE-OBT:E-
OBT ratios in the Plot 43 ditch plants were extremely high relative to all of the other plants
that were analyzed. This may be because the OBT in the moist vapor space of the Plot 43
ditch plants during irrigation (of Plot 43 and other proximal irrigation plots) is more
bioavailable than that of the other plants with direct physical contact to the MWMF pond
water. It may also mean that there is uptake of the OBT in the moist T-rich air, but the total
level of T exposure and uptake is not as high because there is little direct or continuous
contact for these plants with MWMF pond water.

Tritium Chemical Speciation in Lichens

Data for the T speciation and corresponding total T by combustion for the lichen species
Cladina are shown in Table 1. The lichens that were sampled from above the pond surface on
the dock had the highest T levels (2.3 Bg g w.w.). Most of the lichen samples that were
found in un-irrigated areas like Par Pond, Plot 43 road and one of the two samples from the
Plot 43 ditch had lower total levels of T (1.3 to 1.7 Bg gt w.w.).

The differences in T based on total sample combustion and T-based on speciation in the
lichens (Table 1) can partially be explained by the fact that these two measurement
approaches involve samples that are not homogenized prior to being put in the furnace. It
was not desirable to subject the samples to excessive mechanical processing, which could
alter the speciation or result in the loss of T as HTO vapor.

We observed that the lichens produce gases when stored at -80°C because the plastic
containment was inflated when they were removed for processing. Gas generation of this
magnitude was never observed for the other biota stored at -80°C. Lichens can release N,0
(nitrous oxide or laughing gas) and small amounts of CH, (methane)—even at very low
temperatures and low levels of hydration.?>3¢ Low levels of methane release may have an
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impact on the total T levels (through, for example, the conversion of T to CH;T), but we do not
know the extent of the impact of this gas-emitting behavior on T speciation in these biological
materials. Our sample throughput was limited with the 6-tube furnace so the storage of
samples at low temperatures was necessary and the lichens appeared to thrive well at very
low temperatures.

The results indicate that there is always more OBT than HTO in the lichens—regardless of
location or irrigation (Table 1). There was little trend in NE-OBT:E-OBT ratio with sampling
location, time of year and irrigation. All but one of the samples (MWMTF Plot 43 ditch Nov.
2021) had a NE-OBT:E-OBT ratio exceeding 2.2. The lichens contain more OBT than HTO and
more NE-OBT than E-OBT, so this suggests the T is being bioaccumulated from the air as
moisture (as HTO and potentially any aerosolized OBT from the pond water or the irrigation)
which is being accumulated as mostly NE-OBT. Lichens are photosynthetic organisms so some
concentration, conversion, and retention of OBT relative to HTO is expected.

The T speciation data for the lichens indicate that these aerial organisms tend to retain more
OBT relative to the other plants in this study. Additionally, the exposure and the
mechanism(s) for retaining OBT by the lichens may be different than that of the other plants
in this study because the trends in T speciation are quite different. Par Pond water (Fig. 2) and
plant and sediment biota from its surrounding areas are relatively uncontaminated with
respect to T and this location can be considered similar to that of TC.2> The Par Pond lichen
data for total T and NE-OBT:E-OBT speciation data compared fairly well with most of the
MWMEF lichens.

Data for OBT:HTO ratios and total T from Vichot et al. (2008) were compared for lichens in the
same manner as the plant values plotted in Fig. 5.37 Lichen values from Vichot and
researchers showed a large range in OBT:HTO values and total T but no trendlines or
correlations could be discerned (data not shown). Similarly, the SRS lichen data (Table 1)
shows no trend with respect to OBT:HTO vs. total T content (plot not shown). Daillant and co-
workers determined that the exposure of lichens to high levels of T resulted in high levels of
OBT.3! This too can be concluded for the MWMF pond dock lichen which had more total T
than the other lichens this study. It also had the highest OBT levels as can be observed from
its high OBT:HTO ratio and high total T levels as shown in Table 1.

Table 1. Lichen data for total T and T-based on speciation measurements of HTO, NE-OBT
and E-OBT.

Total T from | Total T from
Description for Cladina Combustion Speciation | OBT:HTO | NE-OBT:E-OBT
rangiferina Lichen Sampling BqTg! |+SD | BqTg?! | +SD
(location — month/year) (w.w.) (w.w.)
MWMF Pond Dock - 5/21 1.9 0.2 2.3 0.2 3.0 2.4
MWMEF Plot 43 Ditch - 7/21 1.3 |00| 05 |01 2.2 2.2
MWMF Plot 43 Ditch - 11/21 1.7 0.1 1.3 0.1 1.3 1.3
MWMF Near Pond - 12/21 1.3 0.1 0.8 0.1 1.8 2.5
MWMF Plot 43 - 12/21 1.2 |00 08 |01 1.6 2.2
MWMF Plot 43 Road - 7/22 1.2 01| 07 |01 2.4 2.3
Par Pond - 3/22 1.6 | 00| 05 |02 2.9 2.7
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Similarities in OBT and Total T in Prior MWMF Studies with Plants

The OBT:HTO ratios for wood from MWMF pine tree that were irrigated with MWMF pond
water ranged from 2 to nearly 6.252627 The MWMF pine trees transpire a considerable
amount of the added HTO whereas the OBT from the pond water irrigation remains in the
pine tissue. Similarly, the NE-OBT:E-OBT ratios in wood during the years that the pines were
irrigated ranged from 4 to 8.3. Some transpiration of HTO by the plants is also expected, but
only the lichens in our studies appear to approach the OBT:HTO and NE-OBT:E-OBT ratios that
the pine wood exhibited after two decades of pond water irrigation. The Spanish moss at the
MWMF did not have the same OBT:HTO ratios as the MWMF pine tree wood and lichens but
they did have elevated NE-OBT:E-OBT ratios.

The influence pond water exposure proximity was observed in Pettit et al. (2024) in irrigated
pine tree plots. The needles of pine trees on the perimeters of the plots had higher OBT:HTO
ratios than needles from the inside canopy of the tree plot. A correlation coefficient of 0.54
was recorded for needles from these pine tree plots of 0.54 for their OBT:HTO vs. total T
levels. The data ranged from ~0.6 to 1.5 for OBT:HTO and the total T for the needles ranged
from 0.5 to 3 Bq T g1. These data if plotted on Fig. 5 would compare well with the data on the
upper left portion of Fig. 5.

Conclusion

This study provides a real world example of what could be observed for T behavior in and near
a surface water body that received high inputs of T from a potential fusion source. The levels
of T that are the source of contamination (in Bq L) to the MWMTF are comparable with that of
projected fusion releases as previously noted. This manuscript highlights the importance of
how physical location, method of T exposure, seasonal precipitation, plant height, plant
rooting depth, and proximity to a tritiated water source influence the behavior and amount of
Tin plants.

These observations will prove helpful if other large bodies of T-contaminated water were to
be released and managed in a similar way as in the MWMF, where natural attenuation and
phytoremediation with local vegetation are being employed over the long term. These
findings could be used to better evaluate and select future bioremediation strategies for T-
contaminated areas. They also may help with defining the distances and/or adequate
elevations at which proximal resource activities such as agricultural or human occupation
could safely occur. Such evaluations would require additional information that were not
identified in this study. Allowable levels of T exposure for the humans or biota (that will be
frequenting the area), site specific information such as water table depth, water subsurface
flow characteristics, biota selection, cost versus benefit analyses and other variables would
need to careful consideration.
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o The data supporting this article have been included as part of the Supplementary
Information.
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