Plant uptake of neptunium-237 in the riparian zone at the
Little Beaver Creek — Big Beaver Creek confluence area
near the former Portsmouth Gaseous Diffusion Plant
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Executive Summary. We investigated, and have confirmed, a significant extent of plant uptake of neptunium-237, a 2.1 million year half-life synthetic radioisotope attributed to the Portsmouth
Gaseous Diffusion Plant (PGDP). We studied vegetation growing in the riparian zone at the confluence of Little Beaver Creek with Big Beaver Creek, located downstream in the drainage of the
north end of the former PGDP.

Previous work by the author and community members has demonstrated the widespread presence of PGDP-attributed 237Np in creek water and sediments at the confluence. Unclassified DOE
documents dating back to the mid-1970’s show that DOE and its contractors were well aware of the presence of 23’Np and made unsuccessful efforts to contain soluble neptunyl cation (NpO,*) and
to prevent its entry into groundwater and into Little Beaver Creek upstream of the riparian study area.

Surface soils, sediments and creek waters were sampled by the author on March 2-3, 2024 in collaboration with Lee Blackburn and Vina Colley; a sample of live/dead standing riparian vegetation
was collected on August 31, 2023 by Lee Blackburn and Vina Colley. The samples were chemically processed at Northern Arizona University, and subsequently analyzed by inductively coupled
plasma mass spectrometry in an Arizona-licensed radioisotope lab facility to determine the concentrations of neptunium-237 in soil/sediment samples, and in plant ash samples. The results were
used to calculate the neptunium-237 concentrations in picograms 23’Np per gram for solid samples and in picograms 23’Np per liter for the water samples.

The results demonstrate the following:

1. The riparian zone at the confluence of Little Beaver Creek and Big Beaver Creek, downstream of the former uranium enrichment facility, has become contaminated with enriched uranium,237Np,
and 239+240py, The contaminant stems from past/present PGDP discharges into soil and water on the northern portion of the DOE reservation, draining into Little Beaver Creek. Riparian zone
concentrations of 22’Np in soils and sediments ranged from 8 to 21 picograms 23’Np per gram. Concentrations of neptunium from PGDP in soils/sediments within the confluence zone are
approximately one hundred times higher than accountable from ubiquitous 1950’s-1960’s nuclear weapons test fallout.

2. The fact that the neptunium originated from PGDP and not fallout, is established by measurements of 23’Np/23°Pu in sediments of the confluence zone isotope compositions in riparian zone
sediments. The Np-Pu isotope signatures in the confluence sediments are grossly elevated, with 227Np/23°Pu atom ratios exceeding 100, unlike global fallout (237Np/23°Pu = 0.47; Kelley et al., 1999).
The confluence zone contains input from material described in Lawrence Livermore National Laboratory’s “Moody report” (Moody, 1995), a study that directly sampled materials within the PGDP
process buildings.

3. Neptunium-237, attributed to the PGDP, is present in Little Beaver and Big Beaver Creek waters at concentrations of 0.8-1.0 picograms of 23’Np per liter, in the probable form of neptunyl cation.
Plutonium could not be detected in 0.5 liter creek water samples.

4. Neptunium-237 was found at concentrations of approximately 2 pg/g in dry plant matter; there is significant neptunium uptake into grasses, based on limited measurements of one composite
streambank grass sample. A soil-to-plant transfer factor, or concentration ratio, of 0.16 = 0.06 was calculated from the results. This transfer factor is intermediate between literature values ranging
from 0.001 to 10 for neptunium observed in different published studies of transfer factors measured in greenhouse and field studies. The Department of Energy is well aware of 23’Np plant uptake;
DOE Basic Energy Sciences has funded studies (e.g., Montgomery et al., 2023), yet DOE has not, in five decades, spoken directly to the citizens of southern Ohio about radionuclide uptake in plants
near the PGDP.

5. The soil-to-plant transfer factor shows that in areas near the former PGDP that have been affected by water or air releases of 23’ Np, this isotope is plant-available. Persons consuming foods
grown within 10-15 miles of the DOE Portsmouth reservation are cautioned that they may be ingesting 23’Np. The study also observed that uranium is plant-available in the riparian zone, as the
plant ash 235U/238U and 236U/238U atom ratio signatures reflected uptake of the PGDP-attributed enriched uranium in water and sediments.

6. Further work is warranted to understand the soil-to-plant transfer behavior of neptunium, along with uptake of enriched uranium, plutonium-239/240, and technetium-99 in native and
cultivated plants growing near the former Portsmouth Gaseous Diffusion Plant.



Context of the study. Piketon, Ohio is the location of a decommissioned, partially demolished uranium enrichment facility that formerly produced low- and high-enriched
uranium in three vast-scale uranium hexafluoride gaseous diffusion process buildings. At the US Government-owned Portsmouth gaseous diffusion plant (PGDP), which
operated from 1954 until 2001, specific grades of enriched uranium were produced for power reactors, naval submarine reactors, and nuclear weapons. The recently
demolished X-326 “high enrichment” process building was capable of refining uranium hexafluoride up to enrichment levels of 97% uranium-235.

Annual site environmental reports (ASER) published by the US Department of Energy (e.g., DOE, 2023) reveal various legacy and ongoing, contemporary off-site
environmental impacts from the former PGDP. Radioisotopes specifically associated with PGDP include uranium (234U, 23°U, 230U, and 238U), *°Tc, 23’Np, 2*°Pu, #*°Pu, and
others; release pathways consisted of discharges to air, soil, surface water, and ground water.

The uranium enrichment facility at Piketon was designed to perform isotope separations by gaseous effusion of high-purity uranium hexafluoride. During the early Cold
War era, as the US Government faced mounting demands for its uranium supplies, the PGDP operators commenced introducing what is commonly referred to by DOE staff
as “reactor returns”, namely, recycled uranium laden with varying amounts of *°Tc, 23’Np, and Pu impurities remaining from the PUREX process (Moody, 1995). By the mid-
1970’s, the US Government’s PGDP contractor, Goodyear Atomic Corporation (GAT) was aware of “transuranics”, referring to findings of accumulations of Np and Pu at
specific locations and material streams within the facility. A December 28, 1976 internal GAT memorandum (Attachment 1) expressed alarm over high Np and Pu
concentrations in the MgF, solid sorbent traps used to scrub gases vented from bypassed sections of the cascade: “one magnesium fluoride trap contained 190,000 d/m/g
of neptunium-237 and 269,000 d/m/g of plutonium isotopes. Because of the grave dangers inherent in transuranics, both to human health and the environment, we request
that all materials recovered from X-705 Oxide Conversion operations be sampled for transuranics before being processed for uranium recovery”.

Efforts by GAT commencing in the mid-1970’s, aimed at constraining “transuranics” from being released into the environment, were only partially successful. To wit, the
Department of Energy’s PEGASIS database (DOE, 2024) reports 1.48 pCi/L 23’Np (2100 pg/L) in an August 8, 2018 groundwater sample from onsite Well X701-20W,
indicating that a 22’Np groundwater plume is present (Attachment 2). This 23’Np plume is not discussed in DOE’s ASER reports, however, based upon its location, it directly
impacts Little Beaver Creek and its underlying shallow alluvial aquifer.

The Department of Energy (DOE) and its Federal predecessor agencies have known since no later than 1976 about a “transuranics” contamination problem at the
Portsmouth gaseous diffusion plant, and its potential impact upon Little Beaver Creek. Nevertheless, there have been only limited studies of plant uptake of radionuclides
near the PGDP, conducted for *°Tc (Hoffman et al., 1980; Acox, 1982; Hoffman et al., 1982). These studies all point to transfer factors that exceed unity; Hoffman (1982)
found a geometric mean of 7.4 and a geometric standard deviation of 2.8 for *°Tc transfer factors in plants near collected in the perimeter zone of the PGDP site, indicating
very high levels of Tc uptake into vegetation.

While the DOE has failed to address community members near PGDP about plant uptake of neptunium or other PGDP radionuclides, DOE-Basic Energy Sciences has long
provided significant funding for research on the environmental behavior of neptunium, including its plant uptake properties (Peruski et al., 2018; Montgomery et al., 2023).



Methods. An August 2023 composite sample was collected of live and dead native annual grasses growing along the banks of Big Beaver Creek, from a location
approximately 100 meters downstream of the confluence with Little Beaver Creek (Attachment 3). Thatch was cut with scissors at a level 5 cm above the ground.
Care was taken to not include roots, nor any sediment adhering to the lower portion of the plants’ stems. After collection, the grass was dried for several weeks in
ambient air. The dry plant material was observed to be relatively free of adhering soil/sediment particles; it was shaken vigorously to remove any loosely adhering
particles, although it was not subjected to any specific washing treatment. The dry grass was ground with a food processing mill, and was dry-ashed in an electric
furnace at 450° C. The ash content of the ground plant material was 22 % of its dry mass.

Composite 500 gram samples of the top 10 cm of streambank soil/sediment, and humic floodplain soil were collected at different locations in the Little Beaver
Creek - Big Beaver Creek confluence area. Composite samples of freshly deposited fine-grained sediments were also obtained from concrete bridge piers in the
confluence area. Water samples ranging between one and three liters were collected in PET plastic containers (Attachment 4). Soil and sediment samples were
oven-dried at 60° C and screened with a 0.4 mm brass sieve; five gram sub-samples were taken for analysis and dry-ashed at 550° C in 40 mL vials. Water sub-
samples of 0.5 liters were used for 23’Np concentration measurements using the flow chart shown in Attachment 5.

Plant ash and sediment samples were similarly prepared for inductively coupled plasma mass spectrometry (ICPMS) analysis using the Attachment 5 Pu separation
process starting with Step 6. All sample types were spiked with an acid solution form of 28 picograms of 2*2Pu, prepared using a stock solution purchased from the
US National Institute of Standards and Technology (NIST 4334i). Soil, sediment and plant samples were leached with 20 mL of concentrated 70% nitric acid. Five
gram sub-samples of a “negative control” consisting of powdered sandstone, as well as weapons-test positive control soils, known to contain 2’Np from global
fallout, were also prepared. The results indicated reliable 22’Np measurement performance, and the ability to readily distinguish between “global fallout” and non-
global fallout sources of neptunium, based on measurements of the 23’Np/?3°Pu measured in control samples of known fallout or other provenance. A known
“fallout” control soil, obtained from the Urseren Valley, Switzerland exhibited 22’Np/23°Pu = 0.47 + 0.01 and 2*°Pu/23°Pu = 0.193 £ 0.005. The atom ratios both agree
very well with the Np - Pu atom ratios for global or “stratospheric” fallout described in Kelley et al. (1999). The agreement implies that Np and Pu are exhibiting
parallel chemical behavior in this specific lab batch’s chemical separations, enabling 2’Np measurements to be made using 2*2Pu as a surrogate neptunium tracer.

To determine concentrations of 22’Np, 23°Pu and 2*°Pu, a Thermo Scientific X2 quadrupole ICPMS was used at Northern Arizona University. The instrument was
equipped with an APEX Model HF high-efficiency fluoropolymer sample introduction system and an APEX self-aspirating PFA Teflon concentric nebulizer. lon count
data were obtained in a peak-jump mode, using 10 millisecond dwell times at masses 237, 238, 239, 240, and 242. One “run” of 58 seconds consisted of 1000
sweeps through these five peaks; three to six “runs” were acquired for each sample solution. The ICPMS was tuned with a uranium-238 solution sensitivities were
approximately 500,000 counts per second for the tuning solution; UH* yields were 0.000040 or less. The background count rates measured at mass 237 and 240 in
“negative control” soil/sediment samples were less than one count per second, and less than two counts per second at mass 239.

Neptunium-237 was readily detected, at ion count rates well above ICPMS detection thresholds, for all samples of confluence zone water, soil, sediment and plant
ash samples (e.g., detection of 2’Np in waters is shown in Attachment 6).



Results. Attachment 7 shows results for 23’Np concentrations in picograms per gram, 239+240py activities, and the atom ratios 23’Np/23°Pu and 24°Pu/?3°Pu for the confluence
soil/sediment samples, the grass composite sample, and the Urseren control soil. The most striking feature of these results is the elevated 23’Np concentration in surface soil and
freshly deposited sediments at the creek confluence. In comparison to the Urseren (stratospheric fallout) soil’s concentration of 0.120 + 0.002 picograms 23’Np per gram,
concentrations of 23’Np in soils/sediments at the confluence area are about 100-fold elevated, ranging from 8 to 21 pg/g. It is apparent that the PGDP proximity represents an unusual
“hotspot” of 2’Np environmental concentrations in ambient environments. At the same time, however, the 239*240py activities in confluence-area soil/sediment samples do not
appear to be elevated in comparison to 23%*240py activities normally associated with ubiquitous stratospheric fallout. However, the 2*°Pu/?3°Pu atom ratios in the soil/sediment
confluence zone samples clearly reflect different Pu sources in addition to stratospheric fallout; the plutonium detected in the confluence area soil and sediment samples appears to
be comprised of a mixture of stratospheric fallout, with a major added PGDP Pu component resembling the Moody (1995) signatures. The very high 2’Np/?*°Pu ratios in the creek
confluence soil and sediment samples underscore the unusual accumulation of non-fallout “transuranics” from PGDP in the Little Beaver-Big Beaver Creek riparian environment.

Attachment 7 also has results for the plant samples, with 22’Np and 23%*249pu being reported in terms of dry plant matter concentrations. The 23’Np concentrations indicate that
significant uptake of neptunium into grasses is occurring in the riparian zone, just as one anticipates based upon the lab-measured transfer factors in Montgomery et al. (2023). The
average of the plant-measured 23’Np/?3°Pu atom ratios, 185 + 20, is congruent with uptake of Np (and Pu) from the confluence-area soil/sediments (>*’Np/?3°Pu = 168 + 20), rather
than from ubiquitous stratospheric fallout sources (namely, 22’Np/?3°Pu atom ratios are less than one, as reported in DOE-funded work by Kelley et al., 1999).

The average ?3’Np and 239*240py concentrations in the streambank grass are 2.05 + 0.18 picograms per gram and and 0.034 + 0.2 Becquerels per kilogram, respectively. For the
confluence-area soils and sediments, the corresponding 23’Np average is 12.8 + 4.8 picograms per gram, and 239*240py was found at 0.29 £ 0.21 Becquerels per kilogram. A resulting
23’Np transfer factor of (0.16 + 0.06) is hence obtained. The magnitude of the transfer factor dictates that Np exhibits considerable plant uptake, and that portions of the soil column’s
Np inventory are being extracted from the soil, accumulating in plants, to be returned after the growing season to the top soil horizons, thereafter recycled and taken up into new
plants repeatedly. The transfer factor for 22’Np is intermediate between factors of ~ 0.001 measured by Wallace et al. (1978) and the 1 to 10 range values reported in Andropogon
virginicus grasses in greenhouse studies by Montgomery et al. (2023).

Neptunium-237, attributed to the PGDP, is present in Little Beaver and Big Beaver Creek waters at concentrations of 0.8-1.0 picograms of 22’Np per liter for samples collected on
March 3, 2024. Neptunium could not, however, be detected in Big Beaver Creek waters, upstream of the entry of contaminated PGDP drainage in Little Beaver Creek. This confirms
the nexus between the neptunium reported in onsite groundwaters by DOE in Pegasis, and dissolved neptunium in creek water. It is likely that the riparian plants are taking up

neptunium through a combination of the fresh Np flux delivered directly in creek water, and uptake of Np from the large stored reservoir of this isotope in confluence zone
soils/sediments.

Studies are needed of the species form of neptunium that is present in the water. The literature points to the stability of NpO,* (ag), known as neptunyl cation, and suggests that this
is the expected species of neptunium present in most natural waters under neutral or slightly acidic pH’s where some dissolved oxygen is present.

Additional work is needed to measure a more extensive spatial/temporal set of soil, sediment, plant and plant samples, to better define the transfer factors for 22’Np, as well as other
PGDP-sourced radionuclides, in field and greenhouse-based experiments. Previous DOE work in the early 1980’s (Hoffman et al., 1980; Acox, 1982; Hoffman et al., 1982) examined
the plant uptake of technetium-99 into plants near the then-operating PGDP, and measured very strong uptake with transfer factors exceeding unity. The public is urged to pay
attention to soil quality when consuming local plants grown near PGDP.
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Attachment 5

0.5 L water
sample

2 mL nectar
for ICPMS

measurements

4. Heat in a 80° C convection oven

2. Add 5 mL HNO; 8. Add 0.05 g

13. Elute-with 0.05M 12. Collect on column; rinse
ammonium oxalate with 2 M HNO, and 9 M HCl to
de-contaminate Th and U

11. Shake 30 minutes

10. Add 100 mg

TEVA resin powder

1. Add 2*2Pu (28 pg)

9. Heat uncovered at
90° C for 90 minutes to
convert to Np(IV), Pu(IV)

Fe', 0.25 g NaNO,

7. Heat to dissolve

3. Add 0.5 g NaHSO, salts

6. Add 20 mL4 M

HNO;
5. Obtain

dried sample
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Sample/description

Fine-grained sediment + moss
Fine-grained sediment + moss
Fine-grained sediment
Fine-grained sediment

Bank sediments, Big Beaver Creek
Bank sediments, Big Beaver Creek

Humic soil, floodplain

Streambank grass sub-sample #1°
Streambank grass sub-sample #2
Streambank grass sub-sample #3

Streambank grass sub-sample #4

Urseren control soil (fallout Np, Pu)

aA|l uncertainties are + one experimental standard deviation of 3 to 6 sequential measurements. °?Concentrations of 22’Np and 29+240py

Attachment 7

ZNp (pg/s)
8.0+0.12

12.3+0.1
15.5+0.1
21.3+0.1
8.2+0.1
99+0.1
142+ 0.1

1.79+0.02
2.12+0.02
2.05+0.02
2.22 +£0.05

0.120 +£0.002

239+240Pu (gg/kg)

0.19 £0.02
0.26 £0.02
0.27 £0.01
0.24 £0.02
0.16 £0.01
0.17 £0.03
0.75+0.03

0.033 £0.007
0.036 +£0.003
0.031 +£0.004
0.036 +£0.009

1.00 £0.02

27\ p /3%y
142 +13
146 + 7
170+ 7
298 + 23
161+4
190 + 29
66 +4

159+ 13
183+ 14
194 + 26
205+ 30

0.47+0.01

240py, /239py

0.111 +0.021
0.081 +0.015
0.078 +£0.017
0.123 +0.023
0.096 +0.020
0.099 +0.007
0.133 +£0.011

0.083 £0.035
0.088 +0.026
0.067 £0.011
0.090 +£0.043

0.193 +£0.005

were measured by leaching dry-ashed samples, but are reported are on the basis of dry plant mass.
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