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ABSTRACT  20 
 21 
Wetlands have several important roles in the hydrological cycle, including maintaining water 22 
quality by removing surface and groundwater contaminants.  Over time, the wetlands themselves 23 
can become contaminated, posing a secondary environmental threat.  The objective of this study 24 
was to calculate the inventory of uranium (U) remaining in a wetland 50 years after the Fuel 25 
Fabrication Facility on the Savannah River Site located in South Carolina released 43.5 Mg of U 26 
into the nearby environment.  Over 232,700 gamma spectra and their associated GPS coordinates 27 
were collected and collated into a map of the contaminated land area. Five core samples were 28 
also collected that contained U concentrations as high as 14,099 mg/kg (background levels are 29 
about 2.7 mg/kg U).  The contaminated area was 278,000 m2 and it contained 36.2 Mg U, about 30 
83% of the U released.  About 80% of the U in the wetland was concentrated in a former beaver 31 
pond, a 73,000 m2 area (26% of the contaminated area). This contaminated wetland area was 32 
almost 2 km from the source, indicating that it comprised unique hydro-biogeochemical 33 
properties for immobilizing the released U.  To our knowledge, this is the first data-rich study to 34 
quantify the long-term effectiveness of a wetland to immobilize inorganic contaminants.  35 
Significant environmental changes to the system, such as those associated with hydrology, forest 36 
fires, or anthropogenic land use, may alter the complex hydro-biogeochemical interactions 37 
necessary for the long-term immobilization of the U. 38 
 39 
Key Words: Natural Attenuation, Wetlands, Gamma Spectroscopy, Contaminant Inventory, 40 
Source Terms, Depth Profiles, Global Positioning System 41 
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INTRODUCTION  43 
 44 

Wetlands possess a diverse set of biogeochemical properties that originate from their unique 45 
hydrological regime. These wet environments promote conditions that accumulate organic matter 46 
(OM), and create steep biogeochemical redox, organic matter, and microbial gradients that 47 
together can enhance binding of groundwater and surface water contaminants.1-3 Because 48 
wetlands have the tendency to accumulate contaminants, they can become a naturally occurring 49 
secondary source term.4-7   50 

Among the most important parameters needed to assess the potential threat posed by a 51 
secondary wetland source is the mass of contaminant in the system.  Quantifying the non-point 52 
source term is commonly among the largest sources of uncertainty in risk models.8 The longevity 53 
of contaminant attenuation by wetlands is susceptible to well documented anthropogenic 54 
activities, as well as natural perturbations that can be chronic or episodic, such as droughts, 55 
floods, and fires.9-11  The drying of wetlands may promote oxidization of the soil, which in turn 56 
may promote the breakdown of OM and the release of contaminants bound to small OM 57 
fragments.12  Conversely, episodic flooding may promote resuspension of contaminated 58 
particles, while extended flooding may kill plants, the primary source for soil OM and an anchor 59 
for stabilizing soil particles.  Finally, fires may destroy plants and soil OM, increasing run-off, 60 
and altering hydrological regimes by reducing evapotranspiration.11 61 

Most long-term studies evaluating wetland attenuation of contaminants focus on a wetland’s 62 
capacity to remove mobile aqueous contaminants by monitoring stream-contaminant 63 
concentrations before and after entering a wetland.13, 14 Another approach is to compare the soil 64 
contaminant concentrations inside and outside the contaminated wetland.15  Neither approach is 65 
intended to provide an areal estimate of the contamination zone nor to provide a quantitative 66 
estimate of the long-term contaminant retention by the wetland.  67 

The Fuel Fabrication Facility on the Savannah River Site in South Carolina made uranium 68 
(U) fuel and target assemblies between 1965 and 1988 for use in the production of nuclear 69 
materials used for defense purposes, including plutonium-238 (238Pu) and -239 (239Pu).16  70 
Uranium waste was generated at several steps during this process, including acid etching (nitric, 71 
phosphoric, and sulfuric), cutting, milling, and chlorinated solvent washing.  The waste, reported 72 
at concentrations >300,000 mg/L U,17 was treated with hydroxide to promote precipitation and 73 
then passed through a settling basin and a filtration system. A total of 43.5 Mg of U was 74 
accidentally and purposely released to a nearby stream, the A-14 Tributary, or in later years to an 75 
unlined seepage basin, of which, approximately 61% of the U was released during a 3-year 76 
period, from 1968 to 1971 (Supporting Information, Figure S1).17  Based on historic records, 77 
released U was present in dissolved, colloidal, and particulate phases and consisted 78 
predominantly of depleted U.  Releases likely included U in zero, tetravalent, and hexavalent 79 
oxidation states and potentially the pentavalent state. The U colloids and particulates likely 80 
included U bonded to clay particles, metallic fines, and waste processing precipitates, the latter 81 
of which may have included sodium diuranate, hydrogen uranyl phosphate, uranium(IV) oxide 82 
and uranium mixed oxides (U4O9, and U3O8).  A more detailed description of the waste 83 
generated from the Fuel Fabrication Facility is presented in the Supporting Information. 84 

Uranium from the Fuel Fabrication Facility flowed from the A-14 Tributary and concentrated 85 
in the Tims Branch riparian wetland (Supporting Information Figure S2).17, 18  Uranium 86 
concentrations as high as 6000 mg/kg were reported in a portion of the stream referred to as 87 
Steed Pond, an abandoned farm pond predating the Savannah River Site.17  Steed Pond exists 88 
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today as a wetland following the failure of its dam structure in 1984.  Transport of U out of the 89 
Tims Branch system during stream baseflow is not a concern, as stream water monitoring data 90 
indicates that dissolved U concentrations are at or below regulatory limits (EPA Maximum 91 
Contamination Level is 30 µg/L U).19  Elevated U concentrations associated with suspended 92 
solids in the stream water have been reported during high rainfall events.20, 21  Dissolved U 93 
generally binds strongly to Savannah River Site sediments (Kd values >300 mL/g), especially in 94 
wetland sediments.22-25 95 

Tims Branch offers a unique opportunity to evaluate the long-term capacity for a wetland to 96 
attenuate U because reasonable records exist for the mass released, and there have been limited 97 
impacts from anthropogenic activities since becoming contaminated, other than stream levels 98 
were lowered as a consequence of curtailed facility operations in 1988.  The objective of this 99 
study was to calculate the inventory of U remaining in the Tims Branch wetland 50 years after 100 
release from the Fuel Fabrication Facility.  The approach was to estimate the mass of U 101 
remaining in the wetland and then compare it to the initially deposited 43.5 Mg U.   102 
 103 
MATERIALS AND METHODS 104 
 105 

A walk-over survey of Tims Branch was conducted to determine the areal distribution of U 106 
in the wetland using portable gamma and X-ray spectroscopy equipment.  Integration of the 107 
gamma spectral data with U depth profile data from soil cores provided an estimate of the U 108 
inventory in the contaminated area. 109 

Portable Gamma and X-Ray Spectroscopy Survey.  The land area within Tims Branch 110 
that was surveyed was about 500,000 m2 (0.5 km2). This area was selected in order to directly 111 
measure the spatial extent of the near surface U deposition to define contamination boundaries 112 
along Tims Branch.  The following is a brief discussion of the hardware and software of the 113 
portable gamma and X-ray spectroscopy equipment, the approach and organization of the survey, 114 
and data management.  115 

 To facilitate multiple surveyors working concurrently, Tims Branch was segmented into 116 
survey areas, each with parallel lines spaced 3.3 m apart, using ArcMap software (ArcGIS for 117 
Desktops, ESRI Software). These parallel lines were perpendicular to Tims Branch and visible 118 
on a computer tablet provided to each surveyor.  Each surveyor was assigned a gamma spectral 119 
backpack and a segment of Tims Branch each day.  As many as eight surveyors worked at a time 120 
until all segments of Tims Branch were surveyed.  To complete the project approximately 560 121 
transects were surveyed in six days, with approximately 740,000 gamma and X-ray spectra 122 
collected in total.  Gamma spectral analyses and radiation sediment-shielding calculations are 123 
presented below. 124 

Backpacks were equipped with a 3.8cm x 6.4cm x 20.3cm NaI detector, integrated GPS unit, 125 
and computer tablets.  Gamma spectral measurements and positions were saved every second on 126 
the computer and backpack control module (multi-channel analyzer).  The computer and 127 
software provided both navigation and visualization of the gamma spectral data with one second 128 
updates (images of equipment in Figure S3 of the Supporting Information).  Detection spot size 129 
of each measurement was approximately 2-m diameter.  At the end of each survey day the data 130 
stored in each backpack was downloaded and archived. 131 

Soil Cores and ICP-MS Analyses.  Soil cores were collected to provide insight into how U 132 
was distributed at depths below those probed by the gamma measurements (~5cm for U, 133 
depending on detector height).  Five soil cores (2.5cm D × 100cm L or 2.5cm D × 25-cm L) 134 
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stored in butyrate plastic sleeves were collected from three high-U concentration locations 135 
identified by the gamma survey: A-14 Delta, Steed Pond, and Beaver Pond (Figure 1).  Upon 136 
arrival to the laboratory, cores were sectioned into 3 to 5cm segments (Steed Pond and Beaver 137 
Pond cores) or ~1 cm segments (A-14 Delta core) based on visible sediment boundaries and soil 138 
characteristics.  This variable versus fixed length sectioning of the cores was selected to 139 
maximize the chances of identifying U-enriched layers.   140 

Total U concentrations in sediment samples were determined by digesting 1-g of 141 
homogenized sediment samples using 90 to 95 oC heated concentrated HNO3 and 30% H2O2 per 142 
the EPA 3050B method.26 All measurements were conducted in duplicate. An aliquot of each 143 
digestate was analyzed in a 2% HNO3 matrix via Inductively Coupled Plasma Mass 144 
Spectrometry (ICP-MS, Thermo X-Series II).  In addition to a water blank, a background soil 145 
sample collected from Tims Branch upstream of the A-14 confluence was included in the 146 
analysis.  The U concentration in all samples were well above the instrument’s detection limit.  147 

 148 
RESULTS AND DISCUSSION 149 
 150 

Gamma Spectra Analysis.  Prior to the spectral analysis, a review was conducted of the 151 
Fuel Fabrication Facility’s operational and material release history into the A14 outfall.16, 17 152 
Records show that the U utilized in Fuel Fabrication Facility was processed U, indicating all 153 
decay products were removed.  Understanding the source and approximate age of the U after 154 
processing provides insight into the current gamma and X-ray emissions.  155 

Analysis of more than 740,000 spectra acquired from the contaminated and surrounding area 156 
of Tims Branch was accomplished with the software AVID (Advanced Visualization and 157 
Integration of Data, Department of Energy NA-84, Washington, DC).  Uranium analysis of the 158 
field spectra identified two isotopes, 238U and 235U.  Both isotopes’ activities were well above the 159 
activities of the primordial U and its decay products.  AVID data processing and Lidar ground 160 
elevation contour data (1-m resolution) of Tims Branch were used to determine the spatial area 161 
of the near-surface deposited U.  Three regions of Tims Branch were defined, and the area of 162 
each region was determined with GIS software ESRI ArcMap 10.8 (Figure 1).  These regions 163 
were named Beaver Pond (54,129 spectra with an area of 33,551 m2), north of the Beaver Pond 164 
(70,730 spectra with an area of 73,173 m2), and south of the Beaver Pond (107,850 spectra with 165 
an area of 171,148 m2) (Table 1).  A ranking of the normalized composite spectra by peak height 166 
is as follows: Beaver Pond Region >> South Region > North Region (Figure 1). 167 

Gamma maps. While the total area of the survey was approximately 500,000 m2, the U 168 
deposition area as defined by the gamma spectral survey was narrowed to 277,872 m2 (Figure 1). 169 
Consistent with the composite spectra, a ranking of the regions by their U activity is:  Beaver 170 
Pond >> South of the Beaver Pond (Steed Pond) > North of the Beaver Pond (A-14 Delta).  It is 171 
noteworthy that elevated U activity was not detected in the A-14 Tributary, the initial 2 km 172 
before reaching Tims Branch (Figure 1; Figure S2).  As previously suggested by Evans et al.17, 173 
this can likely be attributed to the much steeper topography in this portion of the study site.  The 174 
A-14 Tributary has a 4% grade, whereas Tims Branch has a 0.3% grade (Figure 2).  Finally, the 175 
most southern boundary of the U deposition zone is the sharp U demarcation of Steed Pond’s 176 
most southern bank, where the breached dam was located.  Based on aerial photography taken in 177 
1970, about the time of the greatest U releases to the streams, Steed Pond was about 4.5 ha.17   178 

Depth Profiles.  The locations of the five soil cores are presented in Figure 1 and their 179 
profiles of U concentration and cumulative mass fractions are presented in Figure 3.  Soil 180 



5 
 

concentrations were as high as 14,099 mg/kg U (Sample #807a collected from the Beaver Pond 181 
region), whereas background U concentrations were ~2.7 mg/kg (sample collected in Tims 182 
Branch wetland upstream of the A-14 Tributary confluence).  There were two general U 183 
concentration trends of the depth profiles.  Cores from the former Steed Pond, #1003 and #1004, 184 
had a steady decreasing concentration profile.  About 90% of all the U was in the upper 19 to 25 185 
cm depth.  The three upper-stream cores from the former Beaver Pond (#807a and #807b) and 186 
the A-14 Delta (#HW; with 1-cm sampling depth resolution) had maximum U concentrations in 187 
the subsurface, at a depth between 5 to 10 cm.   188 

Uranium Inventory.  To estimate the contaminant U inventory, it was necessary to account 189 
for not only the near surface U measured by the gamma spectral measurements, but also the 190 
deeper U observed in the core samples (Figure 3).  To accomplish this a Gamma Correction 191 
Factor was developed that was used with the gamma spectral activity data corrected for 192 
background levels to account for the underlying U, whose emissions were shielded by the 193 
soil.  RadDetect software (Department of Energy NA-84, Washington, DC) was used to calculate 194 
a detector response factor for each spectral backpack.27  Calculation of the detector response 195 
factor is based on photon emissions associated with depleted uranium, including emissions from 196 
234Th (63.3keV, 92.4keV, 92.8keV), 234mPa (766.4keV, 1001.0keV) and 235U (89.9keV, 93.4keV, 197 
105keV, 109.2keV, 142.6keV, 163.4keV, 185.7keV, 205.3keV).  Source geometry was assumed 198 
to be a distributed source with no shielding resulting in a factor of 3.62 × 10-3 cps/Bq/m2 238U 199 
(cps, counts per second; 133 cps/µCi/m2 238U).  The estimated minimum detectable activity of 200 
238U was calculated to be 3.93 × 104 Bq/m2 (1.06 µCi/m2).  Spectral responses associated with 201 
each region of Tims Branch were calculated with AVID.  Spectra associated with the Beaver 202 
Pond region were assigned Subsurface Enriched Profiles (based on core #807a), while spectra 203 
from the north and south of the Beaver Pond were assigned a Steady Decline Profile (based on 204 
core #1004).  Soil shielding of underlying gamma and X-ray emissions was quantified by basic 205 
radiation shielding calculations and parameterized as the half-value layer coefficient,28 defined as 206 
the thickness that attenuates half of the photon emissions.  The half-value layer coefficient is 207 
dependent on the energy of the photon emission and the composition of the attenuating material, 208 
in this case the soil.  NIST XCOM29 calculations were carried out to determine the photon 209 
transmission mass attenuation factors based on photon cross sections and the elemental 210 
composition of a soil.  The soil composition was based on a NIST reference soil (#2710a) that 211 
was enriched in Fe to better represent the study site.  Once the half-value layer coefficients were 212 
determined, it was possible to estimate the Gamma Correction Factors, which were 18.61 for the 213 
Subsurface Enriched Profile, and 1.88 for the Steady Decline Profile.  These Gamma Correction 214 
Factors indicate that the gamma spectral estimates for U activity in the Subsurface Enriched 215 
Profile regions of the study site needed to be multiplied by a factor of 18.61 and the Steady 216 
Decline Profiles by a factor of 1.88 to account for the U present throughout the sediment 217 
profile.  The larger Gamma Correction Factor for the Subsurface Enriched Profiles is attributed 218 
to greater concentrations of U in the lower portions of soil profile.  219 

Additionally, a first-approximation estimate of the U inventory based entirely on soil core U 220 
depth profiles was calculated and compared to the gamma spectral estimate.  The area defined by 221 
spectral near surface U measurements for each region, and profile type were used to estimate the 222 
total U concentration.  223 

Based on the spectral calculation, there was a total mass of 36.2 Mg U (also referred to as a 224 
metric tonne) in the wetland, which is 83% of the estimated 43.5 Mg released from the Fuel 225 
Fabrication Facility (Table 1).  The remaining 17%, 7.3 Mg U, was presumably released 226 
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downstream.  Approximately 80% of all the U in the wetland was in the Beaver Pond 227 
region.  This region comprised only 26% of the contaminated area, yielding an area-based 228 
concentration of 0.4 kg U/m2.  The first-approximation estimate of the U inventory yielded a 229 
near identical result, 37.4 Mg U (Table 1). This similarity is not entirely unexpected because two 230 
important parameters in the calculations were identical for both calculations, the area and the 231 
depth profile of the U.  The similarity of these calculations indicates that both methods estimated 232 
about the same mass of U near surface and in the subsurface.   233 

Based on a 1984 soil survey, Evans et al.17 estimated that 30.7 Mg U, or 70% of the U 234 
released from the Fuel Fabrication Facility, was in Steed Pond.  While they obtained somewhat 235 
similar values as presented in Table 1, it is a coincidence.  They selected the 15 cores with the 236 
greatest U concentrations out of the 30 cores collected from Tims Branch to base their 237 
calculation.  In their single mass calculation, they assumed that all the U was accumulated in the 238 
53,000 m2 of Steed Pond, the average U concentration was 581 mg U/kg dry-weight soil, and the 239 
contaminant depth was 60 cm, resulting in a total of 30.7 Mg U (not stated, but also assumed was 240 
a soil bulk density of 1.65 Mg/m3).  The present study had the advantage of building on the data 241 
presented by Evans et al.17  Among the improvements in understanding of the U inventory at the 242 
study site is that: 1) U is not only in Steed Pond but also in the Beaver Pond and the A-14 Delta 243 
(Figure 1), 2) the contamination area is much greater than previously believed, closer to 278,000 244 
m2 rather than 53,000 m2 (Table 1), and 3) most U is presently located in the upper 20 cm, not 60 245 
cm soil depth (Figure 3).  246 

Implications.  This wetland has been extremely effective for the last 50 years at 247 
immobilizing the released U.  This conclusion is supported by stream water measurements 248 
collected over the last several decades indicating that U concentrations have been consistently 249 
below drinking water regulatory limits (i.e., the EPA Maximum Contaminant Level, 30 µg/L19).  250 
To our knowledge, this is the first estimate quantifying the effectiveness of a wetland to retain 251 
inorganic contaminants spanning decades.  This estimate was made possible by several 252 
characteristics of the site.  First there were few land use changes to the system during the last 50 253 
years and no attempts were made to remediate the contaminant U.  Secondly, there was a 254 
reasonable estimate of total U released by the Fuel Fabrication Facility.17  Finally, recent 255 
advances in GIS and the handling of large amounts of data from the gamma and X-ray detection 256 
equipment made it possible to determine accurately the areal distribution of the contamination.   257 

The fact that the Beaver Pond region is almost 1 km downstream from where the stream 258 
water U first entered the Tims Branch wetland indicates that this portion of the wetland 259 
comprised unique hydro-biogeochemical properties for immobilizing the released U.  Significant 260 
changes to the wetland system in the future, such as in hydrology, forest fires, or anthropogenic 261 
changes in land use, may alter the complex hydro-biogeochemical processes responsible for the 262 
U immobilization. 263 

 264 
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 269 
Figures include: 1) Historical U releases to streams from the Fuel Fabrication Facility, 2) 270 
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Table 1.  Estimates of uranium inventory in Tims Branch corrected for background U 383 
concentrations. 384 
 385 
Tims Branch Region Area Number of 

Spectral 
Acquisitions 

Total U Based 
on Gamma-

shielding 

First 
Approximation 

of Total U 

U mass 
per Area 

 (m2)  Mg  Mg kg U/m2 
North of Beaver Pond 33,551 54,129 1.4 (4%) 2.1 (6%) 0.042 
Beaver Pond 73,173 70,730 29.9 (83%) 29.8 (81%) 0.41 
South of Beaver Pond 171,148 107,850 4.9 (14%) 4.9 (13%) 0.029 
Total  277,872 232,709 36.2   36.9  0.13 

 386 
 387 
  388 
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Figure 1. (Top) Tims Branch in-situ composite spectra for the Beaver Pond region (54,129 spectra) north of 
the Beaver Dam region (70,730 spectra) and south of Beaver Dam region (107,850 spectral acquisition.  
Composite spectra normalized to the former Beaver Pond region.  (Bottom) Gamma map generated from 
232,709 spectra, each with 1 second acquisition times collected over 277,872 m2 in Tims Branch.  Soil core 
locations identified in yellow boxes. 
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 389 
 390 

 
Figure 2. 1-m Lidar elevation topography map of Tims Branch wetland area. Note steep 
gradient of A14 Tributary between Fuel Fabrication Facility and Tims Branch (3% grade) 
compared to shallower grade of Tims Branch (0.4%). A14 Delta, Former Beaver Pond, and 
Former Steed Pond are depositional areas. 
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 392 

 

 
Figure 3.  (Top) Uranium concentration and (Bottom) cumulative mass fraction of U as a 
function of depth from five cores collected from Tims Branch wetland. 
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