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Abstract

In the western U.S., produced water from oil and gas wells discharged to surface water augments
downstream supplies used for irrigation and livestock watering. Here we investigate six permitted
discharges on three neighboring tributary systems in Wyoming. During 2013-16, we evaluated radium
activities of the permitted discharges and the potential for radium accumulation in associated stream
sediments. Radium activities of the sediments at the points of discharge ranged from approximately
200-3600 Bg/kg with elevated activities above the background of 74 Bg/kg over 30 km downstream of
one permitted discharge. Sediment as deep as 30 cm near the point of discharge had radium activities
elevated above background. X-ray diffraction and targeted sequential extraction of radium in sediments
indicate that radium is likely coprecipitated with carbonate and, to a lesser extent, sulfate minerals.
PHREEQC modeling predicts radium coprecipitation with aragonite and barite, but over-estimates the
latter compared to observations of downstream sediment, where carbonate predominates. Mass-
balance calculations indicate over 3 billion Bq of radium activity (?2°Ra+2%8Ra) is discharged each year
from five of the discharges, combined, with only 5 percent of the annual load retained in stream
sediments within 100m of the effluent discharges; the remaining 95 percent of the radium is

transported farther downstream as sediment-associated and aqueous species.
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Environmental Significance Statement

In western U.S. states, billions of liters of oil and gas wastewater are discharged to frequently dry,
ephemeral stream beds for beneficial reuse. Elevated sediment radium accumulations at points of
discharge were observed though effluents contained relatively low dissolved radium concentrations.
Because receiving streams offer little dilution benefit for elevated TDS effluent concentrations, observed
coprecipitation of radium with carbonate, and to less extent, sulfate minerals, remain a secondary
contamination source after effluent discharges cease. As observed with sediment leaching experiments,
storm events could resuspend fine-grained sediment particles to the water column for transport
downstream, or acidic rain and solubility changes could alter saturation of carbonate minerals,

specifically, allowing radium to remobilize as aqueous species that could be bioavailable.
Introduction

Eighty percent of the United States’ produced water brought to the surface during oil and gas (0&G)
extraction processes is generated in states west of the 98" meridian.! In these western states, produced
waters are frequently discharged to surface waters in the O&G fields through the National Pollutant
Discharge Elimination System (NPDES) and, according to 40 CFR § 435 Subpart E, permitted for
beneficial reuse downstream for irrigation, livestock watering, and wildlife propagation. While there
remain effluent limits in place for pollutants, the regulations for consistent self-reporting Discharge
Monitoring Reports (DMR) are relatively limited and variable by state and discharge. In arid and semi-
arid regions, regional NPDES discharges may offer an additional, and in some cases substantial, water
resource that can aid in boosting local agricultural economies; however, more research related to
human health directly associated with produced water disposal in western regions is needed as
ecological impacts to Daphnia magna and rainbow trout have been observed.? In these older 0&G
fields, with low O&G to produced water ratios, production would likely be economically unviable if
produced waters required treatment beyond basic oil-water-gas-separation and settling before disposal

to ephemeral stream beds.

Depending on geologic formation characteristics, produced waters can be highly saline solutions,
causing concern for their discharges to surface waters from centralized waste treatment facilities (CWTs)
as exhibited in numerous studies in Pennsylvania and the Eastern US with some observed impacts more

than 20 km downstream of the discharge.>3 Produced water discharges increase concentrations of
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dissolved naturally occurring radioactive material (NORM), chloride, boron, fluoride, organic

contaminants, and trace metals such as arsenic..14-16

Radium, a highly soluble component of NORM found in naturally low concentrations in the environment,
is a radioactive alkaline earth metal exhibiting similar environmental behavior to calcium, barium,
strontium, and magnesium (Ca, Ba, Sr and Mg) that is known to cause lymphoma, bone cancer, and
leukemia at higher concentrations due to the uptake of the radium ion into animal bones and calcium-
rich tissues where it then decays.'”!® Radon, a short-lived daughter product of radium decay, is a
radioactive gas known to cause lung cancer.’® Radium-226 (t;/, =1600 years) and radium-228 (t;;,=5.75
years) (*?°Ra + #28Ra) are the two most persistent radioisotopes of radium, respectively sourced from
parent rock material uranium-238 and parent rock material thorium-232. Most states and the EPA
regulate 2%°Ra for O&G produced water disposal to surface water at 2.22 Bg/L (60 pCi/L), though the
drinking water standard is set much lower at 0.185 Bg/L (5 pCi/L) for combined 2?®Ra + 228Ra.20:21
Compared to the well-characterized, high salinity Appalachian Basin produced waters with median Total
Dissolved Solids (TDS) concentrations of 250,000 mg/L and median 2?°Ra concentrations of around 111
Bg/L, median TDS concentrations in Wyoming formations, mined from the USGS Produced Water
Database (https://energy.usgs.gov/), range from 4,000 to 10,000 mg/L with a much lower reported ?*°Ra

concentration of 3.14 Bg/L in the Niobrara formation produced water.1>?2

Once discharged, radium often associates with suspended particles and other precipitating ions and
accumulates in streambed sediments where the action level according to 40 CFR 192 for ??°Ra in the top
15 cm of surface soils in inactive uranium and thorium processing sites should not exceed 185 Bq/kg (5
pCi/g) above background concentrations and not exceed 555 Bg/kg (15 pCi/g) above background in any
15 cm layer below the surface layer in any 100 square meter area (www.ecfr.gov). Combined 2%6Ra +
228Ra accumulation in sediments 200 times background were noted at the discharge of a brine treatment
facility disposing treated produced water with a mean 22°Ra concentration of 1.97 Bg/L to a stream in
Pennsylvania with observed radium concentrations 1.5 times background up to 31 km downstream from
the discharge in reservoir surface sediments and sediment cores 3 years later.>?3 Additional facilities in
Pennsylvania also showed elevated radium activities at the discharges with mean radium values in
sediments from 740 to 7400 Bq/kg, with much of the activity attributed to conventional O&G brines
typically produced from the Appalachian Basin.'3 In a 2015 O&G pipeline fluid spill in Williston Basin,
North Dakota sediments contained combined 2?Ra + 22Ra, which is 15-100 times background,

depending on the study, though the pipeline fluid concentration was relatively low around 0.33 Bg/L
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indicating high potential for radium to continually impact ecosystems long-term as a secondary
contaminant source through transport of radium-enriched sediments and subsequent release into

aqueous phase.?4?5

The mobility, bioavailability, and toxicity of radium in the aqueous environment depends on its phase as
an agueous species Ra?*,RaOH*, RaCl*, RaCO;°, or RaSO,°; sorbed to clays, organic matter, and ferric and
manganese oxides; or co-precipitated into sulfate and carbonate minerals.?® Radium preferentially co-
precipitates with sulfate and barium or strontium when supersaturated to form radiobarite (Ba,Ra)SO,
and radiocelestite (Sr,Ra)SO, compared to co-precipitation with supersaturated carbonate minerals.?”.26
Menzie et al. (2008) demonstrated the low risk for bioaccumulation and toxicity of radiobarite due to its
insolubility.?” However, once radium in sulfate minerals accumulates with easily transported fine-
grained sediments and mobilizes to areas with lower concentrations and anoxic conditions, reduction of
sulfate minerals by sulfate-reducing bacteria can release the Ra, Sr and Ba back into solution posing a
potential risk for bioavailability of the radium.?®=30 |n the Eastern US some produced waters were
discharged to streams and the ultimate fate of the radium is unclear.3! Radium sequestration by
partitioning into sulfate solid solutions involving barite (BaSO,) and celestite (SrSO,) is widely reported;
however, incorporation of radium into calcium carbonate (CaCOs), strontianite (SrCO;), witherite
(BaC0;), and other carbonate phases is less well established.32-%¢ Because cations with crystal ionic radii
larger than Ca?* can fit well in the orthorhombic structure, aragonite may take up significant amounts of
Sr2*, Pb?*, Ba?* and, presumably, Ra?*, compared to rhombohedral calcite, which has low potential for
equilibrium partitioning of Sr and Ba.***>47-%% Additional carbonate phases including dolomite, ankerite,
magnesite, and siderite exhibit potential for adsorption of low concentrations of Ra?* and Ba?*.>°
Carbonates generally dissolve more readily than celestite and barite suggesting potential for radium re-

mobilization to the water column in response to episodic dilution and acidification.>!

To the authors’ knowledge this study is the first temporal and spatial characterization of produced water
discharges for beneficial reuse and sediment radium accumulation in the Western US. The study aims to
(1) characterize sediment radium accumulation with distance from six discharge sites compared to a
background reference site, (2) observe changes in radium concentration with depth in a stream-
sediment profile, (3) investigate the adsorption and/or co-precipitation mechanism(s) controlling radium
accumulation in sediments, (4) develop a model that includes solid solution radium minerals to predict
the fate and transport of anthropogenic radium, and (5) provide recommendations regarding NPDES 40

CFR § 435 Subpart E based on radium bioavailability potential.
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Materials and Methods

Site Description

Wyoming generates the fourth largest volume of produced water in the United States after Texas,
California and Oklahoma with 2.18 billion barrels per year as of 2012 and practices beneficial use of
produced water for disposal to surface water.>? This investigation focused on a large river basin in
Wyoming that contains two major perennial rivers (B and C) and a naturally ephemeral tributary (A)
(Figure 1). The precise locations are not disclosed in accordance with access agreements with private
land owners. The studied stream systems (A, B and C) include ephemeral tributary segments that drain
arid plains where cattle and other wildlife range; the NPDES produced water discharges constitute much
of the streamflow in the tributaries. Generally, the stream channels are incised through Tertiary and
Quaternary alluvium colluvium, and fan deposits, which contain gypsum, carbonate, and silicate
sediments derived from Cretaceous bedrock in headwaters. . Background water and sediment samples
were collected from background site UDB-1.0 upstream of all River B NPDES facilities; however,
upstream sediment and water samples were not collected from Tributary A and River C NPDES facilities
because the NPDES facilities in large O&G fields were the source of the streams. A reference tributary
without known O&G development was also sampled west of Tributary A and was mostly dry during

sampling events. More detailed site information is included in the Supplemental Information (ESI).

In the study area, O&G extraction occurred through wells drilled vertically into reservoirs that have been
hydraulically fractured to increase permeability and productivity. The five major reservoirs of oil and gas,
from youngest (Cretaceous) to oldest (Pennsylvanian), are the Mesaverde Formation, Nugget Formation,
Chugwater Formation, Phosphoria Formation, and Tensleep Sandstone. All NPDES facilities treated
produced water similarly with basic oil-gas-water separation (pressure chamber, three phase separator,
and heater treater) and a series of settling and skim tank(s)/pond(s) where oil in excess of 1.3 cm depth
on the water surface at one facility was removed by vacuum once every two months, before discharge

to the otherwise dry, ephemeral stream bed.

Water and Sediment Sample Collection

Water samples were collected during 10 sampling events between 2013 and 2016 at 28 sites. Sampling
occurred in May and November 2013, May, July and October 2014, July and October 2015 and June,
August and October 2016. Streamflows in the larger Tributary A and Rivers B and C, determined from

USGS stream gauges, indicated relatively constant flows during sampling events except for one potential
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outlier with peak flows during the June 2016 sampling event likely due to heavy snowmelt not captured
during other sampling years; more detailed sampling information is included in the Supplemental
Information (ESI). Specific conductance, pH, temperature, and dissolved oxygen were measured in the
field at each location using a Hydrolab field meter. Water samples were field filtered with 0.45um pore
size cellulose acetate membranes for major anion analysis and then preserved with nitric acid (HNO;) to
pH less than 2 for major cation and trace metal analysis. All samples were stored at 4°C in the laboratory

before analysis.

Grab sediment samples were collected in triplicate from the upper 5 cm of sediment surface during 2
sampling events in August and October 2016. Five 4-inch diameter sediment push-tube cores of varying
depths were collected in October 2016 directly at discharge facility DC-1 (34 cm) and 100 m downstream
(22 cm), 1 km downstream from discharge facility DB-2.0 (22 cm), and downstream from discharge
facilities DA-2 (24 cm) and DA-3 (16 cm). Cores were frozen in the laboratory until analysis. Both grab
sediment samples and sediment cores were collected from the sides of the stream channels, avoiding
large boulders and rocks, from sediments at the water surface level. If a stream channel meandered,

sediments were collected from the point bar side of the bend to capture sediment accumulation.
Water Sample Analysis

Filtered, acidified water samples were analyzed for major cations by inductively coupled plasma atomic
emission spectroscopy (ICP-AES) and ICP mass spectrometry (ICP-MS) for trace metals. Filtered, non-
acidified samples were analyzed for major anions by ion chromatography (IC). Samples with major
anion/cation charge balances greater than 15% difference were not included in the statistical analysis.
Four samples out of 247 total samples (less than 2% of samples) did not meet this criterion, two of
which were collected at the reference sample site due to a lack of sufficient available water sample for

anion IC analysis.

Dissolved radium-226 activities were analyzed by a modified EPA Eichrom method where radium was
coprecipitated with barium sulfate and then analyzed via alpha spectrometry.> Dissolved radium-228
was measured using a modified EPA RA-05 method with precipitation and analysis via beta

spectrometry.>

Sediment Sample and Core Processing
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Sediment samples were dried, ground with mortar and pestle, and sieved to 1.18 mm size fraction to
exclude large rocks and organic material. Sediment was then packed into 20-mL high-density
polyethylene vials, and sealed with tape to prevent the escape of 222Rn for at least 21 days to allow for
establishment of secular equilibrium of 226Ra daughter products (2**Pb and 2!Bi). Samples were then
measured on a Canberra small anode germanium gamma ray spectrometer (SAGe) detector located in
the SALTS lab at The Pennsylvania State University. 226Ra activity was reported as the average activity of
351.93, 295.22, and 609.31 keV peaks and ??8Ra was measured using the 911.20 keV peak (*?8Ac).
Samples were measured to counting errors less than 5% per peak and background counts were
subtracted. A uranium ore tailing standard (UTS-2) from Canadian Certified Reference Material Project
with certified activities was used as a calibration standard for detector efficiency calculations in the
same vial geometry as samples (http://www.nrcan.gc.ca/mining-materials/). The standard was

prepared, sealed, and measured in the same manner as the samples.

Sediment cores were extruded from the casing and sectioned into 4 cm intervals prior to processing.
Porewaters were extracted by centrifuge and pH and conductivity were measured immediately.
Porewaters were then filtered and preserved to pH less than 2 with HNO; for cation analysis by ICP-AES.
Sediments were then processed similarly to grab sediments in triplicate for radium measurement. 222Ra
measurements were adjusted for the decay since collection by multiplying by the decay constant and
adding to the measured value. Additionally, 2:°Pb was measured through 47 keV and 2%Th was

measured through the 2'2Pb peak (239 keV) in order to apply age dating techniques.>®

Sediment Characterization

Selected grab sediment samples from the DC-1 and DB-2.0 produced water streams (DC-1, DC-2, DC-3,
C1, C3, Reference site, DB-2.0, DB-2.1 and DB-2.2) (n=9) were grain-sized by sieve on a shaker for 15
minutes into three categories: coarse sand (>300um), fine sand (<300um and >45um), and silt+clay
(<45um). Grain-sized samples were measured on the SAGe for radium measurement and then analyzed
on a PANalytical Empyrean X-Ray Diffractometer (XRD) and Jade software in the Materials
Characterization Lab (MCL) at The Pennsylvania State University for quantitative mineralogy with
enhanced resolution. Mineralogy of the total sample was combined using the three known grain-sized

masses.

A four step sequential leaching procedure modified from Phan et al. (2015) and Stewart et al. (2015) was

performed on the same grab sediments analyzed for mineralogy (n=9) with a solution to sediment ratio
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of 20:1 to facilitate detection limits of major cations in the leachates.”®>” The operationally defined

procedure used to determine radium speciation was as follows:

1. Water soluble fraction targeted using ultra-pure distilled water and shaken for 24 hours

2. Exchangeable cation fraction targeted using 1M ammonium acetate buffered to pH 8 with
ammonium hydroxide to prevent carbonate dissolution and shaken for 12 hours

3. Carbonate fraction dissolved using 8% ultra-pure glacial acetic acid (pH=2.3) and shaken for
12 hours

4. Oxide fraction (i.e. iron and manganese oxides) targeted using 0.1M ultra-pure hydrochloric

acid and shaken for 12 hours

After each leaching step, samples were centrifuged at 10,000 RPM for 10 minutes, leachates were

filtered through 0.45 um pore-size nylon filters, and remaining residues were freeze-dried and analyzed

on the SAGe for radium activities (adjusted for measurement 1.75 years after sampling). Because leach

residues were not incubated for at least 21 days, 2?°Ra activities were quantified by direct measurement

at 186 keV following peak deconvolution to correct for 23°U interference. After steps 2-4, solid residue
was rinsed three times with ultra-pure distilled water, shaken, centrifuged, and filtered to ensure
complete removal of targeted species and the rinse water was recombined with original leachate
removed. Leachates were analyzed immediately for pH and preserved with HNO; for major cation
analysis by ICP-AES. Two leach step 4 residues (DC-1 and DB-2.0) were analyzed by Scanning Electron
Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS) using a FEI Quanta 250

Environmental SEM and Aztec software to observe remaining element associations.

Geochemical Modelling of Radium

The PHREEQC 3.4.0 aqueous geochemical program was used to compute aqueous and surface
speciation and potential for selected minerals to precipitate from the NPDES effluents and associated
stream waters.”® PHREEQC was used with the “phreeqc.dat” data base augmented with
thermodynamic data for additional solids from the “wateq4f.dat” data base and for radium species
and phases from “sit.dat,” both provided with PHREEQC 3.4.0.5%6° The two radium phases considered
relevant for this study, RaCO; and RaSQ,, which are included in sit.dat, utilize thermodynamic
equilibrium constants from Langmuir and Riese (1985).%* In addition to direct output of the mineral
saturation index (Sl) values for pure phases, Sl values for possible carbonate or sulfate solid-solution
series containing radium were estimated as the log of the sum of saturation ratios (SR = IAP/K) of the

components in the solid solution. For example, Sl for (Ca,Ra)CO; solid solution was computed as
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log((aRa*2-aC052)/Kgacos + (aCa*?-aC0372)/Karagonite), Where “a” denotes activity of the ion and K is the
solubility constant. Aqueous speciation results were also used to estimate the ionic contributions to
the specific conductance (SC) in accordance with methods of McCleskey et al. (2012).5> Example
PHREEQC codes used for the above simulations and selected graphical results are included in the

Supplemental Information (ESI).

Although the chemical precipitation of ternary solid solutions such as (Ba, Sr, Ra)SO, may take place in
highly saturated systems and can be modeled using PHREEQC, Zhang et al. (2014) reported that the
removal of radium by interaction with barite or (Sr, Ba)SO, were similar, and Rosenburg et al. (2018)
reported the removal of radium during seawater evaporation could be modeled adequately by
chemical precipitation of a binary solid solution of Ra,Ba;,S0O,.324243.6364 Fyrthermore, sampled stream
water and sediment cores collected for this evaluation were not in direct contact and, therefore, do
not represent equilibrium distributions for the elements. Thus, models considering ternary solid-
solutions could not be constrained and were deemed unnecessary for the current evaluation of
predominant radium sequestration mechanisms downstream of effluents. Geochemical models
presented herewith evaluated potential for the incorporation of Ra?* by solid solutions and its
adsorption by hydrous ferric oxide (HFO) and hydrous manganese oxide (HMO), but did not consider
the additional potential for its adsorption on carbonate surfaces, which could be important in a system

with actively accumulating carbonate minerals.>°

Results and Discussion
Chemistry of Produced Water Discharges, Stream Water, and Stream Sediment

Produced water discharge sites generally had higher than background water temperatures, lower than
background dissolved oxygen concentrations, and elevated hydrogen sulfide gas levels prompting the
use of personal monitors at some sites. Table S1 provides the averages of the major anions and cations
of interest with regard to radium coprecipitation, water types, and average field parameters for sites.
Generally, TDS concentrations in the produced water discharges were consistent with reported data in
the USGS Produced Water Database for Wyoming formations in that they were brackish-type waters
and dominated by sodium-sulfate or calcium-sulfate water types, rather than sodium chloride as
reported in the Eastern US Appalachian Basin brines.®> Background river water types were dominated

more by calcium-bicarbonate type waters.
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TDS, SC, and corresponding solute concentrations for the NPDES effluents and downstream waters
collected during 2013-16 indicate two general hydrologic processes in the study area: (1) mixing of
relatively elevated TDS effluents with lower TDS stream water, and (2) evaporation of waters along
produced water streams until additional mixing with inflows of lower TDS river waters. Downstream
trends in solute concentrations and pH (Table S1 and Figure S1) are affected by these major processes
plus equilibration to atmospheric conditions, mineral precipitation, and other geochemical reactions, as
explained below in the geochemical modeling. Linear regressions (R version 0.99.486) of dissolved
concentrations versus dissolved oxygen concentrations measured along the DC-1 produced water
stream indicated that as dissolved oxygen concentrations increased (a surrogate for distance), dissolved
SO, concentrations increased (R?=0.508, p<0.01), dissolved Ba concentrations decreased (R?=0.65,
p<0.01) and dissolved ??°Ra+2?8Ra decreased (R?=0.63, p<0.01) while dissolved Ca and Sr decreases were

not significant.

When compared by sample site, Wilcoxon rank sum statistical tests with conservative Bonferroni
corrections indicated River B and C stream system discharges (DC-1, DB-1.0, DB-2.0 and DB-4.0) had
significantly higher values for TDS and all major anions and cations (p<0.05) compared to the
downstream river sites (C1, C2, C3, B1, B2, B3). Uniquely, Tributary A sample sites (A1, A2, A3 and A4)
had significantly higher concentrations for TDS, chloride (Cl), sulfate (50,), and sodium (Na) compared to
the discharge sites (p<0.05) (DA-1, DA-2, and DA-3). Increased major ion concentrations downstream of

the NPDES discharge sites likely result from evaporation and oxidation of hydrogen sulfide downstream.

Dissolved effluent 226Ra values measured during this study were greater than background activities but
lower than the 2.22 Bg/L (60 pCi/L) effluent limit (Table 1), similar to values reported for effluent from
facilities in Pennsylvania that treat O&G wastewater.3! However, facility DB-2.0, with one measured
sample from October 2016, had the highest measured 22°Ra value of 1.24 Bg/L, 62 times the average
activity measured at the Reference site, and a 22°Ra+222Ra measured value of 2.12 Bg/L, 106 times the
average measured at the Reference site. These activities were also 212 times the average background
water activity of 22°Ra+?28Ra collected from site UDB-1.0 upstream of all discharges. From DB-2.0
permits, the average 22°Ra+%?%Ra discharged was 0.81 Bg/L and maximum value was 1.41 Bq/L. Discharge
DC-1 had water #26Ra+??8Ra activities 21.5 times higher compared to the Reference site and site DA-3

had activities 19.5 times Reference.

Though mean dissolved 2?°Ra and dissolved %2°Ra+22%Ra activities were greater at all discharge sites in

each stream system compared to the river sites and background Reference site, activities decreased

10
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within a relatively short distance downstream and before confluence points with the larger rivers. For
example, the DC-1 produced water stream decreased to around 2 times background water activities of
226Ra+%28Ra measured at the Reference site within about 15 km downstream of the discharge and 1.2
times background approximately 32 km downstream beyond which the produced water stream
frequently dried before reaching and mixing with River C. Within 1 km downstream of DB-2.0, dissolved
226Ra+228Ra activities decreased substantially from 212 times background immediately below the
discharge pipe to 70 times; however, activities more than 2 km downstream were still 42 times

Reference.

While site DB-2.0 discharged produced water with the highest measured dissolved ??°Ra and #?°Ra+%?%Ra
value in this study, the average reported discharge volume (3.6 L/s) was a magnitude lower than the
facility near DA-3 and two magnitudes lower than DC-1, and facilities near DA-1 and DA-2 (Table S2).
When applying the reported average discharge volumes and measured average 2*°Ra+2%®Ra activities
from each facility or just downstream, total radium loadings to streams remain hundreds of millions of
Bq of activity per year from each NPDES facility. Assuming all discharged radium was sediment
associated with a constant porosity on a dry weight basis and homogeneously distributed, a basic mass
balance calculation assuming a control volume of 30m3(1m wide stream, 0.30m deep, and 100m long)
and sediment density of 1.2 g/cm3using the DC-1 average discharge volume (52.1 L/s) and measured
average total dissolved radium (0.43 Bqg/L), leads to sediment activity of approximately 19,400 Bqg/kg —
much more than measured sediment activities of around 925 Bq/kg. According to this calculation,
observed values indicated that less than 5% of annually discharged effluent radium remains in sediment
within 100m of the discharge, though the actual percent is most likely much lower due to many years of
Ra loading not considered here. Thus, the radium is either transported with surface or groundwater in
either dissolved or particle associated form which could have implications for both human and
ecological health depending on its ultimate fate downstream as sorbed, precipitated, or aqueous

species.

Sediment radium activities followed similar trends to the dissolved 226Ra+228Ra activities in the water
with much larger activities measured at discharge facilities as compared to background and
river/tributary sites and decreasing activities with increasing distance downstream (Table 1 and Figure
2A, 3A, 4A). Ratios of 222Ra/??Ra versus distance from the discharge were also plotted (Figure 2B, 3B,
4B). Discharge sites DA-2 and DA-3 had significantly higher 22°Ra+%28Ra sediment activities compared to

all downstream Tributary A sites (p<0.05) with 4.5 and 8.6 times activities at the most downstream

11
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Tributary A site, A4, respectively. Tributary A sites, when compared to furthest downstream site A4,
remained significantly higher (p<0.05) at sites A1 and A2 until A3, a distance of 60 km downstream of
the produced water stream confluence, where there was no significant difference with site A4 activities.
DC-1 had significantly higher 226Ra+??®Ra sediment activities (p<0.05) than the Reference site (6.6 times)
and produced water stream sites DC-3 and DC-4 (Figure 3A). DB-2.0 sediment 22°Ra+222Ra activities
(Figure 4A) were 26.7 times Reference site sediments and 51.8 times Reference 22°Ra activities,
consistent with findings from the Williston Basin pipeline fluid spill where dissolved radium activities
were relatively low around 0.33 Bq/L but sediments accumulated much of the radium.?*#2> However, as
with dissolved Ra activities, DB-2.1 approximately 1 km downstream remained only 2.9 times Reference
site sediment 226Ra+%28Ra activities and 5.9 times Reference site sediment 22°Ra activities. According to
action level threshold 40 CFR 192 for the upper 15 cm of soil, sediment activities should not exceed 185
Bq/kg (5 pCi/g) above background — for which all NPDES facilities in this study exceeded as well as

produced water stream sites DB-2.1 and DC-2.

Ratios of 222Ra/??°Ra in sediment samples versus distance from the discharge were plotted for DA-1
(Figure 2B), DC-1 (Figure 3B) and DB 2.0 (Figure 4B) with a horizontal dashed line indicating the ratio of
the NPDES produced water fluid (i.e., effluent). Once the 2?°Ra and ??%Ra are separated from parent
material by chemical precipitation and deposition in the stream both radioisotopes will decay with a
rapid decrease in 222Ra compared to ??°Ra, because of the difference in half-lives. The initial ratio can
help fingerprint sources of contamination and, in this case, indicate higher 22°Ra in the produced water
than natural background 2?2Ra. Reference site 22Ra/??°Ra in sediment ranged from 1.3-1.7, with an
average of 1.5 (Table 1), while sediments at sampled discharges (DA-1, DC-1, and DB 2.0) had ratios
below 1 with an excess of 226Ra, which often indicates O&G contamination. 228Ra/?2%Ra ratios increase
with distance downstream as 2°Ra activities mix with natural sediments and activities return to
background levels (Figure S3). Interestingly, upstream River B site B1 had very low %?°Ra activities but
average sediment 228Ra/??®Ra of 6.7 (Table 1) was the highest measured in the study indicating high 2*®Ra
relative to 2?°Ra (average sediment 2%8Ra activities were 4.7 times Reference site 222Ra activities). Site B1
was located downstream of a major agricultural irrigation diversion and dam on River B. Studies have
reported higher 222Ra flux from fine-grained, non-carbonate sediments with higher parent material 232Th
and increased rates of porewater exchange through sediment turbidation and agricultural associated

radium in phosphate fertilizers.5667
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Long flow distances in combination with wetland complexes and stock ponds kilometers downstream
from NPDES facilities were not sampled during this study, but may provide buffering as produced water
streams reach equilibrium temperatures and concentrations prior to mixing with the larger rivers.
Despite this benefit, accumulation of the evaporated salt, mineral precipitates, hydrocarbon
compounds, and radium in sediments may potentially occur and impact endangered regional wildlife
and migratory birds using the O&G produced-water created wetlands as stopover habitat as evidenced
in bioaccumulation of these components in bird bones studied in Wyoming.®® The radioactive scaling
and precipitates accumulating in sediments may pose long-term secondary sources of contamination to
freshwater long after produced water discharges have ceased and potentially impact freshwater biota
such as freshwater mussels that were observed to bioaccumulate metals associated with O&G produced

water in Pennsylvania streams.®®

Changes in Radium Activity with Depth of Sediment

Sediment radium activities were analyzed with depth to both help quantify the extent of radium
accumulation in the streambed and assess possible implications for groundwater. The cores collected at
sites DA-2 and DB-2.1 show little change in 22°Ra activity with depth compared to surface grab samples
which ranged from 44-62 Bg/kg (Figure 5A). DC-1 22°Ra activities peaked at 925 Bqg/kg (~19 times
background) at a depth of 18 cm while DC-1 100m and DA-3 peak at 10 and 12 cm respectively. The
shapes of the activity profiles remain the same when considering 22°Ra +2?%Ra except that they shift
towards higher activities (Figure S4. Core radium activities did not decrease to background grab
sediment activities even at depth. When observing %28Ra/??®Ra ratios with depth all core sites have ratios
less than the Reference site grab sediment ratio of ~1.5 though DA-2 rapidly approaches background
ratios at a depth of around 8 cm (Figure 5B). The low 228Ra/??°Ra ratios compared to background reflect
the low Th/U ratio in the O&G formation and the decay of the short-lived ?*2Ra can be observed at the
depth of the 2%°Ra peak in the DA-3, DC-1 and DC-1 100m profiles. Assuming consistent sedimentation
rate and a deep enough sample to remain unaffected by current radium deposition, a 22Th/??8Ra age
dating technique was applied to the DC-1 core peak at 18 cm depth, as described by Lauer and Vengosh

(2016), and the sediment age was estimated to be 5 years.>>

When considering the action level for uranium and thorium mill tailings and using the Reference site

maximum measured 22°Ra sediment activity of 65 Bqg/kg (compared to average of 52 Bg/kg), the

regulatory limit for the upper 15 cm of soil is 250 Bg/kg and the limit below 15 cm is 620 Bq/kg. Sites
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DA-2 and DB-2.1 meet both regulatory criteria (Figure 5A). Sites DA-3, DC-1 and DC-1 100m fail to meet
the regulatory limit in the upper 15 cm and DC-1 additionally fails to meet the below 15 cm regulatory
limit. As with radium activities rapidly decreasing with distance downstream from the discharge, DC-1
100m core also reflects lower activities with depth within a short distance downstream from the
discharge pipe. Though DB-2.1 was collected in a wetland-like holding pond around 1 km downstream of
the highest measured radium activities in the study at DB-2.0, the radium activities with depth were

below regulatory standards indicating the rapid attenuation of radium away from the point of discharge.

Porewater major cation concentrations for each sediment core were observed for changes with depth
(Table S3). Figure S5 shows the DC-1 porewater concentrations with depth and a distinct peak in
manganese concentrations of 120 ppb around 22 cm in depth — in coordination with 22°Ra peaks at the
same depth. Ra is known to sorb readily to manganese and iron oxides, though manganese oxide is
often shown to preferably sorb Ra.3! Iron concentrations taking method detection limits into
consideration, were non-detectable, though Fe(lll) precipitation is likely to occur at the porewater pH
between 7 and 9 in conjunction with very low (non-detectable) porewater iron concentrations. Ca
concentrations remained high throughout the DC-1 core with a small peak around 20 cm in depth and
low Ba concentrations as much as 3 orders of magnitude less than Ca concentrations. The manganese
concentration peak at depth, consistently high calcium concentrations, and barium concentrations that
approach limits of detection in the porewater provide interesting insight into the potential geochemical
controls on Ra associations in O&G systems where low Ba concentrations could inhibit the well-studied
precipitation of recalcitrant barite minerals and instead allow sorption of Ra with manganese oxides, or
coprecipitation with calcium carbonate minerals to become the dominant Ra sequestration

mechanism(s).>3233

Mechanisms Controlling Radium Accumulation in Sediment

Modeling progressive evaporation and chemical precipitation of solid solutions downstream of
discharges can generally explain the observed downstream trends (Figure S6). Conservative
evaporation of discharges DB-2.0 and DC-1 adequately explains the observed increases in SC and
concentrations of TDS, Cl, and, to a lesser extent, SO, and Sr downstream of the discharge, but fails to
explain the observed changes in pH and concentrations of Ca, Ba, and Ra (Figures S7 and S8 A, C, E),
whose concentrations are less than predicted by simple evaporation. However, the model that

combines evaporation with geochemical reactions, including equilibration with the atmosphere and
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chemical precipitation of (Ca,Ra)CO; and (Ba,Ra)SO, solid-solutions, effectively simulates the observed
changes in pH, Ca, and Ra, including the general trends for Ba (Figures S7 and S7 B,D,F). The equilibrium
model over predicts the removal of Ba; observed concentrations are supersaturated with respect to
barite and associated solid solutions. Additional simulations indicated that (1) increasing barite
solubility by 0.5 log units or (2) adsorption of Ba and Sr by 100 mg/L each of HFO and HMO had a
negligible effect on the potential for Ba or Ra attenuation or associated mineral precipitation. Although
large additions of HMO sorbent have been shown to effectively bind Ba and Sr, which decreases the
corresponding saturation states for minerals such as barite and celestite, our porewater data indicate
very low concentrations of Fe and Mn in the stream sediments (Table S3) and, thus, do not support
modifications to the model that enhance adsorption by HFO or HMO.3!

Based on modeling results, radium attenuation resulted from its co-precipitation with both aragonite
and barite, as (Ca,Ra)CO; and (Ba,Ra)SO, solid solutions, respectively. In both modeled cases, the
estimated mole fraction of RaCO; in (Ca,Ra)CO; was 4 to 6 orders of magnitude less than the
corresponding mole fraction of RaSO, in (Ba,Ra)SO, (Figure S9 C,D). Nevertheless, the estimated mass
of (Ca,Ra)CO; precipitated was approximately 3 orders of magnitude greater than that of (Ba,Ra)SO,
(Figure S9 A,B). Thus, the indicated removal of radium with aragonite and the relative abundance of the
carbonate phase in the precipitated solids would be substantial, as indicated by XRD of sediments
(Figure 6). The evaporation models overpredict the removal of barium compared to measured
concentrations, thus, the computed mass of (Ba,Ra)SO, precipitated and the corresponding fraction of
radium removed with the sulfate solid-solution phase were overpredicted. Consequently, removal of
radium with the carbonate phase may be underpredicted, as the aqueous radium would be available to

precipitate as (Ca,Ra)COs.

We compared the predicted model results to observations of mineralogy in sediments using XRD.
Though barite, strontianite, and celestite were indicated to be supersaturated (Figure S6), XRD results
(Figure 6) detected only small percentages by weight of less than 5% each of strontianite and barite in
the fine sand and silt+clay fractions respectively in sample DB-2.0. Ewaldite (Ba,Ca(COs),) and
strontianite represented <5% and 11% each of the fine sand and silt+clay fractions of sample DB-2.1.
However, when the grain-sized results (Table S4) combined to form the total sample mineralogy, the
barite, ewaldite, and strontianite comprised no more than 1% of the total sample by weight. Dolomite
was present in many of the samples with substantial compositions in samples DB-2.0, DB-2.1 and DB-2.2

with respective compositions of 7, 9 and <5%. Background samples were more heterogeneous in
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mineral and clay composition than were DB-2.0 and DC-1 discharge sediments and subsequent
produced water stream sites. Discharge site DC-1 was almost completely calcium carbonate dominated
(>99%), including both calcite and aragonite, with minor quartz (<1%). Calcium carbonate content
decreased with distance downstream from the discharge to DC-3 to where none was detected. DB-2.0
also had a high composition of calcium carbonate (63%) at the discharge though more diversity in
carbonate, sulfate, and silicate minerals than DC-1. Background sediments at the Reference site
contained much more clay and silicate minerals than carbonates and sulfates. Linear regressions on the
bulk sediment sample for total 22°Ra + 228Ra versus percent by weight calcium carbonate were weakly
significant (p=0.09) for all samples; however, for the DC-1 produced water stream alone (n=3 and thus
not statistically relevant) the R? associated with increasing radium activity and increasing calcium
carbonate composition by weight was 0.97. 22°Ra + #28Ra vs percent by weight clay mineral compositions

were not significant (p>>0.05).

Sediment leaching was completed to better understand radium association with operationally defined
solid phases. Only the Reference site sample lost more than 8% of the total 2?°Ra activity after the first
leach step targeting soluble salts (~20% loss) (Figure 7). Leach step two targeting exchangeable ions on
clay minerals produced varied results, with DC-1, DC-2 and DB-2.0 samples still maintaining over 80% of
the total 2?6Ra activity while River C sites and other produced water sites downstream lost larger
percentages of 226Ra activity. Muscovite, detected by XRD at high percentages in some samples can sorb
large amounts of Ra while quartz and other silicate mineral compositions of sediments absorb less,
confirming that background samples with high quartz compositions preferentially sorb Ra to clay
minerals during accumulation.’®”! Additionally, Ra adsorbed to carbonate surfaces could potentially
desorb during this step.>® Sample DC-1 lost approximately 75% of the total 22°Ra activity and 97% of total
sample mass after the third leaching step with acetic acid targeting carbonate minerals. This was
expected with DC-1 composed approximately 100% of calcium carbonate minerals. DC-2 lost about 70%,
DB-2.0 63% and DB-2.1 approximately 42% of total 2?°Ra activity after the third leach. It is important to
note that application of acetic acid in step 3 could have promoted desorption of Ra from iron and
manganese oxides, which would otherwise dissolve in HCl during step 4. Leachate chemistry results
(Table S5) demonstrate that Mn and Fe were partly mobilized during the acetic acid step 3. However,
the calcium concentrations in step 3 leachates were three orders of magnitude larger than iron and
manganese concentrations, and proportionally greater amounts of manganese and iron than calcium

were released during step 4. Combined, the leaching results indicate that the majority of radium is likely
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coprecipitated with calcium carbonates at the NPDES discharges, with smaller fractions associated with
iron and manganese oxides, all of which could release radium to waters with low pH. To confirm
complete carbonate dissolution, leachates from samples DC-1 and DB-2.0 accounted for 99% and 96% of
the sample calcium, respectively. Sample DC-1 only lost 1% 2?Ra after leach step four though DB-2.0 lost
approximately 8% and downstream sites lost between 10-15% to the acid soluble fraction including Fe
and Mn oxides. SEM and EDS elemental mapping for DC-1 and DB-2.0 leach four residues (Figure S11
and S12) show no visible association between Sr, Ca, or S with little to no Ba present. Sr present in DB-
2.0 residues were likely associated as exchangeable ions on clay particles (Si and Al).

Although water sampling captured a range of base-flow conditions between 2013-2016, additional
sampling may be needed to document radium transport during high-flow conditions and corresponding
annual discharge quantities. Additionally, although sediment samples were collected to shallow depths
along downstream transects twice in 2016, repeated sampling at other times and greater depths may be
needed to provide high resolution on a temporal scale. The sequential extraction, mineralogical, and
geochemical modeling results consistently indicated significant associations between radium and
carbonate solids. However, additional work may be appropriate to determine the precise compositions
and mineralogy of the relevant phases, including low concentrations of sulfate minerals, if radium is
primarily contained within the solid matrix or adsorbed on surfaces, and if identified carbonate (and
sulfate) solid solutions remain stable or tend to recrystallize into pure component phases over time or as
geochemical conditions vary.

Future studies may be considered to evaluate possible management scenarios to reduce radium
transport from the produced water discharge sites. For example, increasing aeration in O&G holding
tanks and ponds already in existence could increase dissolved oxygen concentrations, encourage radium
adsorption with precipitated iron and manganese oxides, or its coprecipitation into carbonate and
sulfate minerals. Aeration of the discharges would tend to increase oxygen concentrations and increase
pH, which favors the kinetics of iron and manganese oxidation as well as carbonate precipitation.
Additionally, the construction of low energy areas of sediment deposition such as in wetland complexes
where radium could be sorbed to iron and manganese oxides, buried as carbonate and/or barite solid
solution particles, and bioaccumulated in vegetation may be evaluated with consideration of possible
impacts to wildlife and livestock. Lastly, various sources of NORM other than O&G extraction activities
could be inventoried and evaluated to gain a greater understanding of possible contributions on a
regional scale.

Conclusion
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The NPDES facilities in this study met dissolved 22°Ra effluent regulatory criteria of 2.22 Bq/L (60 pCi/L) —
both permit-reported and measured. However, lower activities of 226Ra+ 2%®Ra in effluent can still lead
to accumulation of high activities of 2?°Ra+ 222Ra in sediments near outfalls, as noted in this and other
produced water discharge studies.>323-2> Sediments at discharges in this study had activities for 22°Ra
nearing 50 times those for background and reference site conditions, whereas values only 5 times
background activities exceed action level thresholds. It is important to stress that the sediments studied
were not from spill sites but from constant sources of low-level contamination releasing billions of Bq of

radium activity to the environment every year.

While the elevated sediment and dissolved radium activities in the water decrease rapidly downstream,
the resulting toxicity and health impacts associated with discharges utilized for livestock watering and
wildlife propagation remains largely unstudied. Sediment radium accumulation may lead to a long-term
ecological footprint when aquatic biota or migratory birds using O&G wetland complexes, permitted as
beneficial reuse of produced water, beyond the scope of this study, as flyover habitat are exposed to
chronic high sediment radium activities.! Agricultural repurposing of produced water may not be
justifiable for wildlife propagation where radium accumulates within sensitive organisms (e.g.,
freshwater mussels) via external contact or ingestion, though mortality and growth inhibition effects

remain unknown.?

Radium co-precipitation with carbonate minerals deduced in this field study of western U.S. produced
water discharges would create a reservoir of secondary source contamination. As equilibrium conditions
shift with episodic dilution and acidification, the carbonate-associated radium would tend to dissolve.
Acidic rainwater and snowmelt runoff thus may release previously sequestered radium back to the

water column where bioavailable for both animals and humans.>%57

Due to the rapid attenuation of Ra towards background activities within short distances downstream of
NPDES facilities, but with apparent accumulation in stream sediments that remain mobile, potential
solutions to continue beneficial use practices according to 40 CFR § 435 Subpart E from a Ra standpoint
could include construction of low-maintenance wetlands/infiltration ponds below points of discharge.
This would allow for establishment of collection areas for radium accumulation under chemical and
equilibrium conditions (i.e. temperature stabilization and increased oxygen concentrations) and reduce
transport of radium in the receiving streams. Infrequently, sediments with associated radium could be

removed and disposed as appropriate.
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Figure 1. A. Locations of water and grab sediment sampling points near NPDES permitted discharges
with ephemeral streams, Tributary A, River B, River C and a reference site with no known oil and gas
activity or NPDES discharges. Note that all tributaries drain to a drinking water supply reservoir
downstream. Discharges where sediment cores were taken are denoted by stars. B and C. Detailed maps
of the DC-1 and DB-2.0 discharges and produced water streams, respectively.

Figure 2A. Total radium activities (*®Ra + #2°Ra) (Bg/kg) in sediment samples versus distance
downstream of NPDES discharge DA-1 (black squares). Note additional NPDES discharges at 9-10 km:
DA-2 (circles), DA-3 (diamonds), and downstream site DA-4 (open squares). Activities are most elevated
near the NPDES discharges and then are mixed and diluted downstream of the confluence with
Tributary A. 2B) 22%Ra/?*Ra in sediments increase downstream of discharges to reflect mixing with
background activities.

Figure 3A. Total radium activities (*®Ra + ?2°Ra) (Bqg/kg) in sediment samples versus distance
downstream of NPDES discharge DC-1. Activities are most elevated at the NPDES discharge and then are
mixed and diluted downstream of a confluence with River C. 3B) 2?2Ra/??°Ra in sediments increase
downstream of discharges and are lower in the sediment than the liquid discharge effluent with a ratio
of 0.61, indicating accumulation of radium over a period of time. Farther downstream the ratios are high
as the impacted sediments mix with background sediments with higher ratios.

Figure 4A. Total radium activities (*®Ra + #2°Ra) (Bg/kg) in sediment samples versus distance
downstream of NPDES discharge DB-2.0. The highest study activities were measured at DB-2.0 but
quickly decrease to near background within 2 km downstream. 4B) 222Ra/??°Ra in sediments increase
downstream of discharges and are lower in the sediment than the liquid discharge with a ratio of 0.71,
indicating accumulation of radium over a period of time. Farther downstream the ratios are high as the
impacted sediments mix with background sediments with higher ratios.

Figure 5A. *°°Ra activities (Bg/kg) versus depth in sediment cores collected near the points of NPDES
permitted discharges DB-2.0, DA-1, DA-2, DA-3 and DC-1 and 100 m downstream of DC-1. Three of the 5
cores contained sediment concentrations above the 0-15 cm standard acceptable level above
background, while only 1 core, DC-1 appeared to contain sediment above the acceptable activity >15 cm
below the sediment-water interface. The Reference site grab sediment ?2°Ra activity ranged from 44-62
Ba/kg (green bar) in the upper 5 cm. 5B. Core DA-2 appeared to have little elevated activity and ratios
similar to background sediments at depths greater than 15 cm. However, most cores appear to show
decreased 2%/2°Ra ratios commonly found associated with older oil and gas wastes. The Reference Site
grab sediment ratio (green square) ranged from 1.3-1.7in the upper 5 cm.

Figure 6. XRD results for select sediment grab samples. The composited sediments contained
predominantly calcium carbonate (calcite and aragonite) or silica (quartz), with an array of minor
percentages of other minerals, including no more than 1% barite, ewaldite, and strontianite. Note that
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the sediments sampled at discharge facilities contained greater percentages of calcium carbonate and
lower percentages of quartz compared to background and reference sites.

Figure 7. Radium 226 activity in samples following liquid extraction steps normalized to values of the
original sediment. Note the majority of sediments collected near discharge sites contained significantly
less radium following extraction steps 2 (exchangeable) and 3 (carbonate). Combined, this indicates the
radium is present in and likely associated with easily leachable minerals such as calcium carbonate and
not in recalcitrant forms such as sulfates (barite and celestite).
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Table 1. Average TDS and radium activities in water and sediment samples + standard deviation (SD) collected at each site between 2013-2016. Sites marked with an "x" had average *2Ra activities in sediments more than
185 Bg/kg (5 pCi/g) above background sediments.

Fails to meet

228pax  Rg*  22°Ra4??%Ry  Dissolved 226p4 28pa °Ra+’®Ra " Ra+’*®Ra  Sediment sediment #samples  #samples
Site Name TDS (mg/L)  **°Ra (pCi/L) **°Ra(Bg/L) (pCi/L)  (Bg/L) (Ba/L)  **°Ra/*®Ra  (Bg/kg) (Bg/kg) (Bq/kg) (pCi/g) 22°Ra/**®Ra regulatory limit  dissolved sediment

Al 1408 + 193 | 1.91 £ 0.29(/0.07 = 0.01 2.34 0.09 0.16 1.22 76 + 18|57 £ 9 134 3.6 0.8 11 6
A2 1271 + 120| 1.29 + 0.58{0.05 + 0.02 nd nd 0.05 nd 68 + 4 (49 £+ 15 117 3.2 0.7 11 7
A3 1621 + 209 nd nd nd nd nd nd 41 + 5|56 = 11 97 2.6 14 11 7
A4 1730 + 303 | 0.21 + 0.10{0.01 + 0.00 1.13 0.04 0.05 5.37 31 + 4 (36 £ 7 67 1.8 1.2 10 7
DA-1 528 + 95 (498 + 0.74]0.18 £ 0.03 1.31 0.05 0.23 0.26 238 + 58|77 £ 17 315 8.5 0.3 11 5
DA-2 1172 + 104 | 4.04 + 0.56(0.15 + 0.02 1.18 0.04 0.19 0.29 237 + 11163 £ 3 300 8.1 0.3 11 7
DA-3 1234 + 235 9.03 + 2.66/0.33 + 0.10 1.40 0.05 0.39 0.15 483 + 173|100 £ 20 583 15.7 0.2 11 7
DA-4 994 + 191 0.92 + 1.10/0.03 £ 0.04 2.63 0.10 0.13 2.85 83 + 29|57 £ 7 141 3.8 0.7 10 11
B1 98 + 34 | 0.26 + 0.11/0.01 £ 0.00 nd nd 0.01 nd 54 + 19 (362 * 308 415 11.2 6.7 8 7
B2 106 + 34 | 0.27 £ 0.19/0.01 + 0.01 nd nd 0.01 nd 30 + 7 |67 £ 19 98 2.6 2.2 8 7
B3 107 + 38 | 0.27 % 0.16/0.01 + 0.01 1.17 0.04 0.05 4.39 44 + 6 |137 + 18 181 4.9 3.1 10 7
UDB-1.0 446 + 179 0.33 £ 0.10{0.01 + 0.00 nd nd 0.01 nd 40 + 3 |54 = 7 94 2.5 1.3 5 7
DB-1.0 6709 + 3052| 0.18 + 0.10/0.01 £ 0.00 1.14 0.04 0.05 6.39 56 + 6 |53 £+ 6 108 2.9 1.0 3 4
DB-1.1 459 + 1901 0.32 £ 0.27(0.01 + 0.01 1.40 0.05 0.06 4.37 4 + 3 178 = 10 122 3.3 1.8 8 7
DB-2.0 3822 + - 3340+ - |1.24 £ - 23.80 0.88 2.12 0.71 2690 + 130(763 £ 50 3453 93.3 0.3 1 3
DB-2.1 5089 + 965 (12.95 + 2.76/0.48 £ 0.10 5.85 0.22 0.70 0.45 309 + 79|68 £ 28 378 10.2 0.2 2 7
DB-2.2 5264 + 1164] 8.93 + 1.77|0.33 + 0.07 2.42 0.09 0.42 0.27 51 + 4 (89 %+ 20 139 3.8 1.7 7 7
DB-3 754 + 333 (0.48 + 0.14]0.02 £ 0.01 nd nd 0.02 nd 5 + 2 (83 £+ 5 136 3.7 1.6 3 7
DB-4.0 5693 + 874 | 456 + 1.28{0.17 + 0.05 3.30 0.12 0.29 0.72 99 + 3 (111 + 3 210 5.7 1.1 3 4
DB-4.1 1641 + 884 | 0.25 + 0.07|/0.01 + 0.00 1.07 0.04 0.05 4.32 42 + 14|83 + 28 125 3.4 1.9 10 6
C1 139 £+ 79 | 0.86 * 0.35/0.03 + 0.01 nd nd 0.03 nd 36 + 7|35 £ 5 71 1.9 1.0 13 7
C2 144 + 81 | 0.79 % 0.31/0.03 + 0.01 nd nd 0.03 nd 62 + 10(64 £+ 13 126 3.4 1.0 13 6
C3 285 + 157 ( 0.44 + 0.14]0.02 £ 0.01 nd nd 0.02 nd 48 + 9 163 + 10 111 3.0 1.3 11 10
DC-1 1174 + 60 | 7.12 + 0.72{0.26 + 0.03 4.38 0.16 0.43 0.62 570 + 13 (279 £+ 35 849 23.0 0.5 9 7
DC-2 1175 + 163 | 6.26 * 0.69(0.23 + 0.03 3.28 0.12 0.35 0.52 436 + 65183 + 41 619 16.7 0.4 14 12
DC-3 1996 + 255 | 1.15 + 0.48(0.04 + 0.02 nd nd 0.04 nd 133 + 58|81 + 14 214 5.8 0.6 10 7
DC-4 2054 + 400 nd nd nd nd nd nd 73 + 4 |78 £+ 7 151 4.1 1.1 3 4
Reference site |1651 + 1283 0.47 + 0.07]|0.02 + 0.00 nd nd 0.02 nd 52 £+ 8 |77 = 17 129 3.5 1.5 5 7

*Insufficient number of detectable measurements for SD calculation
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