
Science of the Total Environment 626 (2018) 867–874

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Risk assessment of human exposure to Ra-226 in oil produced water
from the Bakken Shale
Luisa Torres a, Om Prakash Yadav b, Eakalak Khan c,⁎
a Department of Civil and Environmental Engineering, North Dakota State University, Fargo, ND 58108, USA
b Department of Industrial and Manufacturing Engineering, North Dakota State University, Fargo, ND 58108, USA
c Department of Civil and Environmental Engineering and Construction, University of Nevada, Las Vegas, Las Vegas, NV 89154, USA
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• A model to predict Ra-226 level from
cation levels in produced water was de-
veloped.

• Producedwater spills have the potential
to contaminate surface waters with Ra-
226.

• The simulated residual levels of Ra-226
in surface water may not be negligible.

• The predicted Ra-226 is at a level that
could exceed the global exposure
average.
⁎ Corresponding author at: Department of Civil and E
Construction, University of Nevada, Las Vegas, Box 4540
Las Vegas, NV 89154-4015, USA.

E-mail address: eakalak.khan@unlv.edu (E. Khan).

https://doi.org/10.1016/j.scitotenv.2018.01.171
0048-9697/© 2018 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 18 November 2017
Received in revised form 16 January 2018
Accepted 17 January 2018
Available online 19 February 2018

Editor: Jay Gan
Unconventional oil production in North Dakota (ND) and other states in the United States uses large amounts of
water for hydraulic fracturing to stimulate oil flow. Most of the water used returns to the surface as produced
water (PW) containing different constituents. Some of these contents are total dissolved solids and radionuclides.
Themost predominant radionuclide in PWis radium-226 (Ra-226) ofwhich level depends on several factors includ-
ing the content of certain cations. Amultivariate regressionmodelwas developed to predict Ra-226 in PW from the
Bakken Shale based on the levels of barium, strontium, and calcium. The simulated Ra-226 activity concentration in
PWwas 535 pCi/L supporting extremely limited actual data based on three PW samples from the Bakken (527, 816,
and 1210 pCi/L). The simulated activity concentration was further analyzed by studying its impact in the event of a
PWspill reaching a surfacewater body that provides drinkingwater, irrigationwater for crops, and recreationalfish-
ing. Using food transfer factors found in the literature, the final annual effective dose rate for an adult in NDwas es-
timated. The global average annual effective dose rate via food and drinking water is 0.30mSv, while the predicted
dose rate in this study was 0.49mSv indicating that there is potential risk to human health in ND due to Ra-226 in
PWspills. This predicted dose rate is considered the best case scenario as it is based on the simulated Ra-226 activity
concentration in PW of 535 pCi/L which is close to the low end actual activity concentration of 527 pCi/L.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Oil produced water (PW) from the Bakken, North Dakota (ND), USA
contains relatively high levels of total dissolved solids (TDS) which,
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based on previous studies, indicate possible elevated levels of naturally
occurring radioactive material (NORM) (Godoy and Petinatti da Cruz,
2003; Hamlat et al., 2001; Rich and Crosby, 2013; Rowan et al., 2011).
This NORM can contain different radioactive elements including radi-
um-226 (Ra-226) which is a major source of radioactivity in PW
(Chriss and Bursh, 2002; Vandenhove et al., 2005; White, 1992; Zhang
et al., 2014). To develop successful handling and treatment planning
of PW, it is important to characterize its content especially for major
contaminants such as Ra-226.

Similar to the tie between TDS and radioactivity levels, there is a
strong correlation between Ra-226 and high levels of barium (Ba) and
strontium (Sr) which occur simultaneously in PW from unconventional
oil and gas extraction (Barbot et al., 2013; Jerez Vegueria et al., 2002;
Zhang et al., 2014). Radium is classified in the alkaline-earth group be-
cause its properties are similar to calcium (Ca), Sr, and Ba (Zhang et
al., 2014). One of these properties is its high electropositive character
which means that it loses electrons very easily and becomes a cation.
Because of this, Ra reacts with many insoluble products such as sulfates
(Vandenhove et al., 2005). Pure radium sulfate (RaSO4) in PW is not
common; instead Ra co-precipitates with other carrier solids such as
Ba and Sr (Ceccarello et al., 2004; Doerner and Hoskins, 1925; Zhang
et al., 2014). These reactions occur when the injected hydraulic fractur-
ing water mixes with the formationwater which has different chemical
characteristics. Consequently, the chemical equilibrium is disturbed
resulting in precipitation of sulfates and carbonates (E&P Forum, 1994).

High levels of sulfate in PW react with Ba and Sr producing barium
sulfate (BaSO4) and strontium sulfate (SrSO4), respectively, which pro-
mote scale formation in oil processing equipment (Al-Masri and Aba,
2005; Ceccarello et al., 2004; Lee and Neff, 2011). Due to co-precipita-
tion of Ra-226 with BaSO4 and SrSO4, scale can contain relatively high
levels of radioactivity (Al-Masri and Aba, 2005; U.S. Geological Survey,
1999; Vandenhove et al., 2005). When the co-precipitation occurs,
part of the Ra content stays in the scale while the rest remains in the
PW (Godoy, 1996; Heaton and Lambley, 1995; Logan, 2015).

In ND, the average Ra-226 level in equipment scale is 548 pCi/g
(Argonne National Laboratory, 2014). In the only study on Ra-226 in
PW from ND, Lauer et al. (2016) analyzed three samples and reported
the Ra-226 levels of 527, 816, and 1210 pCi/L. The data, although ex-
tremely limited, confirm the presence of Ra-226 in PW from ND. In Jan-
uary 2015, there was an oil production wastewater spill (11.4 million L
and 300 g/L TDS) into Blacktail Creek, North Dakota. According to
Cozzarelli et al. (2017), Ra-226 activities in upstream sediments were
much lower than those in sediments collected from the spill site in
June2015 (10–20versus 464 Bq/kg). Thisfinding suggests the existence
of Ra-226 in PW.

High levels of Ra-226 in PW poses risks to humans and the environ-
ment. The generation of PW in ND has increased over the years and is
expected to climb another 328% between 2014 and 2035 (Kurz et al.,
2016). Also, the number of incidents related to PW spills in the Bakken
has increased since 2007 (Kurz et al., 2016; Lauer et al., 2016). Maloney
et al. (2017) analyzed data from spills associated with unconventional
oil and gas production in four U.S. states: Colorado, New Mexico,
NorthDakota, and Pennsylvania. From2005 to 2014, NDhad thehighest
number of oil and gas production wastewater spills at approximately
1500. It also had the highest number of oil and gas productionwastewa-
ter spills per 100 wells spudded cumulatively since 1995 at 14 spills.
Based on water stream/well setback regulations for the other three
states (ND has none), 8, 15, 22, 35 and 48% of the spills associated
with unconventional oil and gas production (not necessarily wastewa-
ter) in ND were within 31, 61, 91, 152, and 228 m from water streams,
respectively (Maloney et al., 2017).

The media that could transport Ra-226 into the environment, and
thus reach humans, are water, air, and soil (Pacific Northwest National
Laboratory, 2008; Staven et al., 2003). Ra-226 entering surface water
bodies is particularly possible since it is, under certain conditions, very
soluble and mobile in aquatic environments (Rajaretnam and Spitz,
2000). Radiummay be incorporated into the food chain by plant uptake
and animal tissue bioaccumulation. When the contaminated water,
crops, and animals are consumed by humans, the risk of Ra entering
the body and accumulating in bones arises (Fisher, 1996). Long term ex-
posure to elevated levels of radium can lead to anemia, cataracts, frac-
tured teeth, bone cancer, and even death (Agency for Toxic Substances
and Disease Registry, 1990). The recommended maximum levels of
Ra-226 are 5 pCi/L in water and 5 pCi/L in the first 15 cm of soil
(Agency for Toxic Substances and Disease Registry, 1990).

In ND, 60% of the surface water available is used for crop irrigation
(North Dakota Department of Health, 1999a). Also, the average con-
sumption of fish and shellfish in the State is 0.33 g/kg-day which is
above the national average consumption of 0.22 g/kg-day (U.S.
Environmental Protection Agency, 2013). The increase of PW spills
alongwith the high reliability on surfacewater for drinking, crop irriga-
tion, and fishing purposes could lead to enhanced exposure of the ND
residents to Ra-226.

Previous studies have developed multivariate regression models
based on the correlation of Ra-226 with other inorganic elements
found in equipment scale (Al-Masri and Aba, 2005; Jerez Vegueria et
al., 2002; Vidic, 2015). Using the same principle, this study proposes a
method to simulate Ra-226 level in PW based on Sr, Ba, and Ca levels.
The simulation result can be used to confirm the limited actual data
on Ra-226 levels in PW from the Bakken as described above. The objec-
tive of this study is however to evaluate human exposure to Ra-226
through ingestion of contaminated surface water, potatoes and fishes.
The simulated Ra-226 activity concentration based on cations, and
food transfer factors were used to perform the risk assessment. A sensi-
tivity analysis on the risk was also performed to cover variability of the
simulated Ra-226 activity concentration in PW from the Bakken as well
as to address the actual Ra-226 activity concentration range.
2. Methodology

2.1. Method overview

Three different scenarios for human exposure to Ra-226were select-
ed: 1) ingesting treated water from a lake contaminated with PW, 2)
consuming potatoes which have been irrigated with surface water con-
taminatedwith PW, and 3) consumingfish caught in a lake contaminat-
ed with PW. Only exposure to Ra-226 in water via oral ingestion was
considered in scenario 1. For scenario 2, soil to plant (root uptake) and
water to plant (water deposition) transfer factors found in the literature
were used to investigate the accumulation of Ra-226 in potatoes, a
major agricultural product in ND (Northern Plains Potato Growers
Association, n.d.). Soil to plant transfer was used because it is a major
route of exposure (Gaffar et al., 2014) and water to plant transfer was
considered because the State of ND relies heavily on surface water for
crop irrigation (North Dakota Department of Health, 1999a). Likewise,
exposure to Ra-226 accumulated in fishes in scenario 3 was estimated
using transfer factors reported in previous research.

Simulations were used to determine the activity concentration of
Ra-226 in PW, as well as, the activity concentration that remains in sur-
face water after radionuclide decay and transportation processes. The
software used to perform the simulations were Palisade's decision
tools @Risk® and @StatTools7, and the Canadian Centre for Environ-
mental Modeling and Chemistry's Quantitative Water Air Sediment In-
teraction model (QWASI).

The Ra-226 activity concentration in PWwas predicted based on the
Ba, Ca, and Sr contents in PW from the Bakken formation. Amultivariate
regression model (hereinafter the Model) between Ra-226 and major
minerals in PW from different locations in the U.S. was developed.
These locations were Louisiana, Mississippi, Pennsylvania, Texas, and
others. The Model was used to predict Ra-226 activity concentration
in PW using data on major cations in PW from oil wells in ND, which
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was obtained from the United States Geological Survey (USGS) PW Da-
tabase v2.2 (Blondes et al., 2016).

The next stepwas to determine the exposure to Ra-226 for each sce-
nario. The result from theModelwas used as the input in QWASI to sim-
ulate the fate of Ra-226 in a lake. The QWASI output (remaining activity
concentration of Ra-226) was used in all the scenarios. In the first sce-
nario, the amount of Ra-226 that remains in drinking water was calcu-
lated using the average removal efficiency of different water
treatment methods. In the second scenario, food transfer factors (parti-
tion coefficients) specific to potatowere used to calculate the amount of
Ra-226 transferred from irrigation water to plant, and soil to plant. In
the third scenario, the activity concentration of Ra-226 in lake water
that transfers to the fish tissuewas estimated using food transfer factors
specific to fishes. Using the estimated transference of Ra-226 activity
concentrations from contaminated surface water to drinkingwater, po-
tatoes, and fishes, and from contaminated soil to potatoes, the effective
annual dose rate per capita was estimated. Finally, a sensitivity analysis
was conducted to re-evaluate the results taking into account for varia-
tions of±25% and±50% and variations based on standard deviation as-
sociated with the Ra-226 activity concentration in PW simulated with
the Model, and for the actual Ra-226 activity concentration range in
PW from the Bakken. The complete methodology is summarized in
Fig. 1.

2.2. Sources of data

The main data used for this research was the chemical contents of
PW from oil wells in ND collected from version v2.2 of the USGS PWDa-
tabase available online (Blondes et al., 2016) and through Lauer et al.
(2016). The PW data from Mississippi and Pennsylvania was also ob-
tained from the same USGS Database. The data from Louisiana, Texas,
and others was found in literature from peer-reviewed journals since
the USGS PW Database only shows incomplete data on these states
(Alley et al., 2011; Landa and Reid, 1983; Silva et al., 2012; Warner et
al., 2013). The transfer factors for potatoes and fishes were obtained
Fig. 1. Process used to conduct risk asse
from multiple sources (Carvalho et al., 2009; Clulow et al., 1998;
Hosseini et al., 2008; IAEA, 2001; Lauer et al., 2016; Meinhold et al.,
1996; Pietrzak-Flis et al., 1995; Schuttelkopf and Kiefer, 1982; Staven
et al., 2003; Tagami and Uchida, 2009; Watson et al., 1983).

2.3. Determination of Ra-226 activity concentration in PW from the Bakken

2.3.1. Regression model
Available data on Ra-226 content in PW from the Bakken formation

is very scarce. Because of this, a simulation Model was developed based
on the correlation between radioactivity levels andmajor cations in PW.
Levels of Ra-226, Ba, Ca, and Sr from at least four different locations
were used to develop a multivariate regression model. This Model was
then usedwith theNDdata to simulate the local Ra-226 activity concen-
tration. Table 1 summarizes the amount of data and sources used to de-
velop the Model and to perform the simulation for ND.

2.3.2. Ra-226 simulation for ND
The total datasets (n = 60) in Table 1, excluding ND, were used to

analyze the relationships between Ba, Ca, and Sr (independent vari-
ables) and Ra-226 (dependent variable) to determine how the indepen-
dent variables influence the activity concentration of Ra-226. Amultiple
regression model was developed using natural logarithmic transforma-
tions of the average values of each cation (n= 5). This was done with
the purpose of reducing error, skewedness, and possible negative values
for Ra-226. The Model developed by Palisade's @StatTools7 is:

lnð226RaÞ ¼ 1:625þ 0:168 ln Bað Þ þ 0:308 ln Cað Þ þ 0:208 ln Srð Þ ð1Þ

For details on the development of the Model, please see Tables S1
and S2 in Supplementary Data (SD). The constant value or percentage
weight for each independent variable indicate the percentage change
in ln(Ra-226) when the variable changes by 1%. In this case, there is a
16.80% increment in ln(Ra-226) for every 1% variation in ln(Ba). Like-
wise, for ln(Ca) and ln(Sr), the changes in ln(Ra-226) are 30.80% and
ssment of Ra-226 human exposure.



Table 1
Data for multivariate regression model and simulation.

PW location Datasets Average values Source

Ba (mg/L) Ca (mg/L) Sr (mg/L) Ra-226 (pCi/L)

Louisiana 1 44 1590 56 176 (Landa and Reid, 1983)
Mississippi 17 64 26,018 1314 563 (Blondes et al., 2016)
Pennsylvania 40 1151 13,437 1925 1244 (Blondes et al., 2016; Warner et al., 2013)
Texas 1 147 10,880 1750 2300 (Silva et al., 2012)
Various (max. values showna) Not specified 7 52,920 2 262 (Alley et al., 2011)
North Dakota 21 19 17,302 1082 – (Blondes et al., 2016; Lauer et al., 2016)

a Alley et al. (2011) provided minimum and maximum values of different constituents. For the purposes of this paper, the maximum values of Ba, Ca, Sr, and Ra-226 were used to
account for the worst-case scenario in the Model.
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20.80%, respectively. This is in alignmentwith other research that found
higher rates of radium co-precipitation with Ba than with Sr which
means that Sr presence increases radium concentration in solution
(Al-Masri and Aba, 2005; Wilson, 2012; Zhang et al., 2014). Also, TDS
has a strong, positive correlation with Ra-226 and since most of the
TDS content comprises inorganic salts including Ca, the percentage
weight of Ca in the Model is the highest of the three cations (Fisher,
1996; Rowan et al., 2011; Tinto and Solomon, 2010).

The Ba, Ca, and Sr datasets (each containing 21 data points) fromND
(SD, Table S3) were analyzed with Palisade's @Risk to determine the
type of distribution each dataset follows. By using the probability distri-
bution instead of the average values in the Model, the variability in the
data was captured and more realistic values were obtained. The results
indicate that Ba follows triangular distribution while Ca and Sr follow
Weibull distribution. For details on the type of distribution for each
dataset, please see SD, Table S4. The variability (standard deviation) as-
sociated with each dataset is also presented in Table S4.

The @Risk software was used to simulate 100,000 times the level of
Ra-226 taking into account the distribution of each independent vari-
able in Eq. (1). To determine the central tendency of the simulated Ra-
226 values, the median was used instead of the mean. The median is
preferred over the mean when the data is skewed, which was the case
in this study. As presented in SD, Fig. S1, the median and mean of the
simulated Ra-226 were 535 and 518 pCi/L, respectively. Fig. S1 also
shows the variability (standard deviation) of the natural log trans-
formed data. The median activity concentration (535 pCi/L) falls in the
range of 527–1210 pCi/L (n = 3) (toward the low end) found by
Lauer et al. (2016), the only study to date that reports actual Ra-226
levels in PW samples from the Bakken Shale. Therefore, the use of the
simulated activity concentration of 535 pCi/L for the risk assessment
represents the best case scenario.

2.4. Exposure assessment

The next step in the analysis was to assess the human exposure to
Ra-226 via food chain. The assessment focused on calculating the
amount of Ra-226 transferred from surface water contaminated with
PW to drinkingwater, potato skin, and fish, and from soil contaminated
with Ra-226 (very likely from PW) to potato skin. The simulated Ra-226
activity concentration in PW of 535 pCi/L (obtained in the previous sub-
section)was used. In addition, scientific peer-reviewed literature values
of transfer factors were applied (Carvalho et al., 2009; Clulow et al.,
1998; Hosseini et al., 2008; IAEA, 2001; Lauer et al., 2016; Meinhold et
al., 1996; Pietrzak-Flis et al., 1995; Schuttelkopf and Kiefer, 1982;
Staven et al., 2003; Tagami and Uchida, 2009; Watson et al., 1983).

When a contaminant enters an aquatic environment, many physical
and chemical processes occur, and attenuate and/or transform the con-
taminant. This is the case for Ra-226. The QWASImodel was used to de-
termine the activity concentration that remains in a lake after a spill or
PW enters a surface water body. For this simulation, the characteristics
of Lake Sakakawea located in the Missouri River basin in central ND
were used. This lake was considered in the simulation analysis because
it is a major source of surface water for several towns in the State, is
located near oil well production sites, and is one of the top fishing
spots in ND (City of Williston, 2014; North Dakota Department of
Health, 1999b; North Dakota Tourism Division, n.d.).

The Ra-226 activity concentration in air was not included in the
QWASI analysis since the data is not collected in ND. Contribution
through atmospheric deposition is assumed to be negligible based on
secular equilibrium between the parent radionuclide Ra-226 and the
daughter radionuclide radon-222 (Rn-222) (Argonne National
Laboratory, 2005). This means that the activity of Ra-226 is slightly dif-
ferent than that of Rn-222; thus, they are assumed equal and because
previous research found low levels of Rn-222 over surface water, the
contribution of atmospheric Ra-226 was not included in the analysis
(Jasaitis et al., 2016).

Transfer factors are used to estimate the amount of contaminant
bioaccumulated in organisms such as plants and animals (Staven et
al., 2003). Ra-226 may transfer to agricultural products through two
routes, irrigation water deposition and root uptake from soil (Pacific
Northwest National Laboratory, 2008). Therefore, the total
activity concentration of Ra-226 in plants can be calculated by adding
Ra-226 activity concentrations calculated by Eqs. (2) and (3) based on
water-to-plant transfer factor and soil-to-plant transfer factor, respec-
tively. (Carvalho et al., 2009; Pacific Northwest National Laboratory,
2008):

TFwater−plant ¼
Ra−226 concentration in plant in Bq kg−1 dry weight

Ra−226 concentration in water in Bq L−1

 !

ð2Þ

TFsoil−plant ¼
Ra−226 concentration in plant in Bq kg−1 dry weight

Ra−226 concentration in soil in Bq kg−1 dry weight

 !

ð3Þ

Ra-226 concentration in soil in the Bakkenwas determined based on
21 data points reported by Lauer et al. (2016) as shown in SD, Table S5.

Similarly, the amount of Ra-226 bioaccumulated in the fish tissue
can be determined using the transfer factor measured in fresh weight
animal product as follows (Staven et al., 2003):

TFwater−fish ¼ Ra−226 concentration in fish in Bq kg−1 fresh weight

Ra−226 concentration in the water in Bq L−1

 !

ð4Þ

Bioaccumulation in fish can occur via two routes: water and food
chain (Smith, 2006). However, since the focus of this study is on pro-
duced water and the food chain data are not available (known to be
extremely difficult to obtain), only transfer via water was
considered.
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3. Results and discussion

3.1. Exposure assessment

3.1.1. Scenario 1: drinking water
The first scenario covers previous actual cases in ND in which PW

spills have reached a surface water body. For example, there was a PW
spill in William County in January 2015 where 11.4 × 106 L were
discharged from which a fraction (unknown) affected the Blacktail
Creek and Little Muddy River. This event poses human health risks be-
cause both water bodies discharge into the Missouri River, a drinking
water source (Lauer et al., 2016). To determine the activity concentra-
tion of Ra-226 that remains in an impacted surface water body, the
QWASI model and the characteristics of Lake Sakakawea were used.
QWASI calculates the activity concentrations in the air, water, and sed-
iment compartments of a lake based on the fugacity concept. For details
on QWASI, please see Mackay et al. (2014); Webster et al. (2005);
Woodfine et al. (2000); and Mackay and Diamond (1989). Since fugac-
ity uses measurable vapor pressure, several modifications for Ra-226
were required (please see SD, Figs. S2–S8).

Based on theQWASI analysis, an initial Ra-226 activity concentration
of 535 pCi/L (19.80 Bq/L, previously calculated) would result in a final
activity concentration of 125.64 pCi/L (1.27 × 10−1 ng/L or 4.65 Bq/L).
If a lake containing 125.64 pCi/L is used as a drinking water source,
the ultimate activity concentration after water treatment process for ra-
dionuclides removal (88% average removal efficiency of lime softening,
ion exchange, and activated carbon)will be 15.08 pCi/L (0.56 Bq/L) (U.S.
Environmental Protection Agency, 2015). This amount is more than
three times the maximum contaminant level (MCL) of 5 pCi/L (0.19
Bq/L) (combined Ra-226 and Ra-228) allowed in drinking water
established by the United States Environmental Protection Agency
(USEPA) (Agency for Toxic Substances and Disease Registry, 1990).

3.1.2. Scenario 2: potato skin bioaccumulation
In this scenario, the amount of Ra-226 transferred from irrigation

water and soil to potatoes was calculated. Potato was selected because
of its high consumption in the State compared to other products. Trans-
fer factors are site specific but for this study, several ratios for water-to-
plant and soil-to-plant found in the literature were considered (SD,
Table S6). The transfer factors from previous research used for this anal-
ysis were calculated using soils with similar characteristics to the ones
found in ND. Table 2 shows the transfer factors, Ra-226 activity concen-
tration in irrigationwater, and Ra-226 activity concentration in soil used
to determine the total amount of Ra-226 bioaccumulated on the potato
skin.

Some considerations for this scenario are:

• Water-to-plant transfer factor: Due to limited information, only two
data points from Carvalho et al. (2009) were used.

• Soil-to-plant transfer factor: Normal distribution based on mean and
standard deviation from seven data points found in the literature
was assumed (Carvalho et al., 2009; Pietrzak-Flis et al., 1995;
Table 2
Data used to calculate Ra-226 bioaccumulation in potatoes.

Parameter Values

Water-to-plant transfer factor (Bq/kg per Bq/L) Mean
Std. Dev.

4.70
0.14

Soil-to-plant transfer factor (Bq/kg per Bq/kg soil) Mean
Std. Dev.

5.8 ×
1.8 ×

Ra-226 activity concentration in contaminated
irrigation water

125.64 pCi/L
4.65 (Bq/L)a

Ra-226 activity concentration in contaminated soil
(Bq/kg soil)

Mean 90.7
Distribution shape factor 16.7

a 1 pCi = 0.037 Bq.
Schuttelkopf and Kiefer, 1982; Staven et al., 2003; Tagami and
Uchida, 2009; Watson et al., 1983).

• Ra-226 activity concentration in soil: 21 data points from Lauer et al.
(2016) fitted using @Risk best fit tool (SD, Table S5).

The data in Table 2 and the considerations listed above were used to
calculate the amount of Ra-226 that could accumulate on the potato
skin. @Risk was set up to run 100,000 iterations which resulted in a
final Ra-226 activity concentration of 604.87 pCi/kg dry weight of pota-
toes (22.38 Bq/kg dryweight). For comparison, the natural radioactivity
levels inwhite potatoes is 1.0–2.5 pCi/kg (0.04–0.09 Bq/kg) (Idaho State
University, 2011).

3.1.3. Scenario 3: fish tissue bioaccumulation
A similar process used in scenario 2was applied for scenario 3. Using

a Ra-226 activity concentration of 125.64 pCi/L (4.65 Bq/L) in a lake
used for recreational fishing, the amount bioaccumulated in fish was
calculated. For this case, six different transfer factors found in the liter-
ature (Clulow et al., 1998; Hosseini et al., 2008; IAEA, 2001; Meinhold
et al., 1996) (SD, Table S7) were used to estimate the mean value for
the transfer factor for fishes (178.38 pCi/kg fresh weight per Bq/L or
6.60 Bq/kg fresh weight per Bq/L) and standard deviation (89.19 pCi/
kg fresh weight per Bq/L or 3.30 Bq/kg fresh weight per Bq/L) which
were used in the simulation. Assuming the transfer factor follows a nor-
mal distribution, @Risk was used to perform 100,000 iterations of Eq.
(4) to calculate the transfer of Ra-226 to fish. The simulation results in-
dicate that the total amount bioaccumulated in the fish tissue is 829.19
pCi/kg fresh weight (30.68 Bq/kg fresh weight). As a comparison, the
global concentration of radioactivity in fish is 64.85 pCi/kg fresh weight
(2.4 Bq/kg fresh weight) (Aarkrog et al., 1997).

3.2. Risk assessment

The amount of Ra-226 transferred from PW to drinking water and
food calculated in the previous section can be further analyzed to deter-
mine the radiation exposure of the local population. There are plenty of
reports and guidelines from national and international organizations
(e.g. the USEPA, the International Atomic Energy Agency, and the
World Health Organization) dedicated to analyze human health risks
associated with radioactive material. For the purposes of this study
which only focuses on three foodstuffs, a simplified process was used
to calculate the amount of Ra-226, measured in millisievert (mSv), en-
tering the human body via food chain and comparedwith average levels
of human exposure to radiation from natural sources (an average expo-
sure). A result greater than an average annual human exposure to radi-
ation, was considered to indicate possible threats to human health.
Table 3 summarizes the data used to calculate the annual dose received
by adults in ND.

The total annual Ra-226 dose rate that an adult in NDwould receive
if one consumes water, potatoes and fishes that have been in direct
Source Distribution

(Carvalho et al., 2009) Normal (assumed)

10−3

10−3
(Carvalho et al., 2009; Pietrzak-Flis et al., 1995;
Schuttelkopf and Kiefer, 1982; Staven et al., 2003;
Tagami and Uchida, 2009; Watson et al., 1983)

Normal (assumed)

This study (from scenario 1) N/A

0 (Lauer et al., 2016) Inverse Gaussian
(@Risk best fit)0



Table 3
Data used to calculate annual Ra-226 dose rate per individual in ND.

Parameter Scenario 1 Scenario 2 Scenario 3

Drinking water Potatoes with skin Fishes

(1) Consumption rate per year 730 La 48.40 kg (U.S. Department of Agriculture Economic
Research Service, 2015)

8.43 kgb (U.S. Environmental Protection Agency, 2013)

(2) Effectivec dose/unit intake via ingestion 2.8 × 10−7(Sv/Bq) (IAEA, 2014)
(3) Ra-226 activity concentration simulated
in this study

0.56 Bq/L 22.38 Bq/kg dry weight 30.68 Bq/kg fresh weight

(4) Calculated annual Ra-226 dose rated (mSv) 0.11 0.30 0.08

a Assumed 2 L per day.
b Average adult weight in the U.S.= 82 kg (Centers for Disease Control and Prevention, 2016).
c Committed or received dose.
d (1) × (2) × (3)= (4).

Table 4
Sensitivity analysis results. ±25% and±50% scenarios evaluated compared to base activity
concentration.

Levels of Ra-226 Base −25% +25% −50% +50%

Concentration in PW (initial) (Bq/L) 19.80 14.85 24.75 9.90 29.70
Concentration in lake (final) (Bq/L) 4.65 3.70 6.19 2.50 7.39
Concentration in drinking water (Bq/L) 0.56 0.44 0.74 0.30 0.89
Concentration in potato (skin) (Bq/kg dry
weight)

22.38 17.92 29.62 12.28 35.26

Concentration in fish (Bq/kg fresh weight) 30.68 24.42 40.85 16.50 48.77
Annual dose rate (mSv) 0.49 0.40 0.67 0.27 0.79
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contact with surface water contaminated with PW is 0.49 mSv. The
global average annual human exposure to radiation (different radionu-
clides besides Ra-226) from natural sources is 2.40 mSv/year from
which 0.30mSv is due to ingestion of food and drinking water (United
Nations Scientific Committee on the Effects of Atomic Radiation,
2000). If the scenarios were considered individually, none of the esti-
mated annual dose rates would exceed the global average. However,
by considering a diet including the three food elements evaluated, the
total contribution of Ra-226 via food chain is higher than the global av-
erage. The interpretation of these results indicates that the level of risk
to human health could be high if PW in ND is not handled correctly.

Environmental problems such as the one presented here are difficult
to define due to the complexity of the systems involved. However, it is
necessary to study them to find solutions. The modeling approach was
used because it allows to find relationships between known variables
and identify gaps. A summary of the inputs and outputs obtained in
each of the steps in this study is in SD, Table S8. The approaches used
in this study are well known and applied widely but uncertainties asso-
ciatedwith theModel and datawere unavoidable (Uusitalo et al., 2015).
These uncertainties were addressed as follows. To minimize uncer-
tainties associated with the predicted Ra-226 level, several datasets on
cation (Ba, Sr, and Ca) concentrations in produced water from different
parts of the U.S. were used and the Ra-226 activity concentration ob-
tained was verifiedwith the actual Ra-226 range. In addition, a sensitiv-
ity analysis was conducted to address the possible and actual
variabilities of Ra-226 in produced water from the Bakken as described
in the following subsection. The lack of transfer factor data for ND was
handled by using transfer factors from several previous studies. Some
of the adopted transfer factors are based on environmental media that
are similar to those in ND in term of properties.

3.3. Sensitivity analysis

To analyze the effects of possible underestimation (25% and 50%) or
overestimation (−25% and−50%) of the Ra-226 activity concentration
in PW, a sensitivity analysis with four different scenarios was conduct-
ed. Table 4 shows a comparison between the results obtained with the
base concentration of 535 pCi/L (19.80 Bq/L) and the four different var-
iations in the sensitivity analysis.

The sensitivity analysis revealed that variation in the simulated Ra-
226 activity concentration in PW of 535 pCi/L (19.8 Bq/L) by ±25%
and ±50% still presents risks to human health. It is also obvious that
the risk exists based on the actual Ra-226 activity concentration range
in PW (527–1210 pCi/L, n = 3; Lauer et al., 2016). The activity concen-
tration of Ra-226 that would remain in drinking water exceeds EPA's
MCL of 5 pCi/L (0.19 Bq/L) in all the sensitivity analysis scenarios. In ad-
dition, the annual dose rate exceeds the average annual human expo-
sure to radiation through food and drinking water ingestion (0.30
mSv) in all scenarios except in the scenario where the Model
overestimated the level of Ra-226 in PW by 50% (268 pCi/L or 9.90 Bq/
L) which is considerably below the actual low end value reported by
Lauer et al. (2016) (527 pCi/L). It should be noted that the ±50% varia-
tion also well covers the standard deviation of the natural log trans-
formed Ra-226 data (Fig. S1). In other words, if one standard
deviation of the natural log transformed Ra-226 data is considered,
the annual dose rates (for ±standard deviation) exceed the average an-
nual human exposure to radiation. Based on these sensitivity analysis
results, the risk is compelling if PW spills in ND make their way to
lakes that supply fishes for human consumption, and water for irriga-
tion and drinking.

4. Conclusions

The activity concentration of Ra-226 in PW varies based on several
factors including geological characteristics of the Bakken Shale. A
Model to predict Ra-226 using the known levels of the most common
cations present in PW was developed and the result is agreeable with
a range reported by the only experimental study available with ex-
tremely limited data. This study goes beyond the calculation of Ra-226
in PW by estimating the risks to human health in the event that PW
reaches a surface water body that is used as a source for drinking
water, irrigation water, and recreational fishing. A proper risk assess-
ment considers the complete diet of the population as well as other
sources of radionuclides exposure such as inhalation. However, the pre-
liminary results obtained with a very limited number of datasets for the
Bakken, and only taking into account the contribution of Ra-226 via in-
gestion of water, potatoes, and fishes, indicate that the levels could be
above the average annual radiation dose from natural sources. In addi-
tion, the sensitivity analysis shows that there could be risks to human
health even when the Ra-226 levels in PW vary significantly compared
to the simulated concentration.

With the Model, the final activity concentrations of Ra-226 can be
calculated for any sample of PW from the Bakken Shale if major cation
levels are known. Asmore data becomes available, theModel can be re-
fined to providemore accurate results. In addition, the analysismethods
applied in the study could be used for any other cases in the U.S. where
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unconventional oil and gas production is being practiced with a few
modifications including the specific characteristics of PW, the impacted
surface water body, and biota consumption rates/types. Overall, the re-
sults presented in this study can be treated as awarning and a reference
to conduct further investigations. Studies such as the one presented
here can greatly contribute to understand the health risks associated
with unconventional oil and gas production and develop risk manage-
ment strategies to mitigate risks of introducing contaminants from
PW into the human food chain.
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