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Abstract This study considers the flux of radioactivity in
flowback fluid from shale gas development in three areas:
the Carboniferous, Bowland Shale, UK; the Silurian Shale,
Poland; and the Carboniferous Barnett Shale, USA. The ra-
dioactive flux from these basins was estimated, given esti-
mates of the number of wells developed or to be developed,
the flowback volume per well and the concentration of K
(potassium) and Ra (radium) in the flowback water. For com-
parative purposes, the range of concentration was itself con-
sidered within four scenarios for the concentration range of
radioactive measured in each shale gas basin, the groundwater
of the each shale gas basin, global groundwater and local
surface water. The study found that (i) for the Barnett Shale
and the Silurian Shale, Poland, the 1 % exceedance flux in
flowback water was between seven and eight times that would
be expected from local groundwater. However, for the
Bowland Shale, UK, the 1 % exceedance flux (the flux
that would only be expected to be exceeded 1 % of the
time, i.e. a reasonable worst case scenario) in flowback
water was 500 times that expected from local groundwa-
ter. (ii) In no scenario was the 1 % exceedance exposure
greater than 1 mSv—the allowable annual exposure
allowed for in the UK. (iii) The radioactive flux of per
energy produced was lower for shale gas than for conven-
tional oil and gas production, nuclear power production
and electricity generated through burning coal.
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Introduction

Shale is a common fine-grained, organic-rich, sedimentary
rock and contains low concentrations of radionuclides which
are adsorbed onto the organic material and clay minerals
present (Smith 2011). During burial, kerogen within the shale
converts to oil and gas (Pepper and Corvit 1995; Barker
1980), some of which is expelled, but a proportion remains
in pore spaces (Cokar et al. 2010) or adsorbed onto the organic
matter; some of this gas can subsequently be produced by
hydraulic fracturing of the rock (Keshavarzi et al. 2012).
The process of hydraulic fracturing requires the use of a
fracturing fluid, which when pressurised generates fractures,
invades the shale reservoir and then is returned to the
surface through the wellbore after fracturing has been com-
pleted (Anderson et al. 2010; Gregory et al. 2011)—this is
termed flowback fluid.

Flowback fluid is usually highly saline, contaminated with
dissolved and suspended solids, heavy metals, fracking
chemicals and naturally occurring radioactive material
(NORM) of varying concentrations (Edmiston et al. 2011;
Warner et al. 2013). Many sedimentary shale formations can
contain high concentrations of NORM, such as radium, ura-
nium and thorium (Walter et al. 2012). Uranium has been
recorded in many shale formations at 0.01 to 0.02 %; the
alum shale of Sweden contains as much as 0.5 %
(McKelvey and Nelson 2006). Radium-226 and radium-
228 are usually the most abundant radionuclides in
flowback water and are the decay products of the uranium
and thorium isotopes (Abdeen and Khalil 1995; Barbot
et al. 2013). Radium is more soluble than the largely immo-
bile uranium and thorium isotopes and therefore can become
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dissolved in pore water and hydraulic fracturing fluid (Smith
1992; Abdeen and Khalil 1995) and can then flow back to the
surface after hydraulic fracturing (Edmiston et al. 2011).
Equally, radon is the relatively short-lived daughter product
of radium decay (half-life of Rn=222–3.8 days, half-life of
Ra-226=1,601 years), and so, although it is commonly found
in groundwater (e.g. Mullinger et al. 2009), radon has not yet
been featured in the analysis of flowback fluids. Radionu-
clides are a source of ionizing radiation, but ionizing radiation
is common in our environment to be coming as it does from
naturally occurring radon, food and water, medical exposure,
cosmic rays and the Earth’s gamma radiation (World Health
Organisation 2012). For example in Cornwall, UK, natural
radon exposure is particularly high due to the area being
largely underlain by granitic rocks that are relatively rich in
uranium and radium. For instance, the average radon level
from 17,000 houses in the Carrick District of Cornwall was
145 Bq m−3 (becquerels per cubic metre) that is almost seven
times greater than the English average of 21 Bq m−3 (UK
Health Protection Agency 2012).

Typically for shale exploitation, a vertical well is deviated
so that it can be drilled parallel to the shale reservoir (e.g. King
2010). The production casing is perforated, and hydraulic
fractures are stimulated by injecting saline water with chem-
ical additives (Kargbo et al. 2010; King 2010; Davies et al.
2012), and ‘proppant’ (e.g. sand) is used to keep the fractures
open (King 2010; Bell and Brannon 2011; Frantz et al. 2005).
Hydraulic fracture stimulation from a horizontal borehole is
usually carried out in multiple stages (Frantz et al. 2005) with
known volumes and compositions of fluid (Bell and Brannon
2011). A typical horizontal hydraulically fractured shale gas
well will require between 7.6 and 19 million l of water, with
this volume being dependent upon the length of the horizontal
section of the well, depth and the number of fracturing stages
(Rahm 2011). After hydraulic fracturing, the water is allowed
to flow to the surface. As an example of the volumes of
flowback water required by hydraulic fracturing, hydraulic
fracturing in the 23,500-km2 Haynesville Shale Basin in
Northeast Texas and Northwest Louisiana began in 2007
(Fan et al. 2010). By the end of June 2010, there were thought
to be 600 wells in the Haynesville Shale Basin, with 185 rigs
in place (Fan et al. 2010). In the Haynesville Shale Basin, a
well typically required 636–795 m3 of water for drilling,
15,899 m3 for hydraulic fracturing and 48–64 m3 for comple-
tion fluids (Pierce et al. 2010). However, shale basins differ in
the volumes needed and horizontal wells in the Barnett Shale
(Texas, USA) have been reported to use more than 13,638 m3

per treatment, and these thus produce huge amounts of
flowback fluid (Harper 2008).

At the time of writing this paper, there are very few shale
gas wells drilled in Europe. In the USA, it is a routine for
flowback water to be disposed of by deep injection (Edmiston
et al. 2011; Horner et al. 2011), but this is generally not

permitted in Europe, leading to the question of how best to
dispose of flowback fluid. Therefore, in this study published,
sources of flowback fluid have been collected to produce the
first assessment of the volumes of flowback fluid and the
concentrations of radionuclides that could be expected if
European countries went ahead with shale gas exploitation
and put this in the context of other fluxes of radionuclides.

Approach and methodology

The data compiled for this study were all converted to com-
mon unit of Bq (SI unit of decays per second) as opposed to
the often used unit of Curie (Ci=3.7×1,010 decays per s), and
it has been assumed, unless otherwise stated in the source, that
the concentration data were for concentrations in the aqueous
rather than the adsorbed phase.

To calculate the probability distribution of radionuclide
flux from shale gas well development, the following were
needed: the number of wells to be developed within a given
basin, the volume of flowback fluid expected and the concen-
tration of a particular radioactive element within the flowback
fluid.

Estimates of the concentration of radioactive elements in
flowback fluid were based upon the values reported in the
literature for flowback fluid. A number of radionuclides could
be expected to be present in flowback, but the dominant two
are radium and potassium. Radium and potassium have well-
defined isotopic abundances, and so, it is easy to convert
concentration data into Bq.

For the number of wells and the volume of flowback fluid,
three shales were considered.

The Bowland Shale, UK

The number of wells planned for the Bowland Basin cannot be
officially clarified yet: It is estimated that between 1 and 10
wells were to be drilled in 2013. So far, one well has been
drilled within the Bowland Shale, the Preese Hall well drilled
and fractured in the Bowland Shale with the low-end estimate
for flowback fluid volume for one well being 1,232 m3 with
the high estimate being 6,627 m3 (Broderick et al. 2011). The
Environment Agency’s initial analysis of the flowback fluid
from the Preese Hall well has recorded the presence of the
radioactive material radium-226, and the highest concentra-
tion recordedwas 90±12 Bq/kg (102 Bq/kg=3,027.027 pCi/l)
(Environment Agency 2011).

Silurian Shale, Poland

Since 2007, Poland has granted 111 shale gas exploration
licences. By 2021, the licence holders should have developed
308 boreholes on 110 of these licences, including 122
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mandatory boreholes along with 186 optional ones. To date,
23 drillings have been made in Poland, with another 6 cur-
rently underway and another 41 new drilling projects due for
development before the end of 2013. For this study, the
minimum number of wells drilled and produced is 10, with a
maximum of 50. Lubien LE-2H well was drilled in Lubien
near Pomerania Voivodeship, Poland. It has a depth of
4,075 m, with a horizontal section of 1,000 m long with
17,322 m3 of water injected into the horizontal section of the
well; this water was laden with 1,271 tonnes of quartz sand
and 462 m3 of chemical additives (Panstwowy Instytut 2012).
The operations produced 2,781 m3 of flowback fluid. Due to
this fluid being in contact with strongly saline waters and the
shale formation, it came back enriched with chlorides and
barium salts (Panstwowy Instytut 2012).

The Barnett Shale, USA

The final scenario is for the Barnett Shale. The Barnett Shale
is a shale gas province in North Central Texas (Willberg et al.
1998) with the unconventional gas reservoir extending for
over 86,905 km2 (Ketter et al. 2006). The gas potential of
the Barnett Shale was discovered in 1981, and in 2008, over
8,000 wells were being produced (Rickman et al. 2008;
Kinley et al. 2008), and we can compare the K-40 from the
Barnett Shale to those from Europe. If we assume that the
Barnett Shale has roughly developed at a rate of ~300 wells
per year over the last 27 years, in 2013, the number of wells
will be approximately 8,300 wells. It is unlikely that in 2013,
we would see a decrease in production; for this study, we
therefore assume that the number of wells would stay the
same; thus, the minimum number of wells would be 8,000
wells. Themost common disposal method in the Barnett Shale
is to truck it to distant wells and inject the flowback fluid back
into the ground (Mcllvaine and James 2010).

Comparative data

To put the above estimates of radioactive flux from flowback
fluid in shale basins into context, it is necessary to consider
two situations: firstly, the release of radionuclides from other
anthropogenic operations, and secondly, the level of radioac-
tivity that might be expected from the natural background.

In this study, we propose that the most appropriate natural
background with which to compare shale gas basins is the flux
of radioactivity that would be expected from pumped ground-
water. Two sets of groundwater were considered: firstly, back-
ground groundwater concentrations of radioactive elements
within the shale gas basins themselves, and secondly, it was
not always possible to obtain background concentrations for a
particular basin and so groundwater concentrations from else-
where in the world were used. It may be expected that data
may be skewed towards higher values as radionuclide studies

are likely to be carried out in regions where levels are known
to be elevated or could be expected to be of concern. Not all
reports of groundwater radioactivity were incorporated into
the estimates. If the data source stated that the sampling
location was close to, or could be influenced by, an external
source of radionuclides, e.g. nuclear power stations, then the
results were discarded. However, it cannot be guaranteed that
no results are skewed by external radionuclide input as not all
such sources would be noted in the literature.

Nuclear power discharge water will be contaminated with
radionuclides. Above the activity of flowback fluid has been
compared to the activity of naturally occurring groundwaters
by predicting the total annual radiation output if natural waters
were pumped in the same quantities as flowback fluid. Here,
the same scenario was applied to radioactive produced waters
from the nuclear power industry, i.e. if the same concentration
as observed in nuclear power plant discharge water was
pumped in the same volumes as flowback fluid, what would
be the equivalent flux? This puts flowback fluid in context
with other permissible radionuclide contaminations, and such
an analysis was not possible for other sectors such as produced
water from oil and gas installations because it was not possible
to calculate the concentrations in the water involved. Alterna-
tively, the distribution of produced water activity from nuclear
power stations was calculated based on the total annual dis-
charge (Bq) from each UK station. This was used in conjunc-
tion with generic water usage values for nuclear power sta-
tions (l/MW/h) and total UK energy output (69 TW/h) to
estimate the activity of discharge from each power station in
becquerels per litre.

The OSPAR Commission administers northwestern Euro-
pean countries’ obligations to monitor the quality of dis-
charges to the Atlantic under the Oslo and Paris Treaties. As
part of their activities, the OSPAR Commission collects data
on the discharge of radionuclides to the Atlantic from a
number of countries and a number of sectors, and this includes
the non-nuclear sector (OSPAR 2012a). Therefore, OSPAR
Commission data are especially valuable as a comparator for a
potential UK shale gas industry. Non-nuclear UK sector in-
cludes oil and gas extraction, titanium dioxide pigment oper-
ations, steel and rare earth production, medical industry, uni-
versities and research centres and the radiochemical produc-
tion. All of these sectors have the potential to discharge
radioactive substances into maritime areas. Themedical sector
comprises of hospitals, clinics and medically related laborato-
ries and, in 2010, was only required to report the marine
disposal of iodine-131 (OSPAR 2012a). Universities and re-
search centres are interpreted by OSPAR to include all med-
ical research, universities, educational establishments and re-
search institutes (OSPAR 2012a). The universities and re-
search centres also includes operators involved in pharmaceu-
tical research and manufacturing as well as non-medical com-
mercial laboratories. In 2010, there were three primary steel
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manufacturing plants in the UK. These plants operate by using
a dry gas cleaning process, with any dust created removed
from the stack and either recycled or sent to landfill—this
process does not discharge any liquid. Of particular impor-
tance is the discharge of produced waters from the oil and gas
industry which is especially dominated by discharges from
offshore installations in the North Sea.

Stochastic assessment

The concentration of the particular radionuclide, the flowback
volume and the number of wells were defined across a range
for each scenario. Ranges derived from the literature or com-
pany information were not considered to be the maximum and
minimum values possible; rather, the range reported was taken
as an estimate of 2 standard deviations of a normal distribution
of that variable. Once the normal distribution was estimated
for each of the concentration of the particular radionuclide, the
flowback volume and the number of wells and then the flux of
radionuclide were estimated by random sampling from each
of these distributions, and this process was repeated 500 times
in order to get 500 estimates of the flux of the radioactive
element. Once the 500 estimates have been calculated, then it
is possible to examine the distribution and cumulative distri-
bution of the flux. From the cumulative frequency distribu-
tion, it was possible to assess the probability that the radionu-
clide flux will exceed a certain value, and as standard, this
study considered the 1 % exceedance flux, i.e. the flux that
would have only a 1 % chance of being exceeded, given the
estimated ranges within that scenario.

Human exposure

In examining the absolute values of radioactive element
flux from flowback fluid relative to other radioactive
sources, we also considered these figures in the context
of human health, as this is ultimately one of the concerns
associated with hydraulic fracturing technology. For this
calculation, it was assumed that the volume of water
being used by a person on a daily basis was from
flowback fluid, and then the radioactive flux to that per-
son would be the case from each of the scenarios consid-
ered. From these flux scenarios for each basin, an annual
dose was calculated and compared to the maximum an-
nual safe dose as recommended by the UK Environment
Agency (i.e. 1 mSv) (Environment Agency 2011)

Annual dose ¼ kAU

NV
ð1Þ

where A is the total annual radioactive activity (Bq), V is the
annual flowback volume used for each well (m3/year/well), N

is the number of wells in the shale gas basin, U is the annual
individual water usage per year in the UK (l/year) as recorded
by the UK Environment Agency (54,750 l/year), and k is the
conversion factor to convert to millisieverts. Values were
taken from each scenario for each shale gas basin. Doses were
calculated at the 50th and 99th percentiles of activity and
flowback volume as calculated for each scenario. The activity
value takes into account the sum of the activities of all mea-
sured radionuclides. However, radionuclides were only in-
cluded if data were available for their activity in both flowback
and groundwater, in order that a fair comparison could be
made. For example, the exposure values for Poland do not
include contribution from K-40, as K-40 data were only
available for the flowback fluid.

Results

Radioactivity in groundwaters

The range of concentration of Ra-226, Ra-228 and K-40
found in each shale gas basin and in world groundwater is
summarised in Table 1 with the full details in the Supplemen-
tary Material Table S1. Of particular note are the higher
concentrations that occur naturally in the Poland Silurian
and Barnett Shale Basins than the Bowland Shale Basin.

Bowland Shale

The highest and lowest radionuclide concentrations reported
for the Preese Hall well were analysed in December 2010
(Environment Agency 2011). The thallium-208 and radium-
224 concentrations in the flowback fluid were constant in all
the samples with radium-224 concentration consistently at
4 Bq/kg, and so for the minimum, we have used 3.9 Bq/kg
so the flux values can be calculated. The K-40 activity in the
Bowland Shale flowback fluid was 112,958.74 Bq/year com-
pared to an estimated 4,870 Bq/year if groundwater was
pumped instead (Table 2, Fig. 1), showing that the flowback
fluid contains more radioactive potassium than natural
groundwater. The exposure estimates from K-40 activities of
global groundwater were almost five times greater than those
based on levels in UK groundwater.

The Ra-226 values for the Bowland Shale flowback
fluid also exceed the natural groundwater values
(2,379,175 Bq/year compared to 1,460 Bq/year). When
calculated using the global distribution of groundwater
Ra-226, however, the estimated activity of pumped water
would be 1,650,000 Bq/year, a difference of 3 orders of
magnitude from the local natural groundwater, similar to
the measured exposure from flowback fluid. As with
K-40, seen in the global context, the increased activity
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from flowback fluid is much less significant when viewed
relative to global values.

Surface waters should be considered as they are more
directly linked to human exposure and environmental contam-
ination. Surface water activity data were only available for the
Bowland region and are based on national averages from
reservoirs and rivers. Ra-226 data were not available for
surface water measurements; however, we have considered
Ra-226 activity to be analogous to total alpha activity, for
which data were available. The total activity for Bowland
flowback fluid is ~2.5 MBq/year, compared to ~0.021 MBq/
year in surface waters, which has a difference of 2 orders of
magnitude. This highlights a potentially large risk if surface
waters were to become contaminated with flowback fluid.
Radium and potassium are relatively soluble and therefore
common in flowback fluid. They are not however the only
naturally occurring sources of radiation in groundwater/
surface water. For the Bowland Shale, flowback fluid and
groundwater have been compared to the total activity of an
equivalent volume of UK surface water to assess the net
impact that discharge of flowback fluid to waterbodies may
have. These data show (Table 3) that water from local lakes,
reservoirs and rivers has more than double the activity of
groundwater (15,000 and 6,330 Bq/year, respectively). Total
beta radiation activity for the volume pumped (analogous to
K-40, a beta emitter) is 11,600 Bq/year, and the total alpha
activity (analogous to Ra-226) is 3,370 Bq/year.

Polish Silurian Shale

The Polish Geological Institute (2011) recorded one value for
each of the elements in the flowback fluid from Poland, and

therefore, it was difficult to give a concentration range for this
shale gas basin. To create the cumulative distribution for
K-40, we have used the minimum and maximum values from
the UK Environment Agency, 1 and 5.2 Bq/l, respectively
(Environment Agency 2011), and the flowback fluid volume
and the number of wells were as stated above. The 99th
percentile values for K-40 flux are lower than those estimated
for the Bowland Shale, but the flux for Ra-226 is estimated to
be higher (Table 1). The higher Ra-226 flux in flowback fluid
is reflected in a higher background groundwater flux of Ra-
226 based upon local information. It should be noted that the
predicted 1 % exceedance flux of K-40 is lower than the value
predicted for global natural groundwater.

Barnett Shale

Rimassa et al. (2009) records the total dissolved solids in
Northeast Texas at 147,000 mg/l, and this is significantly
more than that of Horner et al. (2011) who documents
39,570 mg/l (Table 3). The mean radium-226 value was
6.5 Bq/l, whilst the only radium-228 reading is 0.04 Bq/l.
Potassium concentration in flowback fluid is recorded by
Rimassa et al. (2009) as 1,580 mg/l. The predicted 1 %
exceedance fluxes from the Barnett Shale are higher than
those predicted for either the Bowland Shale or the Silu-
rian Basin at 2.5 GBq/year, but rather like the situation for
the Polish Silurian Basin, this flux is less than eight times
what was expected from local, natural groundwater for the
basin, i.e. the natural groundwater in the shale has higher
levels of Ra-226. Indeed, the predicted 1 % exceedance
flux of Ra-228 is lower than that expected from natural
groundwater, and when compared to global groundwater,

Table 1 Summary of scenarios
used for the analysis Basin Radium-226 (Bq/l) Radium-228 (Bq/l) Potassium-40 (Bq/l)

Upper Lower n Upper Lower n Upper Lower n

Poland 85.0000 0.0040 129 2.1700 0.0040 129

Barnett 16.9000 0.0003 601 5.92 0.0000 593

Bowland 0.0500 0.0007 35 35 0.1900 0.0260 35

World 85.0000 0.0003 1,239 5.92 0.0000 1,210 0.8900 0.0001 195

Table 2 Radioactive flux from each of the shale basins considered for four concentration scenarios

Scenario Flowback water flux Local natural groundwater Global natural groundwater Local natural surface water

Ra-226 Ra-228 K-40 Ra-226 Ra-228 K-40 Ra-226 Ra-228 K-40 Ra-226 Ra-228 K-40

Barnett 2,408,423 5,544 1,615 347,241 88,152 1,375,726 87,728 12,922

Bowland 2,379 113 1.5 4.9 1,648 22.8 3.4 11.6 6.8

Poland 77,960 4 10,777 290 12,307 635 121

All values are the 1 % exceedance values, and all are given in kilobecquerels per year
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even the estimated 1 % exceedance flux of Ra-226 is less
than twice that possible.

Comparative emissions

Produced water

In 2007, ~400 million m3 of produced water from oil
production was discharged into the North Sea, whilst only
~85 m3 was injected into the subsurface. Treatment and
overboard discharge has historically been the main option
in the North Sea; however due to the economic benefits
and environmental concerns, reinjection is becoming
more popular (Paige and Murray 1994; Iversen et al.
2009). Reinjection of flowback fluid is very popular in
US shale gas provinces (Edmiston et al. 2011).

The radionuclides discharged from the UK via pro-
duced water in 2010 from offshore oil and gas industries
were as follows: Ra-226 (0.36 TBq), Ra-228 (0.13 TBq)
and Pb-210 (0.04 TBq) (OSPAR 2012b). There are 104
installations in the UK annually discharging a total of
196,333,229 m3 of water into the sea, excluding seawater

for pressure maintenance, of this 27,481,713 m3 is pro-
duced water (OSPAR 2012b). These volumes are consid-
erably more than those potentially created by proposed
UK shale gas activity. For example, the maximum record-
ed volume of flowback fluid from one well in Lancashire
was 6,627 m3 (Regeneris Consulting 2011). If 25 wells
(this is the very top estimate) were drilled in 2014,
165,675 m3 of flowback fluid would be returned to the
surface. For comparative purposes, the discharges from
the North Sea oil and gas installations were rescaled to the
volumes expected for the Bowland Shale, and this would
give fluxes of Ra-226 (2.2 GBq), Ra-228 (0.8 GBq) and
Pb-210 (0.2 GBq), i.e. 3 orders of magnitudes greater than
those predicted from shale gas operations. Even if devel-
opment continued at this extremely high level for 20 years,
t h e max imum vo lume o f f l owback wou ld be
3,313,500 m3, and so although this is an unrealistic sce-
nario, it demonstrates that the UK not only currently
manages much greater volumes of produced water for
disposal than could be expected from the UK shale gas

Fig. 1 Comparison of the exceedance curves for radioactive flux projected for the Bowland Shale based upon K-40 concentrations in local groundwater
and for flowback fluids

Table 3 Total activity for Bowland Shale waters

Activity (kBq/year) Flowback fluid Local groundwater Surface water

Alpha 2,379 1.5 3.4

Beta 113 4.9 11.6

Total 2,492 6.3 15.0

Table 4 A comparison of expected 1 % exceedance radioactive flux
from flowback fluid for the shale gas basins with that which could be
expected for water at the concentration of nuclear power discharge water

Scenario Nuclear power discharge Total flowback fluid activity

Barnett 435,658,912 2,415,582

Bowland 595,713 2,492

Poland 2,836,126 77,964

All values are in kilobecquerels per year
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industry but also even manages greater volumes of pro-
portionately more radioactive water.

Other non-nuclear sectors

For the titanium dioxide industry, just one operator was re-
ported to be discharging 8.02 and 4.92 GBq of total alpha and
beta/gamma (excluding tritium), respectively, from the UK
(OSPAR 2012a).

The medical sector dominates the non-nuclear discharge
from the UK. It is interpreted as being hospitals, clinics and
medically related laboratories. The second largest contributor
was radiochemical production, which in 2010 discharged 1.15
TBq of H-3 into the North Sea and Celtic Sea.

Nuclear power discharge water

The scenarios show that if an equivalent volume of nuclear
power plant waste water was pumped, the contamination (Bq)
would be, in each case, 2 orders of magnitude larger than the
measured values for pumped flowback fluid (Table 4). This
highlights a comparatively small risk posed by contaminated

flowback fluid, given the scale of nuclear power contamina-
tion. The total annual radiation flux to UKwaters from nuclear
power is 1.8×103 TBq (calculated from Environment Agency
2011). In contrast, the maximum annual radiation flux due to
flowback water at any of the sites studied was 90.2MBq. This
further highlights the minor contribution of fracking fluids to
the overall UK radiation exposure.

Human exposure

Exposure from natural groundwater ranged up to
0.09 mSv at the 99th percentile for the Barnett Shale but
was as low as 0.0001 mSv for the median exposure in the
Bowland Shale (Table 5). The highest exposure predicted
by this approach for the Bowland Shale with a calculated
activity for flowback at the 99th percentile was 0.2 mSv;
however, this is still only 20 % of the maximum recom-
mended annual exposure (1 mSv, Environment Agency
2011). Furthermore, the 99th percentile exposure for the
Bowland Shale is 65 times less than the exposure if the
same analysis was repeated for UK produced water.

Discussion

One way of placing the radioactive flux from shale gas basins
into context is to consider the flux of radioactivity per unit of
energy produced—this could be considered the radioactive
footprint of the energy source. This study has already consid-
ered the comparative flux from the nuclear energy and oil- and
gas-produced waters, but the comparison could be made in
terms of energy produced. If this analysis is performed for the
UK, then the energy production from coal-fired power stations
should also be considered. With respect to coal-fired power
stations, the radioactive risk comes from burn products, espe-
cially ashes, rather than waste waters. A number of studies
have detailed the enhanced radioactivity of the burn products
from coal-fired power stations (Aytekin and Baldik 2012; Gur
and Yaprak 2010; Papastefanou 2008; US Geological Survey
1999), and these studies were used to derive the likely radio-
activity fromUK coal-fired power stations. The mix of energy
production in the UK is reported by Department of Energy
and Climate Change (2012), and the likely energy production

Table 5 Annual exposure risks based on the hypothetical everyday use
of flowback fluid and natural local groundwater for the three shale gas
basins

Scenario Exposure risk

50th 99th

Barnett Shale

Flowback 0.0605 0.0911

Local groundwater 0.0000 0.0000

Bowland Shale

Flowback 0.0413 0.0903

Local groundwater 0.0001 0.0002

Silurian Shale, Poland

Flowback N/A 0.4291

Local groundwater 0.0291 0.0593

UK conventional oil and gas

Produced water 13.7264915 N/A

All values are in millisieverts, and the recommended maximum annual
dose is 1 mSv (Environment Agency 2011)

Table 6 The radioactive foot-
print of UK energy production Coal Nuclear Shale gas Oil and gas

50th 99th Ra-226 and Ra-228 Total

Annual energy production (TW/h) 19.7 62.7 0.36 0.36 1,370 1,370

Radiation/unit energy production
(Bq/kW/h)

374 28,740 3.2 7 0.39 9.2
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from the Bowland Shale basin is based on 10 gas-producing
wells, given projections reported by Cuadrilla (2012). For the
oil and gas industry, the total radioactive flux was considered
alongside that of Ra-226 and Ra-228. This analysis shows that
the highest radioactive footprint is for nuclear power produc-
tion (Table 6) followed by coal power production and shale
gas coming as the third. It should also be noted that contam-
inated groundwater coming to the surface at a point source
could easily be remediated, and indeed, such systems have
been proposed for shale gas exploitation (e.g. Nguyen et al.
2009) and radionuclide-specific technologies do exist for wa-
ter treatment works (e.g. Gafvert et al. 2002). Where contam-
ination has been discovered on the surface, it can be associated
with older shale gas operations (Warner et al. 2013).

Conclusions

This study shows that shale gas exploitation will result in an
increased flux of radioactive elements to controlled waters
including to surface waterbodies. However, it is clear that
fluxes are within a range of those that might be experienced
elsewhere in the world from use of natural groundwaters,
lower than the other discharges even from the non-nuclear
sector and lower than those from other energy production
including both conventional offshore oil and gas productions
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