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The return water from hydraulic fracturing operations is characterised by high concentrations of salts and toxic
organic compounds. This water is stored on the surface in storage tanks and/or ponds. Wastewater spills caused
by inappropriate storage can lead to the contamination of various environmental compartments, thus posing a
risk to human health. Such risk can be determined by estimating the concentrations of the substances in the stor-
age system and the behaviour of the same in function of the characteristics of the environment inwhich they are
released.
To this end, herewe addressed the evolution of the concentrations of pollutants in a tank used to storewastewater
from hydraulic fracturing operations. To do this, we estimated both the volume of flowback and the concentra-
tions of the pollutants found in these waters. We then examined the dynamic behaviour of spill-derived com-
pounds in the various environmental compartments in function of the conditions of the medium (humid, semi-
arid, and arid). This approach allowed us to rank the hazard posed by the chemical compounds in question, as
well as to determine those parameters associated with both the compounds and external natural conditions
that contribute to environmental risk. Our results shed greater light on themechanismbywhich external environ-
mental variables (especially recharge rate) influence themigration of organic compounds in the vadose zone, and
contribute to the prediction of their concentrations. Also, by estimating the time that chemicals remain in contam-
inated areas,we identify the phases of contamination that pose the greatest risk to human health. In summary, the
approach used herein allows the ranking of compounds on the basis of risk to human health and can thus facilitate
the design of pollutant management strategies. Of note, our ranked list highlights the relevance of benzene.
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1. Introduction

The extraction of unconventional fossil fuels on a commercial scale in
several regions of the world has increased dramatically over the last
15 years [IEA, 2017]. In this regard, this practice is focused mainly in the
USA, which has increased its shale gas production to 630 billion m3.
Greater exploitation of these fuels can be explained by various factors, in-
cluding an estimated 30% increase in the global demand for energy be-
tween now and 2040 [IEA, 2017], directives to reduce carbon dioxide
emissions, and technological advances in horizontal drilling andhydraulic
fracturing. Despite a recent slowdown of activity, energy development is
likely continue, with shale gas and tight oil production estimated to grow
60% by 2040 compared to 2015 production [Patterson et al., 2017]. This
rapid increase in unconventional oil and gas production has undoubtedly
brought numerous benefits to society. However, this development has
also generated considerable controversy due to environmental safety is-
sues, such as dewatering streams, and surface and groundwater pollution
[Patterson et al., 2017]. In this new context, the determination of the im-
pact of unconventional oil and gas exploitation is now a scientific priority
when formulating energy policies and risk management practices. In this
regard, experience gained in unconventional fossil fuel extraction, partic-
ularly in the USA, can facilitate prediction of the effects of this practice on
the environment and humanhealth [Werner et al., 2015]. Such prediction
also provides the opportunity to anticipate themeasures required tomin-
imize harmful effects. Furthermore, risk prediction is particularly relevant
given that there is currently no EU framework directive on the regulation
of such exploitation activities.

The exploitation of unconventional oil and gas resources often implies
a large number ofwells, which generate a significant volume ofwastewa-
ter. For instance, in North Dakota, approximately 9700 unconventional
wells have an estimated production of 31.4·109 gal (118,900 million L)
of oil and gas wastewater, based on an average production of over
1 million barrels of oil per day in the Bakken region [Lauer et al., 2016].

In the context of unconventional gas extraction, a fracturing fluid
(usually water with various additives) is injected into the reservoir at
very high pressure to expand fractures and increase the porosity and
permeability of the rock. Throughout the USA, shale gas extraction has
resulted in the use of 116 billion L of fluid annually from 2012 to 2014.

The gas or oil extraction process brings the return water, which is
subdivided into flowback and produced water, to the surface, and
yielded similar volumes to those of the used water [Kondash and
Vengosh, 2015; Kondash et al., 2018; Luek and Gonsior, 2017].

The composition of this water is highly variable since it contains a
complex mixture of fluids of different nature, ranging from the injected
fluids themselves to compounds extracted from the shale formation, in-
cluding salts, metals, radionuclides, oil and gas compounds, and natural
organic matter [Luek and Gonsior, 2017; Akob et al., 2015].

In exploitations of shale gas in theUSA, returnwater is usually stored
in lined ponds or tanks. The former are rarely free from flaws and leak-
age can be expected over time. Similarly, the permeability of clay-lined
ponds can be increased by the salinity of the water stored [Council of
Canadian Academies, 2014]. In this regard, the groundwater near the
Marcellus shale gas operations in north-eastern Pennsylvania has been
reported to be contaminated by diesel-range organic compounds via
the accidental release of chemicals derived from above-ground hydrau-
lic fracturing activities [Drollette et al., 2015]. In addition, leakages from
storage and disposal pits around the Pavillion field in Wyoming are re-
sponsible for the high concentrations of benzene, xylenes, gasoline-
range organic compounds, and diesel-range hydrocarbons found in
shallow ground [DiGiulio et al., 2011]. Inorganic contamination associ-
ated with brine spills has also been reported in North Dakota [Lauer
et al., 2016]. Remarkably, the contamination this region is significantly
persistent, with elevated concentrations of contaminants observed in
spill sites up to 4 years after the spill events.

Studies conducted on surface spill incident databases provide useful
information about the number of wells involved, the volume of return
waters discharged into the environment, and the probability of such
events [Abualfaraj et al., 2018]. According to studies conducted by the
USA Environmental Protection Agency (EPA), in which data from state
agencies, oil and gas productionwell operators and hydraulic fracturing
service companieswere assessed, 457 hydraulic fracturing-related spills
occurred between January 2006 and April 2012 [USA EPA, 2015]. More
recent studies considering spills from unconventional oil and gas wells
in Colorado, New Mexico, North Dakota and Pennsylvania from 2005
to 2014 revealed that between 2% and 16% of the wells reported a spill
each year [Patterson et al., 2017; Clancy et al., 2018]. While the largest
spills exceeded 100 m3, median spill volumes ranged from 0.5 m3 in
Pennsylvania to 4.9 m3 in NewMexico. Seventy-five to 94% of spills oc-
curred within the first three years of well-life after drilling, completion
and recording their largest production volumes. Across all four states,
50% of spills were related to storage and the transport of fluids via
flow lines [Patterson et al., 2017]. These data reflect that thousands of
cubic meters of wastewater derived from hydraulic fracturing opera-
tions have been accidentally released into the environment in various
spill scenarios both in the USA and Canada.

Thus, given the volume of return water generated and its composi-
tion, one of the greatest environmental risks associated with shale gas
extraction operations is the potential of this wastewaters to pollute sur-
face water and shallow groundwater through spills, leaks, and/or the
disposal of inadequately treated shale gas wastewater [Vengosh et al.
2014a and 2014b; Gross et al., 2013], and the resulting long-term effect
on human populations and aquatic ecosystems [He et al., 2018]. We fo-
cused our study on organic compounds because of their high toxicity
and thus potential risk to human health and the environment. Quantifi-
cation of these pollution would facilitate the identification of the mea-
sures that should be taken by industry and improve the regulations
that govern both the location of ponds used to store return water and
groundwater monitoring near them [Council of Canadian Academies,
2014].

To this end, it is necessary to determine the concentrations of pollut-
ants in tanks used to store return water derived from hydraulic fractur-
ing operations and to study the primary characteristics associated with
the behaviour of these pollutants and their mobility in various types of
soils. To predict the behaviour of these substances upon leakage, we
used a dynamic transport model of organic chemicals in subsurface
media. Given the large number of substances that can be found in the re-
turn waters, as well as the lack of available data, this study required the
following: (1) grouping of organic compounds by family on the basis of
similar behaviour and toxicity; (2) selection of organic compounds for
inclusion in this study, on the basis of their concentrations and negative
impact; (3) estimation of their maximum concentration in the surface
storage tank; and (4) study of their migration in the gas and dissolved
liquid phases. This approach allowed the modelling of results of cumu-
lative mass percentage curves in the various contamination phases and
total concentration curves under the different recharge rate conditions
to obtain and to quantify pollutant release in a groundwater table to a
finite depth as a function of time. These are key elements for prediction
purposes and therefore essential from a risk management perspective
[Jury et al., 1990; Shan and Stephens, 1995]. In this regard, knowledge
of the distribution of the expected volumes of the organic compounds
during environmental contamination and their expected concentra-
tions both in the storage tanks and soil would facilitate the design of
specific remediation strategies adapted to the behaviours observed
[Drollette et al., 2015; Elliott et al., 2016; He et al., 2017; Council of
Canadian Academies, 2014].

2. Methods and materials

2.1. Chemical concentration in the storage tank

To assess the potential environmental and health risks associated
with the leakage of on-site pit storage water onto the surface, a
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Fig. 1. Fitting for well F with the desorption model of two compartments first-order rate
constants (model given by Eq. (2)).

3L. Ma et al. / Science of the Total Environment 696 (2019) 133911
phenomenon reported to have the largest potential impact on the sur-
rounding environment [Kuwayama et al., 2015; Krupnick et al., 2013],
it is essential to determine the concentration of pollutants in these
wastewaters.

In this regard, the volume of returnwaters, aswell as the potential of
chemical compounds to be transported to the surface by thesewaters, is
unpredictable. However, information from existing exploitations can
serve as guides. Here we estimated the expected concentrations of pol-
lutants in the storage tank on the basis of: the forecasting volume of re-
turn water, calculated using the values coming from an experimental
database [Hayes, 2009] adjusting according an empirical expression
[Ma, 2018]; and the contaminant concentration in this water, calculated
by a predictive model which assess their evolution that has been ad-
justed from experimental data [Ma et al., 2018]. This information is
very useful in the first management phases of the return waters, and
will serve as a basis for further design of safety plans that include the
monitoring and development of mitigation measures.

Specifically, we used data released by the Marcellus Shale Coalition
(Hayes database) in a report of the Gas Technology Institute from 19
Marcelluswells located in three sites in the northern half ofWest Virginia
and 16 wells in Pennsylvania, all of which were exploited by hydraulic
fracturing [Hayes, 2009]. We took into account the concentration of or-
ganic compounds from all horizontal wells (Locations C, D, E, F, G, K, M
and O in the Hayes report).

Analysis of the return water revealed the presence of more than
212 organic compounds. In addition, approximately 96% of volatile
organic compounds (VOCs) in flowback water were found at non-
detectable levels; among semi VOCs (SVOCs), more than 98% of all
determinations were at non-detectable levels (Hayes, 2009). Given
the difficulty of an individualized treatment because of the above
reasons, we grouped the organic compounds based on their relation-
ships of similarity in the evolution over time of their concentrations
in the return water [Ma et al., 2018] and their physico-chemical
(mainly koc - soil organic carbon-water partitioning coefficient-
and solubility) and eco-toxicological properties. Finally, we used
the following eight categories: acetophenone; benzene; phenol;
TEX; TMB (1,2,4-trimethylbenzene, 1,3,5-trimethylbenzene); R-
Benzene (isopropylbenzene, N-butylbenzene, N-propylbenzene,
Sec-butylbenzene, P-isopropyltoluene); NAPH (naphthalene); and
PAHs-NAPH.

2.1.1. Concentration of organic compounds in return water
The concentrations of the contaminants present in returnwaters can

be described with the Two-compartment First-order Rate Constant
(TFRC) kinetic model developed in [Ma et al., 2018]. This empirical
model (Eq. (1)) is based on the observation of biphasic desorption and
the shape of desorption profiles [Ma et al., 2018].
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where Cf
α(t) is the concentration of contaminant at time t in the

flowback or produced water [Mass·Length−3]; v is the average ground-
water velocity in the direction of flow [Length·time−1]; D is the coeffi-
cient of diffusion and dispersion of the element in the fluid phase
[Length2·Time−1];ϕ is the fraction of the total slow desorbing chemical
present; Rd is the retention factor; t is the time coordinate [Time]; x is
the space coordinate [Length]; and kfast and kslow are the first-order
rate constants describing the release rates for “Fast” and “Slow”
desorbing chemicals, respectively [time−1]. The initial fast release, de-
scribed by kfast, occurs during the first few days after fracturing (fast de-
sorption) and is followed by a slower stage, kslow term, which can take
months or years (slow desorption).
Given the geometric characteristics of the system [Balashov et al.,
2015] and the average physical-chemical conditions of the same [Ma
et al., 2018], the transport equation can be simplified as follows
(Eq. (2)):
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As shown in [Ma et al., 2018], this model allows fitting the experi-
mental points for the different measurement days (see Fig. 1).

The Coefficient of Determination (R2) for the different compounds
was determined in order to define how close the sampling data fitted
this modelling line. R2 accounted for more than 0.98 (except for phenol,
which is explained by its high solubility in a higher temperature envi-
ronment). This value indicates that our model properly describes the
evolution of concentrations and the dynamic transport. The same ap-
plies to the rest of the criteria used: the Nash-Sutcliffe efficiency E
(NSE) exceeds 0.99 in all cases, as occurs with the index of agreement
d and the Pearson's R.

The accuratemodel fitting obtained also allowedus to conclude that,
in this particular case, the introduction of additional processes, such as
biodegradation, is not required to explain the behaviour of the system,
thereby simplifying the model.

2.1.2. Return water volume model
Despite the great variability in the volume of the returned water in

shale gas extraction wells, analysis of the data from the study by
Hayes in 2009 shows that the temporal behaviour of such water can
be grouped depending on whether the wells are horizontal or vertical.

Based on the experimental data of volumes (Table 1 at 1, 5, 14 and
90 days) from the horizontal wells [Hayes, 2009], an empirical expres-
sion for modelling the evolution of the volume of return water is
given in Eq. (3) [Ma, 2018]:

V tð Þ ¼ a1 þ a2 � ln tð Þ
ta3

ð3Þ

In which V(t) is the volume ofwater (m3) generated over a period of
t days and a1, a2 y a3 are the fitting parameters.

Given the small number of wells for which a complete series of data
is available, confidence intervals were determined for a sigma value of 1
(confidence value of 0.68) and 2 (confidence value of 0.95) by applying
Student's t Distributions, since the number of data is insufficient to accept



Table 1
Accumulated volume of flowback and produced water for horizontal wells.

Horizontal well

Time (daya) C (m3) D (m3) E (m3) F (m3) G (m3) K (m3) M (m3) O (m3)

1 525.93 453.75 1360.93 520.21 193.81 914.34 2610.41 815.76
5 1534.55 1284.14 3232.21 1721.83 1191.29 1274.44 2851.44 3052.87
14 2542.37 1580.02 3912.68 1960.47 1982.73 1506.09 3135.71
90 1778.27 4082.79 2768.45 2969.41

a Days since the hydraulic fracturing event.
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the normality hypothesis (for more details see Appendix B). The results
are shown in Fig. 2 and Table 2.

The instantaneous return water volumes are obtained from the fits
and the derivative of expression (3). The results are shown in Fig. 3,
which indicates mean volumes and confidence intervals for each day.
Note that negative volumes were represented as 0, thus using the phys-
ical meaning of this parameter.

2.1.3. Concentration of organic compounds in the tank model
Measurement the pollutant concentration in surface wastewater

storage structures involves the study of the temporal evolution of both
the volume of flowback returned to the surface (Vf(t)) and the pollutant
concentration in these waters (Cfα(t)) (see Fig. 4). Expressions 4 and 5
allow us to calculate the total mass of pollutant as a function of time,
as well as the variation of the concentration.

Mα
w tð Þ ¼

Z t

tËC¼0
Cα

f t0ð Þ � V f t0ð Þ � dt0 ð4Þ

Cα
w tð Þ ¼

Z t

tËC¼0
Cα

f t0ð Þ � V f t0ð Þ � dt0R t
tËC¼0 V f t0ð Þ � dt0

ð5Þ

whereMw
α(t) is themass of contaminant accumulated until time t in the

wastewater tank/pit [Mass]; Cwα(t) is the concentration of contaminant
at time t in the wastewater tank/pit [Mass·Length−3]; Cfα(t) is the con-
centration of contaminant at time t in the flowback or produced water
[Mass·Length−3]; and Vf(t) is the volume of flowback or produced
water at time t [Length3].

From the data available in Hayes' 2009 database changes in the con-
centrations of pollutants in flowback water can be tracked over time
Fig. 2. Accumulated volume evolution. Mean values (blue curve) and confidence intervals
for 0.68 (red curves) and 0.95 (green curves) confidence levels are shown. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
[Ma et al., 2018]; however, such determination is not possible in the
subsequent produced water phase, due to the scarcity of data. For the
latter phase, we made a first estimate, and quantitative values for
some of the compounds were obtained from the concentrations mea-
sured on day 90 (see Appendix A).
2.2. Transport modelling in the unsaturated zone

Proper risk assessment calls for evaluation of the processes associ-
ated with transport in the unsaturated zone and with the attenuation
of organic compounds from storage tank leakage. This complex, multi-
process, environmental issue can include the following: source zone
mass transfer due to simultaneous volatilisation and dissolution; advec-
tion, dispersion and diffusion in air and water phases influenced by
time-variant infiltration, geological heterogeneity and preferential
flows; volatility-driven gas-liquid (air-water/NAPL, i.e., non-aqueous
phase liquids) phase partitioning, resulting in a dynamic interaction of
dissolved-phase and vapour-phase plumes; phase partitioning due to
sorption to solid phases and the air-water interface; and biodegradation
and chemical reactions [Rivett et al., 2011].

Several modelling studies address the transport of organic com-
pounds through the vadose zone before reaching an underlying aquifer.
In this context, preliminary risk assessment studies are often subject to
important data limitations. Consequently, they are commonly based on
analytical models, which have minimal data requirements. In this con-
text, an analytical model would allow us not only to understand themi-
gration behaviour of chemicals, but to determine the dominant
processes and their relevance for assessing the risks in an area with
given environmental characteristics, in combinationwith the properties
of the organic pollutants of interest. Although these models assume a
series of simplifications, they are suitable for an initial assessment of
the pollution risk. There are numerous analytical solutions available,
and it is therefore necessary to select one that will adequately balance
the data requirements and the process descriptions, in such a way that
the model reflects those considered most relevant for the elements to
be evaluated. Since many studies showed that the gas-phase transport
in the unsaturated zone can be a dominant transport mechanism for
volatile organic compounds (Organics) such as BTEX (benzene, toluene,
ethylbenzene, and xylene), we selected an extension of the model
described by Jury [Jury et al., 1983]. This model provides a one-
dimensional solution considering advection, diffusion, soil sorption
and degradation in the aqueous and gas phases, while introducing a
groundwater table at a given finite depth [Shan and Stephens, 1995].
Table 2
Parameter values of the fitting function for 0.68 and 0.95 levels of confidence.

Curve Model parameters

a1 a2 a3 R2

Mean 932.49 812.46 0.13906 0.99911
Min (0.68) 637.85 859.54 0.18356 0.9997
Max (0.68) 1227.3 776.79 0.101 0.99857
Min (0.95) 275.72 1106.3 0.32758 0.99769
Max (0.95) 1590.4 677.65 0.019586 0.9975



Fig. 3. Instantaneous return water volumes. Evolution of the mean values (blue solid
curve) and confidence intervals for 0.68 (red dash curves) and 0.95 (green dash curves)
confident levels are shown. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 5. Schematic view of wastewater release from the storage tank.
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The model considers the following: linear equilibrium partitioning
between vapour, liquid and adsorbed chemical phases; first-order deg-
radation; and chemical movement to the atmosphere by volatilisation
through the soil surface. The following transport mechanisms are
assessed in this model: aqueous-phase advection and diffusion; gas-
phase diffusion; and adsorption of organics to solids. The model then
provides a description of the transport in different phases, and the
mass flux to groundwater can be estimated. The model considers a uni-
form contamination source located within a given depth interval in the
vadose zone. By means of the principle of superposition [Jury et al.,
1983; Shan and Stephens, 1995], the solution provided is suitable for
more general problems where the initial contamination source is non-
uniform. This model has been verified and validated by its authors
with the numerical code VLEACH [Ravi and Johnson, 1997], and the re-
sults obtained are consistent with the numerical ones [Shan and
Stephens, 1995].

Fig. 5 shows a schematic diagram of the model, on the assumption
that all the organic chemicals are dissolved in the wastewater and that
water spill advection is the only significant one-dimensional transport
mechanism through the vadose zone.
Fig. 4.Wastewater storage.
The analytical solution obtained by Shan and Stephens [Shan and
Stephens, 1995] for a range of depth intervals can be expressed as fol-
lows:
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(0)) and f2(t,αn,βn

(0)) are shown in Appendix C.
The model also allows the calculation of the flux and mass required

for risk assessment. The mass flux rate to groundwater (FW) and to the
atmosphere (FA) can be obtained directly from the previous solutions in
the vadose-atmosphere (z = 0) and vadose-groundwater (z = d3) in-
terfaces and are given by:

FW ¼ vL
RL

C3ð Þz¼d3 ; FA ¼ −
DG

RG

∂C1

∂z
Þ
z¼0

	
ð9Þ

Time-dependent cumulativemass to the groundwater and to the at-
mosphere are obtained by the integration of the above equations with
respect to time:

Mw %ð Þ ¼ vL
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�
Z t

0
C3ð Þz¼d3 dt

	 

=Mt ð10Þ
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�
Z t

0
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∂z
Þ
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dt
	 


=Mt

	
ð11Þ

2.2.1. Modelling parameters
The selection of parameters at such an early stage is not straightfor-

ward because of the limited data available or because studies are done
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on generic sites. In this regard, it is often necessary to resort to values
given in the literature [Troldborg et al., 2009].

Accordingly, a variation of three orders of magnitude is considered
for the recharge rate to contain sufficiently comprehensive environ-
mental conditions in the fracturing operation zone. This allows us to de-
termine the influence of the recharge rate on organic compound
transportation in the unsaturated zone. Thus, a recharge rate value of
0.01 cm/day represents the situation in an arid area; 0.10 cm/day, a
semi-arid area; and 1.00 cm/day, a humid zone. However, with respect
to substances with higher solubility inwater, such as acetophenone and
phenol, the value range must be pre-tested in order to ensure the accu-
racy of the model.

The other values considered are set out below. These are regarded as
adequate in a generic location in Spain. Half-buried tank-type surface
disposal storage is assumed, with a leak in the underground section at
a depth of between 50 and 150 cm, and a water table at a depth of
10 m from the surface. The values for soil bulk density, porosity, water
content, and organic content are 1.35 g/cm3, 0.5, 0.2 and 0.0125 respec-
tively. We also considered it unnecessary to introduce a ventilation sys-
tem in the target area and we used a gas advection velocity of zero. All
the parameters considered are listed in Table 3.
3. Results and discussion

3.1. Concentration in tank

Once the temporal evolution of both the volume of the return water
and concentration of the organic compounds present in it had been de-
termined using the results associatedwith “Fast” and “Slow” desorption,
as described in [Ma et al., 2018], we obtained the accumulated concen-
tration of the organic groups in the storage tanks via expression (4). The
results for the different families of compounds, as well as the errors as-
sociated with them, are given in Appendix A.

Table 4 shows the results, with respect to time, of the estimation of
the maximum concentrations of the covered substances in the storage
tank (average and confidence interval values) for the first 1000 days
after the hydraulic fracturing event.

The chemical concentration in the produced water was higher than
in the flowback fluid. However, the volume of the latter was of orders
of magnitude higher than that of the former (see Table A.3 in Appendix
A). Therefore, the maximum concentration of the tank occurred in the
first two months after hydraulic fracturing.
Table 3
Model parameters.

Parameter Description Organic chemicals

Acetophenone B

koc(cm3/g) Liquid-solid partitioning coefficient for soil carbon 52
KH Henry's constant 4.25E-04 2
Dw(cm2/day) Water diffusion coefficient 0.75
Da(cm2/day) Air diffusion coefficient 5633.28 7
ρb(g/cm3) Bulk density
d1(cm) Depths to the top source
d2(cm) Depths to the bottom source
d3(cm) Groundwater table
vL(cm/day) Liquid advection velocity
vG(cm/day) Gas advection velocity
ϕ(cm3/cm3) Porosity
θ(cm3/cm3) Water content
αL(cm) Liquid dispersivity
αG(cm) Gas dispersivity
λ(d−1) Decay rate
foc Fraction organic content
KSG Solid-gas distribution
KSL Solid-liquid
In the temporary sampling carried out byHayes [Hayes, 2009], it was
not possible to satisfactorily carry out the model adjustment for phenol
and for R-Benzene to obtain the evolution of their concentrations in the
returnwater [Ma et al., 2018].We therefore decided to use a normalized
value of 100 ppm as average concentration value. In this regard, once
the concentration of these substances in the tank had been determined,
the results were directly extrapolated to experimental values. For the
deviation value of 1-sigma, the deviation associated with the experi-
mental data in the different wells for the time of maximum concentra-
tion was considered, obtaining a value of 199.36 ppm for phenol and
210.38 ppm for R-Benzene.

Given that the concentrations of the pollutants in the storage tank
varywith time and that the consequences are a function of these, the re-
sults presented in this section are expressed as a percentage of the con-
centration at the time of the leakage.
3.2. Vertical transportation results

In this study we sought to examine how external parameters (espe-
cially liquid advection velocity, VL) and physico-chemical properties
work together and whether they mutually enhance the transport of or-
ganic compounds in the vadose zone. For cumulativemass percentage a
semi-logarithmic plot (logarithmic time factor item in X-axis and mass
percentage in Y-axis) was selected for a proper graphical representation
of the results, given that their estimation was calculated for a timing
range defined by the values (t = 10, 100, 1000, 10,000 days after leak-
age). Under a range of liquid advection velocity conditions (different
column represents different recharge rate value), Table 5 shows the
mass percentage evolution of three dynamic regions (vadose, ground-
water and atmosphere), where the blue and the purple dots indicate
themass percentage of chemicals reaching the atmosphere and ground-
water table, respectively.

Table 6 shows the predicted concentration profiles, ranging from
10 days to tens of years after the leakage. In addition, both air and soil
concentrations of the organic compounds are shown in Tables 7 and 8
as a function of a set of recharge rates and leaking times (mean value
(m) and mean plus 1 sigma dispersion (1σ)).

The groups of organic compounds studied that are present in both
the flowback and produced waters showed distinct behaviours in the
soil. Once a hypothetical discharge occurs, its evolution depends on
the solubility and volatility of the organic compounds involved. Our re-
sults were classified on the basis of these characteristics (non-volatile
enzene Phenol TEX TMB R-Benzene NAPH PAHs-NAPH

146 187 366 624 1738 1540 63,384
.3E-01 1.36E-05 2.7E-01 2.6E-01 5E-01 1.8E-02 3.95E-04
0.89 1.17 0.84 0.68 0.65 0.73 0.60
732.79 7205.76 5961.61 5261.76 4950.72 5227.18 3862.08

1.35
50
150
1000

0.01, 0.1, 1.0
0
0.5
0.2
0
0
0

0.0125 [ITRC, 2015]
2KSL

KSL = Kocfoc



Table 4
Maximum estimated concentration (mean and confidence interval values) within 1000 days of fracturing operations.

Acetophenone Benzene Phenol TEX TMB R-Benzene NAPH PAHs-NAPH

Mean (ppm) 2.5 82.4 100 110.5 7.7 100 0.18 1.1
1 sigma 3.9 158.3 199.36 227.1 12.3 210.38 0.32 1.8
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and volatile organic substances). The results are presented, interpreted
and discussed below.

3.2.1. Non-volatile organic substances
The low solubility of the organic compounds, together with the high

value of foc (fraction organic content) in the soil, causes them to be pri-
marily adsorbed in the solid phase.

Thus, the estimated results for acetophenone (Figures AM1, AM2 and
AM3 in Table 5) show that almost all the compounds are absorbed in
the soil organic matter and that the dissolution of the substances in
water is not a relevant phenomenon within the first 100 days. The esti-
mated concentration curves at 10 and 100 days (Figures AC1 and AC2 in
Table 6) also reveal that the three predicted concentration curves al-
most overlap, despite the different conditions considered. This observa-
tion implies that, under the conditions tested, the recharge rate does not
influence the transport of pollutants within a short period of migration.

Over time, acetophenone in the vadose zone advances towards the
saturated zone, with very slow diffusion throughout the process due
to the value of its KH. Given this feature, the pollution plume practically
does not expand along its advance. Therefore, when the contaminant
reaches the water table, the percentage that passes to the groundwater
increases rapidly until virtually all of it dissolves in the groundwater.
The comparison of results (Figures AM1, AM2 and AM3 in Table 5 and
Figures AC3, AC4 in Table 6) shows that the greater the recharge rate
and the longer the substance migrates, the more chemicals are dis-
solved into the liquid phase, thus implying a potential acceleration of
migration to the aquifer layer. As the recharge rate is 0.01 cm/day
(arid conditions), the groundwater mass percentage does not change
significantly within the period under consideration. When the rate
falls between 0.1 and 0.7 cm/day (semi-arid and humid regions), the
groundwater mass curve shows a marked rise at 4000 and 1600 days,
respectively. For the long-term analysis, the recharge rate plays a key
role in the vertical transportation model.

In addition, the retention factor becomes progressively more impor-
tant for organic chemical transportation over time. It explains why,
when compared to other factors calculated under the shorter transpor-
tation period profiles (AC1, AC2 and AC3 in Table 6), the maximum con-
centrations or organic compounds are smaller and the curves at
10000 days (AC4 in Table 6) are wider. These observations are explained
by diffusive transport behaviours.

Finally, the concentration profiles of acetophenone—a good example
of an organic compoundwith low volatility—under the different periods
of migration (AM1, AM2 and AM3 in Tables 5 and 7), reveal that
volatilisation can be discarded.

The same behaviour is observed for the Phenol and PAHs-NAPH fam-
ilies. Their solubility inwater is limited at normal temperature and pres-
sure (20 °C and 1 atm) but above 68 °C they are fully water-soluble
[NCBI, 2017]. For substances with greater solubility, a value of
0.10 cm/day for the maximum liquid advection velocity is considered
in the model. Figures CM2 and CM3 (Table 5) show how the chemical
compounds reach the water table. Of note is the longer timeframe re-
quired in the latter (t = 400, 4000, 40,000, 400,000 days). The concen-
tration in groundwater is altered only in Figure CM3. It is possible that
consideration of migration only in an arid and semi-arid zone (VL =
0.01 cm/day and VL = 0.10 cm/day) results in a delay in the desorption
phenomenon.

ForNAPH, Henry's constant value is 1.8E-02. This explainswhy in the
results shown in Table 5, Figures GM1 and GM2, part of the total amount
of the substances enters the atmosphere in arid and semi-arid areas.
However, most compounds in this group, including PAHs-NAPH, are
absorbed in the solid phase (Table 5, Figures HM1 and HM2). Over time,
more and more substances dissolve into liquid and eventually migrate
to the aquifer (Table 5, Figures GM1, GM2 and HM3, and Table 6,
Figures GC4 and HC4).
3.2.2. Volatile organic substances
Similar to the results for acetophenone, the dissolution of benzene

(Figures BM1, BM2 and BM3 in Table 5) in groundwater is not an evident
phenomenon for thefirst 1000days for any of the scenarios contemplated
(arid, semi-arid and humid). However, in contrast to acetophenone, ben-
zene is a volatile chemical and, therefore the gas phase is occupied in a
higher proportion. In all of the scenarios tested, a fraction of the com-
pound reaches the atmosphere during the first months after the leakage.

It is assumed that the contaminated mass in the gas phase for arid
(VL = 0.01 cm/day) and semi-arid (VL = 0.1 cm/day) areas exceeds
the contents adsorbed after only one year. Three years after the leakage,
the volatilisation growth trend slowly decreases in this dynamic equi-
librium state until most of the chemical (almost 90%) is transferred to
the atmosphere. The physico-chemical behaviour of benzene implies
that almost all of it is released into the atmosphere or groundwater
about thirty years after the leakage for all the scenarios considered. Esti-
mations (see Figure BM3, in Table 5) in humid areas (VL=1 cm/day) in-
dicate that, after 1000 days, benzene dissolved in groundwater shows a
positive trend until a dynamic equilibrium between water and vapour
phase is reached. Comparing the estimated results (Figures BM1, BM2

and BM3, I n Table 5) under the different recharge rates and the increase
in precipitation (from 0.01 cm/day to 1 cm/day), themass percentage in
liquid phase would rise (from 0.1% to 55%), while the percentage in gas
would decrease correspondingly (from 90% to 45%).

For TEX, TMB andR-Benzene, classified as volatile organic compounds
(VOCs), cumulativemass percentage results show similar behaviours to
the corresponding benzene compounds, i.e., the longer the leaks, the less
recharge, the more materials volatilise. Estimated gas mass percentage
of TEX, TMB and R-Benzene in the arid area (VL = 0.01 cm/day) at
10000 days reaches 82%, 78% and 70%, respectively. However, when
the recharge rate is 1 cm/day, the content of TEX, TMB and R-Benzene
in the gas phase decreases to 45%, 40% and 50%, respectively.

The dissolved organic chemicals present in the wastewater spills are
subject to vertical advective processes associated with the recharge
water, until this eventually reaches the water table. In addition to this
physical movement, dissolved organic chemicals would be adsorbed/
desorbed and/or volatilise to other phases (soil or gas interface) depend-
ing on their volatility, until the lower and upper limits of the vadose
zone are reached. TMB (KH = 0.26) and benzene (KH = 0.23) have sim-
ilar values of Henry's constants. For arid conditions, while TMB, in prin-
ciple, is only slightly more volatile than benzene, under complex
transport conditions involvingmany other factors, such aswater solubil-
ity, which is greater for benzene than for TMB, about 90% of benzene is re-
leased to the atmosphere in the gas phase at 10000 days (Figure BM1 in
Table 5), compared with only 78% of TMB (Figure EM1 in Table 5).

Regarding VOCs, gas diffusion is usually the dominant transport
mechanism in the case of dry soils [Shan and Stephens, 1995], and the
recharge rate is proportional to themigration rate but inversely propor-
tional to volatility. VOC vaporization into the gas phase is more effective
than dissolution in water. The results therefore indicate that increasing
the ventilation in the affected area may be themost effective method to
remove VOCs in the short term.
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3.3. Discussion of the results

The combination of the results of this analysis with the ranges of es-
timated concentrations for different times allows systematic studies of
the expected exposure to each of the groups. These studies, in turn,
combined with the toxicity values of each of the elements, allow the
ranking of the contaminants with respect to the risk they pose for the
environment and human health.

Our results indicate that volatile and non-volatile compounds show
a delay in reaching the groundwater. This time has been estimated to
span months and varies depending on the specific substance. The
timeframe involved therefore provides some margin for decision-
making and the implementation of remediation measures. However,
Table 5
Cumulativemass percentage. Mw represents themass that crosses thewater table; Ma, thema
released. Due to the high solubility of Acetophenone, a maximum recharge rate equal to 0.7 cm
possible to establish concentrations that cross the water table for humid conditions because th
volatile substances reach the atmosphere more quickly, thereby
allowing a response in only a few tens of days.

Our findings on the contamination that occurs in the distinct envi-
ronmental compartments (vadose zone, groundwater and atmosphere)
allow us to compare the behaviours of each pollutant family under a
range of environmental conditions. The effective concentration ranges
associated with each family allow a first estimation of themost relevant
compounds with respect to atmospheric and water pollution and the
potential risk they pose for human health and the environment.

Risk assessment is commonly focused on exposure to chemicals in
water [McKenzie et al., 2012]. However, our results indicate that, for
volatile elements, the greater the aridity of the zone, the greater the
need to include air pollution in this assessment. We identified benzene
ss that crosses the soil until reaching the atmosphere; andMt., the total mass of compound
/day was determined for this compound. For the Phenol and PAHs-NAPH groups, it is not
e combination of their KH and foc values makes the numerical solution unstable.
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as the compound that presents the greatest volatilisation after a spill
and, therefore, the compound that poses the greatest associated risk,
given the maximum concentrations estimated in the storage facility.
These results are corroborated by the experimental results obtained in
the Barnet Shale basin, where over 4.7 million data points were taken
for sampling VOCs to characterize the risks associated with air emis-
sions from natural gas operations [McKenzie et al., 2012; Bunch et al.,
2014]. Other initial assessments also identified VOCs as substances of
concern, benzene being reported to pose the greatest risk [Ethridge
et al., 2015]. Our results, which are derived from estimations of pollut-
ant content in environmental compartments based on concentrations
in the flowback and production waters samples rather than direct mea-
sures from these contaminants in the environment, corroborate those
reports. Furthermore, our findings indicate that, in addition to the ben-
zene family, the TEX and TMB families, whose concentration values in
the area of the spill can exceed their Threshold Limit Values, should be
considered as substances of concern.

In the case of non-volatile compounds, their impact is associated
with the contamination of groundwater. In this regard, the approach
used in this study considers the distinct site conditions (arid, semi-
arid and humid) and compounds of interest, thereby allowing an esti-
mation of the time each one takes to reach the aquifer, as well as the
shape of the arrival front. This information, together with the
hydrogeological conditions of the aquifer, allows a reduction in the
variance of risk estimates, as well as the introduction of factors associ-
ated with the conditions of the site into the estimation.

Herewe provide estimations of the time taken by a variety of organic
compounds to reach the water table. With adequate initial monitoring
and remediation measures, such information can be used to facilitate
the prevention of both carcinogenic and non-carcinogenic risks for
human health. Taking into consideration the conditions of both the en-
vironment and the aquifer that the discharge reaches, our approach also
allows calculation of a cut-off point of maximum spill volume at which
no adverse effects from any exposure pathway can be expected.

In addition, the method described herein allows estimation of the
evolution of both the composition of the flowback water and the distri-
bution of the pollutant in the various phases of contamination.

In summary, our study: (1) provides a greater understanding of the
mechanism by which external environmental variables (especially re-
charge rate) affect organic compound migration in the vadose zone;
(2) predicts the behaviour of chemicals with respect to concentrations
under a range of conditions; (3) provides an estimation of the time
that chemicals can remain in the contaminated areas, and therefore
identifies the phases of contamination with the greatest impact on
human health; (4) determines the maximum risk limits for local resi-
dents directly through the concentrations of organic toxic compounds;
and (5) estimates the composition of the water in the storage tank
and the concentrations of organic compounds in environmental
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compartments as a function of time, thereby facilitating and improving
risk management in the event of spills.

Here we provide new approaches for the assessment of the environ-
mental, safety and health risks associated with the extraction of non-
conventional fossil fuel resources by hydraulic fracturing [Veiguela
et al., 2016] at local and larger scales. The model described herein offers
a valuable tool for themanagement of shale gas exploitations and is ex-
pected to find further applications in similar scenarios.
Table 6
Predicted concentration profile over time. Black, red and blue lines indicate estimations in arid,
dency under the mean and 1 sigma confidence interval concentration.
4. Conclusion

Estimation of how the concentration of a series of contaminants
in the tanks evolve, as well as the maximum concentrations reached
within the first 1000 days after the hydraulic fracturing event,
allowed us, in the event of any leakage, to gain insight into the ex-
pected concentrations of the organic compounds transported
through the vadose zone until reaching an assumed aquifer. Our
semi-arid and moist zones, respectively. Solid and dash lines show the concentration ten-
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approach also facilitated estimations of the concentrations of these
compounds in each environmental compartment as a function of
the time when the spill occurred, and of the evolution of the spill
on surface soil.

Afterwards, assuming that a spill occurs from the storage tank, ana-
lytical solutions allowed us to determine the impact of the recharge rate
on the foreseen cumulativemass percentage and the concentration pro-
file of the organic compounds in the vadose zone over time, considering
the effect of environmental conditions, namely arid, semi-arid and
humid.

The mass percentage results show that virtually all organic com-
pounds for the conditions tested are adsorbed in the solid phase in the
initial stage (i.e., within the first 100 days of the spill) in arid, semi-
arid and humid conditions. It should be noted that the recharge rate fac-
tor has a limited effect as desorption process in the short-term. On the
basis of comparison of the curves of gas percentage of the different com-
pounds, we conclude that, under the conditions tested, the greater the
number of substances with a high Henry's constant value, the greater
the volatility into the gas phase. Our approach has allowed us to rank
the level of risk posed by the compounds. Benzene is placed at the top
of this list, which is consistent with experimental data from other
studies. In addition, we have also been able to determine that the
volatilisation of a set of organic compounds identified in the study de-
creases when the prevailing conditions are humid. These estimations
are valuable for the tailored fine tuning of risk assessment and conse-
quent decision-making regarding remediation measures.



Table 7
Air inhalation concentration Cair-inhalation (ppm) under the different recharge rates of the sites and different leaking times for two concentration values in the storage tank, namely mean value (m) and mean plus 1 sigma dispersion (1σ).

Recharge rate Concentration (ppm) at VL = 0.01 cm/d Concentration (ppm) at VL = 0.1 cm/d Concentration (ppm) at VL = 1 cm/d

Leaking days 10 100 1000 10,000 10 100 1000 10,000 10 100 1000 10,000

m 1σ m 1σ m 1σ m 1σ m 1σ m 1σ m 1σ m 1σ m 1σ m 1σ m 1σ m 1σ

Acetophenone 0 0 0 0.00 0.0016 0.00 0.0016 0.00 0 0 0 0.00 0 0.00 0 0.00 0.0075 0.01 0 0.00 0 0.00 0 0.00
Benzene 0 0 20.02 27.23 56.22 76.46 73.57 100.06 0 0 19.45 26.45 54.47 74.08 70.78 96.26 0.25 0.00 14.58 19.83 35.88 48.80 39.29 53.43
Phenol 0 0 0 0.00 0 0.00 0 0.00 0 0 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00
TEX 0 0 9.23 12.55 57.75 78.54 92.16 125.34 0 0 9.0057 12.25 55.91 76.04 88.84 120.82 0.33 0.45 6.99 9.51 37.79 51.39 50.14 68.19
TMB 0 0 0.21 0.29 2.93 3.98 5.94 8.08 0 0 0.21 0.29 2.83 3.85 5.69 7.74 0.023 0.03 0.16 0.22 1.86 2.53 3.03 4.12
R-Benzene 0 0 0.52 0.71 23.08 31.39 68.52 93.19 0 0 0.52 0.71 22.72 30.90 67 91.12 0.32 0.44 0.46 0.63 18.66 25.38 51.06 69.44
NAPH 0 0 0 0.00 0.00045 0.00 0.033 0.04 0 0 0 0.00 0 0.00 0 0.00 5.4E-4 0.00 0 0.00 5.4E-6 0.00 1.8E-5 0.00
PAHs-NAPH 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Table 8
Soil concentration CS (ppm) on surface soil for two concentration values in the storage tank, namely mean value (m) and mean plus 1 sigma dispersion (1σ).

Recharge rate Concentration (ppm) at VL = 0.01 cm/d Concentration (ppm) at VL = 0.1 cm/d Concentration (ppm) at VL = 1 cm/d

Leaking days 10 100 1000 10,000 10 100 1000 10,000 10 100 1000 10,000

m 1σ m 1σ m 1σ m 1σ m 1σ m 1σ m 1σ m 1σ m 1σ m 1σ m 1σ m 1σ

Acetophenone 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Benzene 3.4 6.32 4.2 7.85 0.28 0.53 0.014 0.027 3.3 6.22 4.1 7.61 0.27 0.51 0.012 0.023 2.8 5.16 2.9 5.38 0.12 0.22 0 0.0001
Phenol 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
TEX 0.57 1.17 11.54 22.74 2.03 4.19 0.082 0.17 0.56 1.14 11.22 23.09 1.96 4.03 0.077 0.16 0.47 0.96 8.41 17.28 1.1 2.26 0.006 0.012
TMB 0.001 0.0017 0.64 1.02 0.58 0.45 0.014 0.022 0.001 0.0017 0.62 0.99 0.27 0.43 0.013 0.021 0.0009 0.0014 0.47 0.75 0.15 0.24 0.0018 0.0029
R-Benzene 0 0 4.49 8.73 6.73 13.1 0.48 0.94 0 0 4.44 8.62 6.58 12.8 0.47 0.914 0 0 3.9 7.57 5.2 10.1 0.29 0.57
NAPH 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
PAHs-NAPH 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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