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• Sr/Na, Ca/Na, B/Na, and 87Sr/86Sr of early
producedwater (PW) reflects carbonate
dissolution.

• Elevated trace metal contents suggest
oxidation of sulfide minerals by fractur-
ing chemicals.

• 6Li enriched early PW is due to desorp-
tion of 6Li fromclays and organicmatter.

• Change in PW chemistry is a result of
mixing between fracturing fluid and
local formation water.

• Fractured reservoir under oxidizing
condition during fracturing period
moves toward reducing environment
during production.
⁎ Corresponding author at: Department of Earth and En
E-mail address: thai.phan@uwaterloo.ca (T.T. Phan).

https://doi.org/10.1016/j.scitotenv.2020.136867
0048-9697/© 2020 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 31 October 2019
Received in revised form 12 January 2020
Accepted 21 January 2020
Available online 23 January 2020

Editor: Yolanda Picó

Keywords:
Produced water
Isotopic tracers
Water-rock interactions
Trace metals
Marcellus Shale
Optimizing hydrocarbonproduction andwastemanagement fromunconventional oil and gas extraction requires
an understanding of the fluid-rock chemical interactions. These reactions can affect flow pathways within frac-
tured shale and produced water chemistry. Knowledge of these chemical reactions also provides valuable infor-
mation for planning wastewater treatment strategies. This study focused on characterizing reservoir reactions
through analysis of produced water chemistry from the Marcellus Shale Energy and Environmental Laboratory
field site in Morgantown, WV, USA. Analysis of fracturing fluids, time-series produced waters (PW) over
16 months of operation of two hydraulically fractured gas wells, and shale rocks from the same well for metal
concentrations and multiple isotope signatures (δ2H and δ18O of water, δ7Li, δ11B, 87Sr/86Sr) showed that the
chemical and isotopic composition of early (b10 days) PW samples record water-rock interactions during the
fracturing period. Acidic dissolution of carbonate minerals was evidenced by the increase in TOC, B/Na, Sr/Na,
Ca/Na, and the decrease in 87Sr/86Sr in PW returning in the first few days toward the 87Sr/86Sr signature of car-
bonate cement. The enrichment of 6Li in these early (e.g., day 1) PW samples is most likely a result of desorption
of Li from clays and organic matter due to the injection of fracturing fluid. Redox-active trace elements appear to
be controlled by oxidation-reduction reactions and potentially reactions involving wellbore steel. Overall, PW
chemistry is primarily controlled by mixing between early PW with local in-situ formation water however
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certain geochemical reactions (e.g., carbonate cement dissolution and desorption of 6Li from clays and organic
matter) can be inferred from PW composition monitored immediately over the first ten days of water return.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Hydraulic fracturing technology used for the recovery of natural gas
from tight organic rich shales in the United States has garnered im-
mense interest in global development of this unconventional energy re-
source. Ensuring the availability of oil and gas from hydraulically-
fractured unconventional reservoirs requires knowledge of reservoir
processes that affect both hydrocarbon production, and the manage-
ment of producedwater. Hydrocarbon production from these resources
is high during the first year of production, however, declines rapidly in
later years (Ghahfarokhi et al., 2018; Patzek et al., 2013). Laboratory-
based studies on fracturing fluid-shale reactions indicate that dissolu-
tion of primary shale minerals and precipitation of secondary minerals
within the shale matrix and fractures, and clay swelling, can block hy-
drocarbon flow pathways from the fractured reservoir (Civan, 2015;
Jew et al., 2017; Marcon et al., 2017; Paukert Vankeuren et al., 2017;
Pearce et al., 2018). Restriction of hydrocarbon flowwithin the reservoir
can negatively affect production. Concerns about producedwater affect-
ing surfacewaters and sediments (Burgos et al., 2017; Oremet al., 2017;
Warner et al., 2013), and the potential to treat produced water streams
for beneficial use (Wenzlick et al., 2018), alsowarrant an understanding
of in situ reservoir processes that control produced water composition.

Water injected during hydraulic fracturing can directly interact
with shale in the reservoir by dissolving and precipitating minerals
and/or by mobilizing pore fluids and in situ brines. Low TDS (usually
b50,000 mg/L) water is used as the base fluid for fracturing fluids, and
comprises mainly freshwater or a mixture of freshwater and produced
water from previous wells (King, 2012). Chemicals, such as scale inhib-
itors, friction reducers, and biocides, are added to the base water to cre-
ate the hydraulic fracturing fluid (King, 2012). After hydraulic
fracturing, an average of 10–25% of the injected water volume returns
to the surface during the first two weeks following a decrease in bore-
hole pressures (Haluszczak et al., 2013; Osselin et al., 2018). This
water primarily contains fracturing fluid and highly saline formation
water (Blauch et al., 2009; Cluff et al., 2014; Osselin et al., 2018; Phan
et al., 2016; Rowan et al., 2015). In this study, the early return fluid
(b10 days) is referred to as “early PW”. Depending on the operation of
thewell, the composition of the producedwater shifts from the primar-
ily hydraulic fracturing fluid toward the composition of formation
water. This transition can occur within the first two months (Phan
et al., 2016) or up to a year (Rowan et al., 2015). Using organic sulfur
as a tracer, Luek et al. (2018) showed that fracturing chemicals could re-
main in the reservoir for up to 10 months since injection. The chemical
composition of the early PWdepends not only on the composition of the
hydraulic fracturing fluid and the shale rock but also on the residence
time of thefluid in the reservoir. Geochemically, the early PWwill retain
the signatures of their respective sources and additives, and produced
water at later stage of production will exhibit signatures of the native
formation waters (Capo et al., 2014; Phan et al., 2016; Rowan et al.,
2015; Sharma et al., 2015).

While Marcellus Shale PW contains high Ra (Rowan et al., 2011), its
U concentration is extremely low (b0.1 μg/L), probably due to the anoxic
conditions in the subsurface (Phan et al., 2015). The anoxic conditions
have also been inferred by the presence of anaerobic bacteria in the
PW (Akob et al., 2015). Deoxygenation of the fracturing fluid before in-
jection into the hydrocarbon-bearing reservoir is not regularly per-
formed. For example, a high level of dissolved oxygen (~9 mg/L) was
found in early produced waters from the Horn River Basin (Zolfaghari
et al., 2016). More importantly, oxidants added in the fracturing fluid
could trigger the oxidation of shale minerals such as pyrite (Jew et al.,
2017). These studies clearly indicate that the changes in the redox con-
ditions during fracturing and the lifespan of a gas well could trigger ox-
idation/reduction reactions resulting in dissolution/precipitation of
minerals in the fractured reservoir.

Most of the current water-rock interactions studies related to hy-
draulic fracturing of shales rely on experimental approaches (Harrison
et al., 2017; Jew et al., 2017; Marcon et al., 2017; Ouyang et al., 2017;
Ouyang et al., 2018; Paukert Vankeuren et al., 2017; Pearce et al.,
2018; Phan et al., 2018b; Pilewski et al., 2019; Renock et al., 2016;
Stewart et al., 2015; Tasker et al., 2016) mainly because mixing with
in situ hypersaline formation water (Capo et al., 2014; Phan et al.,
2016) overwhelms geochemical changes induced by water-rock inter-
actions (Phan et al., 2018b). For example, Paukert Vankeuren et al.
(2017) experimentally demonstrated that oxidation of pyrite and am-
monium persulfate, a gel breaker, releases sulfate leading to barite for-
mation that affects reservoir permeability. Similarly, precipitation of
secondary minerals such as Al- and Fe-bearing phases (Harrison et al.,
2017; Marcon et al., 2017; Pearce et al., 2018) could cause clogging of
pores and fracture apertures. Calcite dissolution is also an important re-
action because this reaction could release U into PW (Phan et al.,
2018b), increasing porosity of the reservoir (Harrison et al., 2017;
Paukert Vankeuren et al., 2017), buffering pH, thus suppressing the ox-
idation of pyrite (Jew et al., 2017); however, the latter might not be the
case forMarcellus Shale because of its low buffering capacity in compar-
ison to other high carbonaceous shales such as Green River and Eagle
Ford (Jew et al., 2017). To this note, the dissolution of carbonate cement
in Marcellus Shale does not affect the temporal change in δ7Li in pro-
duced water because Li abundance is low in the carbonate minerals
(Phan et al., 2016). To date, complex geochemical reactions in hydrauli-
cally fractured reservoirs still demand further understanding which is
critical to designing effective fracturing fluid and managing produced
water treatment and disposal.

To better understand the water-rock interactions in the reservoir
that can affect hydrocarbon flow and to better evaluate the human-
ecological health risks associated with the storage, transport, and treat-
ment of produced water it is essential to know the temporal changes in
the produced water composition (Capo et al., 2014; Osselin et al., 2019;
Phan et al., 2016; Rosenblum et al., 2017). Dissolved inorganic constitu-
ents that can be used to track fluid-rock reaction versus fluidmixing re-
actions are naturally present in PW from Marcellus Shale (Haluszczak
et al., 2013; Phan et al., 2015; Rowan et al., 2011).

In this study, we evaluated the downhole geochemical reactions and
fluid mixing in the shale reservoir by characterizing the fracturing
fluids, and 16-month time-series produced water samples collected
from two Marcellus Shale gas wells at a research site in Morgantown,
WV, USA. We have used the term “produced water” (PW) for all the
water returning from the wellhead regardless of the time post-
hydraulic fracturing (Capo et al., 2014; Phan et al., 2015; Rowan et al.,
2015) and the term “early PW” is used for the PW recovered during
the initial days (b10 days) of production. To broaden the geochemical
signals thatmay be applied to distinguish fluid-rock reactions in the res-
ervoir, we applied multiple isotope proxies (δ2H, δ18O, δ7Li, δ11B,
87Sr/86Sr) in addition to inorganic constituents of both PW and Marcel-
lus Shale source rock to provide a comprehensive understanding of
water-rock reactions occurring in situ. This study is unique because
both the PW and rock samples were collected from the same
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hydraulically fractured Marcellus gas well, enabling a better under-
standing of the chemical reactions that take place in the shale reservoir
after the introduction of hydraulic fracturing fluids.

2. Methods

2.1. Study area and samples

2.1.1. Time-series produced water samples
Time-series PW samples (n = 54) were collected over a period of

16 months from two hydraulically fractured Marcellus Shale gas wells
(MIP-3H and MIP-5H) from the Marcellus Shale Energy and Environ-
ment Laboratory (MSEEL) field site in Monongalia County, WV, USA
(Fig. 1). In addition, “fracturing fluid” samples (3H-FF and 5H-FF) from
stage 11 of the 28 hydraulic fracturing stages of MIP-3H and MIP-5H
and a water sample (make-up water) from Monongahela river were
also analyzed (Table 1). The fracturing fluids are the clean fluids used
in stage 11 which comprise of fracturing chemicals (unknown names
and compositions) and primarily freshwater from nearby Monongalia
river, facilitating the application of geochemical tracers in understand-
ing potential reservoir reactions. These fracturingfluids primarily repre-
sent the make-up water, which is from Monongahela river. Well MIP-
3H and MIP-5H were hydraulically fractured from November 6th to
15th 2015 and from October 28th to November 5th 2015, respectively.
Fig. 1. Time-series PW samples reported in this study were collected from two gas wells in th
County, WV, USA (rectangle). Additional PW data (Capo et al., 2014; Chapman et al., 2012; Ph
(triangles) are also used for comparison. Present-day Marcellus Shale base map is modified aft
The total injected fluid into MIP-3H well was about 40,307 m3 whereas
only 2250 m3 PW (5.6% of the injected fluid) was recovered within
16 months of production. The produced water samples were collected
from gas-water separators following the procedure described in detail
in Phan et al. (2018a), a typical procedure (Kharaka et al., 1987) com-
monly used to collect PW from oil and gas wells (Engle et al., 2016;
Pfister et al., 2017; Rowan et al., 2015). In this study, the aqueous
phasewas separated from oil in the laboratory at theWest Virginia Uni-
versity within an hour after collecting from the MSEEL field site by let-
ting the sample sit for at least an hour, pre-filtered through glass
wool, and then filtered through a high capacity in-line 0.45 μm filter car-
tridge. The pre-filtered water was discarded before sampling PW. Sam-
ples for major and trace metals were preserved with ultra-pure nitric
acid (Optima® grade). Samples for anion concentration analysis were
further filtered through a 0.2 μm membrane and stored at 4 °C.

2.1.2. Leachates of drill core materials of Marcellus Shale
It is important to know the geochemical compositions of bulk and

leachable fractions of the host rock to facilitate understanding of chem-
ical reactions occurring in the formation. Therefore, leachates ofMarcel-
lus Shale rocks (n = 35) recovered from a drill core (MIP-3H, 39°36′
06.5″N 79°58′34.0″W), the same well in which time-series PW samples
were collected, were used in this study. These core samples cover the
entire Marcellus Shale: both Oatka Creek and Union Springs members.
e Marcellus Shale Energy and Environment Laboratory (MSEEL) field site in Monongalia
an et al., 2016; Rowan et al., 2015) from southwestern PA (circles) and northcentral PA
er Whitacre (2014).



Table 1
Isotope data (δ2H, δ18O, δ7Li, δ11B, 87Sr/86Sr,) of fracturing fluid and produced waters of Marcellus Shale in Monongalia Co., WV, USA.

Sample ID Production
time

Cumulated
volume

TOC TDSa δ2HV-SMOW δ18OV-SMOW δ7Li ±2SDb

(n = 2)
δ11B ±2SDb

(n = 2)

87Sr/86Sr ±2SDb

(n = 3)
εSr ±2SDb,c

(n = 3)

day m3 mg/L mg/L ‰ ‰

Well MIP-3H (longtitude = 39.601783, latitude = −79.976123)
Make-up
watere

−48.1 −8.7

3H-FF 6 300 24.3 1.1 0.711916 0.000003 39 0.04
3H-01d 1.0 131 66 23,800 −38 −6.3 9.6 0.2 28.5 0.3 0.711114 0.000006 27 0.08
3H-02 1.3 77 24,500 −45 −5.6 na 28.1 0.7 0.711071 0.000009 27 0.13
3H-03d 2.0 417 90 25,000 −44 −5.5 9.1 1.3 27.6 0.1 0.711041 0.000015 26 0.21
3H-04d 2.3 234 68,600 −38 −4.7 11 0.4 27.2 0.1 0.710434 0.000042 18 0.60
3H-05 2.5 120 36,400 −41 −5.4 na 28.0 0.710684 0.000039 21 0.55
3H-06 2.8 119 37,600 −41 −5.1 9.9 0.2 27.9 0.0 0.710687 21
3H-07d 3.0 638 211 72,000 −38 −4.5 10 0.4 27.7 0.6 0.710426 18
3H-08 3.3 105 30,900 −45 −5.1 na 28.1 0.4 0.711020 26
3H-09 3.6 104 31,600 −42 −5.1 na 28.5 0.2 0.710978 26
3H-10d 4.0 813 105 35,400 −31 −4.9 9.5 0.8 28.6 1.0 0.711041 26
3H-11d 5.0 920 110 39,200 −40 −4.8 na 0.711113 27
3H-12d 6.0 988 94 42,400 −38 −4.8 na 0.711182 28
3H-13d 7.0 1017 91 45,200 −43 −4.7 na 0.711222 29
3H-14d 9.0 1074 84 49,500 −45 −4.7 na 0.711283 30
3H-15d 10 1097 86 51,500 −41 −4.7 na 29.4 1.0 0.711234 29
3H-16d 11 1111 83 52,800 −41 −4.6 na 0.711256 29
3H-17d 12 1123 81 54,300 −39 −4.7 na 0.711278 30
3H-18d 13 1134 78 54,300 −42 −4.7 10 0.2 30.0 0.7 0.711303 30
3H-19d 21 1247 111 67,200 −39 −3.4 na 29.7 0.711248 29
3H-20d 36 1430 na 75,400 −42 −4.3 na 29.8 0.2 0.711300 30
3H-21d 56 1561 na 92,900 −37 −4.2 na 30.2 0.1 0.711339 31
3H-22 69 1655 58 110,700 −39 −4.0 na 0.711312 30
3H-23 118 1763 58 118,200 −36 −3.7 11.1 0.0 30.1 0.2 0.711293 30
3H-24 148 1831 49 129,300 −35 −3.5 na 0.711334 0.000012 31 0.2
3H-25 181 1850 60 107,400 −42 −4.4 na 0.711308 30
3H-26 216 1861 47 131,200 na na na 0.711316 30
3H-27 279 1867 50 119,100 na na 11.7 0.8 30.1 0.6 0.711305 0.000038 30.2 0.5
3H-28 405 2015 275 153,000 na na na 30.1 0.9 0.711276 29.8
3H-29 461 2199 131 145,400 na na na 29.5 0.7 0.711161 28.1
3H-30 489 2250 57 157,700 na na 11.9 1.1 29.5 0.8 0.711301 0.000007 30.1 0.1

Well MIP-5H (longtitude = 39.601833, latitude = −79.976152)
Make-up
watere

−48.1 −8.7

5H-FF 6 300 24.4 0.4 na 0.711897 0.000014 39 0.2
5H-01 1.0 157 68,400 11.0 na 0.710326 16
5H-02 1.3 58,300 −36.4 −4.7 na na 0.710481 19
5H-03 2.0 368 56,000 −36.2 −4.7 9.9 na 0.710512 19
5H-04 2.3 52,500 na na 0.710590 20
5H-05 2.5 55,300 −40.7 −4.5 na na 0.710595 20
5H-06 2.8 38,100 −43.6 −4.9 na na 0.710963 25
5H-07 3.0 434 38,900 −42.4 −4.9 9.7 na 0.711032 26
5H-08 3.3 38,800 −39.8 −4.8 na na 0.711081 27
5H-09 3.6 42,800 −41.0 −4.5 na na 0.711142 28
5H-10 9.0 486 43,900 −38.9 −4.5 na na 0.711205 29
5H-11 10 503 43,200 −42.6 −4.3 9.5 na 0.711225 29
5H-12 12 522 46,000 −41.0 −4.9 na na 0.711281 30
5H-13 13 530 48,000 −40.9 −4.5 na na 0.711271 30
5H-14 36 673 46,600 −37.9 −4.6 na na 0.711161 28
5H-15 56 804 66,400 −38.6 −4.2 10.5 na 0.711195 29
5H-16 69 894 40 86,000 na na 0.711192 29
5H-17 83 947 32 100,800 −36.9 −3.8 na na 0.711204 29
5H-18 118 1017 35 98,200 −39.1 −3.9 na na 0.711194 0.000027 29 0.4
5H-19 148 1088 41 111,800 −32.6 −3.4 na na 0.711209 29
5H-20 181 1109 31 125,500 −30.6 −4.4 na na 0.711180 28
5H-21 216 1119 25 96,600 na na na na 0.711206 29
5H-22 279 1124 30 116,300 na na na na 0.711190 0.000005 29 0.1
5H-23 337 1142 33 102,800 na na na na 0.711158 28
5H-24 461 1282 984 248,200 na na 11.6 na 0.711148 0.000008 28 0.1

a Calculated based on total concentrations of major cations and anions, excluding bi-carbonate.
b Two standard deviations of full analytical procedures (separated aliquots of the same samples were independently processed through column chemistry (δ7Li and 87Sr/86Sr) or

sublimation (δ11B) and analyzed by MC-ICP-MS). Typical precisions on duplicate measurement of δ7Li and δ11B are about 0.2‰ and 0.5‰ on average, respectively.
c εSr = (87Sr/86Srsample/87Sr/86Srseawater − 1)104 where 87Sr/86Srseawater = 0.709166 (Chapman et al., 2012).
d TOC contents and 87Sr/86Sr of these samples were previousely reported in Phan et al. (2018a).
e Make-up water is Monongahela river water that was used to mix fracturing fluids (3H-FF and 5H-FF).
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These leachate samples are archived from a previous study (Procedure
A in Phan et al., 2019). Briefly, the rock powder was sequentially ex-
tracted by (1) Milli-Q water (water/rock = 20) to extract water-
soluble salts, (2) ammonium acetate pH 8 (water/rock= 40) to extract
absorbed metals on organic matter and clay minerals, and (3) 1.0 N
acetic acid (water/rock= 40) to extract metals associated with carbon-
ate minerals. As shown in Table 2, this study reports the concentrations
of Li, B, Cl, Br in these leachates in addition to Sr and 87Sr/86Sr which
were previously reported in Phan et al. (2019).

2.2. Analytical methods

2.2.1. TOC, cation and anion concentrations
Total organic carbon (TOC) in the b0.45 μm filtered water and anion

concentrations in the b0.2 μm filtered water were analyzed at the Na-
tional Energy Technology Laboratory (NETL) in Pittsburgh, PA, USA.
The TOC was measured by a Shimadzu TOC-L following the protocol
for non-purgeable organic carbon (Table 1).Major anion concentrations
were measured by ion chromatography (IC) Thermo Scientific™
Dionex™ ICS-5000+. The metal concentrations and total S were ana-
lyzed by inductively coupled plasma optical emission spectroscopy
(ICP-OES) at NETL and by inductively coupled plasmamass spectrome-
try (ICP-MS; PerkinElmer NexION 300X) under kinetic energy discrim-
ination (KED) mode at the University of Pittsburgh, as indicated in
Table S1. A previous study (Tasker et al., 2019) showed that low concen-
trations of trace metals and large dilution of PW due to high TDS level
apparently affect the accuracy of trace metal analysis. In this study, sig-
nificant dilution of PW samples was done to achieve TDS level b 0.2%
and indiumwasused as an internal standard for the correction ofmatrix
effect during ICP-MS analysis. Some samples were also analyzed for
major cations by IC as duplicate. Comparisons of duplicate samples an-
alyzed by ICP-MS and IC showed nomarked differences (b10%). Overall,
the accuracy of elemental data was better than 10% based on repeated
measurements of two reference water samples: NIST SRM-1640a
(spring water) and SCP ESL-2 (groundwater) (Phan et al., 2018a).
Even though the TDS levels of these two reference standards are in sim-
ilar range of the diluted PW, the difference in sample matrix with PW
samples suggests that these standards might not fully represent the
best estimate of the accuracy of elemental data, particularly trace
metal concentrations. However, no certified reference material is cur-
rently available for metal concentration analysis of oil and gas PW
(Tasker et al., 2019). Measurement of Fe(II) was performed by the
1,10-phenanthroline colorimetric method, in which a split of the fil-
tered acidified aliquots of the fracturing fluid and PW samples were
reacted with an aqueous 1,10-phenanthroline solution and ammonium
Table 2
Major and minor elements, 87Sr/86Sr in leachates of rocks (n = 35) recovered fromMIP-3H dr

Parameter Water-soluble fractiona Adsorbed fractiona

Mean ±2SD (n = 35) Mean ±2SD (n =

Li, ppm 0.6 0.4 0.53 0.36
B, ppm 2.6 1.2 2.3 0.89
Sr, ppm 7.6 4.8 43 17
Cl, ppm 908 672 na na
Br, ppm 4.9 3.1 na na
Cl/Br 186 105 na na
Na/Br 187 115 na na
Li/Ca 0.002 0.002 0.0001 0.0002
B/Ca 0.009 0.009 0.00005 0.00005
Sr/Ca 0.03 0.01 0.01 0.02
Li/Na 0.0006 0.0005 0.002 0.002
B/Na 0.003 0.001 0.01 0.01
Sr/Na 0.01 0.01 0.18 0.18
87Sr/86Sra na na 0.7115 0.0024

na = not available.
a Previously reported in Phan et al. (2019).
acetate buffer, and the Fe(II)-1,10-phenanthroline complex was mea-
sured at 508 nm per methods reported in Hakala et al. (2009). It is
noted that iron colloids formed during PW sample collection likely re-
sulted in underestimated Fe concentrations (Phan et al., 2018a). In addi-
tion, Phan et al. (2018a) also demonstrated that colloidal clays liberated
from the fractured shale into the b0.45 μm filtered water possibly con-
tributed to Al, Si, and Ti in this fraction. Thus, the interpretation of chem-
ical reactions using Fe, Al, Si, and Ti concentrations should be donewith
caution as indicated in the discussion.

2.2.2. Water (δ2H, δ18O) and metal (δ7Li, δ11B, 87Sr/86Sr) isotopes
Isotopic compositions of H (δ2H) and O (δ18O) of water were ana-

lyzed at the Stable Isotope Lab at West Virginia University whereas
metal isotopes (δ7Li, δ11B, 87Sr/86Sr) were measured on a ThermoFisher
Neptune Plus multi-collector inductively coupled plasma mass-
spectrometer (MC-ICP-MS) at the University of Pittsburgh, USA. For
water isotopes (δ18OH2O, δ2HH2O) duplicate samples were taken by fill-
ing a pre-rinsed 8 mL glass threaded vial, with no headspace. Parafilm
was wrapped around the lid of the vial and refrigerated until analysis.
Samples for δ2HH2O, δ18OH2O were analyzed on a Gas Bench II device
coupled to a Finnigan Delta V Advantage mass spectrometer at the
IsoBioGem Laboratory at West Virginia University. The Gas Bench II de-
vice is connected to a GC-PAL auto-sampler that allows for online sam-
ple preparation. For analysis, 500 μL of water sample was added to
individual flat bottom Labco® 10 mL auto-sampler vials and flushed
with a blend of CO2 in He and H2 in He equilibrating gas mixture for
δ18OH2O and δ2HH2O measurement, respectively. The analysis of δ2HH2O

also requires the addition of a platinum catalyst during flushing and
equilibration to accelerate exchange processes. The sampleswere equil-
ibrated for 24 h at 25 °C in the auto-sampler tray. The equilibrated head-
space gas in individual vials are transported via a two-port needle of the
autosampler to the NAFIONTM trap, Valco valve, injected into PoraPlot
Q fused silica GC column and finally transported to the mass spectrom-
eter for isotope measurement. The reproducibility and accuracy were
monitored by duplicate analysis of samples and internal lab standards,
previously calibrated to international standards, and were better than
0.3‰ for δ18O, and 1.0‰ for δ2H, respectively. All isotope values are re-
ported in permil (‰) relative to VSMOW(Vienna StandardMeanOcean
Water).

The analytical technique for Li isotopes (6Li and 7Li) followed our
previous method (Phan et al., 2016). We note that the cation exchange
resin (AG50W-X8, 200–400 mesh) was packed in 6.0 N HCl solution to
achieve 2 mL of resin bed. This same amount of resin will be expanded
to N2mLwhen the resin is rinsedwithwater. A novel rinsing procedure
using 5% NaCl for 1 min was applied after 4 to 6 h of analysis; this
ill core covering the entire vertical portion of Marcellus Shale.

Carbonate mineralsa Whole rock

35) Mean ±2SD (n = 35) Mean ±2SD (n = 35)

0.82 0.91 na na
4.0 2.2 na na
52 152 294 715
na na na na
na na na na
na na na na
na na na na
0.0002 0.0006 na na
0.001 0.003 na na
0.002 0.002 0.17 0.29
0.03 0.03 na na
0.14 0.13 na na
1.00 1.5 0.13 0.57
0.7102 0.0032 na na
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procedure was shown to effectively wash out Li (Lin et al., 2016) and as
observed in this study. Due to the introduction of a high total dissolved
solid solution (5% NaCl), the skimmer valve was closed to prevent po-
tential problems with the extraction lenses of the Neptune Plus MC-
ICP-MS at the University of Pittsburgh. The measured 7Li/6Li ratio is re-
ported as:

δ7Li ¼
7Li=6Lisample
7Li=6LiLSVEC

−1

 !
� 1000 ‰ð Þ ð1Þ

where 7Li/6LiLSVEC is the average 7Li/6Li ratio of SRM–8545 (LSVEC) stan-
dard (Li2CO3) measured before and after the sample. Long-term repli-
cate measurements of LSVEC by the Neptune Plus MC-ICP-MS yielded
a precision of about 0.5‰ (Phan et al., 2016; Phan et al., 2018b). In
this study, about 70% of the PW samples were measured in duplicate;
two separate aliquots of the same sample were processed through col-
umn chemistry and measured for 7Li/6Li ratio. The δ7Li values reported
in Table 1 are the average value, and 2SD are two standard deviations
of the column duplicate. The measured δ7Li of WA-A25, an in-house
PW sample, was 9.6 ± 0.4 (2SD; n = 3) which is consistent with
9.4 ± 0.1 (2SD; n = 2) (Macpherson et al., 2014), 9.5 ± 0.4 (2SD;
n = 5) (Phan et al., 2016); 9.2 ± 0.1 (2SD; n = 2) (Phan et al.,
2018b). Likewise, measured δ7Li of seawater (NASS-6) was 31.3 ± 0.7
(2SD, n = 3), agreeing well with 30.87 ± 0.15 (Lin et al., 2016).

B isotopes (10B and 11B) in PW sampleswere separated from the sam-
ple matrix using the micro-sublimation method (Wang et al., 2010)
which was modified after Gaillardet et al. (2001). A detailed description
of the sublimation method is described in the Supporting Material. This
technique is particularly suitable for samples with high B concentration
(N0.7mg/L; this study) whereas it might be challenging to obtain reliable
data for aqueous samples containing much lower B content (Misra et al.,
2014) such as surface waters. The whole procedure was done under a
HEPA hood in a clean lab. Briefly, PWwas diluted in 2% HNO3 by volume
(Optima™, Fisher Scientific) to obtain the B concentration of about
1 mg/L. A 50 μL aliquot of the sample was pipetted and loaded onto the
inner side of the cap of a 5 mL conical bottom PFA vial (Savillex). The
vial with the conical-bottom-side up was then closed firmly and placed
inside a PTFE rack on a hot plate at 98 °C for 18 h. B was sublimated and
condensed at the conical bottom whereas the sample matrix (salts and
organic matter) remains as residue on the cap. Purified B was dissolved
and diluted in 0.5% HF (Optima™, Fisher Scientific) byweight (1% by vol-
ume) to the concentration of 50 μg/L for isotope analysis. The analytical
protocol used in this study is similar to Foster (2008) which is described
in detail in the SupportingMaterial. The aqueous solutionwas introduced
to a Neptune PlusMC-ICP-MS at the University of Pittsburgh using anHF-
resistant sample introduction system (47 mm PFA PureChamber™ Spray
Chamber, sapphire injector, Pt (tip) cone, and Pt skimmer). Themeasured
11B/10B is reported as:

δ11B ¼
11B=10Bsample

11B=10BSRM−951
−1

 !
� 1000 ‰ð Þ ð2Þ

where 11B/10BSRM-951 is the average 11B/10Bof the SRM-951 (NIST) isotope
standard (50 μg/L) measured before and after the sample. The measured
11B/10Bwas corrected for blank (on-peak zero) contribution on individual
masses. For each water sample, three aliquots were sublimated and ana-
lyzed for δ11B. One was used to check B recovery whereas twowere used
for isotope analysis. Thus, the δ11B values reported in Table 1 are the aver-
age values and 2SD are two standard deviations of three separate aliquots
of the same sample. The procedural blank contributionwas b0.003% (n=
3) which was negligible. The B recovery of all analyzed PW samples was
103 ± 7% (2SD; n = 20). Repeated measurements of SRM-951 yielded
δ11B = 0.0 ± 0.5‰ (2SD; n = 13). Likewise, measurements of an in-
house standard (single element ICP standard, without going through sub-
limation) yielded δ11B=−0.5± 0.6‰ (2SD; n=13) to check for day to
day consistency of δ11Bmeasurements. In addition, analyzed δ11B value of
an in-house water reference standard (E44, oil PW from San Andres for-
mation, TX, USA) was 18.3 ± 0.4 (2SD; n = 4), following the same
micro sublimation and analytical procedure. The accuracy of B isotope
analysis is evaluated based on repeated analysis of seawater (NASS-6,
NRC Canada) concurrently with PW samples. Our analyzed δ11B of
NASS-6 seawater was 40.3 ± 0.6‰ (2SD; n = 7), within the analytical
error of seawater δ11B values: δ11B = 39.65 ± 0.41‰ (Foster et al.,
2013); δ11B=39.87±0.25‰ (2SD, n=58) (Louvat et al., 2014). Overall,
the accuracy of δ11B data is estimated to be within 0.5‰.

Radiogenic Sr isotope ratio (87Sr/86Sr) were analyzed following a
previous procedure (Wall et al., 2013). The analysis was performed
using a Neptune Plus MC-ICP-MS at the University of Pittsburgh. The
measured 87Sr/86Sr was normalized to SRM-987 Sr standard
(87Sr/86Sr = 0.710240) and reported as εSrsw relative to seawater.

εswSr ¼
87Sr=86Srsample
87Sr=86Srseawater

−1

 !
� 10000 ð3Þ

where 87Sr/86Sr seawater is the measured ratio of modern seawater. In
this study, we use the value measured at the University of Pittsburgh
as the seawater standard: 87Sr/86Srseawater = 0.709166 (Chapman
et al., 2012). Two reference standards, UD6–120518–S (PW) and EN-1
(CaCO3, shell of giant clam Tridacna gigas, USGS standard), were proc-
essed in each chemistry session during the study. The in-house standard
UD6-120518-S (PW) yielded 87Sr/86Sr = 0.719959 ± 0.000022 (2SD;
n = 9), agreeing well with 87Sr/86Sr = 0.719956 ± 0.000041 (2SD;
n = 8) (Kolesar Kohl et al., 2014; Phan et al., 2016); 87Sr/86Sr =
0.719958 ± 0.000020 (2SD; n = 9) (Phan et al., 2018b). Likewise, re-
peated measurement of EN–1 in this study yielded 87Sr/86Sr =
0.709166 ± 0.000018 (2SD; n = 10), consistent with 87Sr/86Sr =
0.709159 ± 0.000032 (2SD, n = 9) (Phan et al., 2018b).

2.3. Two end-member mixing model

In the hydraulically fractured Marcellus Shale, three components/
end-members that control the evolution of chemical constituents in
the PW are (i) fracturing fluid, (ii) in situ formation water, and (iii) res-
ervoir rock minerals. Previous studies demonstrated that mixing be-
tween highly saline formation water with early PW is the main
process controlling the temporal evolution of the PW chemistry (Capo
et al., 2014; Phan et al., 2016; Rowan et al., 2015). The early PW likely
represents thefluid that is derived from the chemical reactions between
the hydraulic fracturing fluid and minerals in the reservoir during hy-
draulic fracturing. In this study, we differentiate the chemical reactions
betweenfluid and reservoir rock fromfluidmixing by comparing the di-
vergence of the geochemical data from themixing line due to contribu-
tion from the rock end-member (the 3rd component).

The two-component mixing model was used in this study. The con-
centration and isotopic composition (ratio or δ notation) of themixture
is defined as:

Cmix ¼ C1∙ f1 þ C2∙ 1−f1ð Þ ð4Þ

Rmix ¼ R1∙ C1∙ f1ð Þ
Cmix

þ R2∙C2∙ 1−f1ð Þ
Cmix

ð5Þ

where:

Cmix, Rmix= concentration and isotopic composition, respectively, in
the mixture
C1, R1 = concentration and isotopic composition, respectively, in
end member 1
C2, R2 = concentration and isotopic composition, respectively, in
end member 2
f1 = fraction of end member 1 in the mixture.
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3. Results

3.1. Concentrations of major and minor ions and total organic carbon

The elemental concentrations are shown in Table S1 (supporting
material), and the TDS was calculated as a total of the concentrations
of major andminor ions, excluding bicarbonate. The elemental concen-
trations of 16 out of 54 samples used in this study were previously re-
ported in (Phan et al., 2018a), as indicated in Table S1 (supporting
material). This sub data set was reported to discuss the role of colloids
in the transport of metals in PW (Phan et al., 2018a). Well MIP-3H
and MIP-5H were fractured for a total of 28 stages using freshwater
from the Monongahela river. Thus, the TDS of the fracturing fluid from
all stages are expected to be similar to those at stage 11 (300 mg/L).
This TDS level was about two orders of magnitude lower than the TDS
in fracturing fluids of southwestern PA wells (50,000 ± 20,000 mg/L)
where recycled PW was used as make-up water (Chapman et al.,
2012; Rowan et al., 2015). The concentrations of major and minor ele-
ments (Na, K, Mg, Ca, Cl, Br, Sr, Li), likewise TDS, of day-1 PW from
MIP-3H and MIP-5H are much higher than the fracturing fluids whose
inorganic compositions are nearly identical to themake-up water (Mo-
nongahela river water). The increase in these elements occurred line-
arly to the log of time, clearly observed for MIP-3H (Fig. 2A), but not
as clear forwell MIP-5H.We also found that the increase in salinity pos-
itively and linearly correlatedwith the cumulated volume of PWofMIP-
Fig. 2. Changes in the concentrations of major andminor elements in time-seriesMarcellus Sha
5H (C, D) over time (number of days from thefirst day of water flow from thewells). Fracturing
mainly comprising of make-up water from Monongahela river, are shown as open symbols.
3H, but notMIP-5H (Fig. S6; Table 1).While the increase in TDSwas ob-
served for both wells, the TDS in MIP-5H well increased more rapidly
than the TDS in MIP-3H. The highest TDS values of 158,000 mg/L for
MIP-3H and 248,000 mg/L for MIP-5H were attained after about
16 months of production, and the last sample analyzed in this study.
This TDS level is within the range of TDS levels in formation water
(Blondes et al., 2018; Chapmanet al., 2012; Rowan et al., 2015) in south-
western and northcentral PA sites (Fig. 1), and other locations in Penn-
sylvania. The TDS did not plateau over this sampling period, as observed
in previous studies (e.g., Rowan et al., 2015; Phan et al., 2016). It is also
noted that the concentrations of Ba increased over time, 240 mg/L on
the first day to 6600 mg/L after 16 months of production, following
the general trend ofmajor and otherminor elements listed above. How-
ever, unlike the other major/minor elements, no spike of Ba was ob-
served in MIP-3H PW samples collected between day 2 and day 4
(Fig. 2C). Likewise, Ba in PW of MIP-5H remained constant
(~600 mg/L) within the first 24 h which contrasts with the decreasing
trends of major and minor elements (Fig. 2D). In contrast to major
ions, the TOC contents of PW collected on the first few days from MIP-
3H were generally higher (N100mg/L) than those collected later. Over-
all, the TOC contents did not correlate with time or TDS. Sulfate concen-
trations in the fracturing fluids of both wells (~130 mg/L) were much
higher than PW collected after one month of production which was
below the detection limit of 10 mg/L (Fig. 2; Table S1). We found that
the detection limits formany tracemetalswere high due to high salinity
le PW samples from two horizontal wells atMSEEL field site: well MIP-3H (A, B), well MIP-
fluids from stage 11 of a total of 28 hydraulic fracturing stages ofwellMIP-3H andMIP-5H,
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that requires large dilution factors, a typical issue experienced by many
laboratories reported in Tasker et al. (2019). Matrix separation before
ICP-MS analysis can increase the detection limits for trace metals
(Jackson et al., 2018). However, this method is time-consuming, thus,
only concentrations above the detection limits are used for discussion.
While most trace elements in PW were below the analytical detection
limits, limited data show that trace metals in early PW were higher
than in the fracturing fluid. In both wells, Fe (primarily as Fe(II)) and
Zn generally increased over time. The Fe(II)/Fetotal ratio in PW is be-
tween 0.8 and 1.3 for all of the samples analyzed for Fe(II), and shows
a highly variable trend within the first 8 days of production (Table S1).
Values for Fe(II)/Fetotal N 1 may reflect an influence of colloidal phases
on iron measurements, the proportion of which may be influenced by
sample preparation and dilution techniques applied for colorimetric
(Fe(II); dilution only performed on samples with [Fe(II)] N 112 mg/L)
Fig. 3. Changes in the isotopic compositions of Li (δ7Li; A), B (δ11B; B), Sr (87Sr/86Sr; C), and wa
from the first day of water flow from the wells). The δ18OV-SMOW vs. δ2HV-SMOW of water in PW
surface water (Bowen et al., 2007). Fracturing fluids from stage 11 of a total of 28 hydraulic f
Monongahela river, are shown as open symbols.
versus ICP-MS analysis. Despite these effects, the general observation
is that most of the Fe present in the PW samples is in the reduced form.

3.2. Water isotopes (δ2H, δ18O) in produced waters

The isotopic composition of themake-upwater used formixingwith
fracturing chemicals prior to injection into MIP-3H and MIP-5H were
−8.7‰ for δ18O and −48.1‰ for δ2H, and plots slightly to the right of
the local meteoric water line (LMWL) (Fig. 3, Table 1). The deviation
of the river water away from the LMWL could plausibly be because
the precipitation source in this part of West Virginia is often mixed
with evaporative and recycled atmospheric moisture originating from
the Great Lakes region. The δ2H and δ18O values of PW are higher, rang-
ing from−3.4 to−6.3‰ for δ18O and−45.1 to−30.6‰ for δ2H (Fig. 3).
The range of δ2H of PW at MSEEL was similar to the range reported for
ter oxygen (δ18OV-SMOW; D) in time-series Marcellus Shale PW over time (number of days
is compared with the local meteoric water line (LMWL; E). The LMWL data are for local

racturing stages of well MIP-3H and MIP-5H, mainly comprising of make-up water from
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PW from southwest PA (Rowan et al., 2015). However, δ18O values of
MSEEL PW were slightly lower than those in southwest PA (Rowan
et al., 2015). While the δ2H values fluctuated over the entire sampling
period, there was a general increasing trend of δ18O over time (Fig. 3).

3.3. Metal isotopes (δ7Li, δ11B, 87Sr/86Sr) in produced waters

The δ7Li values of the fracturing fluids of MIP-3H and MIP-5H were
identical, 24.3‰ and 24.4‰, respectively which were much greater
(N13‰) than the δ7Li values of PW returning from these wells on the
first day (δ7Li = 9.6 and 11‰; Table 1). The δ7Li values of both wells
fluctuated in the first 4 days, and then increased over time, reaching
the highest value of ~12‰ in the PW collected on the last sampling
date (~16 months since the start of returning PW). Interestingly, δ7Li
values in MIP-3H and MIP-5H (Fig. 3A) followed the same trends ob-
served for Li concentrations in the PW (Fig. 2B, D). Together with δ7Li
values (Phan et al., 2016) inMarcellus Shale PW from the southwestern
and northcentral PA (Fig. 1), we found that δ7Li strongly correlates with
TDS in PW. The δ11B valueswere only analyzed for PW fromMIP-3H be-
cause of the time constraint of this project. The δ11B values decreased for
about 1‰within 24h since the start of returning PWand then increased
over time reaching a plateau at δ11B=30±1‰ (2SD; n=9; Fig. 3B) on
the 10th day. The εSrSW values of the fracturing fluids ofMIP-3H andMIP-
5H are identical (εSrSW = 39). For well MIP-3H, a decrease in εSrSW for
12 units from the fracturing fluid εSrSW = 39 to εSrSW = 27 on the first
day was observed, continued to decrease to the lowest values of 18,
and then increased to a plateau of 30 ± 1.2 (2SD; n = 14; Fig. 3C). A
spike in Sr (and other elements) occurs in PW collected between day
2 and day 4 corresponds to a dip in εSrSW. Likewise, these samples exhibit
the lowest δ11B values among the studied PW samples (Fig. 3B). In con-
trast to MIP-3H, a larger decrease in εSrSW (23 units) was observed for
well MIP-5H; otherwise, the temporal trend of εSrSW in PW of MIP-5H
mimics one of MIP-3H (Fig. 3C). Overall, more fluctuations in major
andminor element abundances, δ18O, δ7Li, and εSrSWwere observed dur-
ing the first few days, and then increasing to reach a stable chemical
composition representing in situ formation water.

3.4. Distribution of Li, B, Sr, and 87Sr/86Sr in Marcellus Shale core materials
recovered from MIP-3H well

The distributions of Li, B, Sr, and 87Sr/86Sr in three easily leachable
fractions of core materials from the MIP-3H well rocks are summarized
in Table 2. Li is mainly associated with clay minerals, minimally
absorbed on mineral surfaces, and low in abundance (b1 ppm) in car-
bonate cement or concretions within the shale (Phan et al., 2016; this
study). In contrast, Sr is present at appreciable levels: 7.6 ± 4.8 ppm,
43 ± 17 ppm, and 52 ± 152 ppm in water-soluble, adsorbed, and car-
bonate fractions, respectively. Within these pools, carbonate cement
contains highly variable concentrations of Sr in which 87Sr/86Sr
(0.7102±0.0032) ismuch lower than 87Sr/86Sr in the adsorbed fraction
(0.7115± 0.0024) (Phan et al., 2019). In carbonate cement and concre-
tions within the shale, Li was present at Li/Ca (wt. ratio) of 0.0002 ±
0.0006 which is low and a magnitude lower than B (B/Ca = 0.001 ±
0.003) and Sr (Sr/Ca = 0.002 ± 0.002).

4. Discussion

4.1. Fluid mixing in hydraulically fractured reservoir

Good correlations (r2 ≥ 0.90; n=54; Fig. S7 SupportingMaterial) be-
tween Li, Na, Mg, Ca, Sr, Ba, Cl, Br, and thus TDS in PW of MIP-3H and
MIP-5H suggest that the concentrations of these elements are primarily
controlled by similar process(es) and behave conservatively during the
temporal evolution of the PW chemistry. A previous study suggested
that diffusion (Balashov et al., 2015) can explain the major changes in
elemental concentration in early PW. However, isotopic data from this
study and previous studies (Capo et al., 2014; Osselin et al., 2018;
Phan et al., 2016; Rowan et al., 2015) demonstrate that actual fluid
mixing between the fracturing fluid and highly saline in situ formation
water is the process explaining the increase in the concentrations and
isotope signatures of the dissolved inorganic constituents in the studied
PW. A total volume of 40,300 m3 fluid was injected into MIP-3H during
fracturing. A significant portion (at least 94%) of the injected water
remained in the reservoir because only 5.6% (2250m3; Table 1) was re-
covered as PW after 16 months of gas production. The increase in ele-
mental concentrations in PW may be partially associated with
filtration of water through low permeability shale formation by a pro-
cess known as hyperfiltration (Balashov et al., 2015; Kanfar and
Clarkson, 2016). As water moves by advection through shales or clays,
the rock can act like a reverse osmosis membrane retarding the move-
ment of larger molecules and resulting in a depletion in light isotope
in the filtrate (Clark and Fritz, 2013). However, it is unlikely that this
process is quick enough to result in a large increase in δ18O (N2‰ for
MIP-3H and N5‰ for MIP-5H) in short fracturing periods which are
34 days for MIP-3H and 43 days for MIP-5H (Fig. 3). Thus, this process
could explain the loss of the water from the fracturing fluid in the for-
mation (Balashov et al., 2015), but does not explain the increase in
δ18O, δ7Li, and 87Sr/86Sr in the PW (this study; Phan et al., 2016). Like-
wise, water isotope (δ2H, δ18O) exchange reaction between the make-
up water and minerals in the shale reservoir is not likely because such
a shift in water isotope values requires exchange occurring over much
longer timescales. Therefore, increased water isotope values (δ2H,
δ18O) over time is a result of mixing with formation water that is most
likely connate seawater that has been isotopically modified over mil-
lions of years through evaporation and interactions with host rock, as
demonstrated in previous works (Rowan et al., 2015; Sharma et al.,
2015). Together with previous works on the PW of Marcellus Shale
(Capo et al., 2014; Phan et al., 2016; Rowan et al., 2015) and Montney
Formation in Alberta, Canada (Osselin et al., 2018), the evolution of iso-
tope compositions of water (δ2H, δ18O), δ7Li, and 87Sr/86Sr in PW dem-
onstrates that actual mixing between formation water and fracturing
fluid occurs within the hydraulically fractured reservoirs.

The progressively increasing shift of δ18O and TDS (Fig. 4A) follows a
mixing line reflecting that the water in PW is a mixture of fracturing
fluid and late PW, which is mainly comprised of in situ formation
water. This mixing mechanism is also supported by a strong linear cor-
relation (r2 = 0.996; r2 = 0.87 if excluding the fracturing fluids) be-
tween Na/Br and Cl/Br of the fracturing fluid and PW (Fig. 4B). This
trend represents the change in PW chemistry toward the highly saline
fluid (Na-Cl type water) which is possibly derived from seawater evap-
oration and subsequently long-term interactions with the reservoir.
Like Na/Br, Cl/Br, and water isotope data, the mixing model shows
that the temporal changes in δ7Li vs. Li (Fig. 4C) of PW of both MIP-3H
andMIP-5Hwells follow themixing line constructed by using the equa-
tions in Section 3.3. Phan et al. (2016) showed that the formationwater
is heterogeneous across the basin due to different degrees of diagenesis.
For example, formation water (N1 year PW) δ7Li, 87Sr/86Sr, and TDS in
MSEEL are about 12‰, 0.7111–0.7113, 160–250 g/L, respectively (this
study) whereas it is about 10‰, 0.7100–0.7117, 150–200 g/L in south-
western PA (Capo et al., 2014; Chapman et al., 2012; Phan et al.,
2016), 14–15‰, 0.7094–0.7100, 260–320 g/L in northcentral PA (Phan
et al., 2016; Rowan et al., 2015) (Fig. 1), and δ7Li about 9‰ (N90 day
PW) in an unknown location in PA (Warner et al., 2014). Thus, we
used the latest (oldest) PW collected from the same well to represent
the chemical composition of the local in situ formationwater. As the for-
mation water is heterogeneous across a single formation in the subsur-
face, therefore, information from the same geographic location should
be used for interpreting geochemical reactions. The mixing trend is
also observed for δ7Li vs. TDS (Fig. 4D), suggesting that the increase in
Li in PW is primarily contributed by Li in the saline formation water.
The TDS of saline formation waters recovered from Marcellus Shale
gas wells (PW after one-year production) vary across the Appalachian



Fig. 4.Variations in the δ18O vs. TDS (A), Na/Br vs. Cl/Brmass ratio (B), δ7Li vs. Li (C), and δ7Li vs. TDS (D)of the fracturingfluid andMarcellus PWofMIP-3H andMIP-5Hwells. The inset in B
is the blow-out showing the PW data and r2 value for PWdata only. The solid lines in A, C, and D are constructed using a two-endmember mixingmodel (Section 3.3) between day-1 PW
and late (N1 year) PW comprising mainly formation water.
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Basin (Phan et al., 2016); therefore, the temporal increase in the TDS of
PW is dependent on the geographic location of the gaswell. Overall, this
study demonstrates that mixing between the early fluid and formation
water controls the temporal increase in the TDS (major ions), whereas
chemical reactions can more significantly affect minor and trace ele-
ments in the PW. Therefore, changes in minor and trace metal contents
in PW, particularly early PW which are least influenced by formation
water, could provide more insight into chemical reactions occurring
downhole.
4.2. Geochemical reactions in Marcellus Shale during and post fracturing

Knowledge of water-rock interactions in the fractured reservoir is
important for understanding changes in reservoir properties, hy-
draulic fracturing performance, and PW treatment and disposal. In
this section, we discuss the water-rock interactions between fractur-
ing fluid and target reservoir during fracturing and natural gas pro-
duction (PW sampling period) by assessing the temporal changes
of minor and trace metals that do not correlate well with changes
in the TDS.
4.2.1. pH driven dissolution – precipitation reactions
Chemical reactions in shale are largely influenced by carbonate dis-

solution, which buffers the resulting pH in the reservoir (Jew et al.,
2017; Pilewski et al., 2019). Marcellus Shale is generally lower in car-
bonate mineral concentration in comparison to Eagle Ford (2–39%, av-
erage = 10%, n = 119) (Chermak and Schreiber, 2014; Hsu and
Nelson, 2002). Carbonate content (calcite and dolomite) in Marcellus
Shale from MIP-3H core is 6 ± 15% (n = 33), in which calcite is more
abundant than dolomite (Phan et al., 2019). Thus, the acid-
neutralizing capacity of Marcellus Shale is expected to be much lower
compared to other shales if the same amount of acid is used during frac-
turing. An excessive amount of acid could further lead to clay mineral
dissolution. Like hydraulic fracturing of other Marcellus gas wells, hy-
drochloric acid was used in each of a total of 28 fracturing stages of
MIP-3H and MIP-5H wells. In each stage, either 5.7 m3 (1500 gal) of
7.5% HCl or 11.4 m3 (3000 gal) of 15% HCl was first pumped downhole
to create conduits by dissolving carbonate minerals in the formation,
followed by the injection of fracturing fluid, sand, biocides, scale inhib-
itors, and friction-reducing agents.

A conservative mixing line between the hydraulic fracturing fluid
and the carbonate cement end-members shows a dip in 87Sr/86Sr in



Fig. 5. Variation in 87Sr/86Sr vs. Sr/Na (wt) (A), Cl vs. Sr/Na (wt) (B), and Cl (wt) vs. Ca/Na (wt) (C) of the fracturing fluid and Marcellus PW of MIP-3H (filled squares) and MIP-5H wells
(filled circles). A dip in 87Sr/86Sr toward the dissolution line between the fracturing fluids (open square and circle) and Marcellus carbonate cement reflects the dissolution of carbonate
minerals due to the injection of HCl during hydraulic fracturing. Number shown next to the conservativemixing curve (dashed line) represents the theoretical contribution of Sr/Na in the
mixture.

11T.T. Phan et al. / Science of the Total Environment 714 (2020) 136867
early PW(b3 days) toward the dissolution curve (Fig. 5A). This provides
evidence for carbonate dissolution of either the cementwithin the shale
or limestones from Cherry Valley formation or both, during the fractur-
ing process. The deviation of 87Sr/86Sr demonstrates that the carbonate-
reacted fluid is possibly isolated in discrete fractures and is not well
mixed with formation water. If this carbonate-reacted fluid is well
mixed with in situ formation water, the 87Sr/86Sr values in PW are ex-
pected to follow the mixing line (Fig. 5A). The Sr/Na of early (≤3 days)
PW samples deviated to the right of the linear correlations of Cl vs. Sr/
Na (Fig. 5B). A similar relationship was also observed in plots of Cl vs.
Ca/Na (Fig. 5C) or Cl vs. B/Na (not shown). The higher Sr/Na, Ca/Na,
and B/Na ratios in these samples are likely due to the additional contri-
bution of Sr, Ca, and B from the dissolution of carbonate minerals in the
shale by acidic fracturing fluid. This also corroborates with high TOC
contents in early PW (Table 1) which is most likely derived from frac-
turing chemicals.

Li abundance in carbonate minerals in Marcellus Shale is low
(b1 ppm; Li/Ca = 0.0002 ± 0.0006; Table 2) and similar to Li levels in
the fracturing fluid (b0.01 mg/L; Li/Ca = 0.0003). In contrast, Li/Ca in
day-1 PW fromMIP-3H andMIP-5H (Table 2) were several magnitudes
higher than the Li/Ca in the fracturing fluid suggesting that elevated
level of Li in early PW cannot be attributed to carbonate dissolution.
This indicates that there must be a significant contribution of Li from
other sources such as formation water, as discussed in Section 4.1,
chemical additives, clay dissolution, or desorption from clay minerals
and organic matter. Adsorption/desorption is discussed in Section 4.2.2.

Marcellus Shale is rich in clay minerals. Illite and muscovite are
30–48% in the Union Springs member (Phan et al., 2019), which is the
main target for hydraulic fracturing in Marcellus Shale. Clay dissolution
could occur within new stimulated fractures immediately after HCl in-
jection as demonstrated through laboratory experiments (Marcon
et al., 2017; Phan et al., 2018b). Based on data from the MIP-3H well,
we found a drastic decline in δ7Li by 14.7‰ from+24.3‰ in the fractur-
ing fluid ([Li] = 0.008 mg/L) to +9.6‰ in the PW returning on the first
day ([Li] = 20mg/L) after the well was unplugged and allowed gas and
water to flow. More than three orders of magnitude increase in Li
(Fig. 6A) accompanied by a 14.7‰ decline in δ7Li (Fig. 6B) cannot be
solely attributed to clay dissolution or carbonate dissolution.

The δ7Li values of sedimentary limestone ranging from+6 to+25‰
(Misra and Froelich, 2012), particularly in the Onondaga limestone in
the Appalachian Basin (δ7Li = +13.3 to +15.0‰; Phan et al., 2016)
are generally greater than in Marcellus Shale PW. Like other carbonate
minerals (Pogge von Strandmann et al., 2013), Li abundance in carbon-
ate cement in Marcellus Shale is low (b1mg/kg, b2% total Li; Phan et al.,
2016). Therefore, the dissolution of carbonate minerals from the reser-
voir rock cannot explain the low δ7Li in day-1 PW. To evaluate the role
of clay dissolution, we explore the changes in δ7Li and Li/Al vs. TDS.
The δ7Li in clay minerals is lower than the δ7Li in the equilibrated fluid
due to the preferential uptake of 6Li primarily into octahedral sites dur-
ing clay formation (Hindshaw et al., 2019; Pistiner and Henderson,
2003). Li in bulk Marcellus Shale ([Li] = 19–85 mg/kg) is mainly
found as structurally bound Li (75–95% of total Li) in silicate minerals
such as clays (Phan et al., 2016). Its δ7Li value ranges between −2.3‰
and +4.3‰ and is up to 26.6‰ lower than δ7Li value of the fracturing
fluid. Laboratory experiments on the partial dissolution of granite
showed that 6Li is preferentially dissolved from secondary minerals
within granite, but no significant isotope fractionation is observed dur-
ing partial dissolution of basalts (Pistiner and Henderson, 2003). If par-
tial dissolution of clay minerals from Marcellus Shale occurred during
hydraulic fracturing, the geochemical reaction would introduce more
6Li into the fluid and therefore induces a decrease in the PW δ7Li. Isoto-
pically, this explanation corroborates with our field data showing that
the δ7Li in day-1 PW was much lower than δ7Li in the fracturing fluid.

The dissolution of clays is expected to result in a simultaneous re-
lease of Li and Al because Li is mainly held in the structure of clay min-
erals (Phan et al., 2016). If the dissolution of clays occurred during
hydraulic fracturing at MSEEL, then the Li/Al in the PW would inherit
the Li/Al in clays with a similar range of Li/Al in whole rock, which is
lower than the fracturing fluid by two orders of magnitude. The Li/Al ra-
tios in PW are actually three orders of magnitude higher than Li/Al in
the fracturing fluid (Fig. 6B). Therefore, the dissolution of clays is not
the main process releasing Li from the shale in the PW. We previously
showed that the truly dissolved Al fraction of the PW, as opposed to col-
loidal fractions b0.45 μm, is significantly lower than reported solution-
phase Al concentrations (Phan et al., 2018a). Thus, low levels
(b50 μg/L) of “truly dissolved” Al in PW plausibly suggests that clay dis-
solution did not occur during HCl acid injection.

In summary, pH-driven mineral reactions during hydraulic fractur-
ing at the MSEEL site can be attributed to dissolution of carbonate ce-
ment, as shown through the increase in chemical composition
(e.g., Sr/Na, Ca/Na, B/Na) and the decrease in 87Sr/86Sr ratios in early
(b3 days) PW. Carbonate cement is a potentially major source of Sr,
Ca, and B in PW, particularly these early PW. Clay dissolution does not
contribute significantly to PW chemical signatures observed in this
study, however, the ability to characterize secondary precipitation reac-
tions that occurwithin the reservoirmay be affected bymultiple factors,
including reaction kinetics. The influence of sorption and redox pro-
cesses on PW chemistry are discussed in the following sections.



Fig. 6.Variation in Li vs. Li/Al (wt) (A) and δ7Li vs. Li/Al (wt) (B) of the fracturing fluid and
Marcellus PWofMIP-3H andMIP-5Hwells. Bulk rock δ7Li data of Marcellus Shale samples
from southwestern and northcentral Pennsylvania, USA (Fig. 1) are from Phan et al.
(2016) which are also shown in Table S2 (supporting material).
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4.2.2. Adsorption – desorption
Injection of low TDS fracturing fluid into shale reservoirs can cause a

change in adsorption-desorption equilibrium of ions in the exchange
sites of clays and organic matter. Laboratory studies showed that a sig-
nificant proportion of Ba inMarcellus Shale is adsorbed on clays and or-
ganic matter in Marcellus Shale (Phan et al., 2015; Renock et al., 2016;
Stewart et al., 2015) that and can be potentially released into PW via
cation exchange. Using field data, our study explores temporal changes
in Li, B, δ7Li, and δ11B relative to the major changes in PW chemistry to
evaluate whether desorption during the well shut-in and production
contribute to the increase in concentrations of these elements in PW.

Elevated concentration of Li with low δ7Li value in day-1 PW
(20 mg/L, 9.6‰), compared to the fracturing fluid (0.008 mg/L,
24.3‰) and formationwater (110mg/L, ~12‰), suggests 6Li is preferen-
tially released into the fracturing fluid during the well shut-in period.
This Li source cannot be the formationwater because Li in formation
water at the study area, N1-year PW, is isotopically heavier
(δ7Li ≈ 12‰) than day-1 PW. The enrichment of 6Li in day-1 PW is
not likely a result of clay dissolution or carbonate dissolution, as
discussed in Section 4.2.1. We hypothesize that the desorption of 6Li
from the exchange sites of clay minerals and organic matter could ex-
plain the enrichment of 6Li in day-1 PW. To test this hypothesis, we
used the sequential extraction data from Phan et al. (2016) (Table 2)
and experimentally estimated water-rock ratio of 0.01 from Renock
et al. (2016) to calculate an expected Li concentration. Because only
5.6% of the volume of the injected fluid was recovered from MIP-3H
well (see Section 4.1), we assume that the fluid loss due to imbibition
is as high as 94.4% of the volume of the injected fluid, excluding the con-
tribution of formation water. Mass-balance calculation shows that the
theoretically calculated Li derived from desorption of clay minerals
and organic matter can result in Li concentration as high as 946 mg/L
in PW, a value that can sufficiently explain the Li concentration of
20 mg/L in day-1 PW. Previous studies (Vigier et al., 2008; Zhang
et al., 1998) showed that 6Li is preferentially adsorbed on the surface
of clay minerals. Therefore, this study suggests that desorption of 6Li
from the exchange sites of clays and organic matter in Marcellus Shale
during the hydraulic fracturing period is likely the source of 6Li enrich-
ment in early PW (e.g. day-1 PW).

When the wells were unplugged and allowed to flow, both Li and
δ7Li increased over the sampling period and followed the mixing line
(Fig. 4D). This suggests that the desorption of Li did not occur through-
out the production from the wells or was very negligible even though
the high TDS level in PWwould favor the desorption process. Like Li, de-
sorption of B from clays would preferentially release 10B, lowering the
δ11B in the resulting fluid (Gaillardet and Lemarchand, 2018; Spivack
et al., 1987). While δ7Li progressively increased during the 16-month
sampling period, B in PW is relatively unchanged (Fig. 2B) and δ11B in
PW quickly reached a relatively constant value of 29.8 ± 0.6‰ (2SD)
after 10 days which is 1.8‰ greater than early (b10 days) PW
(28.0± 0.9‰, 2SD; Fig. 7). The δ11B values in PWwere higher than pre-
dicted by a conservative mixing curve, plotted using carbonate-reacted
PW with the lowest δ11B values (average δ11B = 27.7‰) and PW col-
lected from the same well more than one year in production (average
δ11B = 29.7‰; “formation water”) end member (Fig. 7). The t-test
analysis shows that there is a significant difference (p b 0.01) be-
tween the average δ11B values of these two end-members. This sug-
gests that 10B was preferentially lost over time, which could result
from the (1) incorporation of 10B into the clay structures during sec-
ondary clay mineral formation or (2) adsorption onto the surface of
clays and organic matter, instead of desorption of 10B as suggested
by Warner et al. (2014). If secondary clay minerals were formed at
an appreciable magnitude, the ratios of the clay forming elements
such as Si and Al with Na, presuming Na behaves conservatively,
should be lower than expected due to conservative mixing. As
shown in Fig. S9 (Supporting Material), Si/Na of PW from both
study wells closely follow the mixing line and no change in Al/Na.
This observation most likely rules out the hypothesis of B loss due
to secondary clay formation. After 10 days, the B isotope signature
remained constant (29.8 ± 0.6‰; 2SD), implying that minimal iso-
tope fractionation of B occurred during this period and B was either
derived from a constant source or controlled by a single process. In
summary, desorption of 6Li from clay minerals during hydraulic frac-
turing can likely explain the enrichment of 6Li in day-1 PW in com-
parison to Li in the fracturing fluid. During the production of the
well, however, the desorption of Li was unlikely to occur even
though PW with high TDS would favor the desorption process. On
the other hand, 10B was likely adsorbed on the surface of clays and
organic matter in shale, demonstrated by the enrichment of δ11B in
comparison to the mixing line (Fig. 7B).



Fig. 7. Variation in Cl vs. B/Na (wt) (A) and δ11B vs. B/Na (wt) (B) of the Marcellus PW of
MIP-3H (filled squares) and MIP-5H (filled circles). The dashed line in B represents
conservative mixing between carbonate-reacted PW (light red squares) with formation
water (PW collected after one year in production; black squares). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of
this article.)
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4.2.3. Oxidation reduction reactions
Injection of oxidizing hydraulic fracturing fluid into the shale reser-

voir could induce/enhance chemical reactions associated with
oxidation-reduction (redox) reactions that potentially affect shale po-
rosity and permeability. Barite precipitation could occur due to the re-
lease of sulfate from decomposition of gel breaker (e.g., ammonium
persulfate) (Matzek and Carter, 2016; Paukert Vankeuren et al., 2017),
oxidative dissolution of pyrite (Harrison et al., 2017; Jew et al., 2017;
Marcon et al., 2017; Wang et al., 2016), and dissolution of sulfate min-
erals (e.g., anhydrite) in shale rocks, as suggested for Montney forma-
tion in Alberta, Canada (Osselin et al., 2019). The latter is most likely
not applicable for Marcellus Shale because both anhydrite and gypsum
are not detected (b1%) in shale minerals (Phan et al., 2019). In our
two study wells at MSEEL site, the persulfate-based gel breaker, ammo-
nium persulfate, was used during hydraulic fracturing. In addition, py-
rite is ubiquitous in the producing portion of the Marcellus Shale at
MSEEL site (MIP-3Hwell). All seven shale samples analyzed contain py-
rite, ranging from 1% to 5% (Phan et al., 2019). Previous studies
(Chermak and Schreiber, 2014; Stuckman et al., 2019) demonstrated
that trace metals are associated with sulfide minerals and organic mat-
ter and can be released by oxidative dissolution. Therefore, we hypoth-
esize that redox reactions could play an important role in the temporal
evolution ofMarcellus PW chemistry, particularly releasing tracemetals
in early PW. In this section, changes in sulfate, total S, TOC, and redox-
sensitive elements such as Fe, Mn, Mo, Co, Ni, and Zn will be examined
to elucidate redox reactions in the subsurface.

As shown in Fig. 4B, Cl/Br behaves conservatively, and the increase in
Cl/Br in PW is a result of mixing. If the ratios of trace metals over Br ex-
hibit good linear correlations with Cl/Br, fluid mixing is expected to be
the primary process driving the changes of trace metals in PW. We
found that Total S/Br, Mo/Br, Mn/Br, Zn/Br, and Fe(II)/Br poorly or mod-
erately correlate with Cl/Br (Fig. 8). These poor correlations imply that
changes in redox conditions in the subsurface greatly influence the tem-
poral change in trace metals, particularly the redox-sensitive elements.
Formationwater is in equilibriumwith rocks for millions of years under
anoxic conditions, given that the depth of fractured Marcellus Shale at
the study area was between 2.2 km to 2.3 km. Under the anoxic condi-
tions, it is expected that formation water is low in sulfate, Zn, Mo, and
high in Mn based on Eh-pH diagrams of these elements (Langmuir,
1997). We found that trace metals (Cr, Co, Ni, Cu, Zn, Mo) in PW
returning from both wells in the first two months are much higher
than those in the fracturing fluid (Fig. 9). Therefore, the mixing of the
fracturing fluid with formation water does not adequately explain
high concentrations of trace elements. Therefore, we suggest that
these tracemetals could be released by the oxidation of sulfideminerals
in the shale rocks. The oxidation could have occurred during the hy-
draulic fracturing period and continued to occur in the first twomonths
of production. This hypothesis is further supported by the increases in
the concentration of total S and Fe(II) in the PW within the first two
months.

Total S measured by ICP-OES comprises of sulfur from sulfate and
organo‑sulfur compounds from fracturing chemicals. Except for the
early PW (b10 days) samples derived from carbonate-reacted fluid
(See Section 4.2.1), the total S in PW fromMIP-3HandMIP-5Hgenerally
increases, from 3 mg/L to 20 mg/L (Table S1), during the first two
months since the return of the PW. Even though ammonium persulfate,
a strong oxidizer (Matzek and Carter, 2016), used inMIP-3H (7.4mg/kg
of fracturingfluid)was about 74 times higher than inMIP-5H, the total S
contents (3–20 mg/L) in PW from both wells are in similar range and
much lower than theminimally estimated total S (~45mg/L) in the frac-
turing fluids. The total S concentration in the fracturing fluid is calcu-
lated from the sulfate concentration of ~133 mg/L. In contrast to the
major ion concentrations, low total S concentration in day-1 PW
(3 mg/L S) suggests that S was removed during the fracturing period.
We postulate that either adsorption of ammonium persulfate on shale
minerals or precipitation of sulfate derived from persulfate oxidation
as gypsum or barite (Hakala et al., 2017; Paukert Vankeuren et al.,
2017) or both are the most likely mechanisms for removing sulfur
from the system during fracturing period. If the latter hypothesis is
valid, oxidation of sulfide-bearing minerals and organic matter in
shale by persulfate corroborates with high trace metals in early PW
which can be sourced from the oxidation of sulfideminerals. Further ev-
idence for redox-driven reactions involving Fe is shown through the
highly-variable concentrations of Fe, which is mostly present as Fe(II),
in early PW(b10 days) (Table S1). This suggests that reactions involving
both dissolution and precipitation of Fe-bearing phases occur within
this time period, which has been observed in laboratory-based experi-
ments (e.g., Marcon et al., 2017; Harrison et al., 2017; Jew et al., 2017),
with a longer-term release of Fe over the course of production
(Table S1). The longer-term release of Fe could result fromcontinued re-
actions involving both the shale and steel components of the wellbore,
the latter of which involves the production of Fe(II) from the Fe(0) in



Fig. 8. Variation in varying metal concentrations normalizing to Br vs. Cl/Br in the Marcellus PW of MIP-3H (filled circles) and MIP-5H (filled squares) and fracturing fluids of these two
wells (open symbols). The r2 value at the bottom right corner is for data from both wells.

Fig. 9. Variation in trace metal concentrations with Cl in the Marcellus PW of MIP-3H and MIP-5H (filled symbols) and fracturing fluids of these two wells (open symbols).
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steel (Popoola et al., 2013). Our data of redox-sensitive constituents in
the PW samples collected after two months are limited to sulfate level
which is below the detection limit (10 mg/L; Fig. 1). Low sulfate levels
imply that bacterial sulfate reduction (Engle and Rowan, 2014) likely
occurs under a more reducing environment in the reservoir.
5. Summary

The objective of this study was to apply geochemical proxies in wa-
ters produced from a hydraulically-fractured reservoir to characterize
water-rock versus fluid mixing reactions within the reservoir. Time-
series produced waters from two Marcellus Shale gas wells, fracturing
fluid, and rock samples from drill core of the same well were analyzed
formetal concentrations andmultiple isotopes. Overall, this study dem-
onstrated that concentrations of minor and redox-sensitive metals, and
δ7Li, δ11B, and 87Sr/86Sr in produced waters, can be used to evaluate
water-rock interactions in a fracturing fluid-rock-in situ brine system.
Major findings regarding water-rock reactions in the subsurface of hy-
draulically fractured Marcellus Shale are:

▪ Carbonate dissolution during hydraulic fracturing was evidenced by
the distinction in chemical composition (e.g., high Sr/Na, Ca/Na, B/
Na, TOC) in early PW and its similarity in 87Sr/86Sr with carbonate
cement in Marcellus Shale. An ability to document carbonate disso-
lution is producedwaters demonstrates that geochemical conditions
within the reservoir are dynamic enough over a short timeframe
that chemically-induced alterations to flow pathways can occur.
These observations are consistent with flow pathway alteration ob-
served through carbonate mineral dissolution in laboratory core
flood experiments, and the next important step is quantifying how
these geochemical changes affect flow within the reservoir.

▪ Like previous studies, we conclude that the temporal changes in PW
chemistry are primarily controlled by actual mixing of fracturing
fluid with formation water which could be from within the Marcel-
lus Shale or the adjacent formations. Together with previous studies
(e.g., Phan et al., 2016; Rowan et al., 2015), we found that formation
water is heterogeneous across the Appalachian Basin. Thus, it is crit-
ical to use chemical composition of local formation water for
interpreting changes in produced water chemistry in the under-
standing of sub-surface water-rock reactions and for predicting
how these reactionsmay affect production fromunconventional res-
ervoirs. It also is important to consider howmixing between fractur-
ing fluid and formation water affects the predicted chemistry of
water produced from onshore unconventional wells that will re-
quire treatment and beneficial use.

▪ Injection of hydraulic fracturing fluid (δ7Li = 24.3‰) into shale
desorbed 6Li from clays and organic matter into PW. This is demon-
strated by early PWwith δ7Li (δ7Liday-1 PW=9.6‰)much lower than
both the fracturing fluid and local in-situ formation water (δ7Li =
12‰). These results highlight how clays and organic matter both
may contribute reactants to the reservoir fluid-shale system and
identifies these components of shale as potentially important con-
tributors to controlling fluid-shale reactions that affect shale perme-
ability.

▪ High levels of trace elements in early PW demonstrated the oxida-
tion of shale minerals such as sulfides and organic matter, possibly
by persulfate, during the hydraulic fracturing period. Then, the frac-
tured shale reservoirmoves toward amore reducing environment as
demonstrated by low levels of sulfate (below detection limit) in PW
collected after 2 months since the start of water return. Dynamic
changes in redox conditions coupledwith changes in pH throughout
the injection-fracturing-shut in-flowback period demonstrates the
complexity of geochemical reactions that occur in hydraulically-
fractured shale. Documentation of these geochemical changes for ac-
tive wells also provides a working conceptual model that can be
applied to sustainably develop onshore unconventional oil and gas
systems.
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