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Studies of co-produced waters from hydrocarbon extraction across multiple energy-producing basins

have generally focused on major ions or a few select tracers, and studies that examine trace elements

and involve laboratory experiments have generally been basin specific. Here, new perspective is sought

through a broad analysis of concentration data for 26 elements from three hydrocarbon well types

using the U.S. Geological Survey National Produced Waters Geochemical Database (v2.3). Those data

are compared to leachates (water, hydrochloric acid, and artificial brine) from 12 energy-resource

related shales from across the United States. Both lower pH and higher ionic strength were

associated with greater concentrations of many trace elements in produced waters. However,

individual effects were difficult to distinguish because higher ionic strengths drive decreases in pH.

Water–rock interactions in the leaching experiments generally replicated produced water

concentrations for trace elements including Al, As, Cd, Co, Cu, Mo, Ni, Pb, Sb, Si, and Zn. Enhanced

middle rare earth element (REE) mobilization relative to shale REE content occurred with low pH

leachates. Produced water concentrations of Li, Sr, and Ba were not replicated by the leaching

experiments. Patterns of high Li, Sr, and Ba concentrations and ratios relative to other elements

across produced waters types indicate controls on these elements in many settings related to pore

space pools of salts, brines, and ion-exchange sites affected by diagenetic processes. The size of

those pools is diluted and masked by other water–rock interaction processes at the water–rock

ratios necessitated by laboratory experiments. The results broadly link water–rock interaction

processes and environmental patterns across a wide variety of produced waters and host formations

and thus provide context for trace element data from other environmental and laboratory studies of

such waters.
Environmental signicance statement

Management and disposal of waters co-produced with oil and natural gas development pose a challenge because of their chemistry. Multi-basin comparisons of
such produced waters have generally focused on a few major constituents due to data availability. Studies incorporating trace element data and laboratory
experiments to replicate water–rock interaction have generally focused on single basins. The present study bridges those two viewpoints. Comparisons of
produced waters frommultiple basins in the United States and water–rock interaction experiments using multiple hydrocarbon-associated shales provide useful
perspective on both typical elemental concentrations and the water–rock interactions that inuence them.
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1. Introduction

The potential for waters associated with developed hydrocarbon
reservoirs to migrate through the subsurface or be released into
the surface environment and affect potable water supplies or
environmental quality more generally has generated public
concern.1–5 Although conventional hydrocarbon development
also co-produces water, the large volumes of high-salinity brine
extracted during oil and gas production from resources termed
unconventional, continuous, or “shale plays” over the last 10+
years have become a key factor in the public's perspective
regarding the development of these resources.6,7 Rapid expan-
sion of unconventional resource development has been
possible because of directional or horizontal drilling and
hydraulic fracturing that increases the surface area contact
between reservoir rocks and uid ow paths to more efficiently
liberate hydrocarbons and associated uids from low perme-
ability rock matrices.8 The concern over co-produced waters
from shale resource development has led to research related to
the characterization, disposal, potential reuse, and co-product
development potential of produced waters.9–12

From all perspectives, understanding the composition of
produced waters is crucial. The two major controls on produced
waters' composition are generally considered to be (1) inheri-
tance from connate and more freely circulating water within the
rock matrix and attributed to paleo-seawater from around the
time of deposition, seawater-derived evaporites and bitterns,
and younger meteoric water, and (2) water–rock interactions
with both mineral and organic matter that lead to a dynamic
equilibrium that evolves slowly as the rocks and waters experi-
ence changing thermal stress during burial and upli, and
more rapidly in response to development-related distur-
bance.13–17 A sub-category of produced waters is owback water,
which is a mixture dominated by uids injected during
hydraulic fracturing that return to the surface days or weeks
aer injection. Over time, the chemical composition of ow-
back waters shi towards that of formation waters from which
they cannot be precisely distinguished.18–21

In addition to direct characterization, other studies have
taken an experimental approach to understanding the compo-
sitions of produced waters. Leaching or elemental mobilization
studies use source and reservoir rocks from one or more
systems and expose them to aqueous media under conditions
meant to mimic reservoir or well environments (e.g., elevated
temperature and pressure). Such studies focus on the water–
rock interaction component of produced waters compositions,
or how hydraulic fracturing uids can mobilize or precipitate
elements from the rock matrix, but oen fail to reproduce
concentrations observed in actual produced waters.22–28

Broad studies of produced waters encompassing multiple
energy-producing basins have generally focused on patterns in
a few, oen major, elements because of data availability.21,29 In
contrast, studies examining suites of trace elements and water–
rock interaction experiments have typically focused on shales
from one or two basins.25–27,30–33 The present study seeks to
bridge those viewpoints.
This journal is © The Royal Society of Chemistry 2021
The objectives of this work were to better understand
controls on water–rock interactions and how they inuence the
concentrations of 26 elements in produced waters from energy
producing basins across the United States. Two types of data
were drawn upon. First were data from the U.S. Geological
Survey (USGS) National Produced Waters Geochemical Data-
base (PWGD) which includes water compositions from various
types of hydrocarbon-producing formations.34 Second were data
from 3 leaching experiments using 12 shales from active
hydrocarbon resource plays across the United States covering
a range of mineralogy and including immature (marine and
lacustrine) and thermally mature source rocks.35–37 The different
leachates allowed comparison of effects of low ionic strength
(deionized water), high ionic strength (articial brine), and low
pH (HCl) on water–rock interactions. In addition to the major
and trace elements, rare earth element (REE) concentrations in
shales and shale leachates were also evaluated as their patterns
in produced waters have received little study.38,39

The results are evaluated from several perspectives: (1)
understanding typical concentrations of major and trace
elements in produced waters by comparisons within and
between basins (2) understanding which elements are more
inuenced by water–rock interaction than inheritance from
seawater and its derivatives (3), understanding the inuences of
uid chemistry (pH and ionic strength) and shale mineralogy
on water–rock interaction, and (4) understanding how simple
water–rock interaction experiments do and do not replicate
compositions of produced waters. Patterns and processes
elucidated here provide useful perspective on both water–rock
interaction and the concentrations of major, trace, and rare
earth elements in hydrocarbon-associated produced waters of
the United States and elsewhere.

2. Materials and methods
2.1 USGS national produced waters geochemical database
v2.3

The most extensive compilation of major and trace element
concentrations in produced waters from across the United
States is the USGS PWGD (v2.3), which contains data for 114 943
individual samples of produced waters in its current iteration.34

The database identied samples by well type, and data from the
conventional hydrocarbon, shale gas, and tight oil categories
were examined for this study. Here, concentrations were con-
verted from ppm to mg L�1 where necessary by multiplying
analyte concentration by the sample specic gravity. Conden-
sate and early owback waters are not agged in the PWGD and
oen require operational or geochemical context to identify. To
generally exclude samples that might be dilute condensate or
early owback waters, samples were culled if pH was outside the
range of 4.5–10.5 or if total dissolved solids (TDS) were
<5000 mg L�1.40 Remaining data were expected to represent
samples with high proportions of formation water. The PWGD
is a compilation of data from 40 databases, publications, and
reports, many of which are compilations themselves, which
makes data quality assessment challenging.34 Analytical arti-
facts and quality issues may affect some of the data utilized
Environ. Sci.: Processes Impacts, 2021, 23, 1198–1219 | 1199
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here. However, the number of data sources reduces the inu-
ence of errors and artifacts from individual sources, and
because of the broad scope of analysis presented, the resulting
patterns are most likely not substantially affected by such
errors.

2.2 Shale samples

The goal of the leachate experiments was to explore the ranges
of potential trace element mobilization by water–rock interac-
tion with shales. For this purpose, six thermally mature (i.e.,
have generated hydrocarbons) and six thermally immature
samples of energy resource related shales were used for the
leachate experiments. The thermally mature samples included
the Devonian Marcellus shale of the Hamilton Group, hereaer
referred to as the Marcellus shale (New York; two samples), the
Devonian to Mississippian Bakken formation (North Dakota),
the Mississippian Barnett formation (Texas), the Cretaceous
Niobrara formation of the Colorado Group, hereaer referred to
as the Niobrara formation (Colorado), and the Paleogene Ute-
land Butte member (informal41–43) of the Green River formation
(Utah). The thermally immature samples included the Devonian
to Mississippian Woodford shale (Oklahoma), the Cretaceous
Boquillas formation (Texas; Eagle Ford shale equivalent), the
Cretaceous Mancos shale (Colorado), and the Paleogene Cow
Ridge, Garden Gulch, and Parachute Creek Members of the
Green River formation (Colorado). Additional details on the
shale samples can be found in Croke et al. (2020).37 These
samples represent several extensively developed and highly
productive shale resource plays in the United States for both oil
(Woodford, Bakken, Niobrara, and Eagle Ford) and gas (Mar-
cellus, Barnett) as well as less developed hydrocarbon systems
with substantial potential (Mancos, Uteland Butte). Oil shales
from the Green River formation in Colorado were included to
represent non-marine, organic-matter rich lacustrine shales
deposited under different lake conditions leading to mineral-
ogical differences.44 The samples represent most of the antici-
pated mineralogy range for hydrocarbon source rock types.16

2.3 Extractions and analytical methods

The 12 shales were hand crushed in a corundum mortar and
pestle and sieved using stainless steel sieves. Material <500 mm
was then powdered in an agate shatterbox to <75 mm prior to
bulk elemental and mineralogical analysis. Complete details on
shale rock analyses can be found in the ESI.†

Three different leachate extractions were conducted (water,
HCl, brine), each in duplicate and using crushed shale (700–
1000 mm) that was rinsed with deionized water to remove
powdered material. Water leaches used 2.5 g of shale in 50 mL
polytetrauoroethylene (PTFE) digestion vessels. Prior to
leaching, the vessels were washed with soap and water, soaked
in 10% hydrochloric acid, then rinsed with copious Milli-Q (18.2
MU) water. Efforts were made to minimize pyrite oxidation and
associated acid generation by excluding oxygen during leach-
ing. Oxygen was purged from Milli-Q water by delivering ultra-
high-purity N2 gas into water through a sintered glass bubbler
for 1 hour inside a glove bag. The glove bag was then lled and
1200 | Environ. Sci.: Processes Impacts, 2021, 23, 1198–1219
purged three times with the same N2 gas. Within the glove bag,
shale in each vessel was rinsed three times with �5 mL of N2-
purged water. The vessels were then lled with N2-purged water
and sealed. Vessels were transferred to a stainless-steel
chamber continuously purged with a ow of N2 gas and con-
tained within an oven set to 95 �C. Leachates were reacted for 8
days, a common duration used in leaching experiments and
a factor discussed in the results section.23,25,26,33,45 Leachate
water was decanted, ltered to <0.45 mm, and splits were made
for analysis of pH and dissolved constituents.

Hydrochloric acid leaches were conducted in duplicate on
2.5 g of crushed shale in acid-washed, PTFE centrifuge tubes.
Each tube contained 40mL of 0.5 MHCl. Aer any effervescence
subsided, the tubes were sealed and shaken on a wrist shaker
for 1 hour, then vented and centrifuged at 4000 rpm for 10
minutes (1.5 h total). Short reaction time limited the differential
increase of pH via buffering by shales with different carbonate
contents. Leachates were ltered to <0.45 mm. One split was
analyzed for pH and another acidied with HNO3 for analysis of
dissolved elements.

Brine leaches were conducted in the same manner as water
leaches, but substituting an articial brine made using NaCl,
CaCl2, and MgCl2 salts to yield concentrations of 41 000 mg L�1

Cl, 19 700 mg L�1 Na, 2350 mg L�1 Mg, and 870 mg L�1 Ca.
These concentrations, the TDS (�64 000 mg L�1) and the ionic
strength (1.4) were designed to be similar to median concen-
trations for well types from the PWGD. The pH of the brine
leaches was measured using a calibration method for high
salinity samples.46

Analyses of water and HCl leaches for element concentra-
tions were conducted at USGS research laboratories in Denver,
Colorado using inductively coupled plasma-mass spectrometry
(ICP-MS) whereas brine leachates were analyzed with induc-
tively couple plasma-optical emission spectroscopy (ICP-OES)
and ion chromatography at the USGS Brine Research Instru-
mental and Experimental (BRInE) laboratory in Reston, Vir-
ginia. Complete details on leachate analyses including quality
control can be found in the ESI.† All data generated for the
shales and leachate experiments are publicly available online.37
2.4 Statistics and compositional data analysis

All statistical analyses were conducted using R (v. 3.6.0).47

Summary statistics (median, rst and third quartile) were
determined by basin as identied in the PWGD for 35 elements
for each of the produced waters well types. Multiple regression
between parameters in the PWGD was carried out using the ‘lm’

function. Correlations between water characteristics (e.g., pH,
TDS) and concentrations of 26 elements measured in the
leachate experiments were considered using the ‘rcorr’ function
in the R package ‘Hmisc’. Principal component analysis (PCA)
of transformed data using the “prcomp” function in R was used
to elucidate geochemical patterns in leachates and produced
waters. Prior to PCA, a centered log ratio (CLR) transformation
was used to place data in a compositional data analysis context.
Such CLR transformation and PCA allow straightforward
interpretation of relations between elements and different
This journal is © The Royal Society of Chemistry 2021

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1em00080b


Paper Environmental Science: Processes & Impacts

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

/1
4/

20
26

 1
2:

33
:5

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
subsets of data permit focus on particular geochemical
patterns.48,49
3. Results and discussion
3.1 Produced waters compositions in the United States

Data in the PWGD have great potential to yield insights into
produced water chemistry but the ‘as available’ addition of data
has resulted in an unequal representation of basin and water-
type, along with a sparsity of analyte data relative to the
number of samples, that pose challenges to its presentation and
interpretation. Some basins and formations within basins are
represented by dozens of samples, and others have only one or
a few. Some samples have data for numerous trace elements,
but for which elements differ between samples both within and
between basins and formations. Approximately three-quarters
of samples only have data for some combination of pH, TDS,
Na, Ca, Mg, Cl, and SO4

2�. Many more samples add only K, Fe,
or Ba to that list. Such data limitations constrain the ability to
make many of the analyses and comparisons that would be
desired from such a theoretically broad produced waters
dataset.
Fig. 1 Paired graphs depicting concentrations of elements in conventio
ratios of elements to Cl. Paired graphs depict data from the Bakken forma
((e) and (f)) formations. All data from the USGS ProducedWaters Geochem
and third quartiles. Number of samples per constituent per well type is i

This journal is © The Royal Society of Chemistry 2021
Two example comparisons illustrate this point. First was
a comparison between conventional and unconventional
produced waters from the same formations. The PWGD only
contained data from multiple well types for the Bakken
formation, Wolfcamp shale,50 and Niobrara formation neces-
sary for such an analysis, and the unconventional category only
represented tight oil wells (Fig. 1). In all three cases, the number
of samples was heavily skewed toward one well type, and
number of samples with data decreased substantially between
the major and trace elements. Nevertheless, similarity in rela-
tive elemental concentrations between conventional and tight
oil produced waters composition from the same formation was
observed (Fig. 1 and Table S1†). Differences in absolute major
element concentrations reected greater median salinity of the
tight oil produced waters (255 000 mg L�1, n ¼ 439) compared
to the conventional produced waters (107 000 mg L�1, n ¼ 20)
from the Bakken formation, as well as the tight oil produced
waters (44 000 mg L�1, n ¼ 96) compared to the conventional
produced waters (15 000 mg L�1, n ¼ 26) from the Niobrara
formation. In contrast, median salinity was only slightly greater
for the tight oil produced waters (116 000 mg L�1, n ¼ 14)
compared to the conventional produced waters
nal and tight oil waters produced from the same formations, and mass
tion ((a) and (b)), Niobrara formation ((c) and (d)), and Wolfcamp shale50

ical Database (v2.3).34 Values plotted aremedians bracketed by the first
ndicated on each plot in (a), (c), and (e).

Environ. Sci.: Processes Impacts, 2021, 23, 1198–1219 | 1201
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Table 1 Median values of major and trace elements for produced
waters well types calculated from basin medians. Values of pH are in
standard units and concentrations of constituents are in mg L�1. The
number of basins per constituent is given as n. All data are from the
USGS National Produced Waters Geochemical Database (v2.3).34 See
Tables S3–S8 for individual basin medians and sample counts

Constituent

Conventional Shale gas Tight oil

Median n Median n Median n

pH 7.3 60 6.8 5 7.2 8
TDS 30 153 61 67 458 5 78 039 9
Al 3 18 0.3 1 0.09 1
As 0.03 5 0.08 1 0.4 1
B 17 35 10 2 18 2
Ba 8 41 44 4 20 5
Br 121 39 403 2 578 3
Ca 1325 60 1130 5 1933 9
Cd 0.001 3 0.03 1 0.05 1
Cl 16 688 60 42 000 5 46 431 9
Co 0.004 2 0.5 1 0.03 1
Cr 0.1 3 0.03 1 0.5 1
Cs 0.2 17 0.2 2 0.004 1
Cu 1 12 0.3 1 0.04 1
F 2 11 3 1 8 1
Fe 12 46 24 5 24 7
I 10 40 15 2 48 3
K 100 56 263 5 315 7
Li 5 45 12 3 18 1
Mg 175 60 834 5 264 9
Mn 2 22 2 2 0.6 2
Mo 0.004 1 0.05 1 0.01 1
Na 8267 59 19 700 5 24 715 9
Ni 0.07 3 0.1 1 0
P 0.7 10 0.07 1 0
Pb 0.03 7 0.03 1 0.03 1
Rb 0.6 19 0.8 1 14 1
S 43 12 3 1 0
SO4 414 60 50 5 67 9
Sb 0.001 1 0.1 1 0
Se 0.2 6 0.05 1 1 1
Si 28 34 6 1 14 1
Sr 84 45 951 2 559 2
Ti 0 0.2 1 0
Tl 0 0.1 1 0
U 0.009 1 0 0.003 1
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(102 000mg L�1, n¼ 473) from theWolfcamp shale. Despite the
concentration differences, ratios of Na, Ca, K, and to a lesser
extent Mg, to Cl indicated a common brine source for the
different well types. Enhanced salinity of the unconventional
waters may arise from brine or salt newly mobilized by the
fracture network generated by hydraulic fracturing. Lower
salinity in the conventional waters may arise from mixing with
lower salinity waters made possible by the greater natural
permeability in such settings. Constituents that showed some
differences in ratios to Cl between well types included SO4 and
Mn, which could be inuenced by differing redox conditions.
Greater Li/Cl and Sr/Cl ratios in tight oil waters compared to
conventional waters are part of a pattern discussed in Section
3.6.

A second example of the type of desirable analysis that was
limited by data availability in the PWGD is trace element
abundance between produced waters types and host forma-
tions. Only three formations had trace element data sufficient
for a broad comparison: shale gas waters from the Marcellus
shale, tight oil waters from the Bakken formation, and
conventional waters from the Green River formation (Fig. 2 and
Table S2†). Again, the number of samples with data decreased
substantially when trace elements are considered. Lower
concentrations of the major elements were present for the
lacustrine Green River formation compared to the two marine
formations. Distinct differences in trace element concentra-
tions between the three formations were observed. These
included notably greater Ba, Mn, and Co for the Marcellus shale
and notably greater concentrations of Rb and Zn for the Bakken
formation and (Fig. 2). It is likely that distinctive trace element
ngerprints exist for many formations and basins, but currently
the PWGD cannot offer much insight beyond these three
formations.

Although detailed comparisons like those above are chal-
lenging, the PWGD provides an excellent basis for a broad
understanding of produced waters chemistry. The unevenness
of data availability was overcome by calculating median values
of major and trace elements by source basin as identied in the
PWGD (Tables S3–S8†). Medians for well types calculated from
Fig. 2 Concentrations of elements in produced waters for three
formations that have relatively great abundance of trace element data
in the USGS Produced Waters Geochemical Database (v2.3):34 the
Bakken, Marcellus, and Green River formations. Values plotted are
medians bracketed by the first and third quartiles. Number of samples
per constituent is indicated below the plot. Fm., formation.

V 0.4 1 0 0.9 1
Zn 2 14 0.2 1 13 1

1202 | Environ. Sci.: Processes Impacts, 2021, 23, 1198–1219
those basin medians provided broad characterization of
produced waters chemistry (Table 1). For example, the median
total dissolved solids (TDS) for waters from conventional wells
was about 30 000 mg L�1 (range of medians 6200–
285 900mg L�1, n¼ 61 basins) (Fig. S1†). By comparison, waters
from shale gas wells were more saline withmedian TDS of about
67 000 mg L�1 (15 700–112 600 mg L�1, n ¼ 5), as were waters
from tight oil wells with median TDS of about 78 000 mg L�1

(16 800–254 500 mg L�1, n ¼ 9). The pH of produced waters can
be similarly summarized. Conventional produced waters had
a median pH of 7.3 (5.7–8.2, n ¼ 60), those from shale gas wells
had a median pH of 6.8 (6.5–7.7, n¼ 5), and those from tight oil
wells had a median pH of 7.2 (6.0–7.7, n ¼ 8) (Fig. S1†). Such
summaries indicate that unconventional waters generally have
This journal is © The Royal Society of Chemistry 2021
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greater salinity than conventional waters but belies the facts
that ranges overlap substantially, and many conventional
waters are quite saline (Fig. S1†). Additionally, the lower median
pH of shale gas waters might reect some contributions of
Fig. 3 Median concentrations in individual basins for (a) As, Mo, P, Si, K, M
Cr, Zn, Al in produced waters from different well types in the USGS
concentrations in the water, HCl, and artificial brine leachates. Conce
indicate constituents (Ca and Mg) used to create the artificial brine prior t
of the y-axis are printed on the figure.

This journal is © The Royal Society of Chemistry 2021
owback of acidied hydraulic fracturing water rather than
formation conditions.

The number of basins that have data to assess concentra-
tions of major and trace elements varied substantially. Those
numbers, and medians of basin medians are summarized in
g, Ca, SO4
2�, (b) Sb, Pb, Li, Rb, Ba, Sr, Mn, Fe, and (c) Cd, Co, Ni, Ti, Cu,

Produced Waters Geochemical Database (v2.3).34 Also plotted are
ntrations in modern seawater are provided for reference.51 Asterisks
o reaction with shale. Seawater concentrations less than the lower limit

Environ. Sci.: Processes Impacts, 2021, 23, 1198–1219 | 1203
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Table 1. Medians of major and trace elements for individual
basins and the number of samples upon which those medians
are based are summarized in Tables S3–S8.† In Fig. 3, the
individual basin medians are plotted for 24 elements. The
ranges of those medians indicate that typical concentrations of
most elements among different produced waters range over
three orders of magnitude. Chromium, Li, and Si are notable in
ranging over only two orders of magnitude and Al, Ba, and Pb
are notable in ranging over four orders of magnitude. Controls
Fig. 4 Scatterplots comparing log molar concentrations of Cl in pro
concentrations of Li (a), Fe (b), Sr (c), Ni (d), Ba (e), and Zn (f) for individ
(v2.3).34 For reference, concentrations in seawater are plotted along with
that does not account for halite or other mineral saturation. Also, for refer
2 : 1 slope in (c) and (e).

1204 | Environ. Sci.: Processes Impacts, 2021, 23, 1198–1219
on element concentrations and their wide-ranging variability
are the focus of the remainder of the paper.

Concentrations of elements in produced waters broadly
reect the following: (1) inheritance from paleo-seawater,
seawater-derived evaporites, and bitterns and (2) water–rock
interactions with the minerals and organic matter present in
conventional oil and gas reservoir rocks or shale reservoirs.14,16

Therefore, comparisons to concentrations in modern seawater
provided a point of reference for understanding concentrations
duced waters well types and brine and HCl leachates to log molar
ual samples from the USGS Produced Waters Geochemical Database
a light blue line indicating an evaporation/dilution trend for seawater

ence, darker blue lines indicate an arbitrary 1 : 1 slope in (a) and arbitrary

This journal is © The Royal Society of Chemistry 2021
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of certain elements (Fig. 3).51 The most generally abundant
elements in produced waters, Na and Cl (Tables 1 and S3–S8†),
had basin median concentrations in produced waters that
ranged about one order of magnitude greater than and less than
seawater for Na and somewhat more widely for Cl (Fig. S2†).
That variation reected derivation from paleo-seawater, evapo-
rative concentration, mixing with meteoric waters, evaporite
dissolution, and/or halite solubility.14 Roughly half of basin-
median Na and Cl concentrations were greater than modern
seawater, the case being more common for unconventional
waters (Fig. S2†). Sulfate, Mg, and K, by contrast, all tended to
have basin-median concentrations similar to or lower than to
seawater (Fig. 3a), reecting redox inuence on SO4

2� and
dissolution/precipitation reactions with sulfate and sulde
minerals; loss of Mg from solution by formation of dolomite,
ankerite, and chlorite; and loss of K from solution by the illiti-
zation of smectite.14 For essentially all other elements, basin-
median concentrations in most produced waters were greater
than in seawater, in many cases by several orders of magnitude
(Fig. 3).

With the exception of Na and Cl, concentrations of dissolved
elements in produced waters are considered to be strongly
inuenced by water–rock interaction, also termed
Fig. 5 Scatterplots of TDS versus pH (standard units) for conventional (a
median values for all three types (d) from the USGS Produced Waters G
values of the brine leachates are plotted as black vertical lines, respective
values is visible in (a) and (c) and a more linear relation is visible in (b) an

This journal is © The Royal Society of Chemistry 2021
thermodynamic buffering or rock-buffering.52,53 For the major
elements, interactions with silicate-carbonate mineral assem-
blages tend to generate 1 : 1 slopes on log molar plots with Cl
for K, which occurs as a monovalent cation, and 2 : 1 slopes for
Mg and Ca which occur as divalent cations.17,53 Such patterns
were generally observed for individual samples in the PWGD,
although they were more apparent for the shale gas and tight oil
samples (Fig. S3†). For the trace elements, the same general
1 : 1 slope was observed for monovalent Li, a general 2 : 1 slope
was observed for divalent Ba, and a slope somewhat less than
2 : 1 was observed for divalent Sr (Fig. 4). Such patterns indi-
cated that similar water–rock interactions generally control the
trace alkali and alkali earth elements as the major elements. For
other trace elements, like Fe, Ni, and Zn, general positive trends
with Cl were apparent but identiable molar slopes were not
(Fig. 4).

The observed slopes and positive trends indicate enhanced
mobilization with increased Cl, the dominant source of anionic
charge in highly saline produced waters.17 Chloride has been
described as the master variable in controlling produced water
chemistry and it enhances element solubility by complexing
with cations in solution and decreasing solution pH.52,54

Increases in Cl concentration drive increases in the activity of
), shale gas (b), and tight oil (c) samples of produced waters, and basin
eochemical Database (v2.3).34 For reference, the median TDS and pH
ly, in (b), (c) and (d). A curve towards lower pH values at the highest TDS
d (d).

Environ. Sci.: Processes Impacts, 2021, 23, 1198–1219 | 1205
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H+ and a pronounced decrease in pH to more commonly
include values between 4 and 6 when TDS is >100 000 mg L�1

has been shown for sedimentary basins worldwide.17 Conven-
tional and tight oil produced waters samples in the PWGD
showed a similar pattern (Fig. 5a and c). Additionally, conven-
tional and shale gas produced waters samples and basin
medians showed a general relation between increasing TDS and
decreasing pH that spanned a broader range of TDS (Fig. 5 a,
b and d).

A second substantial driver of pH in produced waters can be
dissolved CO2. Discerning the relations between CO2 and pH in
produced waters, or between pH and trace elements, can be
Fig. 6 Scatterplots comparing the pH of produced waters well types from
HCl, and brine leachates to log molar concentrations of Li (a), Fe (b), Sr

1206 | Environ. Sci.: Processes Impacts, 2021, 23, 1198–1219
a challenge because degassing of CO2 and other acid volatiles
can change their concentrations and raise pH by 1–2 units
before measurement at the surface.14 In the PWGD, testing both
parameters together in multiple regression, the pH of shale gas
waters was signicantly correlated (p # 0.05) with TDS (p <
0.001) and CO2 (p < 0.001) across 925 samples. However, the pH
of conventional waters was signicantly correlated with TDS (p <
0.001) but not CO2 (p¼ 0.95) across 137 samples and pH of tight
oil waters was not signicantly correlated with TDS (p¼ 0.44) or
CO2 (0.40) across 85 samples. Smaller pools of data may have
obscured the relations in the latter two categories.
the USGS ProducedWaters Geochemical Database (v2.3)34 and water,
(c), Ni (d), Ba (e), and Zn (f).

This journal is © The Royal Society of Chemistry 2021
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Because CO2 is a second inuence on pH, it is possible that
some of the variability in element concentrations in produced
waters can be correlated to pH independently of Cl. However, in
contrast to relations with Cl (Fig. 4 and S3†), relations between
elements and pH were apparent but less distinct (Fig. 6 and
S4†). Multiple regression was used to assess whether pH and Cl
were signicant inuences on trace element concentrations in
conventional produced waters, and whether their inuences
were distinct. A similar analysis was not conducted for uncon-
ventional waters because of the chance that dilution by ow-
back water in some samples might articially correlate Cl with
other elements. In conventional waters, many elements were
signicantly positively correlated with Cl, and some were also
signicantly negatively correlated with pH (Table 2). The vari-
ance in pH driven by CO2 in produced waters may be less
inuential than that from ionic strength and thereby mute the
independent inuence of pH. Generally, elements with more
available data more commonly had signicant correlations,
indicating more correlations might be found with additional
data (Table 2). Elements like Na and K that were predominantly
sourced from seawater (Fig. 3) likely correlate with Cl because of
that sourcing, and with pH due to autocorrelation. However, for
elements predominantly sourced from water–rock interaction,
the results and interpretations are less clear. For some, like Al
Table 2 P-values and number of samples for multiple regression
analysis of pH and Cl correlation with dissolved element concentra-
tions in conventional produced waters from the USGS National
Produced Waters Geochemical Database (v2.3).34 Values < 0.05 are
shown in bold

Element pH Cl n

Al 0.005 0.01 164
As 0.02 <0.0001 48
B 0.31 <0.0001 1450
Ba 0.07 <0.0001 6336
Br 0.01 <0.0001 2081
Ca <0.0001 <0.0001 57 622
Cd 0.42 <0.0001 52
Co 0.12 0.41 40
Cr 0.01 0.56 1375
Cs 0.91 0.07 261
Cu 0.34 0.57 234
F 0.65 0.36 286
Fe <0.0001 <0.0001 13 669
K <0.0001 <0.0001 14 340
Li <0.0001 <0.0001 3588
Mg <0.0001 <0.0001 56 955
Mn 0.35 <0.0001 724
Mo 0.35 0.63 11
Na <0.0001 <0.0001 53 727
Ni 0.45 0.33 43
P 0.32 0.65 20
Pb 0.56 0.55 78
Rb 0.83 <0.0001 431
SO4 <0.0001 <0.0001 51 334
Se 0.58 <0.0001 77
Si 0.06 0.48 1685
Sr <0.0001 <0.0001 4435
Zn 0.36 0.24 366

This journal is © The Royal Society of Chemistry 2021
and As, both pH and Cl were signicant and for others like Cu,
Ni, and Zn, neither were signicant (Table 2). Ultimately
though, discerning between the combined pH and complexa-
tion effects of Cl and distinctive effects of pH in produced
waters is difficult. The shale leachate experiments offer better
insight in that regard.
3.2 Shale–leachate experiments

Element mobilization by water–rock interaction is controlled in
part by the elemental composition and mineralogy of the rock.
The 12 shales used in the experiments show overlap for major
and trace elements with reference compositions, such as the
North American shale composite (NASC)55 (Fig. S5†), although
the comparatively high carbonate content of the Boquillas and
Niobrara formations, and the Uteland Butte member of the
Green River formation (Tables 3, S9 and S10†) dilute the
concentrations of many elements. Leachate results showed no
patterns relative to shale organic matter thermal maturity, so
shales and leachates were categorized by shale mineralogy
(Tables 3, S9 and S10†). The Mancos shale and Cow Ridge
member of the Green River formation formed a low-carbonate
group [<0.02 wt% inorganic carbon (IC)]. The Woodford shale,
Bakken formation, and the Garden Gulch and Parachute Creek
Members of the Green River formation formed a high organic
carbon group (>10 wt% organic C). The remaining six shales
formed an intermediate group.

Chloride was below the 0.6 mg L�1 reporting limit in water
leaches from 5 of the shales and ranged from 0.8–8 mg L�1 in 6
others. Water leachates from shale of the Bakken formation
averaged 57 mg L�1 Cl but had lower Na concentrations than
two other shales. Thus, contributions from brine salts trapped
in shale to element concentrations in leachates were considered
minimal.

The nal pH values of the leachates had substantial inu-
ence on element mobilization and were a function of both
leachate and shale mineralogy. The deionized water leachates
had a median pH of 7.9, but acidic pH values were measured for
the low-carbonate Mancos (3.3) and Cow Ridge (4.4). In
contrast, the median pH of the HCl leachates was 0.8, but the
three shales having the greatest wt% IC (Boquillas, Niobrara,
and Uteland Butte) yielded leachates withmoderately higher pH
values (1.5–3.0). The brine leachates were generally circum-
neutral (median pH 7.6), but again the two low-carbonate shales
yielded acidic pH values (Mancos, 3.8; Cow Ridge, 5.3).

Pyrite oxidation was a substantial source of acidity for the
water and brine leachates, despite efforts to mitigate this effect,
as indicated by median concentrations of SO4

2� in both leach-
ates of 73 mg L�1 (range 9–370 mg L�1) and 153 mg L�1 (range
83–505 mg L�1), respectively (Fig. 3a). For the HCl leachates,
only leachates of the Cow Ridge (145 mg L�1) and Mancos
(480 mg L�1) leachates exceeded the 100 mg L�1 lower reporting
limit for SO4

2�. Oxidation was likely enabled by incomplete
exclusion of oxygen from the water and brine experiments by
the N2 purge gas. Pyrite oxidation is a common theme in shale
leaching experiments, as is the variable presence of carbonates
to buffer the resulting acidity.25–27,30–33,56 X-ray diffraction (XRD)
Environ. Sci.: Processes Impacts, 2021, 23, 1198–1219 | 1207
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Table 3 Selected properties of the shales used in the leachate experiments. Concentrations of organic and inorganic C and total S. Quantitative
mineralogy results for a subset of minerals, with ND indicating no detection above the threshold of 1 wt%. Shales are categorized as described in
the text

Identier Sample description Category
Org. C,
(wt%)

Inorg.
C,
(wt%)

Tot. S,
(wt%)

Calcite,
(wt%)

Dolomite,
(wt%)

Illite,
(wt%)

Pyrite,
(wt%)

Shale-1 Uteland Butte mem. (inf.41–43) of
Green River Fm.

Intermediate 2.4 12 <0.05 12 87 ND ND

Shale-2 Marcellus shale of Hamilton group Intermediate 4 0.11 2.7 4 ND 33 4
Shale-3 Marcellus shale of Hamilton group Intermediate 2.5 1.9 1.2 15 ND 25 2
Shale-4 Barnett formation Intermediate 3.1 2.1 1.7 7 10 14 2
Shale-5 Bakken formation High organic 11.8 0.4 3.6 2 4 25 5
Shale-6 Niobrara formation Intermediate 4.4 8.6 1.5 85 ND 4 3
Shale-7 Parachute Creek member of Green

River formation
High organic 14.2 4.9 0.6 10 44 ND ND

Shale-8 Garden Gulch member of Green
River formation

High organic 12.9 2.4 1.9 ND 18 26 2

Shale-9 Cow Ridge member of Green River
formation

Low
carbonate

8.7 0.01 0.4 ND ND 25 ND

Shale-10 Boquillas formation Intermediate 2.0 9.9 0.5 77 7 ND ND
Shale-11 Mancos shale Low

carbonate
3.0 0.01 0.8 3 ND 32 ND

Shale-12 Woodford shale High organic 12.3 2.2 3.2 ND 16 10 2
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analysis quantied pyrite in seven of the shales in the 2–5 wt%
range (Table 3), four others contained 0.4–0.8 wt% S,
a substantial portion of which is likely in pyrite, and only shale
from the Uteland Butte contained <0.05 wt% S. However,
neither wt% pyrite nor S content predicted SO4

2� in the water or
brine leachates (R2 < 0.03 and p > 0.5 for both). Variation of
leachate SO4

2� may be inuenced by pyrite surface area, as
kinetic control of pyrite oxidation rates have been observed in
other shale-leaching experiments.26

Controls on the mobilization of elements can be categorized
by their concentration responses to the pH and ionic strength
conditions in the different leachates. In other shale-leaching
studies, lower pH uids enhanced mobilization of nearly all
elements and was the primary control for some.25–27,33,56,57 In this
study, the rst category of elements was generally marked by the
0.5 M HCl leach extracting their largest fractions relative to
shale, and by strong negative correlations (greater acidity
correlating with greater concentrations) between leachate pH
and element concentration for both the water and brine (Table
S11,† and Fig. 7). Such elements include most of the transition
metals considered, Cd, Co, Cr, Cu, Fe, Mn, Ni, Ti, and Zn, but
also Al, Mg, P, and Rb. Similar acidity inuence was apparent
for the second category, but for Si, As, Pb, and Li, ionic strength
was a second notable inuence on mobilization. For Si, slightly
greater concentrations were measured in the brine versus HCl
leachate (Fig. 7). For As and Pb, the HCl leachate extracted the
largest fraction, but correlations with pH indicating enhanced
mobility were absent in the water and brine extracts (Table
S11†). For Li, slightly greater fractions were extracted by the
brine and pH was a strong inuence (Table S11†). Mobilization
of elements in the third category appeared to be less inuenced
by pH and more by ionic strength, based upon the highest
concentrations being achieved by the brine and lack of strong
correlations with pH. As observed in another study, this was the
1208 | Environ. Sci.: Processes Impacts, 2021, 23, 1198–1219
case for K, Mo, and Sb (Table S11†).27 The large fraction of Mo
extracted by the water leachate indicates a general lability,57 an
effect attributed elsewhere to Mo release from organic matter by
diagenesis.58 A nal category includes elements substantially
inuenced by acidity but associated with carbonates that
provide buffering capacity, as interpreted by positive correla-
tions with pH (Table S11†). These include the alkali earth
metals Ca, Sr, and Ba. The categorizations are relative to the
current experiments, and other shale leaching experiments that
tested increasing ionic strength from 0.03 to 0.9 showed
markedly enhanced mobilization of K, Sr, Rb, and Ba and
positive but lesser inuence on Ca, Mg, Mn, SO4

2�, Al, As, Cu,
Li, P, Pb, Sb, Ti, V, and Zn.31

Shale mineralogy and organic matter also inuenced
element mobilization. Both As and Mo had greater leachate
concentrations in the high-organic-carbon shales, a pattern
observed in other experiments.26,27 Hints of this pattern existed
for other elements (Fig. 7), and many elements, like Cr, Cu, and
Ni, associate with organic carbon in shale.16 The organic frac-
tion in shales can contain approximately double the trace
element content of the carbonate or sulde fractions.15 The
greatest concentrations of the primarily pH-affected elements
in the leachate generally correlated with the poorly buffered,
low-carbonate shales (Fig. 7). The carbonate-associated
elements (i.e., Ca, Sr, and Ba) generally had lower concentra-
tions in the low-carbonate shale leaches. Studies of the Mar-
cellus shale have indicated that Ba and to a lesser extent Sr may
be mobilized largely from exchange sites.33,45,59 Results here
indicated that when more carbonate is present, carbonate is the
major source of Ba to associated uids. Barium concentrations
in leachates positively correlated with shale carbonate content
for the water (R2 ¼ 0.53, p < 0.001) and HCl (R2 ¼ 0.19, p ¼ 0.03)
leachates, as did Sr concentrations in HCl (R2 ¼ 0.71, p < 0.001)
and brine (R2 ¼ 0.24, p ¼ 0.02) leachates. Additionally, all the
This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Concentrations of elements in the three leachate types
(deionized water, 0.5 M HCl, artificial Na, Ca, Mg–Cl brine with ionic
strength of 1.4). Order of elements in (a)–(c) is the same as in Fig. 1.
Asterisks indicate values of half the detection limit plotted for certain
samples for reference. Samples are plotted by shale mineralogical
categories discussed in the text with the order shown on the figure.
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leachates generally extracted >10� more Ba and Sr from the
other shales compared to the low-carbonate shales (Fig. 7)
despite moderate concentrations of Ba and Sr in the low-
carbonate shales.37 One factor possibly limiting Ba concentra-
tions in leachates was barite precipitation. Barite saturation
indices were calculated for the leachates using the PHREEQC
program and the PHREEQC (water, HCl) Pitzer (brine) data-
bases.60 Only leachate water from the Niobrara formation was
saturated relative to barite, though some others were in the
�0.1 to �0.3 range. The brine leachates from both samples
from the Marcellus shale and shale samples from the Niobrara
formation, and the Cow Ridge and Parachute Creek members of
the Green River formation were saturated to oversaturated
relative to barite. No leachates were saturated relative to gypsum
or celestite.
This journal is © The Royal Society of Chemistry 2021
A more holistic view of element associations and controls on
element mobilization was possible through the application of
PCA to CLR-transformed shale leachate composition data
(Fig. 8). The combinations of elements for which data above
reporting limits were available varied from one leachate type to
another, but patterns were nevertheless apparent. In each biplot
(Fig. 8), a relation driven by pH can be imagined by drawing
a line from the samples with the greatest carbonate buffering
capacity (shales 1, 6, 7, and 10) to the low-carbonate samples
(shales 9 and 11). Compositions from the carbonate-buffering
end of the spectrum were more dominated by alkaline earth
elements Ca, Sr, and Ba, and in the HCl leachates, alsoMg. Such
elements were predominantly sourced from carbonate disso-
lution. The poorly buffered samples had compositions more
generally dominated by the transition elements and other trace
elements that were more effectively mobilized under low pH
conditions. A few elements had inuence orthogonal to the pH
trend. In the water leachates, Mo and As, the potentially more
organic-associated elements were notable. In the brine leach-
ates, K and Mn were notable, and possibly As, Pb, and Sb.
Reasons for these patterns were unclear. Nevertheless, the
dominant pattern in all three leachate types was a distinction
between compositions emphasizing alkaline earth elements
versus transition and other trace elements.
3.3. Shale–leachate interactions and rare earth elements

Rare earth element (REE) data were available for the water and
HCl leachates, and their relations to overall leachate composi-
tion using PCA were represented by the light REE (LREE) (using
Nd) and by the middle REE (MREE) (using Gd) (Fig. 8a and b). In
the water leachates, Nd and Gd oriented toward the lower pH
leachates, indicating more mobilization under lower pH
conditions. In the HCl leachates, Nd and Gd were slightly out of
line with the pH trend, and they associated with the K trend
indicating a possible link to illite.

The bulk shales had REE concentrations that showed slight
MREE enrichment compared to the NASC in some cases
(Fig. 9a). Such slight enrichments relative to shale reference
compositions have been noted elsewhere.61,62 Concentrations of
REEs in the water leachates were low, and most showed little
relative enrichment compared to bulk shale (Fig. 9b). However,
the lower pH water leachates of shales 9 and 11 showed patterns
like those in the HCl leachates. Almost all the HCl leachates
showed MREE enrichment compared to bulk shales (Fig. 9c).
The leachate patterns are informative because REE concentra-
tions in produced waters have received little study38 and no REE
data exist in the PWDB. Sharp, positive Eu anomalies have been
measured in produced waters, sometimes with minor Sm and
Gd riders, but not the broad MREE enrichment seen in the
leachates.38 Acidic weathering of sedimentary materials tends to
generate MREE enrichment without a sharp Eu anomaly in the
resulting uids, a pattern usually attributed to dissolution of
a MREE-enriched phosphate phase.63,64 Here, mobilization of
REEs did not correlate signicantly withmobilization of P in the
HCl leachates, but mobilization of the MREEs did correlate with
the illite-associated elements K and Rb (Fig. S6†). Additionally,
Environ. Sci.: Processes Impacts, 2021, 23, 1198–1219 | 1209
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Fig. 8 Biplots of results from principal component analysis of centered log ratio transformed compositions of the water (a), HCl (b), and artificial
brine (c) leachates. Sample scores for principal components (PC) 1 and 2 are plotted on the primary axes. Rotations for the included elements are
plotted as rays on the secondary axes. Combinations of elements differ among the analyses depending upon detection above reporting limits in
the different leachates. Cow Ridge, Uteland Butte (informal41–43), Garden Gulch, and Parachute Creek are members of the Green River formation.
Mem., member.
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concentrations of MREE in the HCl leachates correlate posi-
tively with illite abundance in shale, but LREE do not (Fig. S7†).
The results indicate that MREE enrichment in produced waters
relative to host shale can result from lower pH water–rock
interaction, but that the sharp Eu anomalies observed in some
produced waters arise from some process not replicated here.

3.4. Laboratory leachates compared to produced waters

Of the three leachate types, the brine leachates may be the most
useful for comparison to produced waters because they
approximated their ionic strength but the contrasting ionic
strength and pH of the water and HCl leachates provide context
for interpretations. The brine leachates achieved concentra-
tions that generally approximate produced waters for many
elements including Al, As, Cd, Co, Cu, Mo, Ni, Pb, Sb, Si, and Zn
(Fig. 3). The approximations are notable for several reasons.
First, they indicate that the mineral or organic sources of these
elements were not depleted despite the greater water–rock
ratios in the leachates compared to formation waters and that
conditions approaching equilibriummay have been achieved by
the leachates. Second, the approximations were notable
because solubilities of many of the elements listed are partic-
ularly responsive to decreases in pH and the pH values of many
1210 | Environ. Sci.: Processes Impacts, 2021, 23, 1198–1219
of the brine leachates are somewhat greater than many
produced waters (Fig. 6 and S1†). However, many of these
elements also form complexes with Cl and concentrations of Cl
in the brine leachates are similar to many produced waters
(Fig. 4). Concentrations of Fe, and Mn in the brine leachates in
most cases were low compared to produced waters (Fig. 3). It is
possible that differences in redox conditions in the leachates
compared to the subsurface played a role in limiting leachate Fe
and Mn mobilization. Concentrations of K, Li, Sr, Ba, and Cr in
the brine leachates were quite low compared to produced
waters. Potassium is easily explained as being generally
inherited from seawater rather than derived from water–rock
interaction. Rubidium concentrations in the HCl leachates are
also low relative to produced waters and the high concentra-
tions in many produced waters is attributed to discrimination
against Rb as K and Rb are immobilized by illitization.65 Little is
known about controls on Cr in produced waters but the
distinction between the HCl and brine leachates indicate that
Cr is more sensitive to pH than ionic strength effects. The
pattern may be attributable to the predominantly anionic forms
of Cr in solutions that would not complex with Cl. The patterns
regarding Li, Sr, and Ba are discussed in greater detail in
Section 3.6.
This journal is © The Royal Society of Chemistry 2021
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Fig. 9 Patterns of rare earth elements (REEs) in study materials: (a) REE concentrations in bulk shales normalized to the North American shale
composite (NASC),55 (b) REE concentrations in water leachates normalized to bulk shales, (c) REE concentrations in HCl leachates normalized to
bulk shales. Ratios are dimensionless.
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Another set of PCAs (Fig. 10) provided better insights into
how the leachate compositions compared to produced waters
than the simple concentration plots of Fig. 3. Brine and HCl
shale leachate compositions were compared to produced waters
compositions from the PWGD. Limited trace element data in
This journal is © The Royal Society of Chemistry 2021
the PWGD and the necessity for each sample included to have
a concentration value for each element substantially narrowed
the number of PWGD samples that could be included in the
analyses. Ultimately, only conventional produced waters from
various formations along the Texas Gulf Coast, shale gas waters
Environ. Sci.: Processes Impacts, 2021, 23, 1198–1219 | 1211
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Fig. 10 Biplots of results from principal component analysis of centered log ratio transformed compositions of the leachates and waters from
the USGS Produced Waters Geochemical Database (PWGD; v2.3).34 The PWGD samples include conventional produced waters from various
formations along the Texas Gulf Coast, (open squares, n ¼ 18), shale gas waters from the Marcellus shale (open triangles, n ¼ 66), and tight oil
produced waters from the Bakken formation (open diamonds, n ¼ 5). Leachate sample points were colored as in Fig. 5. The produced water
samples were included based upon availability of data for all included elements. Analyses (a) and (b) included As, Cd, Mn, Ni, Pb and Zn plus the
alkaline earth elements Sr and Ba. Analyses (c) and (d) do not include Sr and Ba.
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from the Marcellus shale, and tight oil produced waters from
the Bakken formation were included. For the two analyses
where the alkaline earth elements Sr and Ba were included
lower concentrations of those elements in the leachates
compared to the produced waters cause each to occupy separate
areas of the multiparameter space of the PCA (Fig. 10a and b).
However, when the analyses were restricted to just As, Cd, Mn,
Ni, Pb and Zn (Fig. 7c and d), the leachates generally fell in the
middle of the produced water sample distribution and even
overlapped. Such similarity between leachates and produced
waters indicated that the laboratory experiments produced
similar overall mobilization patterns for those elements as
water–rock interaction processes in the subsurface. The simi-
larity between the produced waters from the Marcellus shale
and Texas Gulf Coast formations indicated that produced water
compositions with regards to As, Cd, Mn, Ni, Pb, and Zn may
vary relatively narrowly among some basins and host forma-
tions. Waters from the Bakken formation did plot away from the
other data along the ray projected for Zn and away from the ray
projected for Mn. High and low concentrations, respectively, of
those elements seem to reect a different geochemical nger-
print for produced water from the Bakken formation (Fig. 3).
1212 | Environ. Sci.: Processes Impacts, 2021, 23, 1198–1219
3.5. Comparison of leachates from the Marcellus shale and
produced waters

Trace element comparisons across multiple basins and shale
leachates provided a broad perspective, and a narrower focus on
a particular formation helped conrm many of those patterns.
The two leachates for the Marcellus shale samples were
compared to the abundant corresponding produced waters data
in the PWGD. To conrm that PWGD data for the Marcellus
shale were representative, data were compared to another
compilation of produced waters from the Appalachian basin.
Concentrations for Al, Fe, Mn, SO4

2�, As, Ba, Cd, Cr, and Pb
compared favorably although mean concentrations for Cu and
Zn were higher in the PWDB,66 possibly reecting development
in new areas with somewhat different produced waters char-
acteristics. Many other studies have presented results from
a variety of water–rock interaction experiments for the Marcel-
lus shale, and these were also compared to present data,
particularly the brine leachates.22,23,30–33,45,56 In general, concen-
trations from leaching experiments overlapped with produced
waters for Al, As, Mo, Pb, Sb, and Zn (Fig. 11) and additionally
for Cu, P, and Ti based on the other studies.30–33,56 The present
brine leachates were slightly low in Cd, Cr, and Ni, but other
This journal is © The Royal Society of Chemistry 2021
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Fig. 11 Concentrations of elements in produced waters from the
Marcellus shale from the USGS Produced Waters Geochemical Data-
base (v2.3)34 plotted alongside concentrations in leachates from the
two samples of Marcellus shale. Circles represent leachates from shale
#2 (Onondaga County, New York) and triangles represent leachates
from shale #3 (Genesee County, New York). Concentrations in
modern seawater51 are provided for reference. Asterisks indicate
constituents (Ca and Mg) used to create the artificial brine prior to
reaction with shale. Seawater concentrations less than the lower limit
of the y-axis are printed on the figure.
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studies compared more favorably.30–32,56 Concentrations of Fe
and Mn were low here and quite variable among the other
experiments, depending strongly on pH and redox condi-
tions.22,23,30–33 Neither the present brine leachates nor any of the
other experiments replicated produced waters concentrations
for the Marcellus shale of Li, Sr, or Ba, a pattern that is
consistent with the broader analysis (Fig. 3).22,23,30–33,45,56
This journal is © The Royal Society of Chemistry 2021
3.6. Controls on Li, Sr, Ba in produced waters and shale
leachates

The general failure of the present shale leaching experiments
and those from other studies to reproduce produced water
concentrations of Li, Sr, and Ba is notable because of the
spectrum of pH, ionic strength, and other parameters the
experiments represent (e.g. Fig. 4 and 6). Leachate Li, Sr, and Ba
concentrations here were roughly 100�, 100�, and 10� lower
than in typical produced waters, respectively (Fig. 3). Low
concentrations of Li in leachates might relate to certain mineral
sources being slow to equilibrate, even under temperatures
associated with hydrocarbon maturation used in many experi-
ments.31,67,68 Barium concentrations in water–rock interaction
experiments can be limited by barite precipitation. As described
in Section 3.2, the water and brine leachates here approached or
exceeded saturation relative to barite, driven by SO4

2� released
by pyrite oxidation. Pyrite oxidation and barite saturation are
common occurrences in shale leaching experiments, and Ba
concentrations are always greater in experiments that exclude
oxygen.23,25,26,30,45,56,69 However, barite saturation also inuences
Ba concentrations in produced waters, as seen in the PWGD
(Fig. S8†). Maximum Ba concentrations decline about 10�
between 100 and 1000 mg L�1 SO4

2�, and about 100� for SO4
2�

between 1000 and 10 000 mg L�1 SO4
2�. Additionally, the HCl

leachates were undersaturated relative to barite and yet still did
not match typical concentrations of Ba in produced waters,
although their leaching durations were short (1.5 h) (Fig. 3).

Insight into water–rock interaction and sources of the alkali
and alkali earth metals is commonly sought by examining their
ratios in uids. Here, Li, Sr, and Ba are ratioed to Ca in leachates
and produced waters, and additional insight is sought by
comparison to ratios in seawater and evaporated seawater.51,70

Ratios of Li/Ca in the water leachates generally overlap with
produced waters but the other two leachate types show less
overlap (Fig. 12). However, none of the leachates approached
typical produced water Li concentrations (Fig. 3), and although
evaporation of seawater drives Li/Ca ratios higher, this is driven
partly by increases of Li with evaporation and partly by loss of
Ca from solution at higher salinities. Ratios of Sr/Ca and Ba/Ca
in the leachates showed slightly greater overlap with produced
waters in some cases, though Sr and Ba concentrations did not
(Fig. 3 and 12). As with Li/Ca, seawater evaporation drives Sr/Ca
and Ba/Ca higher, but at the higher salinities, loss of Ca is
a strong inuence.

Isotopic studies have sought to understand the origins of Li,
Sr, and Ba in Marcellus shale produced waters and how they
relate to water–rock interaction. Lithium isotope ratios in
Marcellus shale produced waters have values intermediate
between seawater and those extracted via experiments with
shale, but fractionations, systematics, and potential sources
related to water–rock interaction are complex.68,71 However,
sources of elevated Li in produced waters from the Marcellus
shale have been ascribed to diagenetic interactions with
aluminosilicates in volcanogenic layers.68 Such layers would not
be present in all U.S. basins though, and Li concentrations and
Li/Ca ratios are also elevated in other settings (Fig. 3 and 12).
Environ. Sci.: Processes Impacts, 2021, 23, 1198–1219 | 1213
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Fig. 12 Scatterplots of molar Li/Ca ratios versus log Cl (a) and pH (b), Sr/Ca ratios versus log Cl (c) and pH (d), and Ba/Ca ratios versus log Cl (e)
and pH (f) for waters from the from the USGS Produced Waters Geochemical Database (v2.3)34 and water, HCl, and artificial brine leachates of
shale. Modern seawater (SW) and evaporated seawater (SW evap.) are plotted for reference.51,70.
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Strontium isotope ratios in produced waters from the Marcellus
shale have also posed a puzzle, being enriched in radiogenic Sr
relative to carbonate sources in rock though sometimes similar
to the exchangeable component.59,71 Diagenetic interactions
with aluminosilicates have been suggested as sources of the Sr
with enriched isotope ratios.59 Barium isotopes have helped
conrm that dissolution from drilling mud is not a substantial
source of Ba to produced waters from the Marcellus shale, but
values in produced waters are also not entirely explained by
exchangeable or carbonate sources in the shale.72,73 All of these
isotopic studies point toward contributions of Li, Sr, and Ba
1214 | Environ. Sci.: Processes Impacts, 2021, 23, 1198–1219
from sources and processes related to diagenesis rather than
water–rock interactions on shorter time scales.

Certain laboratory experiments with Marcellus shale have
generated Li/Ca, Sr/Ca, and Ba/Ca ratios relatively close to the
respective median values in produced waters from the Marcel-
lus shale (4.4 � 10�2, 8.7 � 10�2, 5.5 � 10�2, respectively) in the
PWGD. Details of these experiments provide additional insight
into drivers of the relatively high concentrations of these
elements in produced waters. A study targeting water soluble
and ion-exchangeable fractions on dry-drilled core material
using 60 mL g�1

uid-rock ratios yieldedmedian 2.3� 10�2 and
5.5 � 10�3 ratios for Sr/Ca and 1.2 � 10�2 and 5.5 � 10�2 ratios
This journal is © The Royal Society of Chemistry 2021
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for Ba/Ca, respectively.59 A study that leached shale with NaCl
brine under reducing conditions yielded a Ba/Ca ratio of 1.9 �
10�2 in solution, aided by absence of pyrite oxidation that kept
SO4

2� to 12 mg L�1, but the Sr/Ca ratio was only 7.7 � 10�3,
possibly due to the 50 mL g�1 water–rock ratios.45 A study
specically targeting brine trapped in pores and capillary water
using 20 mL g�1 water–rock ratios yielded ratios of 9.6 � 10�3

for Sr/Ca and 6.2 � 10�3 for Ba/Ca. A time-series study using
chips from slabbed core and 10 mL g�1 water–rock ratios with
various strengths of articial brines yielded median ratios of 1.2
� 10�2 for Li/Ca, 1.0 � 10�2 for Sr/Ca, but the median Ba/Ca
ratio of 7.7 � 10�4 may have been limited by barite precipita-
tion driven by pyrite oxidation.31 Importantly, the Li/Ca ratios
initially rose and then declined over time as Li concentrations
appeared to approach asymptote, as if a nite pool of labile Li
had been mobilized, like the isotopically distinct Li that can be
desorbed from clays and organic matter in the Marcellus
shale.74

All these results indicate that a combination of precipitated
salts and brines in low permeability pore space, and ion-
exchange sites equilibrated with such brines are the likely
source for elevated concentrations of Li, Sr, and Ba in produced
waters and their elevated ratios relative to Ca. That concept is
well-established for the Marcellus shale, and the overlap with
other produced waters (Fig. 12) indicates similar effects in other
settings.75,76 Comparison of conventional and unconventional
water data from the PWGD for the same formations point
towards additional pools of Li and Sr that are tapped by
hydraulically fracturing the rock (Fig. 1). Tight oil waters from
the Wolfcamp shale had a higher median Sr/Ca ratio of 6.6 �
10�2 (n ¼ 14) compared to conventional waters with a median
ratio of 1.1 � 10�2 (n ¼ 31). Tight oil waters from the Bakken
formation had a higher median Sr/Ca of 3.1 � 10�2 (n ¼ 33)
compared to a value from a conventional water of 2.5 � 10�3 (n
¼ 1). The median Li/Ca ratio of tight oil waters from the Bakken
formation 2.1 � 10�2 (n ¼ 33) was also greater than that of
conventional waters 6.3 � 10�3 (n ¼ 3).

The likely reasons that laboratory leaching experiments
cannot replicate produced waters concentrations and element
ratios for Li, Sr, and Ca are several. First, brines in shale pores
may be drawn out of drilled material as the exterior dries,
whether obtained by wet- or dry-drilling methods. Rinsing of
rockmaterial (as was done here) and other handling can remove
the migrated salts prior to extraction. Second, such pools of
relatively labile elements can be small relative to sources in
carbonates in many shales, and dissolution of carbonates helps
mask dilution of the smaller pools. Finally, the water–rock
ratios necessary in laboratory experiments to obtain sufficient
sample volume for analysis are drastically different than those
in the subsurface.

The water–rock ratios used here were 20 mL g�1 for the water
and brine leachates and 16 mL g�1 for the HCl leachates.
Similar experiments have used ratios of 4–1000 mL
g�1.23,25–27,30–33,45,56,57 In contrast, water–rock ratios in the
subsurface are lower by 3 or 4 orders of magnitude. Potential
maximum water–rock ratios of 40 shales from the United States
were calculated by dividing paired measurements of average
This journal is © The Royal Society of Chemistry 2021
total porosity (median 11.2%, range 0.6–35.8%) by average dry
bulk density (median 2.4 g cm�3, range 1.56–2.81 g cm�3)77 to
yield a median value of 0.05 (range 0.003–0.23). Physically based
estimates of water-connected porosity for the Marcellus shale
are 0.01 (unweathered) and 0.06 (weathered) and chemically
derived, water–rock ratios range from 0.007–0.04.45 Small pools
of Li, Sr, and Ba mobilized in part from salts, brines, and ion-
exchange pools affected by diagenetic processes over geologic
time scales would be substantially diluted by laboratory leach-
ates compared to produced waters from unconventional
resources. The migratory nature of waters derived from
conventional resources mean that rock porosity may be less
relevant that the volume of rock through which the waters have
migrated. Proportionately small volumes of water reacting with
large volumes of rock than contain relatively small fractions of
labile elements seems to be a crucial factor for understanding
the systematics of Li, Sr, and Ba in the subsurface and studying
those systematics in the laboratory.

4. Conclusions

Major and trace element concentration data from the PWGD
were summarized to gain perspective on typical concentrations
and how they compare across hydrocarbon produced waters
well types from the United States. Produced waters concentra-
tions were compared to concentrations in seawater and in
experimental leachates from U.S. energy-related shales to gain
insights into the inuence of water–rock interactions on
produced waters compositions. Inheritance from paleo-
seawater, bitterns, and evaporites largely explained the
produced water concentrations of many major elements. Low
concentrations of many trace elements in seawater indicated
that in produced waters these trace elements are sourced from
water–rock interaction with sedimentary rocks, particularly
shales. Comparisons of produced waters compositions and
shale leachates indicated that water–rock interactions inu-
enced by pH and ionic strength can explain concentrations for
some elements (Al, As, Cd, Co, Cu, Mn, Mo, Ni, Pb, Sb, Si, and
Zn). Low pH solutions enhancedmobilization of MREEs relative
to proportions in shales, but available produced water data on
REEs are insufficient to conrm a similar environmental effect.
Produced water concentrations of Li, Sr, and Ba are not repli-
cated by simple, separate low pH or high ionic strength exper-
iments. This study and others indicate that experimental failure
to match produced water concentrations of Li, Sr, and Ba or
their ratios to Ca stems from their predominant sourcing from
small pools of salts, brines, and ion-exchange sites affected by
diagenetic processes that become diluted and masked by other
water–rock interaction processes at the greater water–rock
ratios necessitated in the laboratory. Similarities in Li, Sr, and
Ba concentrations and ratios to Ca across basins and produced
waters well types indicates analogous effects in a variety of
settings.
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