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ABSTRACT

Rare earth elements (REESs) are economically impbttamodern society and the rapid
growth of technologies dependent on REEs has plecesiderable economic pressure on their
sourcing. This study addresses whether REEs cailckleased as a byproduct of natural gas
extraction from a series of experiments that wersighed to simulate hydraulic fracturing of
black shale under various pressure (25 and 27.5)MiRd temperature (50, 90, 13Q)
conditions. The dissolved REEs in the reacted $luiplayed no propensity for the REEs to be
released from black shale under high pressure amgédrature conditions, a result that is
consistent across the different types of fluidsestigated. Overall, there was a net loss of REEs
from the fluid. These changes in dissolved REEsewgeatest at the moment the fluids first
contacted the shale and before the high temperahdéiigh pressure conditions were imposed,
although the magnitude of these changes' (16/g) were small compared to the magnitude of
the total REE content present in the solid shatepses (16 pg/g). These results highlight the
variability and complexity of hydraulic fracturirgystems and indicate that REE may not serve
as robust tracers for fracturing fluid-shale reawdi Additionally, the results suggest that

significant quantities of REEs may not be byprodwdfthydraulically fractured shales.

Keywords: rare earth elements, hydraulic fracturing, rogkaitoclave, Marcellus Shale
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1. INTRODUCTION

The fourteen naturally occurring rare earth elaséREES) of the lanthanide series are
vital components in modern technology. Various REEg. Nd, Dy) are utilized in commercial
applications such as computer chips, high-energgréa batteries, and green technologies (e.g.,
Alonso et al., 2012). Locating alternative soureEREEs is thus valuable to relieve the demand
in the global market. Organic-rich black shale fatimns may present an intriguing potential
source for REEs. Black shales are formed in maméronments under reducing conditions and
the high accumulation of organic matter typicaltbése deposits can later be converted to
natural gas and oil under high pressure and terper@McCarthy et al., 2011). The average
REE content of black shales is on the order of pgdh (Taylor and McLennan, 1985).
Comparatively, economic deposits of REEs withinthasite ores on average contain 70 wt% of
rare earth oxides (~ 7 x 1@pm) (Long et al., 2012). While black shales avé tnaditionally
considered economic deposits of REESs, these slhatesevertheless important resources for
natural gas and oil; subsequently, REEs could paign constitute a byproduct of drilling

operations (Alexander et al., 2011; Engelder, 26G8gbo et al., 2010).

During natural gas extraction from black shalenfations, drilling operators inject
millions of gallons of water into the shale forneatiunder high pressures to create fractures and
fissures for natural gas to flow freely to the agd in a process known as hydraulic fracturing
(Arthur et al., 2009; King, 2012). The water usachydraulic fracturing contains chemical and
biological additives to prevent scale buildup, pogen the fractures, prevent biological fouling,
and generally maximize the extraction of the natges (Vidic et al., 2013). A portion of the
injected water returns to the surface immediatelowing hydraulic fracturing; chemical

analyses of these flowback waters show large iseedn total dissolved solids (salinity and
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heavy metal species such as As and Se) likely geterfrom the interaction between the
injection fluid and the black shale (Balaba and 8nm2012; Gregory et al., 2011; Nicot and
Scanlon, 2012; Vidic et al., 2013). Direct obsensa of the geochemical reactions occurring
within the black shale during hydraulic fracturirgerations, however, are relatively few,
hindered by the depth of the shale formations coniyntargeted and the corresponding high
pressure, high temperature conditions. Under ewparial conditions of high pressure and
temperature, Marcon et al. (2017) provided evidefme clay and carbonate dissolution,
secondary clay and anhydrite precipitation, andsipbgs metal adsorption from solution in an
experiment reacting synthesized hydraulic fracwriftuid and black shale samples. The
objective of this study is to follow up on the wook Marcon et al. (2017) and specifically
evaluate the REE behavior during reactions betwseinaulic fracturing fluid and black shale.
We measured the preserved experimental fluids ofcMaet al. (2017) for the REEs and
conducted additional experiments at different presstemperature, and initial pH conditions in
order to document the impact of these factors uperdissolved REE system. The results of this
study may guide the utility in using REEs as tracefr geochemical reactions with shale and
revealed that REEs are not recoverable as a bypradihydraulic fracturing of the Marcellus

shale.

2. METHODS

2.1 Shale material and location

The black shale samples used in this study are th@mWhipkey ST1 Core, which was
drilled by the Eastern American Energy CorporatianGreene County, Pennsylvania. We
present the dissolved REE contents in the reati@tsffrom experiments performed by Marcon

et al. (2017), designated as Experiment 1, as agetbur corollary experiment at high pressure



74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

and temperature, designated as Experiment 2 (TlgbMarcon et al. (2017) used samples from
7,846 ft deep in the Whipkey core in Experiment Hereas Experiment 2 was sampled from
three different depths at 7,801 ft, 7,833 ft, an84®@ ft in order to generate enough sample
volume to run the experiments (Fig. 1). The deepastple from 7,846 ft is from an organic-rich
unit (Gorg = 5.5 Wt%) within the Whipkey Core that is desedbby Chen and Sharma (2016) as
being deposited under alternating redox conditgpenning from suboxic to anoxic on the basis
of redox-sensitive trace metal accumulation andagtésl C:P ratios. The two samples from 7,801
ft and 7,833 ft are relatively less rich in orgac@gbon (Gy = 2.1 - 2.6 wt%) and were deposited
under dominantly suboxic conditions (Chen and Sha2016). The whole-rock REE content of
the samples are from Yang et al., (2017) and weterchined through a microwave-assisted acid
digestion method that uses a mixture of hydrofludiF), nitric (HNQ), and hydrochloric
(HCI) acids heated and pressurized in a microwasesel to completely dissolve the rock

sample.

Table 1: Experiment conditions

TemperaturePressureFluid Fluid:rock ratioSampling Intervals

°C MPa WiwW hrs
Experiment 1130 27.5 complex brine 20:1 0, 24, 48, 170, 240, 360

130 27.5 complex brine+FE0:1 0, 24, 48, 170, 240, 360
Experiment 250 25 brine 20:1 170

50 25 brine+FF 20:1 170

50 25 brine+acid 20:1 170

50 25 brine+FF+acid 20:1 170

920 27.5 brine 20:1 170

90 27.5 brine+FF 20:1 170

90 27.5 brine+acid 20:1 170

90 27.5 brine+FF+acid 20:1 170
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Figure 1: Location of the Whipkey Core, Marcellusfation in Southwestern Pennsylvania.
Upper right hand corner shows a photo of the canepte taken. Bottom right hand corner
shows a representative SEM image of the shale

2.2 Experimental design

The high pressure and temperature reactions wenelucted in rocking autoclave
reactors (Coretest Systems, Inc.) using flexibll geaction cells and titanium capillary exit
tubes following the methods described in Marcoralet(2017), designed after Kaszuba et al.
(2005, 2003) and Seyfried et al. (1987). Briefhg flexible gold reaction cells provide an inert
reaction vessel into which the shale samples aactiom fluids are placed. These gold cells are
then sealed and placed in a stainless steel peegsasel filled with water as the confining fluid.
The entire apparatus is mounted within a rockingpaave body that rocks slowly back and
forth through 90 degrees of motion from the uprigéttical to horizontal orientations so that
there is constant mixing of the shale samples aadtion fluids. Titanium capillary exit tubes

mounted to the gold cell body allows fluids to b&hdrawn from the reaction vessel while
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maintaining pressure and temperature conditiores Appendix A). Experiment 1 was performed
at 27.5 MPa|130 °C for a total duration of 360dmd reaction fluids were sampled at time steps
of 0, 24, 48, 170, 240, and 360 hrs at experimgm@aésures and temperature (Table 1). This
pressure and temperature regime was selected bgoNat al. (2017) to approximate bore hole
conditions on the Marcellus shale. The temperatuas elevated from the actual bore hole
temperature of 75 °C to 130 °C to enhance minaradtics while maintaining the same mineral

thermodynamic profile.

The fluids used in Experiment 1 were a synthetimédrsolution prepared based on
geochemical modelling of Marcellus formation fluidsid a synthesized fracturing fluid
(Appendix A). To model the Marcellus formation flgi Marcon et al. (2017) used the
Geochemist’'s Workbench modelling software to rédatcellus shale with a dilute water at 75
°C and 275 bars (the approximate conditions in ghale formation) until equilibrium was
reached. The mineralogy of the Marcellus shale paameterized based on XRD analyses of
the Whipkey Core samples, which showed major comptn (> 25 %) of quartz and
muscovite/illite (Marcon et al.,, 2017). The genecamposition of the fracturing fluid is
described in Kekacs et al. (2015) and was develdmesked on information available from
fracfocus.org, which is a chemical disclosure regi$or hydraulic fracturing fluids (Ground
Water Protection Council and The Interstate Oil a@@ds Compact Commission, 2017)

(Appendix A).

For Experiment 1, two reactors were used: one auntashale and the synthetic brine
(as a control), and the other containing shale and0:30 (v:v) ratio of synthetic brine to
synthetic fracturing fluid (designated as brine+Er-gvaluate effects of fracturing fluid on shale

reactions (Marcon et al., 2017). Approximately 26fgolid shale samples were reacted with ~
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500 g of reaction fluids, in a fluid:rock ratio 20:1. The shale consisted of Whipkey Core shale
samples that had been broken down into size fregtxd 1 — 3 mm chips and < 147 pum powder
in an approximate 3:1 ratio of powder to chips. sThatio was chosen to drive fluid-rock
reactions and to provide a surface to analyze ligso/precipitation reactions (Marcon et al.,

2017).

Experiment 2 followed the general framework of Expent 1, and was also performed
in a series of two rocking autoclave reactors. Sidarcon et al. (2017) showed that the majority
of the changes in fluid chemistry occurred in tivetf24 - 48 hrs of Experiment 1, we ran
Experiment 2 for an abbreviated duration of 170 tarsexpedite time windows while still
ensuring enough time for reactions to occur atsghecified pressures and temperatures (Table
1). Additionally, for Experiment 2 we ran experintnconditions at lower temperatures of 25
MPal|50 °C or 27.5 MPa|90 °C to be consistent withr@ximate conditions in the bore hole. For
each experimental condition, one reactor contastede and synthetic brine as a control while
the other reactor held shale and a 70:30 (v:w m@itisynthetic brine to synthetic fracturing fluid.
Since Experiment 2 was primarily structured as>gicgatory study into the potential release of
REEs from hydraulically fractured shale, we useihaple NaCl brine (44.5 g/L) rather than the
complex brine in Experiment 1 to evaluate whethsigaal of released REEs could be detected

(Appendix A).

For Experiment 2, acidified and non-acidified cdiwtis, using ultrapure HCI
(TraceSELECT Ultra from Sigma-Aldrich) to adjust the piHtbe acidified solutions to values <
2, were also compared. Pre-reaction fluid samme&kperiment 2 were collected prior to any
contact with the rock; initial time fluid sampleske collected after the introduction of the rock

to the fluid but prior to being brought to high gsere and temperature (t = 0 hrs); and post-
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reaction samples were collected after 170 hrs aftien at high pressure and temperature (t =
170 hrs). The black shale samples used in Expeti@evere from depths of 7,801, 7,833, and
7,846 ft in the Whipkey Core, homogenized in a om&tof size fractions of 6.4 mm, 2 mm, 1

mm, and < 0.5 mm.

2.3 Analvytical Methods

For Experiment 1, dissolved cation concentratioresewdetermined in filtered, nitric
acid-preserved samples by ICP-OES (Perkin Elmer 30y and ICP-MS (Nexion), and
dissolved anion concentrations determined in #&ler non-acidified samples by ion
chromatography (Dionex) as reported in Marcon gt(a017). For Experiment 2, fluid samples
were passed through 0.45 pum polysulfone filters acidified to pH < 2 using ultrapure HCI
(TraceSELECT Ultra from Sigma-Aldrich) immediately follomg collection. Major cations (Ba,
Ca, Sr, K) for Experiment 2 were measured on a laefreledyne Prodigy ICP-OES at Oregon
State University. Detection limits were below 0.8/mmfor Ca and K and below 0.01 mg/L for Sr
and Ba. Reproducibility of the data was typicallgldw 5 - 6 % (&) based on triplicate
measurements of the samples. The samples in Exgmarith were then prepared by an acid
digestion using 1 M HCI (1x quartz-distilled) antbpessed through cation exchange columns
using 1.8 mL Bio-Rad AG50-X8 (100-200 mesh) resinsblate the REEs. The resulting eluents
were then converted into a 1 % (w/w) HNQ@x quartz-distilled) matrix and analyzed on a
Thermo XSeriesll ICP-MS. Detection limits were beld@ ug/L for all the REEs. External
reproducibility of the cation columns was assedbedugh duplicate analyses of an acid mine
drainage water PPREE1 from (Verplanck et al., 2@0) found to vary less than 4.5 %) Tor
all of the REEs except for Tm, which varied by 9 Phe external accuracy of PPREEL through

cation columns was within reported error for REE®PREE1 (Verplanck et al., 2001).
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3. RESULTS

The total REE content of the three depth inter¢@)801 ft, 7,833 ft, and 7,846 ft) used
from the Whipkey Core ranged from 145 - 170 pg/gcofnmon practice when evaluating the
REEs is to normalize the concentrations to avecagginental shale both to assess the relative
differences between the given sample and an avemagtal composition and to elucidate the
relative changes between the light, middle, andv\hi@aass REEs in a sample. For these
experiments, we normalize REE concentrations tot-Rushean Australian Shale (PAAS)
(Taylor and McLennan, 1985). Typical values of REHs continental shale average
approximately 180 pg/g (Taylor and McLennan, 1989)e REE patterns of the three depth
intervals from the Whipkey Core show relativelytflanstructured patterns relative to PAAS
(Fig. 2). By comparison, black shales from the Hugikney and Stark units are enriched in the
REEs with contents ranging from 280 - 380 pg/g vathdistinct peak in the middle REEs.
Samples from the Woodford Shale, on the other haredrather low in REE content, averaging

77 ug/g in an unremarkable, flat pattern. The raoig®EE content in black shales is highly

variable, but the Marcellus Shale samples utilirethis study are an average representation.
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Figure 2: PAAS-normalized REE patterns of the tls@mples of the Marcellus Shale from the
Whipkey Core in southwestern Pennsylvania. Alsétptbfor comparison are samples from the
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Stark and Hushpuckney shales of Kansas and the #Maoshale of Oklahoma (REE data from
Yang et al., 2017).

3.1 Dissolved major cations

The dissolved major constituents in the fluidEgperiment 1 are reported and discussed
in Marcon et al. (2017) and the salient resultssamamarized here. Briefly, dissolved Sr and Ba
in the reaction fluids increased sharply after thiéal contact of the fluids with the shale
samples at t = 0 hrs (Fig. 3, 4). Following thigiah increase, dissolved Sr and Ca increased
more gradually in the brine fluids (Fig. 3) and weelatively constant in the brine+FF fluids
(Fig. 4). Dissolved K remained at relatively comstevels, and dissolved Ca was at relatively
constant levels in the brine fluids of Experimeniriithe brine+FF fluids, dissolved Ca increased
sharply during the first contact of the fluids withe shale samples and thereafter remained

relatively constant for the duration of the expemn

In contrast to Experiment 1 fluids, the dissolwercentrations of Ca, K, Sr, and Ba are
significantly lower in Experiment 2 reaction fluidsig. 3, 4). For Experiment 2 reaction fluids,
dissolved Ca increased upon the first contact tighshale samples, from below detection limits
of 0.2 mg/L up to values of 2 to 12 mg/L. This iease is consistent between the brine and
brine+FF fluids as well as between acidified andaaitlified conditions. In the un-acidified
brine at 25MPa|50 °C, the increase in dissolvedv&s significantly higher, up to 70 mg/L (Fig.
3). By the conclusion of Experiment 2 after an s&ptime of 170 hrs, dissolved Ca increased
further in the reaction fluids to values of 97 @02ng/L, with the fluids reacted at 27.5MPa|90
°C generally showing a greater increase. Dissol/etiowed similar increases in concentrations
from the starting fluid compositions to the intration of shale samples to the conclusion of the

experiment at t = 170 hrs (Fig. 3, 4). For all dliwompositions and temperature and pressure

11
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conditions, dissolved K increased from the firshte@t between the fluid and shale, increasing
from 8.7 - 12.5 mg/L in the starting fluids to 288 mg/L. After the elapsed reaction time of 170
hrs, K concentrations increased slightly to 34 tL. Dissolved Sr values in the starting fluid
compositions were below detection limits (0.003 Imdput increased to values of 1.0 - 2.1 mg/L
after the reaction att = 170 hrs (Fig. 3,4). Samib the observations of dissolved Ca, dissolved
Sr showed the greatest increase from below detelitiots up to 1.2 mg/L at the introduction of
the shale samples to the fluids at t = O hrs inuh&cidified brine at 25 MPa|50 °C (Fig. 3).
Dissolved Ba concentrations increased from belotedi®n limits of 0.12 mg/L in the starting
fluid composition to a value ~ 0.4 mg/L after tidroduction of the shale sample to the fluids at
t = 0 hrs (Fig. 3,4). After the elapsed time of 1§, the dissolved Ba in the fluids reacted at 25
MPal|50 °C remained at ~ 0.4 mg/L, whereas fluidsted at 27.5 MPa|90 ° increased to values

of 0.8 - 1.3 mg/L.

12
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Figure 4: Major dissolved cations (Ca, K, Sr, Bay Experiment 1 (Marcon et al., 2017) and
Experiment 2 brine and fracturing fluid mixtureseowhe duration of the experiment. Insets
show a closer view of the changes in Experimehtidd. Time points shown on the x-axis begin
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3.2 Dissolved REESs over reaction time

Dissolved REEs in the Experiment 1 brine were betbe limits of detection (0.009
pg/L) for the entirety of the 360 hour reactiondimnd thus are omitted from Fig. 5. Similarly,
the dissolved REE concentrations of the Experin2eptine fluids at the t = 0 hrand t = 170 hr
time points were below the limit of detection asbaomitted. Here we show the dissolved REE

concentrations as the sum of all 14 REEs to highlipe main trends of the series for the
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duration of the reactions. The starting compositbthe brine fluids in Experiment 2 contained
an average of 15.4 pg/L of total REEs (Fig. 5thia acidified brine fluids, the total REE content
increased to 17.3 pg/L for the 25 MPal|50 °C reactiod to 16.5 pg/L for the 27.5 MPa|90 °C
reaction at time point t = O hrs, when the shalapas were first introduced to the fluids. After
the elapsed reaction time of 170 hrs for Experinfenthe REE content in the acidified brine
fluids decreased slightly to 17.0 pL for the 25 N#Ba°C reaction and to 15.3 pg/L for the 27.5
MPa|90 °C reaction. We do note, however, that tleeseage total REE concentrations in the
acidified brine fluids of Experiment 2 are withieported error (@) of each other and differences

between the time points are thus likely minimab(/).

brine brine+FF
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27.5 MPa|130 °C
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Figure 5: Concentrations (ug/L) of total dissolMe&Es in Experiment 1 and Experiment 2
fluids sampled at discrete time intervals for ti&® Bour total duration of the reaction. Note the
scale on the y-axis. The panel on the left showgdction of the brine fluids. The panel on the
right shows the reaction of the brine/fracturingdi mixture.

The starting composition of the brine+FF fluidsErperiment 1 contained an average of
6.4 pug/L of total REEs (Fig. 5). By time point 24 hrs, the total dissolved REE content in the
Experiment 1 brine+FF fluids had decreased by rtiae half to 2.8 pg/L. For the remainder of

the reaction time, the total dissolved REE contentained relatively constant, varying no more
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than 3% from an average of 2.75 pg/L, except aR46 hrs which had a lower REE content of
2.2 pg/L. The starting composition of the brine+fids in Experiment 2, by comparison,
contained an average of 110 pg/L total REEs (BigABier the introduction of the shale samples
at time point t = 0 hrs, the total REE content dased to 49.5 - 53.9 pg/L in all of the brine+FF
fluids of Experiment 2. After the total reactiom@ of 170 hrs, the total REEs decreased further
to 21.0 - 37.6 pg/L, except for the acidified brf€ fluid at 25 MPa|50 °C, where the total REE
content increased to 58.9 pug/L att = 170 hrs (B)g.These changes in concentrations of the
dissolved REEs, however, are still three ordersnafjnitude less than the concentrations of

REEs reported in the solid shale samples.

In addition to the main trends identified in théatdREE contents of the reaction fluids,
we also evaluate the relative differences and obmnigetween the individual REEs by
normalizing the dissolved REE concentrations to BA{#ig. 6, 7). In Experiment 1 brine+FF
fluids, after the initial decrease in total REE centrations within the first 24 hrs, the total REE
concentrations remain relatively constant for temainder of the reaction and are reflected in
PAAS-normalized patterns that are indistinguishdi#éveen the various time points (Fig. 6).
These patterns are characterized by a depletitmeitight REEs (La, Ce, Pr, Nd) relative to the
starting composition and a linear enrichment inrthddle (Sm, Eu, Gd, Tb, Dy) and the heavy

(Ho, Er, Tm, Yb, Lu) REEs.
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Figure 6: PAAS-Normalized REE patterns of the b¥iRE fluids in Experiment 1. The starting
composition of the brine+FF fluids are shown ingder Time points at t = 0 hrs (open
diamonds), t = 170 hrs (open squares), and t =h@6Qopen crosses) are shown for comparison.
For the brine+FF fluids in Experiment 1, no chaimg®tal REE content from time pointt =0

hrs to the end of the reaction was discerniblethadhree selected time points plot together.

In Experiment 2 fluids, the REE patterns were éargimilar throughout the course of
the reaction in terms of the overall distributiomdashape of the pattern (Fig. 7). The starting
composition of the brine fluids had a relativelgtfREE pattern, but did exhibit a small peak in
the middle REEs centered on Gd. In the brine flati&xperiment 2, the dissolved REEs fell
below the detection limits at time points t = 0 hrgl t = 170 hrs and are thus omitted from Fig.
7. In the acidified brine solutions, where we obedr a slight increase in total REE
concentrations at t = 0 hrs (open diamonds) follbwg a slight decrease at t = 170hrs (open
squares), we observe from the PAAS-normalized pettthat these changes may be attributable
to slight increases in the middle and heavy REBRjqularly under the 25 MPa|50 °C conditions
(Fig. 7). As noted in the total REE concentratigofite, however, these changes are relatively
minor within the reported error range and the R&fgons are similar in magnitude and shape to
the starting fluid composition. The starting compos of the brine+FF fluids in Experiment 2 is

characterized by a strong peak in the middle REddeced on Eu (Fig. 7). At t = 0 hrs (open
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diamonds), the magnitude of the REE patterns dseteahile retaining a middle REE peak,
corresponding to the decreases observed in tHedistalved REE profiles. At t = 170 hrs (open
squares), the REE patterns decreased by a lesseingragain reflecting the slight decreases in
total dissolved REE concentrations, except foratidified brine+FF fluid under 25 MPa|50 °C
conditions, which increased in magnitude. Conststleroughout all of the time points for the

brine+FF fluids of experiment 2, however, was dgyatcharacterized by a middle REE peak.
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Figure 7: PAAS-Normalized patterns of the dissol®REEs in Experiment 2 fluids. The starting
fluid composition of the brine (top row) and brifg+ fluids (bottom row) are shown for
comparison. Results from time point t = 0 hrs aealed by open diamonds. Results from time
point t = 170 hrs are denoted by open squaresobest REEs in the un-acidified brine fluids at
t =0 hrsandt =170 hrs were below the limitetection and thus omitted.

4. DISCUSSION

The results of these high pressure, high temperaaperiments on the Whipkey Core
(Marcellus shale) demonstrate that the REEs werenobilized to any significant extent (> 1.8
pg/L) from the solid shale phase into the fluid gghduring simulated down-hole conditions that
approximate conditions of hydraulic fracturing cgtens. These results are independent of the

time of reaction, the initial pH of the solution; the composition of the fluid used in these
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particular experiments. Rather than a net mobdftyREEs from solid to fluid phase, the results

of Experiment 1 and 2 indicate a net loss of RE&sfthe fluid phase.

For these simulated hydraulic fracturing systeMsycon et al. (2017) documented
evidence for carbonate and pyrite dissolution tghothe proportional release of dissolved Sr,
Mn, Mg, Fe, SQ@, Ba, and Ca to the fluids in Experiment 1 (Fig4R,A similar expression of
these dissolved species in the fluids of Experinieg also observed although at much lower
concentrations that could reflect sample heterageeeand differences between the size
fractions of shale sample used. Sample heterogelnetiveen these autoclave systems could also
potentially account for the recorded increase oERk the one acidified brine+FF fluid at 25
MPal50 °C. Despite these potential heterogendit@®een shale samples, the occurrence of
carbonate dissolution is likely for both Experingedtand 2. Carbonates play an important role
as a potential sink of the REEs in marine sedimedsbonate formation at cold seep locations
in the marine environment has been shown to velfigiaitly scavenge the REEs from the
interstitial pore waters in the sediments (Bayomalet2007; Himmler et al., 2010; Rongemaille
et al., 2011; Zhong and Mucci, 1995). The subsefgdesolution of carbonates in black shale
formations when accessed by hydraulic fracturinglfi, thus, might be expected to release these
REEs into solution. The lack thereof of a signathe dissolved REE concentrations from this
carbonate dissolution suggests that: 1) there waskaof REEs in the carbonate phase of the
black shale samples used; or 2) there was a steangval process of dissolved REEs from the

fluid phase.

The shale samples under reaction with these fldselatively low in carbonate content
(2 - 4 wt%) and have furthermore been recently shtwhost the REEs dominantly in remnant

organic matter and siliciclastic materials rathert more accessible carbonate minerals (Yang et
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al., 2017). In the carbonate fraction of these lblsttale intervals isolated through a Na-acetate
extraction, the REEs have been measured in comtiems of 10 - 20 pg/g whole rock,
accounting for just 6.5 — 10% of the total wholeldREE content (Yang et al., 2017). Despite
this low percentage of REEs found in the carbofaigion, the dissolution of even a portion of
the total carbonate content would be expectedléase a measurable signal of dissolved REEs
to the fluid phase. For example, taking the Expent® results as a basis, if we assume that the
increases in dissolved Ca concentrations in thiel§l@are from the dissolution of carbonate
minerals, then over the course of the reactiorta iocrease of ~ 50 - 100 mg/L in dissolved Ca
is attributable to carbonate dissolution (Fig. 3, Bhese increases roughly correspond to the
dissolution of ~ 5 — 10 % of the total carbonate CaCQ) present in the shale samples, which is
measured at 2 - 4 wt% in the bulk shale materiah A10 % release of the REEs bound in the
carbonate fraction to the fluid phase would resuihcreases in dissolved REE concentrations of

~ 25 -100 pg/L, which is not observed in the cgpanding fluid data.

Another aspect to carbonate dissolution thatlessemt to REE chemistry is the formation
of dissolved REE-carbonate complexes in solutiomene the complexation of dissolved REEs
with dissolved carbonate (and other dissolved ggesiich as silica and organic ligands) retains
the REEs in solution (e.g., Akagi, 2013; Byrne &4ndl995; Cantrell and Byrne, 1987; Pourret
et al., 2007). The formation of these dissolved glexes are favored strongest for the heavy
REEs and less favored towards the light REEs, aay be observed in the fluid phase as a
relative enrichment of the heavy REEs to the li§BES relative to a reference standard such as
PAAS. We observe a heavy REE enriched patterndrEttperiment 1 brine+FF fluids that may
suggest that complexation plays a small role is #ystem, although the total magnitude of

dissolved REE concentrations is small relativehi ¢éxpected release of REEs from carbonate
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dissolution as discussed above (Fig. 6). In theeErpent 2 fluids, no such heavy REE enriched
patterns are observed, with the dissolved REE curat@ns being quantitatively removed
instead (Fig. 7). Despite evidence for carbonatesdalution and alteration, the lack of a
corresponding increase in the dissolved REE core@mis suggests that other processes are

exerting a stronger influence on the REEs in tlsasellated systems.

In Experiments 1 and 2, the minimal expressiomn, even net loss, of the REEs in the
fluids suggests that rather than mobilization & REEs from these Marcellus Shale samples
there is a strong removal term that is likely eitlserface adsorption or incorporation into
precipitating mineral phases. In dissolved seawdtar example, the REEs show a strong
propensity for surface adsorption onto marine pi@gsi where adsorption constants are greatest
for the light REEs and decrease towards the he&BsRAlibo and Nozaki, 1999; Byrne and Li,
1995; Koeppenkastrop and De Carlo, 1992; Sholkati&d., 1994). By contrast, in ground water
studies, the solution complexation of the REEs he=n shown to exert a greater influence on
the REE system than surface adsorption (Johannessdn 1997a, 1997b; Worrall and Pearson,
2001). The complexation and adsorption behavidhefREES is strongly dependent on the pH
and alkalinity of the fluids (e.g., Bau et al., 89Byrne and Li, 1995; Sholkovitz, 1995). In
acidic waters (pH < 3.5), the dissolved REEs aesgmt dominantly as free metal species’{Ln
where Ln is any of the REES) (e.g., Johannessaal. etl996a). In higher pH waters, REE-
carbonate complexes are the dominant species uti@ol(e.g., Cantrell and Byrne, 1987;
Johannesson et al., 1996b). Simultaneously, howevign increasing pH, adsorption of the
REEs onto particle surfaces increases (e.g., Stit#kd 995). In our Experiment 1 and 2 fluids,
the dissolution of carbonate likely buffered theidk to higher pH levels over the course of the

reaction as well as provided dissolved carbonageisp for complexation. Despite this increased
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availability of dissolved carbonate species to poédly complex the REEs in solution, the
corresponding increase in pH likely favored theoapison of the REEs onto the shale particle
surfaces. The adsorption of REEs onto particleases would be consistent with the net loss of
REEs observed in the Experiment 1 and 2 fluideréstingly, the acidified brines of Experiment
2 were the only fluids where a net decrease indiksolved REEs was not observed (Fig. 7).
Although these fluids were initially adjusted topdl below 2, this pH was not maintained
throughout the duration of the experiment and ewdefor carbonate dissolution likely indicate
that pH levels increased, although pH was not moomit. In Experiment 1, however, Marcon et
al. (2017) found that the more acidic brine+FFdturecorded an increase in pH to values of ~
5.5, which was slightly lower than the pH incre&se- 6 for the brine fluids. We suggest that a
similar process may have occurred in the acidibades of Experiment 2 and that this slightly

lower pH value may have been sufficient to mainthese low dissolved REE levels.

Another possibility to the fate of dissolved REEghese systems is their incorporation
into secondary clay minerals such as nontronitéyduite, or barite minerals that precipitate
from the fluids. From Experiment 1 fluids, Marcaraé (2017) found evidence for the formation
of these mineral phases in modelled saturatiorcewdin the fluid, as well as direct observations
of anhydrite formation in the recovered solid sasplThe formation of such phases likely
entraps the REEs from solution since the precipitadf mineral phases is well-known to very
efficiently scavenge and sequester the REEs framptire waters of marine sediments (e.g.,
Bright et al., 2009; Feng et al., 2009; Himmleakt 2010; Rongemaille et al., 2011). Similarly,
for hydraulic fracturing fluids, the precipitatiar alteration of mineral phases provides a likely
mechanism for REE removal from solution. For ourtipalar experiments, the capacity of

precipitating phases to sequester the REEs wadimatly quantified owing to the challenges in
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measuring small quantities of REEs within precigitphases that are themselves present only in

small amounts (Marcon et al., 2017).

The limited expression of the REEs to the fluichgd during water-rock interactions in
hydraulic fracturing holds potential implicatiorns their applicability as geochemical tracers of
hydraulic fracturing processes and is consisteth wiher systems such as Sr isotopes that are
being used to characterize and trace produced svatethe Marcellus Shale (Capo et al., 2014;
Chapman et al., 2012; Kolesar Kohl et al., 2014)ese Sr isotopes within produced waters
revealed that the signal of Sr from geochemicattieas between the shale formation and
hydraulic fracturing fluid was minor compared te tinfluence of naturally occurring formation
fluids mixing with fracturing fluids (Capo et a014; Chapman et al., 2012; Kolesar Kohl et al.,
2014). Similarly, the REEs may exhibit a similathbeior, where the water-rock interactions
between the shale formation and the hydraulic drang fluid may only play a minor role in the
cycling of these trace element systems, affectungability to apply the REEs as a geochemical

tracer of hydraulic fracturing operations.

This conclusion on REE mobility in hydraulicallyaitured systems, however, must be
applied with caution, as considerable variabilikyses within black shale systems targeted for
hydraulic fracturing and within the fracturing ftls themselves. Certainly within the conditions
imposed on Experiments 1 and 2, REE mobility frowa Marcellus shale into solution is limited,
thus implying the inappropriateness of using theEREas geochemical tracers and the
improbability of the REEs being a byproduct of hadlic fracturing. The black shale samples
from the Marcellus Shale, though, did not contanagppreciable amount of REEs within an
accessible carbonate or authigenic phase to bedm amd furthermore contained only an

average amount (~ 185 pg/g) of REEs within the edrotk sample. Comparatively, black shale
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sequences with authigenic phosphorus accumulatansbe enriched in the REEs up to ~ 700
pa/g in the whole-rock composition (Chen and Shar2@d6; Yang et al., 2017; Zhang et al.,

2016). REE concentrations within sedimentary phospis deposits additionally may range up
to 5,000 pg/g (e.g., Emsbo et al., 2015). Gives tlynamic variability in REE content amongst
black shale units, black shales with a higher RBRtent, and/or a higher percentage of REEs
within carbonate facies, may be more susceptibleebease REEs under hydraulic fracturing
conditions (Fig. 1). The composition of the hydraudtacturing fluid is also subject to wide

variations on a case to case basis, and whileythhetic fluid used in this study was based on
average reported compositions, specific compostiased can vary significantly based on the
operator and target formation (e.g., Kekacs et28115). Additional research to evaluate REE
mobility in other hydraulically fractured systensswarranted to better understand the utility of

REEs as tracers for subsurface fluid-rock reactions

5. CONCLUSION

The mobility of REEs from the Whipkey Core (MataslFormation) black shale into the
reacting fluids was negligible and is consistenbss the various reaction parameters (e.g. pH,
pressure, and temperature). The lack of an obslkervatease of the dissolved REEs from the
shale into the fluid is also consistent with recdata showing that REEs are not hosted in
appreciable quantities within accessible carbopéteses of the Marcellus Shale. While there
was no appreciable release of REEs into the regfitiids, we did document a net removal term
of the REEs that is likely attributable to surfaasorption or incorporation into precipitating
mineral phases, although direct quantification led REE in such mineral phases remains an
analytical challenge. Considerable variation exigithin hydraulic fracturing plays and the lack

of a REE signal from simulated hydraulic fracturimgnditions in this study should be
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considered as a single data point in constrainimida range of hydraulically fractured systems.
The Marcellus Shale is relatively average in thaltREE content and hosts the majority of the
REEs within inaccessible, refractory phases; otdes-bearing shales with a greater influence
from carbonate and reactive phases may prove ptagig more active REE cycle. Further work
and/or different approaches should be consideredgards to REE mobility from black shales,
their subsequent use as geochemical tracers of/veate interactions in these systems, and the

potential recoverability of the REESs for economéing
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8. APPENDIX A

Appendix A contains the schematic for the rockingpalave system from Coretest Systems, Inc.
(Fig. Al) and the recipes for the synthetic brireated by Marcon et al. (2017) in Experiment 1,
as well as our NaCl brine created for Experimeint Pable A1. Table A2 contains the
generalized composition of the synthetic fractuflngl created and provided by Paula Mouser
at The Ohio State University used for both Expenitrieand 2. The table itself is reproduced
from Kekacs et al. (2015) and Marcon et al. (2017).

gold reaction reaction fluid

cell
shale chips/powder

confining
fluid

Figure Al: (A.) R-1-001 Dual-Furnace Rocking Autnat (RAC) setup from Coretest Systems,
Inc. in the HIPIR Transport laboratory at NETL Aftya The vessels are constantly rotated from
the vertical to the horizontal positions to keep teaction vessels well-mixed. (B.) A schematic
of the setup of the reaction vessel showing theti@afluid and shale chips/powder sealed in the
gold reaction cell which is itself set in the mbiody filled with water. A titanium sampling tube
accessing the gold reaction cell permits the flaadise drawn off and sampled while the system
is still under high pressure and temperature.
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Table Al: Composition of synthetic brines used xp&iments 1 and 2

mass added tp
1 L solution

g
Experiment 1*
CaCb 3
MgCl, 0.1
NaSO, 0.001
NaCO; 1
KCI 0.2
NacCl 44
Si (1000 mg/L sol'n) 0.17
Fe (200 mg/L sol'n) 0.001
Experiment 2
NacCl 44.5

*from Marcon et al. (2017)



Table Al: Generalized composition of synthetic fuaiag fluid

General Composition of Synthetic Fracturing Fluid®

Chemical Additive

Disclosed Ingredients

[mass (g) or volume
(mL)J/L fluid

Carrier/base fluid

Proppant
Acid
Fe control

Corrosion inhibitor
AlI600%

Friction reducer
WFR-61LA?

Surfactant Revert
flow?

Clay stabilizer CC-
12¢°

Gelling agent WGA
1512

Biocide EC6110A

Cross linker
Boric acid
Ethanolamine
Breaker

pH adjustor

Source water (collected from Atwood Lake in Sendkav
OH)

Sand (100 mesh sand produced by Unimin)
HCI (15% by mass)
Citric acid

Ethylene glycol, dimethyl formamide, decanol, ismganol,
octanol, 2-butoxyethanol, ethoxylated nonylphenols,
cinnamaldehyde, tar bases, quinoline derivativeszil
chloride (quaternized), triethyl phosphate

Petroleum distillate, sodium chloride, alcohol etylated C12-
16, quaternary ammonium chloride

Alcohol ethoxylated, isoporopanol, citrusturperasphol
ethoxylated (C6 - C12), DB-964 (polyoxyethylene-
polyoxypropylene block polymer)

Proprietary non-hazardous salt

Petroleum distillate

Glutaraldehyde, quaternary ammonium compoundnetha

Ethylene glycol
0.004¢g
0.002 ml
Ammonium persulfate
KCO,
KOH

*Weatherford Fracturing Technologies

Nalco Company

‘reproduced from Kekacs et al. (2015) and Marcaal.€2017)

896 ml

g 99
35¢g
0.014 g

0.007 mi

0.12 ml

0.47 ml

0.44 ml

0.52 ml

0.05 ml

0.008 g

0.005 g
0.018 g
0.007 g
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Highlights

» Simulated fracturing experiments with Marcellus shale show no major release of REEs
» REEsarelikely not suitable as tracers for fracturing fluid/shale interaction
* REEsarelikely not maor byproducts of hydraulically fractured shales



