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Abstract

8sr/*sr AS A POTENTIAL FINGERPRINT FOR DETERMINING THE PROVENANCE
OF TOTAL DISSOLVED SOLIDS ASSOCIATED WITH HYDRAULIC

FRACTURING ACTIVITIES IN THE BARNETT SHALE, TEXAS

Richard Goldberg, M.S.

The University of Texas at Arlington, 2016

Supervising Professor: Elizabeth M. Griffith

Over the last decade there has been a dramatic increase in unconventional
drilling that utilizes hydraulic fracturing to extract oil and gas. The Barnett Shale in north
central Texas has been a significant contributor to this increase in unconventional
production. Potential environmental contamination from hydraulic fracturing and
associated activities is a topic of current debate. One concern is the management of
produced/flowback water (PFW), which contains high amounts of total dissolved solids
(TDS) acquired from interaction with the reservoir formation and its constituents.
Development and testing of geochemical methods to determine if a particular
contaminant is the result of PFW or natural sources would be valuable to industry.
8S1/*°Sr analysis has been shown to be a promising method for determining the
provenance of TDS due to the wide variation seen naturally in ¥ Sr/*®Sr on both large and
small spatial scales, low temporal variability over the life of a well, and the lack of
changes in 8sr/%0sr during evaporation. Samples acquired from different sources, such
as groundwater and PFW can contain unique ®'Sr/**Sr values. The mixing of these two

end-members will produce a curve that can verify the amount and source of a



contaminant. The results of the study produced a mixing curve with end members
composed of a contaminant (PFW), containing relatively high Sr concentrations and
85r/%°sr, and an “uncontaminated” sample (aquifer), containing relatively low
concentrations of Sr and ®’Sr/*°Sr. The curve shows that when as little as 1% of this
mixture is flowback, the “uncontaminated” sample experiences a measureable change in
8S1/*°sr. To determine which phase within the reservoir rock imparts its 2’ Sr/*°Sr to the
PFW, sequential extractions using water, ammonium acetate, acetic acid, and
hydrochloric acid (HCI) were performed on powdered core samples sourced from the
Barnett Shale. Sodium was preferentially extracted with water, representing soluble salts.
Barium and potassium were found primarily in exchangeable sites (ammonium acetate).
Calcium and strontium were found primarily in both exchangeable sites and carbonate,
and magnesium was primarily in the carbonate and HCI soluble leaches. Measurements
of #’Sr/%°Sr performed on these leachates indicate that the different phases within the
shale contain distinct ¥ Sr/*°Sr values. It was expected that the water leachate would
provide a similar ratio of 87Sr/%°Sr to flowback based on the assumption that it is a
reasonable approximation of hydraulic fracturing fluid interacting with shale or its
formation fluids. Analysis of the results indicates this might not be the case. However, the
study was hindered by a limited sample set with one critical variable being unknown:
whether or not the core samples and flowback sample are sourced from the same
location. This is imperative to fully compare and contrast the samples. For example,
flowback samples sourced from hydraulic fracturing activities in the Marcellus Shale,
Pennsylvania has been shown to vary widely by collection site (Chapman et al., 2012;
Capo et al., 2013). Therefore, further work should be done using this sequential
extraction technique with samples (shale cuttings and flowback) sourced from the same

well location.



Table of Contents

Yt [0 1Y =T o =T 4 =T o £ S iii
Y 011 1= T T TP TP PP PPPPPPP iv
LiSt OF HIUSTIALIONS. .....eeeieiiiieee ettt ettt e e et e e et e e e e s nabe e eeeaas viii
LISt OF TADIES. ..t e et e et e e e e X
Chapter 1 INtrOdUCHION.........ociiieieie e e s r e e e e e e s s s s e e e e e e eeeeeeenanns 1
1.1 PUrpoSe Of RESEAICK......ccccii i e 1

1.2 Hydraulic FraCturing..........ueeeeesiiiiiiieiieie e e ee e es s sriieee e e e e e e e s e saennnnnneeeeaeee s 1

1.3 Hydraulic Fracturing Within the Barnett Shale..............ccccccceiiiiiiie 3

1.4 Environmental Concerns Regarding Hydraulic Fracturing...........ccccccceeeeenn. 8

1.5 RadiogeniC SIrONTIUM ...ttt e e e e e e e e 12

1.6 Prior Research - ¥'Sr/*°Sr as a Geochemical Tracer.............cocceveevceevecnnn. 14

1.7 MIXING CUMVE.ceeeiiieie ettt e e e e e e e e e e e e e e s e st reeeeaeeeseeannnnnnennes 16

1.8 HYPOLNESIS. ...ttt e ettt e e e e e e e e e e s nnnreees 18
Chapter 2 STUAY SIEE... ...ttt e e e e e e s e bab b e e e eeaaeaeasaeaanns 20
2.1 SHratigrapRy ..o e e e 20

2.2 Geochemical BaCKgroUNd............cceeiiiiiiiiiiiieiiere e e e e s st e r e e e e e e eennnenees 25

(O gT= 01 (= g BN 1Y/ 1= 1 [0 o £ PP 28
3.1 SamMPIE COllECHON. ....cieeieiie it 28

3.2 PrOCEAUIES. ....ceiiiiiie ittt e s e e e e 30
Chapter 4 RESUILS. ... ..ottt e e e e e e st e e e e e e e e e e e s anbne e naeeas 39
4.1 Sequential EXIraCtONS. ..........uuiiiiaiieaa ittt e e e e 39

4.2 AQUITET SAMPIES.....eeiiiiiiiiiiee e 45

4.3 FIOWDACK SAMPIE.....coiiiiiiiiiiiiie e 46

Vi



Chapter 5 DISCUSSION. .....uuuiiiiiiiie et e e e is e et r e e e e e e e s s s s e e e e e e e e s e e s s tnaaeeaeeeeeeeeeaanannnns 48

5.1 Carbonate Mineralogy in the Barnett Shale............ccccccceveeiiiiiiciiiiieeneenn, 48
5.2 Comparison of Barnett Shale Leachates to Flowback.................cccccccoo.. 52
5.3 Comparison of Aquifer Samples to Flowback..........cccccccooiiiiiiiiiiiiinnnnnnnn. 56
Chapter 6 CONCIUSIONS......eeiiiiiiii ettt e e e e e e s bbb e e e e e e e e e e e e e e annnnnnes 60
Appendix A Extraction Chromatography Procedure...........ccccccvveeeeiiiiiiiiiiiiieneeee e 63
Appendix B Sequential EXtraction ProCeaUIe............ccovveiivieeiieiee e e eccsiienieen e e e e e e e 64
RETEIEINCES. ...ttt e e sttt e e ekttt e e e s bbb e e e e e nbbeeeeaean 65
Biographical INfOrmMation..........ooi i e 73

Vii



List of Illustrations

Figure 1-1 Map of hydrocarbon wells in the Barnett Shale as of 2011......................... 4
Figure 1-2 Decline in price of WTI from 2006-2016...........cc.euueiiiieiaaieiiiiiiiiiieeeeeae e 5
Figure 1-3 Oil and gas production in the Barnett Shale between 2006-2015............... 6
Figure 1-4 Rig counts in the Barnett Shale from 2011-2015..........ccoocciieeiiiiieeennninnn. 7
Figure 1-5 Drilling permits issued in the Barnett Shale from 2006-2015...................... 7

Figure 1-6 Cartoon of a typical well bore showing potential routes for a fluid leak......9

Figure 1-7 Different types of casing/cement failure in a wellbore............cccccccveeennn. 10

Figure 1-8 Breakdown of 1144 notices of violation issued by PDEP............ccc.cccceeee. 10
Figure 1-9 Cartoon of Strontium CYCIE..........oueiii i 14
Figure 1-10 87sr/%sr values of flowback samples within the Marcellus Shale............. 15

Figure 1-11 ®”Sr/*°Sr values of Marcellus flowback samples by county........................ 16
Figure 1-12 Evaporation-mixing model between flowback and surface waters............ 18
Figure 2-1 Generalized stratigraphic column of the study area.............cccccoevviveennnnne. 21
i:igure 2-2 Generalized change in stratigraphy within the DFW Metroplex.................. 22
Figure 2-3 Isopach maps of Barnett Shale and Forestburg Limestone........................ 22
Figure 2-4 Map of the study area showing Barnett Shale and local aquifers............... 24
Figure 3-1 Powdered Barnett Shale core samples used in study................ccovvvvvvivnnnns 30
Figure 3-2 Picture of 125 pL Teflon column used in study............coovvvviviiiiiiiiiiiiieennn, 35
Figure 3-3 Results of extraction chromatography, 2/25/15...........ccccccciiiiiieniiiiieennnns 36
Figure 4-1 Fractions of elements leached by each sequential extraction..................... 43
Figure 5-1 Comparison of molar (Fe+Mg)/(Fe+Mg+Ca) of leached samples............... 49
Figure 5-2 Mineralogy of Forestburg Limestone and lower Barnett Shale.................... 51
Figure 5-3 Comparison of molar fractions by leachate for core samples...................... 54

Figure 5-4 ¥'Sr/*°Sr of the Barnet Shale leachates compared to flowback sample.......56

viii



Figure 5-5 Mixing line between the measured aquifer and flowback end members.....59



List of Tables

Table 1-1 Partial list of additives to proppants used in fracturing fluid............cccccceveenenns 2
Table 2-1 TDS and metal concentrations in wells surrounding the Barnett Shale........... 27
Table 3-1 List of private well samples used in Study...........cccoiiiiiiiiiiiiiiee 29
Table 3-2 List of standards used for analysis on ICP-OES............ccoooiiiiiiiiiiiieeiens 32
Table 3-3 Amount of elemental standards used to create high standard........................ 33
Table 3-4 Amount of elemental standards used to create medium standard................... 33
Table 3-5 Amount of elemental standards used to create low standard.................cccc..... 33
Table 3-6 Wavelengths used for analysis on ICP-OES............ccccocoiiiiiiiiiiiiiiiieeee e 34
Table 3-7 Leachates analyzed and analysis of SRM 987 for run 1 on MC-ICPMS.......... 37
Table 3-8 Leachates analyzed and analysis of SRM 987 for run 2 on MC-ICPMS.......... 38
Table 4-1 Element concentrations in leachates of Barnett Shale core cuttings................ 40
Table 4-2 Calculated total carbonate wt % from acetic acid leach by sample............... 43
Table 4-3 ¥'Sr/**Sr of Barnett Shale core samples by sequential extraction................ 44

Table 4-4 Elemental concentrations and 2’Sr/**Sr of the aquifer (well) samples.............. a7
Table 4-5 Elemental concentrations and ®'Sr/*®Sr of the flowback sample.......ccoceinnnee 47
Table 5-1 Molar (Mg+Fe)/(Mg+Fe+Ca) of Ac and HCl leach................ccoceviiviiiinnnn, 50



Chapter 1
Introduction
1.1 Purpose of Research
The purpose of this thesis project is to determine the viability of utilizing

radiogenic strontium (87Sr/868r) to identify the provenance of total dissolved solids (TDS)
associated with hydraulic fracturing activities, within the region overlying the Barnett
Shale. Beginning in 2002, the Barnett Shale saw a dramatic increase in unconventional
gas and oil production utilizing hydraulic fracturing. Many of these wells are in close
proximity (<5 km) to private and agricultural sources of groundwater. Previous studies
have suggested contamination of natural waters due to unconventional drilling operations
(Osborn et al., 2011; Chapman et al., 2012; Fontenot et al., 2013; Vidic et al., 2013;
Darrah et al., 2014; Rostron and Arkadakskiy, 2014; Vengosh et al., 2014; Warner et al.,
2014; Brantley, 2015; Hildenbrand et al., 2015). In this study, ®’Sr/**Sr will be measured
from samples of groundwater (private wells), flowback water from hydraulic fracturing
activities, and sequential extractions from Barnett Shale core samples to determine how
8Sr/%°Sr varies among these different fluids. If they differ significantly, then it would be
possible to constrain these values to their particular source like a fingerprint, giving the
ability to identify a dissolved contaminant’s origin. This method could then be utilized to
potentially attribute or dismiss a claim that hydraulic fracturing activities were the cause of

a contamination event.

1.2 Hydraulic Fracturing
Unconventional oil and gas is extracted from impermeable strata, which contain
hydrocarbons trapped in their pore spaces. In order to free the hydrocarbons, hydraulic

fracturing is utilized to break up the rock, increasing permeability. Hydraulic fracturing



includes the use of fracturing fluids composed of water and a proppant (typically sand) to

invade the fractured cracks in order to maintain this newly created permeability. In

addition, an assortment of chemicals is added to the fracturing fluid for a variety of

purposes (Table 1-1).

Table 1-1. Partial list of additives to proppants used in hydraulic fracturing and

Additive type

their purpose

Example compounds

Purpose

Acid

Friction reducer

Corrosion
inhibitor

Iron control

Biocide

Gelling agent

Crosslinker

Breaker

Oxygen scavenger

pH adjustment

Proppant
Scale inhibitor

Surfactant

Hydrochloric acid

Polyacrylamide,
petroleum distillate
Isopropanol, acetaldehyde

Citric acid, thioglycolic acid

Glutaraldehyde, 2,2-dibromo-
3-nitrilopropionamide (DBNPA)
Guarfxantham gum or
hydroxyethyl cellulose
Borate salts

Ammonium persulfate,
magnesium peroxide
Ammonium bisulfite

Potassium or sodium
hydroxide or carbonate
Silica quartz sand
Ethylene glycol

Ethanol, isopropyl alcohol,
2-butoxyethanol

Clean out the wellbore, dissolve
minerals, and initiate cracks in rock
Minimize friction between the
fluid and the pipe
Prevent corrosion of pipe by
diluted acid
Prevent precipitation
of metal oxides
Bacterial control

Thicken water to
suspend the sand
Maximize fluid viscosity
at high temperatures
Promote breakdown
of gel polymers
Remove oxygen from
fluid to reduce pipe corrosion
Maintain effectiveness of
other compounds (such as crosslinker)
Keep fractures open
Reduce deposition
on pipes
Decrease surface tension
to allow water recovery

(From Vidic et al., 2013).

A large percentage of this fracturing fluid remains within the formation (typically

60%-80%), while a portion returns to the surface, called flowback ("Difference between

flowback and produced water", 2011). This flowback water is a combination of the original

fracking fluid and any TDS that it has acquired from its interaction with the formation

directly or formation fluids. Flowback can last up to 3 to 4 weeks, with the majority

returning in the first 7 to 10 days after injection of the fracking fluid. Any water that is



returned to the surface from the well after the flowback period is called produced water.
Produced water is naturally occurring water found in situ within the formation, which
contains high amounts of TDS and will continue to return to the surface over the life of

the well ("Difference between flowback and produced water”, 2011).

1.3 Hydraulic Fracturing Within the Barnett Shale

Advances in technology, with an accompanying increase in the price of oil, led to
a boom in the exploration and drilling of unconventional reservoirs. In the United States
between 1990 and 2011 the contribution of unconventional gas to total gas production
went from negligible levels to 30% (Vidic et al., 2013). The U.S. Dept. of Agriculture has
projected that by 2035 approximately 50% of total gas production in the U.S. will come
from unconventional reservoirs (Vengosh et al., 2013). The Barnett Shale located around
Ft. Worth, Texas is drilled extensively for natural gas with far more unconventional wells

then conventional (Fig. 1-1).
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Figure 1-1. Map of hydrocarbon wells in the Barnett Shale as of 2011 showing
red/purple sites (unconventional wells) far exceeding orange/green sites (conventional

gas wells) ("Unconventional/conventional wells," 2011).

Beginning in 2014, the global price of oil began to decline and is currently lower

than it has been in over a decade (Fig. 1-2). As a result, BBL (barrels of oil) and MCF

(1000 cubic feet of gas) (Fig. 1-3), rig counts (Fig. 1-4), and applications for new drilling

permits (Fig. 1-5) within the Barnett Shale declined concurrently with this drop in the price

of hydrocarbons.



CLHO6 - Crude Oil WTI (NYMEX)
WCL*1:3064 O vol: 1116978 r160.00

r 14000

r120.00

r100.00

r&0.00

re0.00

2000000 [40.00

1000000

o | | | 20,00
2006 2008 2010 2012 2014 2018

Figure 1-2. Decline in price of West Texas Intermediate (WTI) crude from 2006-
2016. (“Price of oil,” 2016).
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thousands of MCF) between 2006-2015 from the Barnett Shale. Hydrocarbon production
hit a peak in 2011 and has declined since. Data from TXRRC (2016).
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1.4 Environmental Concerns Regarding Hydraulic Fracturing

As with any resource extraction activity it is important to understand potential
impacts to the surrounding environment. Previous studies have suggested contamination
of natural waters due to unconventional drilling operations (Osborn et al., 2011; Chapman
et al., 2012; Fontenot et al., 2013; Vidic et al., 2013; Darrah et al., 2014; Rostron and
Arkadakskiy, 2014; Vengosh et al., 2014; Warner et al., 2014; Brantley, 2015;
Hildenbrand et al., 2015). The greatest concerns regarding potential contamination from
fracking activities are a result of casing leakage, well blowouts, and spills (Vidic et al.,
2013). Casing failures occur as a result of the deterioration of the cement or steel casing
surrounding the wellbore (Figs. 1-6 and 1-7) and other poor well completion practices
(Davies et al., 2014). The Pennsylvania Department of Environmental Protection found
construction violations in 219 out of 6466 hydrocarbon wells between 2008-2013, and
discovered the casings are the primary culprits of wellbore failure when contamination
from drilling activities has been confirmed (Vidic et al., 2013). Between 2011-2012,
2.58% of 3533 wells (1144 notices of violation) (Fig. 1-8) in Pennsylvania were identified

as having some sort of casing or cement failure (Davies et al., 2014).



casing

Figure 1-6. Cartoon of a typical well bore showing potential routes for a fluid leak.
1 - between cement and surrounding rock formation, 2 - between casing and surrounding
cement, 3 - between cement plug and casing (if plugged), 4 - through cement plug (if
plugged), 5 - through the cement between casing and rock formation, 6 - across the
cement outside the casing and then between the cement and casing, 7 - along a sheared
wellbore ([After Celia et al., 2015]; Davies et al., 2014).



Figure 1-7. Different types of casing/cement failure in a wellbore. a) corrosion of
tubing ([After Torbergsen et al., 2012]; Davies et al., 2014).), b) cracks in cement ([After
Crook et al., 2003]; Davies et al., 2014). , c) corrosion of casing ([After Xu et al., 2006];
Davies et al., 2014).

major land spills
(4.0%) blowouts and venting
gas migration (0.9%)

(0.5%) cement and casing
(8.7%)

Figure 1-8. Breakdown of 1144 notices of violation issued by the Pennsylvania
Department of Environmental Protection Text in red indicates instances of well barrier or
integrity failure ([After Considine et al., 2013]; Davies et al., 2014).
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Between 2005-2013 there were 24 incidents of influent/returned water spills or
leaks with the largest of these incidents taking place in 2013, which involved the spillage
of 200,000 gallons of fracking fluid within Washington township, Pennsylvania (Brantley
et al., 2014; Brantley, 2015). Forty million people nationwide receive their drinking water
from private wells (Vidic et al., 2013), some of which are in close proximity to hydraulic
fracturing operations (Fontenot et al., 2013) making spills or leaks particularly concerning
for ground and surface water quality. An examination of 60 private drinking wells across
Pennsylvania and New York determined that average methane levels within 1 km of
active gas extraction sites were elevated (17 times higher on average) as compared to
wells in non-active areas, raising the question of whether these elevated levels are
connected directly to drilling activities or are naturally occurring (Osborn et al., 2011).
Drinking water from private wells located within 5 km of active drilling operations in the
Barnett Shale revealed elevated mean levels of As (0.0126 ug/L) and TDS (585 mg/L)
exceeding the EPA's Drinking Water Maximum Contaminant Levels of As (0.0100 mg/L)
and TDS (500 mg/L) compared with lowered levels further away from drilling operations
(Fontenot et al., 2013). Mean dissolved strontium concentration of these wells within 5
km of active drilling was 2.32 mg/L with a maximum value of 18.20 mg/L (Fontenot et al.,
2013). The elevated levels were postulated to be a result of ground perturbations caused
by drilling activities, which liberated scaling into the groundwater that had built up within
the wells ([After Groat and Grimshaw, 2012]; Fontenot et al., 2013). The EPA does not
currently have a limit for Sr concentrations in drinking water, though they have a health
reference limit listed as 4.20 mg/L (Alfredo et al., 2014).

The combination of chemical changes to drinking wells found in proximity to
hydraulic fracturing sites, cases of spills or leaks of contaminated fluids into surface water

and instances of casing failure at well sites confirm that drilling activities do have the
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potential to influence the local environment. Tools and techniques need to be available to
determine the source of a potential contamination event. Elevated concentrations of a
particular element in a private well do not provide a unique fingerprint for provenance
identification of a contaminant. Analyzing radiogenic Sr isotope ratios as a fingerprint to
determine the provenance of dissolved solids is a very promising method that is targeted

in this research (e.g., Chapman et al., 2012; Peterman et al., 2012; Capo et al., 2013).

1.5 Radiogenic Strontium

The element strontium (Sr) is atomic number 38 on the periodic table and has
four naturally occurring stable isotopes: 83y, Bsr, ¥sr, and ®sr. ¥'sris radiogenic and is
created through the emission of a negative beta () particle during radioactive decay of
8"Rb which has a half life of 48.8 billion years (Faure and Mensing, 2005). As a result, the
ratio of radiogenic ®'Sr to stable ®Sr increases very slowly over time.

“Fingerprinting” fluids refers to the complementary geochemical techniques used
to differentiate ambient water (or gas) from a contaminated or migrated formation water
or gas (Rostron and Arkadakskiy, 2014). Radiogenic strontium is a strong candidate for
“fingerprinting” or determining provenance of a contaminant due to a variety of factors
including: a wide range of variation on both large and small scales, low temporal
variability, and high abundance (Bataille et al., 2012). Additionally, unlike oxygen and
hydrogen stable isotopic compositions, 8Sr/%°sr will not change due to evaporation as Sr
concentrations increase (Peterman et al., 2012).

The ¥’Sr/**Sr of marine deposits (such as the Barnett Shale) are influenced by a
variety of factors including the 8 Sr/®°Sr of any parent rock deposited as sediments into
the marine environment and the influence of the strontium cycle on the ' Sr/*°Sr of

seawater at the time of deposition (Fig. 1-9). ®’Rb/*’Sr will vary between parent rock

12



inputs due to geochemical processes that fractionate ®’Rb/%’Sr and ages of the strata.
The fractionation occurs due to the two elements having an affinity for different minerals
(Bataille et al., 2012). Sr will substitute readily for calcium (Ca) and rubidium (Rb) will
substitute for potassium (K). These dissimilar affinities cause Sr and Rb to vary widely at
both large scales (i.e., between the crust and mantle) and small scales (i.e., between
rocks and minerals). As ®’Rb decays to ®’Sr within the strata, the varying abundances of
8"Rb and age of deposition cause formations to acquire a unique ' Sr/*®Sr signature.
The strontium cycle (Fig 1-9) describes fluxes into the ocean from primary
processes such as chemical weathering of continental rock (~0.712) and the addition of
new oceanic crust at mid ocean ridges (~0.703). Secondary processes include carbonate
flux between seawater/sediments, sea floor weathering, and diagenesis (Godderis and
Francois, 1995). The present day 2'Sr/*°Sr of seawater is ~0.709, thus during times of
heavy continental erosion the ratio of 8 Sr/*°Sr of seawater will increase, whereas during
times of increased seawater spreading where production of new oceanic crust is being
produced the 8Sr/%°Sr of seawater will decrease. The Barnett Shale was deposited
during Mississippian time and thus should reflect the 8sr/%sr of Mississippian seawater
(~0.7078-0.7081) (Denison et al., 1998). Over time, secondary processes such as
diagenesis caused by the introduction of externally derived fluids into the Barnett have

played a role in altering its 'Sr/®°Sr (Pollastro et al., 2007).

13
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Figure 1-9. Cartoon of present day strontium cycle showing flux of ®’Sr/**Sr into
ocean from various inputs today. MOR= mid ocean ridge. (Modified from Godderis and
Francois, 1995).

1.6 Prior Research - ®’Sr/**Sr as a Geochemical Tracer

The Marcellus Formation in Pennsylvania has been drilled extensively for
unconventional hydrocarbons. Capo et al. (2013) and Chapman et al. (2012) studied
flowback and produced waters from drill sites within the Marcellus Shale gas play across
multiple counties in Pennsylvania. Their combined analyses included flowback and
produced waters from the commencement of drilling and up to two years after
commencement. The results (Fig. 1-10) showed that the samples contained unique
ranges of ®’Sr/®*Sr values particular to their source. This regional variance creates a
constraint from which the original source of potential contaminants in a sample can be
determined. Another result of the studies showed that the flowback and produced
samples from the various well sites display the same overall trend (curvature) over time

of both Sr concentration (mg/L) and the ratio of ®’Sr/*°Sr (Fig. 1-11). The total Sr
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concentration in the samples increased over the entire first year of the study indicating a
progressive incorporation of formation salts into the fracturing fluid and the resultant
PFW. The ratio of ¥’Sr/**Sr increased over the first few days of drilling, quickly reaching a
steady state value (Capo et al., 2013). The results of the studies validated the use of
radiogenic Sr to constrain the source of constituents in a fluid. More research needs to be
done to see if the same approach in the Marcellus Shale gas play can be applied to other
regions of the globe.
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Figure 1-10. *’Sr/**Sr values of flowback samples within the Marcellus Shale gas
play by county and formation (from Chapman et al., 2012).
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Figure 1-11. Results from Marcellus flowback samples by county showing an

increase of Sr concentration and 2’Sr/*°Sr over time (from Capo et al., 2013).
1.7 Mixing Curve

Within the Bakken Formation in North Dakota, Peterman et al. (2012) studied Sr
isotopes to determine if they could be used to detect small amounts of oil field brine in
groundwater samples collected from wells and wetlands. A mixing curve was produced
from their results (Fig. 1-12) demonstrating that predictable relationships can be used to
detect whether even very small amounts of oil field brine have mixed with surface waters.
An uncontaminated surface water sample composed of small concentrations of Sr will
undergo a sudden and quick drop in the samples radiogenic signature by mixing in very
small amounts (1%) of oil field brine composed of high concentrations of Sr. Any mixing
between the oil field brine and surface waters will fall below the upper line in Fig. 1-12
(passing through 264J). As contamination concentrations increase, the sample’s ®’Sr/*°Sr
moves down along the curves towards the isotopic composition of the oil field brine. One

advantage to using ®’Sr/*°Sr as a geochemical fingerprint is that ¥ Sr/®®Sr will not change
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due to evaporation. This is shown visually (Fig. 1-12) where evaporation will increase the
concentration of Sr as water is removed, leaving behind Sr (proceeding along the x-axis),

with its ®'Sr/*°sr (y-axis) remaining the same.
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Figure 1-12. Evaporation-mixing model for Sr isotope variations in surface waters

at differing oil field brine concentrations from Goose Lake. Triangles are sample sites.
(From Peterman et al., 2012).

1.8 Hypothesis
In order to determine if ¥ Sr/*°Sr can be used as fingerprint for the provenance of

total dissolved solids (TDS) within the region overlying the Barnett Shale, | tested
samples from different sources for Sr concentrations and ratios of 85/, |
hypothesized that the aquifer water samples, flowback, and the sequential extractions
from the Barnett Shale, will show unique Sr radiogenic values based on their source of
Sr. This will be useful for determining if any mixing has occurred between fluids of
differing provenance. | further hypothesized that the values of 8Sr/%°sr of the flowback

sample and the H,O sequential extraction of samples from a Barnett Shale core will most
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resemble each other. This assumption is based on the water leachate being a reasonable
approximation of hydraulic fracturing fluid interacting with shale and formation fluids
(Stewart et al., 2015).

To help determine if an aquifer has been contaminated by flowback, mixing
curves similar to that in Fig. 1-12 will be constructed between aquifer (low Sr
concentration and ’Sr/*°Sr) and flowback (high Sr concentration and ®Sr/*°Sr) samples
as end members. The curve reflects the varying proportion of the end members in a
mixed fluid. A mixture will fall on the curve depending on the percentage of flowback
relative to aquifer (uncontaminated water). It is evident from looking at the mixing curve
(Fig. 1-12) that the 85r/%°sr of a mixture that begins as an uncontaminated aquifer will
quickly increase by adding only minimal amounts of flowback (<1%). If a contaminated
aquifer does not fall on this mixing curve then the source of Sr contamination is not from

flowback.
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Chapter 2
Study Site
2.1 Stratigraphy
The stratigraphic column (Fig. 2-1) displays a generalized view of the geologic
formations in the study area and their age, relative thickness, lithology, and 8sr/%0sr
values. The formations that are of interest to the study are the Barnett Shale, the section
from the Twin Mountain Formation up to the Paluxy Formation (Trinity aquifer host
formations), and the Woodbine Formation (Woodbine aquifer host rock).
The Barnett Shale is of great economic importance (Loucks and Ruppel, 2007). It
was deposited concurrently with the subsidence of the Ft. Worth Basin (Al Salem, 2014)
during a marine transgression in the Late Mississippian (Abouelresh and Slatt, 2012).
The thickness and lithology of the Barnett Shale vary spatially (Fig. 2-2) (Loucks and
Ruppel, 2007). In the NE section of the study area, the Barnett Shale was divided into
upper and lower subunits by the Forestburg Limestone, which pinches out to the SW
(Fig. 2-3). The Forestburg Limestone was deposited during a large-scale marine
transgression when the silicic input was low (Loucks and Ruppel, 2007).
The productive part of the Barnett Shale covers 12,950 km® underlying over 18
counties in the DFW Metroplex ("Barnett Shale Information,” 2016) (Figure 1-1) and has

been drilled disproportionately with horizontal wells.
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Figure 2-1. Generalized stratigraphic column of the study area. All ¥ Sr/*°sr
values except "a" are from Denison et al. (2003). Reference "a" = Dennie (2010). Age,
thickness, lithology are from Turner (1957); Denison et al. (2003); and Al Salem (2014).
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Figure 2-2. Generalized illustration of the change in stratigraphy within the DFW
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Figure 2-3. Isopach maps of the Barnett Shale (left panel) and Forestburg
Limestone (right panel); Core 3 = Texas United Blakely #1 (from Loucks and Ruppel,
2007).
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The Trinity aquifer (Fig. 2-4) stretches across the north central portion of Texas
and is one of the most extensively used groundwater resources for drinking and
agriculture in Texas ("Trinity Aquifer," 2016). Within the study area, the Trinity aquifer is
situated within the Cretaceous Twin Mountains Formation, Glen Rose Limestone, and
Paluxy Sandstone (Fig. 2-1) with most of the water resources being drawn from the Twin
Mountains and Paluxy formations (Nordstrom, 1982). The productive part of the Trinity
aquifer also varies in depth and can be found up to 1524 meters below the surface
(Kelley et al., 2014). To the west, outside of the study area, the Glen Rose Limestone
pinches out and the Twin Mountains and Paluxy formations converge to form the Antlers
Formation. The host formations of the Trinity aquifer were deposited during a series of
marine transgressions and regressions with fluvial depositional environments dominating
the west side and a wave-dominated deltaic environment in the east side of the basin
(Holland, 2011). The Twin Mountains Formation is primarily composed of sandstones
(Hosston Sandstone, Hensel Sandstone) with minor interlayered carbonate and shale
(Pearsall Formation, Sligo Limestone). The Glen Rose Formation is composed of
limestone, marl, and shale and the Paluxy Formation is composed of fine-grained
sandstone and shale (Chaudhuri and Ale, 2013). The formations that make up the Trinity
aquifer influence the groundwater chemical composition as interaction between
recharged meteoric waters react with the formations themselves causing mineral

weathering and ion exchange.
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Figure 2-4. Map of study site displaying extent and relative locations of the
Barnett Shale and Trinity/Woodbine aquifers. ("Shapefile of DFW Aquifers," 2015)
("Shapefile of Barnett Shale," 2015) (“Shapefile of Texas counties,” 2015).

The study area contains several smaller aquifers, including the Woodbine

aquifer, which is located above the Trinity aquifer in the eastern portion of the study area
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(Fig. 2-4). The Woodbine aquifer is located within the Cretaceous Woodbine Formation
(Fig. 2-1), which is composed of medium- to coarse-grained sandstone with interbedded
shale and lignite (Peckham et al., 1963). The depositional environment of the Woodbine
Formation was similar to the formations of the Trinity aquifer, including both the fluvial
and deltaic environments. The Woodbine Formation can also be found at various depths
across the study site. The Woodbine Formation can be found in outcrop to the northwest,
dipping to the southeast. The productive part of the formation varies depending on

location and can be found over 450 meters below the surface (Kelley et al., 2014).

2.2 Geochemical Background

Groundwater within the Trinity and Woodbine aquifers has been analyzed
previously for elemental concentrations. A pair of related studies conducted at different
time periods (Table 2) collected and analyzed samples from drinking wells within 5 km of
active hydraulic fracturing activities in the Barnett Shale and from drinking wells within the
same area that were not near current extraction sites (Fontenot et al., 2013; Hildenbrand
et al., 2015) (Table 2-1). Analyses were performed to detect amounts of TDS, arsenic
(As), barium (Ba), and strontium (Sr) within the samples. The data were compared to a
historical data set compiled from the Texas Water Development Board, which is
composed of 330 private drinking well samples collected between 1989-1999 before
hydraulic fracturing began in the Barnett Shale. TDS from both studies generally
displayed results consistent with the historical data and is known to be naturally elevated
in the area (Chaudhuri and Ale, 2013; Fontenot et al., 2013). As and Sr were elevated in
the samples collected in 2011 compared to the historical data, then decreased from 2011
to 2013-2014. A potential explanation is the buildup of iron oxide rust or scale formations

within water wells that were liberated through ground disturbances caused by drilling
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activities releasing As and Sr ([From Groat and Grimshaw, 2006]; Fontenot et al., 2013).
In turn, as drilling activity decreased from 2011 to 2013-2014 the subsequent drop in
hydraulic fracturing activities caused a drop in the concentration of these elements
leaching into the groundwater (Hildenbrand et al., 2015). While these studies provide
insight into whether contamination events have occurred, they do not provide a method
for determining the source of a potential contaminant. Measuring %’ Sr/*°Sr can potentially
provide this information.

The ®'Sr/*°Sr of fossil fragments (oyster, pectin, echinoid) found in the
Commanchean Series in north Texas and southern Oklahoma were used to help define
the unaltered marine carbonate formations in the region (Denison, 2003; Fig. 2-1). Within
the Barnett Shale, Dennie (2010) analyzed calcite and barite cements in rock cores from
well sites across Wise and Johnson Counties (Fig. 1-8) to investigate the influence of
externally derived fluids (diagenesis) on ®'Sr/**Sr within the Barnett Shale. The wells
were situated between the Muenster Arch and the Ouachita Thrust Belt running from the
NW to the SE with the Wise County wells being most distal from the NE-SW trending
Ouachita Thrust. The cements from Wise County displayed an average 8Sr/%°sr ratio of
0.708191 (n=10; range=0.708090-0.708430) with values relatively coeval with the value
for seawater %’ Sr/?°Sr at this time (Denison et al., 1998). The cements from Johnson
County displayed an average % Sr/*°Sr ratio of 0.709021 (n=7; range=0.708090-
0.709940), much higher then the seawater curve (Denison et al., 1998). Dennie (2010)
proposed that the higher 851/%°sr values found in Johnson County (proximal to the
Ouachita Thrust Belt) are due to increased amounts of externally derived fluids as a

result of tectonic movement along the thrust belt.
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Table 2-1. TDS and selected metal concentrations in well samples sourced from the
Trinity and Woodbine aquifers located within active and non-active fracturing sites.

Year TDS Ba Sr As
ppm ppb ppm ppb

Mean | n Range [Mean | n Range [Mean | n Range [Mean | n Range

TWDB | 670.3 |344| 129-3302 | 572 |357| 0.1-382.0 10 |99 002-16.7 [ 2.8 |241| 10-100

FA 585.1 | 91 | 200-1900 | 323 |90 | 1.8-173.7 23 |90 | 0.07-182 [ 126 | 90 | 2.2-161.2
HA | 598.5 |500(68.5-1891.5| 141.9 {48710.2-4380.8| 1.1 |358| 0.1-9.0 1.3 |483|0.001-114.4

FNA [525.0| 9 | 400-600 | 270 | 9 | 120465 | 3.0 9 0.9-7.6 54 9 4.7-6.6
HNA | 948.5 | 50 1275.6-3328| 68.1 | 48 | 122-2969| 04 |35| 0.147 24 149 0.01-21.3

TWDB= Texas Water Development Board 1989-1999; FA= 2011 Fontenot active and
FNA= 2011 Fontenot non-active from Fontenot et al. (2013). HA= 2013-2014 Hildenbrand
active and HNA= 2013-2014 Hildenbrand non-active from Hildenbrand et al. (2015).
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Chapter 3

Methods

3.1 Sample Collection

Flowback sample

A flowback sample from hydraulic fracturing activities was obtained from Dr.
Qinhong Hu in the Department of Earth and Environmental Sciences at The University of
Texas at Arlington. The flowback sample was acquired from hydraulic fracturing activities
in the Barnett Shale by a treatment remediation firm who sought elemental
concentrations of the flowback. The sample was previously analyzed for elemental
concentrations on an inductively coupled plasma mass spectrometer (ICP-MS) in Dr.
Hu’s lab. Permission was granted to do additional analysis on the sample for this project,

specifically analysis of Sr isotopes.

Aquifer Samples

Aquifer samples (n = 5) were provided by Drs. Kevin Schug and Doug Carlton in
the Department of Chemistry and Biochemistry at The University of Texas at Arlington.
Five samples (Table 3-1) were pulled from their sample set (h=550), which was collected
between 2013-2014 from private drinking wells (depth=10-1200 m) tapping either the
Trinity and Woodbine aquifers in the counties surrounding the Ft. Worth area. All wells
were located less than 1.5 km from hydraulic fracturing activities (Hildenbrand et al.,
2015). Samples were collected as close to the wellhead as possible, bypassing filters or
treatment systems (Fontenot et al., 2013). A YSI Professional Plus multi-parametric
probe was used by Hildenbrand et al. (2015) to measure temperature, dissolved oxygen,

and conductivity which were then used to calculate TDS (Table 2-1). Salinity, pH, and
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oxidation-reduction potential of the samples was also measured using a YSI Professional
Plus multi-parametric probe. Wells were purged until measurements stabilized for each
parameter to ensure proper characterization of the aquifer’s fresh water reserve.
Samples were collected in photo-resistant HDPE bottles with no headspace. The
samples were filtered and preserved to a pH less then two with nitric acid and then stored

at 4° C (Hildenbrand et al., 2015).

Table 3-1 List of private well samples with aquifer source and distance from active
hydraulic fracturing activities collected by Hildenbrand et al. (2015).

Sample # | Aquifer Distance (km) Depth (m)
98 Woodbine 1.22 259.1

117 Trinity 0.70 86.9

182 Trinity 0.92 30.5

246 Woodbine 0.44 67.1

422 Woodbine 1.03 477.1

Organic compounds and elemental concentrations (Table 2-1) were determined
using gas chromatography-mass spectrometry (GC-MS), headspace-gas
chromatography (HS-GC), inductively coupled plasma - mass spetrometry and optical
emission spectroscopy (ICP-MS and ICP-OES), and ion chromatography (IC)

(Hildenbrand et al., 2015).

Barnett Shale Core Samples

Powdered samples (Fig 3-1) (~0.5 g; n=3) from the Barnett Shale (Texas United
Blakely #1, Wise County Texas (location shown in Fig 2-4) were obtained from Dr.
Qinhong Hu in the Department of Earth and Environmental Sciences at The University of
Texas at Arlington. Sample 1 was a composite from various depths sourced from the

Forestburg Limestone and Lower Barnett Shale (depth = 2169-2184 m) (Loucks and
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Ruppel, 2007). A second composite sample from Blakely #1 was sourced from the
Lower Barnett Shale (depth = 2184-2202 m) (Loucks and Ruppel, 2007). Two sub-
samples were taken from the Lower Barnett sample, which were prepared and analyzed
as duplicates (samples 2A and 2B accordingly). Parts of the cores were cut into chips

and then pulverized to a powder <75 um (Fig 3-1).

" )

Figure 3-1 owdered Barnett Shale core samples (filter paper size = 762 cm X
7.62 cm) a = Sample 1 (depth 2169-2184 m); b = Sample 2 (depth 2184-2202 m).
3.2 Procedures

Sequential Extractions

The Barnett Shale powders (approximately 0.5 g each) and a method blank
were subjected to a series of sequential extractions in order to target different soluble
fractions and mineral phases within the samples following Stewart et al. (2015). Each
sample (n = 3) was collected and placed in a pre-weighed, acid washed 50 mL centrifuge

tube.
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The first sequential extraction used ultrapure water (H,O) to target soluble salts
and evaporated pore waters. It is anticipated that the H,O extraction will most resemble
the flowback sample compositionally and isotopically (87Sr/868r) since the water leachate
is thought to be a reasonable approximation of hydraulic fracturing fluid interacting with
shale and formation fluids (Stewart et al., 2015). 30 mL of ultrapure water was added to
each centrifuge tube, shaken overnight and then centrifuged. The leachant was then
poured into a syringe and filtered to <0.45 L into pre-weighed, acid washed
polypropylene bottles. 20 mL of ultrapure water was then added to each drained
centrifuge tube, which was briefly shaken, centrifuged and filtered into each
polypropylene bottle. A 3 mL aliquot was taken for pH analysis from each bottle. The pH
was then measured using a YSI 1007-1 pH/Temp Probe. A second 3 mL aliquot was
taken for anion analysis from each bottle (not done in this study) and then the sample
was reweighed and acidified with 1 mL concentrated ultrapure nitric acid.

The second extraction targeted exchangeable cations bound to clays and used
1N ammonium acetate (AA) buffered to pH 8 with ammonium hydroxide. 30 mL of
buffered AA was added to each centrifuge tube, which was shaken overnight and
centrifuged briefly. The leachant was then poured into a syringe and filtered to <0.45 pL
into pre-weighed, acid washed polypropylene bottles and weighed again. 20 mL of AA
was added to each drained centrifuge tube, which was then briefly shaken, centrifuged
and filtered into each bottle. The sample was then dried down and brought back up in 30
mL 2% HNO; for geochemical analysis. The same procedure followed for the AA leach
was then performed on the samples in the centrifuge tubes a third time using 8%
ultrapure acetic acid (Ac) to target carbonate minerals and a fourth time using 0.1N

hydrochloric acid (HCI) to target other acid soluble fractions.
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The 2% HNO; was created in a 500 mL volumetric flask using 10 mL of Fisher

Scientific trace metal grade nitric acid mixed with 490 mL of ultrapure water.

Elemental Analysis

For consistency, elemental concentrations of the leach samples were analyzed
twice on the Shimadzu ICPE-9000 Multi-type ICP Emission Spectrometer at the
Shimadzu Center for Advanced Analytical Chemistry at The University of Texas at
Arlington. Standards were created as listed in Table 3-2, which were diluted to desired
concentrations with 2% HNO3; made using ultrapure water and trace metal grade acid.
Standards for both runs were based on expected concentrations (Tables 3-3, 3-4, 3-5)
derived from prior analysis performed in the Marcellus Shale (Stewart et al., 2015). This
was done with the knowledge that the Marcellus Shale is not an analog of the Barnett
Shale (Hildenbrand et al., 2015; Stewart et al., 2015) but it served as a good starting
point. Standard concentrations were modified for Run 2 based on the results of the Run 1

samples.

Table 3-2 List of standards used for analysis on ICP-OES.

Element Manufacturer ppm (ma/L) Matrix

Barium Ricca Chemical Co. | 1000 +/- 5 mg/L 3% Nitric
Calcium Ricca Chemical Co | 1000 +/- 3 mg/L 3% Nitric
Iron SPEX CertiPrep 100 +/-0.5mg/L | 5% Nitric
Magnesium | Ricca Chemical Co | 1000 +/- 3 mg/L 3% Nitric
Potassium SPEX CertiPrep 1000 +/- 5 mg/L 2% Nitric
Sodium SPEX CertiPrep 1000 +/- 5 mg/L 2% Nitric
Strontium Ricca Chemical Co | 1000 +/- 5 mg/L 3% Nitric
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Table 3-3 Amount of elemental standards used to create high standard (in 50 mL
volumetric flask) for Runs 1 and 2 on ICP-OES.

Element Run 1 Run 2
Desired ppm pL of Std. Desired ppm pL of Std.
Barium 10 500

Calcium 200 10,000 120 6000
Iron* 50 2000
Magnesium 40 2000 10 500
Potassium 10 500
Sodium 10 500
Strontium 5 250 50 2500

* |ron standard diluted in small vial

Table 3-4 Amount of elemental standards used to create medium standard (in 50
mL volumetric flask) for Runs 1 and 2 on ICP-OES.

Element Runl Run 2
Desired ppm uL of Std. Desired ppm pL of Std.
Barium 1 50
Calcium 20 1000 60 3000
Iron 5 2500

Magnesium 2 100 1 50
Potassium 1 50

Sodium 1 50
Strontium 1 50 1 50

Table 3-5 Amount of elemental standards used to create low standard for Runs 1

and 2 on ICP-OES.

Element Run 1 (in 100 mL flask) Run 2 (in 500 mL flask)
Desired ppm pL of Std. Desired ppm pL of Std.
Barium 0.1 10
Calcium 2 200 8 4000
Iron 0.1 500
Magnesium 0.2 20 0.1 50
Potassium 0.1 50
Sodium 0.1 50
Strontium 0.1 10 0.1 50
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Samples were run undiluted and with various samples at a 10% dilution, which
were created due to expected high concentrations of calcium in the Ac leach. For Run 1,
the Ac leach was diluted to 10%. Due to higher then expected concentration results from
Run 1, 10% dilutions were performed on the Ac, AA, and HCI leaches for Run 2. All
samples for both runs resided in a matrix of 2% trace metal nitric acid. Run 2 also
included additional analyses of iron, sodium, and potassium on the leaches. Wavelengths
used on the ICP-OES for both runs are listed by element in Table 3-6. Precision (Table 3-
6) for run 1 is reported as RSD on the low standard (n=3) and run 2 on the medium

standard (n=2).

Table 3-6 Wavelengths used and precision for Runs 1 and 2 on ICP-OES.

Element Run 1 RSD Run 2 RSD
Barium 455,403 1.1%
Calcium 183.801 6.0% 317.933 1.3%
Iron 238.204 1.3%
Magnesium 383.826 13.1% 280.270 0.0%
Potassium 766.490 2.8%
Sodium 589.592 1.3%
Strontium 216.596 5.2% 216.596 2.7%

Extraction Chromatography

A column procedure modified from Scher et al. (2014) was used to purify the
samples using Eichrom Sr Spec resin in the Clean Lab at the University of Texas at
Arlington in preparation for Sr isotope analysis on the thermal ionization mass
spectrometer (TIMS) at The University of Texas at Arlington and a multi-collector
inductively coupled plasma mass spectrometer (MC-ICPMS) at The University of South
Carolina. In preparation for the Sr separation, a sample volume containing 1 ug of Sr was

dried down, reconstituted in 100 pL Fisher Scientific ultrapure 8M nitric acid and then
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placed in an ultrasonic bath to completely dissolve the sample. 125 uL columns were
filled with approximately 0.125 mL of Eichrom® Sr Spec resin in 0.005 M HNO; (Fig. 3-2).
The columns were washed with 600 uL of 0.005 M HNO; and then conditioned with 200
pL of 8N HNOs. Each reconstituted sample was loaded onto a separate column and
washed with 2 mL of 8M HNOs. Finally, the Sr within the sample was eluted into acid

washed Teflon vials by adding 1 mL of 0.005 M HNO:..

Figure 3-2 125 pL 'eflon column, photo taken in UTA Clean Lab by the author.
In order to determine whether the Sr column method was purifying and capturing
the Sr loaded onto the column (prior to its use with samples) a test run of the elution
process was performed and Sr concentrations confirmed on the ICP-OES. The goal of
the elution procedure is to separate Sr from other cations in solution. The results (Fig. 3-
3) of the test elution showed the method was successful in capturing Sr within the cut

defined in the method described above and illustrated in Fig. 3-3.
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Figure 3-3 Results of extraction chromatography run performed on ICP-OES at UTA
showing capture results of Ba and Sr, 2/25/15.

Thermal lonization Mass Spectrometer (TIMS)

The VG Sector Thermal lonization Mass Spectrometer at the Department of
Earth and Environmental Sciences at The University of Texas at Arlington was used to
measure ¥'Sr/*®Sr of the flowback and aquifer samples, along with the Sr standard SRM
987. Analysis of SRM 987 (n = 1) gave a value of 0.710268 +/- 0.000034 (2SD) which is
within error the same as the accepted value of 0.710248 (McArthur, 1994). 1 ug of Sr
from each sample was loaded on to tantalum filaments for analysis. Measured 8sr/%0sr
ratios were normalized to ®°Sr/®®Sr = 0.1194. Uncertainties on the samples were less then
five in the in the fifth decimal place (2SD). Reported ®’Sr/*°Sr values have been

normalized to SRM 987 ®'Sr/*°Sr = 0.710248 (McArthur, 1994).
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Multicollector Inductively Coupled Plasma Mass Spectrometer (MC-ICPMS)

The ¥ Sr/%°Sr of the leachate samples were measured on a Neptune Plus
Multicollector Inductively Coupled Plasma Mass Spectrometer at the Center for
Elemental Mass Spectrometry at the University of South Carolina following the method of
Widanagamage et al. (2014). The operating conditions were adjusted to optimize the
signal intensity on mass 86. Masses 82, 83, 84, 85, 86, 87, 88, 90, and 91 were collected
by static multi-collection. Samples were run with intensities of ~2 V on mass 86.
Measured ®’Sr/%°Sr Sr ratios were normalized to *°Sr/**Sr =0.1194 (Widanagamage et al.,
2014). Two analyses were performed (Tables 3-7 and 3-8) on the leachate samples.
Analysis of SRM 987 for run 1 (n=13) gave a value of 0.710306 +/- 0.000012 (2SD).
Analysis of SRM 987 for run 2 (n=6) gave a value of 0.710312 +/- 0.000005 (2SD).
Reported #’Sr/*°Sr values have been normalized to SRM 987 #'Sr/*°Sr = 0.710248

(McArthur, 1994).

Table 3-7 Leachates analyzed and analysis of SRM 987 for run 1 on MC-ICPMS

Leachate SRM 987 (n=13)
Sample 1 HClI
AA
Sample 2A 0.710306 0.000012
Ac
Sample 2B Ac
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Table 3-8 Leachates analyzed and analysis of SRM 987 for run 2 on MC-ICPMS

Leachate SRM 987 (n=6)

H,O
Sample 1 AA
Ac

H,O
HCI

Sample 2A 0.710312 +/- 0.000005

H,O
Sample 2B AA
HCI
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Chapter 4
Results
4.1 Sequential Extractions

Geochemistry

Analyzed elements (Table 4-1) from the sequential extractions show varying
geochemical affinities by leaching solution. Within the water-soluble phase (H,O), Na
(Fig. 4-1a) and K (Fig. 4-1b) were leached. Na was preferrentially leached in this phase
(70-72% of total Na leached) with K showing considerable concentrations (20-24% of
total K leached) and some Sr (Fig. 4-1d) contributed (10-12% of total Sr leached). The
ammonium acetate (AA) phase leached elements from exchangeable cation sites. Ba
(70-75% of total Ba leached; Fig.4-1c) and K (38-40% of total K leached; Fig. 4-1b) were
preferentially leached in this phase. In addtion, the AA phase contributed significant
concentrations of Sr (31-34% of total Sr leached; Fig. 4-1d) and some Ca (Fig. 4-1e). The
carbonate phases (Ac leachate) preferentially extracted Ca (66-68% of total Ca leached;
Fig. 4-1e) and Sr (40-43% of total Sr leached; Fig. 4-1d). Fe and Mg were also present in
the Ac leachate. Mg (48-49% of total Mg leached; Fig. 4-1f) and Fe (53-55% of total Fe
leached; Fig. 4-1g) were, however, preferentially extracted from the HCI leach (Table 4-
1). K was also found in HCI leach in significant amounts (27-30% of total K leached; Fig.

4-1b).
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Table 4-1 Element concentrations in leachates of Barnett Shale core cuttings.

Concentrations are in ug/g of the original collected sample.

Leachate Ca Ba Mg Sr K Fe Na

H>O 652 0.8 106 61 113 <DL 686

Sample 1 AA 25,540 50.7 555 160 182 <DL 77
Ac 101,100 7.0 4600 222 51 1992 119

HCI 22,270 8.6 5140 67 128 2257 79

H-O 495 0.6 96 53 97 <DL 690

Sample AA 23,290 41.2 547 179 192 <DL 102
2A Ac 85,030 8.1 4090 215 45 2398 108
HCI 18,000 8.6 4430 78 141 2817 86

H,O 570 0.4 100 55 112 <DL 713

I AA | 24210 422 551 183 186 <DL 74
(duplicate) Ac 84,220 7.1 4120 214 45 2406 107
HCI 17,880 8.6 4410 81 145 2892 91

<DL = below detection limit; bold = Results calculated from analysis on 10% dilutions of

leached sample.
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Figure 4-1 Fractions of Na (a), K (b), Ba (c), Sr (d), Ca (e), Mg (f), and Fe (g) leached by
each sequential extraction. Order of the sequential extractions proceeds from left to right.
The total CO3; weight percent for each sample (Table 4-2) was calculated from

the total amount of Ca, Fe, and Mg (in ug) per g of each sample that was recovered from
the acetic acid leachate (Table 4-1). To perform this calculation, Ca (in ug) was converted
to moles of Ca (total Ca ug/40.08). This gives total moles of CaCO; within the acetic acid
leachate (1 mol of Ca equals 1 mol CaCOs). Moles of CaCO; were then converted to ug
(moles of CaCO3*100.09) to determine the total amount of CaCOj; leached in each
sample. This same procedure was used to calculate MgCO3; and FeCO3 substituting the

proper weights for each element.

Table 4-2 Calculated total carbonate wt. % from acetic acid leach by sample

Sample 1 27.26%
Sample 2A 23.15%
Sample 2B 22.96%
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Sr Isotopes

The ¥Sr/%°Sr of the samples (Table 4-3) show distinct trends with a couple
inconsistencies. The ¥ Sr/*°Sr of the acetic acid leaches were within error the same and
consistently the lowest reported values (0.708232-0.708267; range=0.000035)). The H,O
leaches were nearly the same and consistently the second highest reported value for
each sample (0.708889-0.708932; range=0.000043). The range of values measured for
all samples in the ammonium acetate (0.708595-0.709164; range=0.000224) and HCI
(0.708359-0.709070; range=0.000352) leaches were much higher than the H,O and
acetic acid phases, resulting in differences in which leachate had the highest values for
each sample and the duplicate. Sample 2 was processed twice with the H,O and Ac
leaches replicating well with the AA and HCI leaches not reproducing with the same
consistency having a difference of greater than five in the fifth decimal place.

Table 4-3 ¥'Sr/**Sr of Barnett Shale core samples by sequential extraction.

Leachate ¥Sr/*°Sr +/- 2SD pH

H,O 0.708932 +/- 0.000007 8.89
Sample 1 AA | 0708939  +/- 0.000008
Ac 0.708267 +/- 0.000010
HCI 0.708359 +/- 0.000015

H,O 0.708889 +/- 0.000006 8.58
Sample 2A AA 0.708595 +/- 0.000020
Ac 0.708232 +/- 0.000009
HCI 0.709070 +/- 0.000006

H,O 0.708895 +/- 0.000007 8.96
Sample 2B AA 0.709164 +/- 0.000006
Ac 0.708255 +/- 0.000019
HCI 0.708711 +/- 0.000015
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4.2 Aquifer Samples

Geochemistry

Elemental concentrations of the aquifer samples (Table 4-4 from Hildenbrand et
al. (2015)) show no overt trends between concentrations, depth, and pH. Concentrations
of each element across all samples vary widely but in general are below the EPA's
Drinking Water Maximum Contaminant Levels (Environmental Protection Agency, 2016)
for Ba (2 mg/L) and the EPA's National Secondary Drinking Water Regulations limit for
Fe (0.3 mg/L) (Environmental Protection Agency, 2016). Additionally, most of the
samples fall under the health reference limit for Sr (4.2 mg/L; Alfredo et al., 2014).
Exceptions include BS 246, which has Fe concentrations significantly in excess of 0.3
mg/L and BS 182, which has Sr in excess 4.2 mg/L. The other major elements studied for
this research (Na, Ca, K, and Mg) do not have maximum containment levels or health
reference limits listed by the EPA.
Sr Isotopes

The ratio of #’Sr/*Sr for the aquifer samples (Table 4-4) fall within a range of
0.707777-0.708252 (range=0.000475)). No direct correlation of an aquifers ratio of
8S1/%°sr exists with pH, aquifer sampled, depth of well, distance from fracking site, or

elemental concentrations.

4.3 Flowback Sample
Geochemistry
Elemental concentrations in the flowback sample (Table 4-5) are all extremely
high relative to the aquifer samples with Ba, Fe, and Sr all in excess of their resepective

limits set forth by the EPA as discussed in section 4.2.
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Sr Isotopes
The ¥ Sr/%®Sr of the flowback sample (Table 4-5) was significantly higher then all

of the sequential leachates for each samples and for all of the the aquifer samples.
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Table 4-4 Elemental concentrations and 'Sr/*°Sr of the aquifer (well) samples.

Depth
Sample (m) pH Sr Ba Fe S Br Cl 8Sr/%°Sr +/- 2SD

BS 98 W 259 9.22 | <0.075 0.024 0.045 86.70 <0.075 16.17 0.708191 +/- 0.000041

BS117T 87 7.20 | 4.034 0.252 0.058 274.96 <0.075 9.16 0.707966 +/- 0.000039

BS182T 30 6.79 8.968 0.403 0.308 519.11 0.34 88.05 0.708252 +/- 0.000039

BS 246 W 67 7.04 | 2.339 0.228 9.605 241.19 <0.075 154.32 | 0.707777 +/- 0.000036

BS 422 W 476 8.49 1.470 0.054 0.160 360.08 0.28 33.69 0.708137 +/- 0.000046

Elemental concentrations in mg/L T=Trinity Aquifer; W= Woodbine Aquifer. Elemental concentrations, pH, and depths from
Hildenbrand et al. (2015). Uncertainties on the samples were less then five in the in the fifth decimal place (2SD).

Table 4-5 Elemental concentrations and 2'Sr/**Sr of the flowback sample.

Ca Ba Mg Sr K Fe Na Br 8Sr/*°Sr +/- 2SD

11,072 9.83 919 433 277 2.07 20,874 416 0.711487 +/- 0.000035




Chapter 5
Discussion

5.1 Carbonate Mineralogy in the Barnett Shale

Based on the assumption that Ca, Mg, and Fe extracted by the acetic acid leach
are from carbonate minerals, Ca carbonate is the predominant mineral in all of the
samples (Fig 5-1; Table 5-1). This is shown by the results of (Mg+Fe)/(Ca+Mg+Fe) being
a relatively low number due to Ca being high in the deonminator of
(Mg+Fe)/(Ca+Mg+Fe). A comparison can be made to prior research from Stewart et al.
(2015) who analyzed sequential extractions from the Marcellus Shale Formation,
Hamilton Group, and overlying/underlying formations. The results from the Barnett Shale
conform to a power law generated by Stewart et al. (2015) which shows that as the
amount of total calculated carbonate weight percent increases, the amount of Ca
carbonate minerals increases, with an accompanying decrease in the amount of Fe-Mg
carbonate minerals. The acetic acid leaches from the Barnett Shale show higher total
calculated carbonate weight percent than the Marcellus Shale. Within the carbonate, the
Barnett Shale contains higher amounts of Ca carbonate minerals (ug/g
sampled) compared to the Marcellus Shale (Stewart et al., 2015), which suggests higher
amounts of calcite within the Barnett Shale as compared to the Marcellus Shale. Within
this study, Sample 1 contains higher amounts of total carbonate compared to the
duplicate Sample 2. This is most likely due to Sample 1 (depth = 2169-2184 m) being
solely sourced from the Forestburg Limestone section of the Barnett Shale, whereas
Sample 2A/2B (depth = 2184-2202 m) is a combination of the Forestburg Limestone and

the Lower Barnett Shale (Fig. 5-2).
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The HCI leaches from the Barnett Shale core samples (Table 5-1) contain higher
ratios of (Mg+Fe)/(Mg+Fe+Ca) respresenting less soluble Fe-Mg carbonates such as
dolomite (CaMg(CO:s) ,), siderite (FeCO3), and ankerite (CaFe(CO3),) which are common
in the Barnett Shale (Dennie, 2010). The existence of these minerals provides further
evidence that diagenesis has occurred within the Barnett Shale which explains why the
8Sr/*°sr within the acetic acid leach does not match expected ®’Sr/*°Sr from the

Mississippian.
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Fig. 5-1 Comparison of molar (Fe+Mg)/(Fe+Mg+Ca) of leached samples from
acetic acid leachate versus total carbonate weight % of the Barnett Shale with prior
research by Stewart et al. (2015). Results from Stewart et al. (2015) include: filled blue
triangles=Marcellus Shale; open blue triangles=Hamiltion Group (limestones); open blue
circles=overlying and underlying sandstones and limestones. Results from this study
include: orange diamond=Sample 1; red square=Sample 2A; green triangle=Sample 2B.
(Modified from Stewart et al., 2015).
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Table 5-1 Molar (Mg+Fe)/(Mg+Fe+Ca) of Ac and HCl leach

(Mg+Fe)/(Mg+Fe+Ca)
Ac leach HCI leach
Sample 1 0.0818 0.3119
Sample 2A 0.0905 0.3411
Sample 2B 0.0918 0.3432
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Fig 5-2 Minerology of Forestburg Limestone and Lower Barnett Shale sections within the
Barnett Shale. 1= Sample 1 from this study; 2= Sub-samples 2A+2B taken from sample 2 for
this study. Mineraology track based on XRD analysis and thin section examination (from
Loucks and Ruppel, 2007).
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5.2 Comparison of Barnett Shale Leachates to Flowback

Geochemistry

It was hypothesized that the H,O leachates, which represent soluble salts are a
reasonable approximation of fracturing fluid interacting with shale and formation fluids.
This is important when considering the source of total dissolved solids in flowback water.
Comparisons of the elemental molar ratios from the leachates (Sr/Ca, Na/Ca, Ba/Ca,
K/Ca) (Fig. 5-3) show considerable overlap between the three core samples. When
comparing the leachate molar ratios of Na/Ca, Ba/Ca, and Sr/Ca of all core samples
against the flowback sample, it can be seen that the H,O leach does provide the closest
match, though the absolute concentrations themselves are significantly different. In
contrast, the molar ratio of K/Ca of the flowback falls between the H,O and the
ammonium acetate leachate which represents exchangeable cations in clays (Fig. 5-2).
This evidence indicates that while the H,O leach is generally most similar to flowback, the
total dissolved solids found in flowback are most likely not caused by the fracturing fluid
interacting with solid components of the shale, but are instead coming from in situ
formation fluids. This is corroborated by similar findings from Stewart et al. (2015) who
postulated that total dissolved solids within the flowback are most likely being sourced
from in situ formation fluids represented by salts measured in the H,O leach of the core

sample.
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Fig. 5-3 Comparison of molar fractions by leachate for all core samples compared to the
molar fractions of flowback sample.
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Sr Isotopes

The Sr isotopes (Fig. 5-4) of the H,O leachates were hypothesized to be a
reasonable approximation of hydraulic fracturing fluid interacting with the Barnett Shale.
The results of measurements on the H,O leachates (0.708889-0.708932; n=3) and the
flowback (0.711487, n=1) do not prove this hypothesis. The study was hindered by a
limited sample set and uncertainties surrounding the origin and nature of the provided
flowback sample. The regional location, timing of flowback sample collection, and the
depth within the Barnett Shale that the flowback sample was collected are unknown. The
regional location in particular is a critical component that must be known when comparing
flowback to shale leachates. As shown by Capo et al. (2013) for the Marcellus Shale, the
85r/%°sr of flowback can vary widely by the regional location in which it was collected.
Well sites whose locations varied by county produced highly variable & Sr/®°Sr results
(0.710148-0.712117; n=32). The importance of regional sourcing of the samples is
further corroborated by Dennie (2010). Regional variances of 87Sr/%°Sr within his study
showed that effects of diageneis (which will vary by regional location) via introduction of
externally derived fluids will result in varying ratios of 87Sr/%°Sr within carbonate cements
found in the Barnett Shale (0.708090-0.709940; n=17). Pollastro et al. (2007) proposed
that externally derived fluids within the Barnett Shale are introduced from the basement
travelling into the Barnett Shale through a series of faults and fractures. The results from
Dennie (2010) showed that 85r/%°Sr values within the Barnett Shale increased with
proximity to the Ouichita thrust belt where tectonic activity could have caused the
introduction of externally derived fluids. Therefore, the location of sample collection is
critical when comparing flowback to shale leachates.

The acetic acid leaches preferentially extract carbonate minerals from the shale.

Comparing the results of the acetic leaches to expected marine carbonates from the
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Mississippian (Fig. 5-4) show elevated ®'Sr/*°Sr within the acetic acid leach as compared
to expected Mississippian carbonates. Again, the role of diagensis on the carbonate and
the proposed introduction of externally derived fluids by Pollastro et al. (2007) can

provide an explantion for this difference in 85y,
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Fig. 5-4 Comparison of 'Sr/*°Sr of the Barnet Shale leachates compared to the
measured flowback sample. 8'Sr/*°Sr of Mississippian seawater from Denison et al.
(1998).
5.3 Comparison of Aquifer Samples to Flowback
A theoretical mixing curve (Fig. 5-5) of a contaminant (PFW) with

"uncontaminated" aquifer samples can be used to show the effect on ®’Sr/*°Sr by mixing

of the end members. The flowback sample (n=1) for the study contains high

56



concentrations of Sr (433 mg/L) and high ' Sr/*®*Sr (0.711487). Aquifer samples (n=5) for
the study contain relatively low concentrations of Sr (<0.075 to 8.968 mg/L) and ®Sr/*°sr
ranging from 0.707777 to 0.708252.

As the mixing curve clearly demonstrates, contamination of an aquifer containing
relatively little Sr is readily apparent. This is due to the small amounts of a highly
concentrated Sr sample needed to alter its radiogenic Sr isotopic signature. The use of a
mixing curve can then help to infer the source of the Sr contaminant by comparing the
8Sr/*°Sr and Sr concentration of a sample between two end-members. If it falls on the
mixing line, then the amount of the contaminant can be determined. If a "contaminated”
aquifer sample, does not fall on the line between these end members, then the
contaminant must be of a different source than the plotted end member used to construct
the mixing curve. As the mixing curve shows, when only 1% of the mixture is composed
of high concentrations of Sr (flowback) with relatively high ®’Sr/*°Sr, the ®’Sr/*°Sr of the
now contaminated sample (aquifer) shows a dramatic increase in its 8Sr/%°sr. This
method can then be used to potentially attribute or dismiss a claim that hydraulic
fracturing activities lead to the contamination of an aquifer.

No clear distinction can be made between the two analyzed aquifers based on
their 8'Sr/%°Sr ratios (Fig. 5-5). It is possible that making a determination on any potential
trends of the ’Sr/**Sr values of the aquifers is hindered by the small number of analyzed
samples. Interestingly, concentrations of Sr from the Trinity aquifer are slightly elevated
over the Woodbine aquifer. Four of the five samples from both aquifers are elevated over
historical well data (Table 2-1) which were collected before hydraulic fracturing began in
the area, prior to 1999. The aquifer samples analyzed for this research came from the
Hildenbrand et al. (2015) data set, collected between 2013-2014. Fontenot et al. (2013)

postulated that while there was no direct evidence that wells were contaminated by fluids
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from hydraulic fracturing activity, a measureable increase in Sr concentrations had
occurred in wells that were in proximity to fracking activities. This could have been
caused by ground perturbations caused by the drilling activities itself which may have
liberated scaling into the groundwater that had built up within the wells ([After Groat and
Grimshaw, 2012]; Fontenot et al., 2013). Hildenbrand et al. (2015) subsequently
resampled wells in the same area (analyzed in this study) after hydraulic fracturing
activity decreased and found that overall Sr concentrations within these wells had
decreased concurrently with the reduction in hydraulic fracturing activity. Though
Hildenbrand determined that Sr concentrations decreased relative to the Fontenot data
set, Sr concentrations for still elevated over historical levels showing that residual effects

from hydraulic fracturing are still evident in the aquifer samples.
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Figure 5-5 Mixing line between flowback and aquifer end members. The effect on the
87Sr/%°Sr of an uncontaminated aquifer sample is displayed at varying concentrations of
flowback where numbers along the curve represent the ratio of the flowback to aquifer
components of the mixture. Blue squares are Woodbine Aquifer samples, green squares
are Trinity Aquifer samples and the orange circle is flowback. Errors on the 'Sr/®°Sr
measurements are less then symbol size.
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Chapter 6

Conclusions

8Sr/%°Sr can be a valuable measure to determine the provenance of dissolved
solids. A flowback sample from hydraulic fracturing activities within the Barnett Shale and
aquifer samples from private drinking wells in proximity to hydraulic fracturing activities
were measured for elemental concentrations and their ratio of ®’Sr/*°Sr. Powdered
samples from the Barnett Shale were subjected to a sequential leaching procedure to
determine the ®’Sr/*°Sr of different mineral phases and to see if the Sr radiogenic
signature of the flowback sample could be reproduced from the leachates, in particular

the H,O leachate.

The major findings of the study include:

1. The sequential leachates of the Barnett Shale (H,O, ammonium acetate,
acetic acid, and hydrochloric acid) are composed of distinct mineral phases with
geochemically and isotopically distinct values. Sodium (Na) was found primarily in the
water soluble leach, potassium (K) and barium (Ba) was primarily within exchangeable
cations, calcium (Ca) and strontium (Sr) were found in both exchangeable sites and
carbonate, and magnesium (Mg) was found primarily in the carbonate and hydrochloric
acid (HCI) soluble leaches. Excluding the ammonium acetate leach, a general trend
among all core samples can be seen with decreasing ®’Sr/**Sr from the H,O to acetic
acid leach, then increasing from the acetic acid leach to the HCI soluble fraction. A

comparison of ®’Sr/®°Sr of the acetic acid leach to expected Mississippian marine
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carbonates shows a significant difference. This is most likely attributed to diagenesis and
the introduction of externally derived fluids with higher ®'Sr/*®Sr to the formation.

2. The original hypothesis of the study that the 8Sr/%°Sr of the H,O leachate
would be most representative of the flowback sample was not proven. The study is
hindered by a lack of sufficient samples and knowledge of the precise origin of the
flowback sample, thus tying the flowback and core samples in time and space was not
possible. This is critical since ®'Sr/*°Sr can vary widely by location within the same
geologic formation. In order to have a complete analysis, a flowback sample should be
acquired from a particular location within a formation and then compared to sequential
leaches of a core sample from the formation at that same location (region and depth).

3. A mixing curve between two end-members with distinct isotopic compositions
is a valuable tool to determine whether interaction has occurred between an
"uncontaminated” (aquifer) and a contaminant, namely produced/flowback water (PFW).
Mixing between a fluid containing high concentrations of Sr (contaminant) with a sample
containing low concentrations of Sr (uncontaminated) will impart a measureable change
on the ®’Sr/**Sr of the now contaminated sample (assuming the fluids have differing
8S1/%°sr values). This becomes evident when the mixture is composed of very small
amounts (as low as 1%) of the contaminated sample. The results of this study show a
mixing curve with the acquired aquifer samples containing relatively low concentrations of
Sr and low ®’Sr/*°Sr values and a flowback sample containing relatively high
concentrations of Sr and high 85r/%°sr values produces a line that can determine if the
source of a contamination event originated from PFW or some other source.

It would be valuable to perform future work related to this study. Having the
ability to acquire a flowback sample and core samples from the same well site could

provide a more accurate assessment of the ability to simulate the interaction of fracturing
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fluid with a formation. Additionally, the ability to collect flowback samples over a period of
time after drilling commences would show the evolution of ¥ Sr/*®Sr over time, thus giving
a more accurate representation of the geochemical and 8Sr/%°Sr values of the
contaminating agent. The ability to collect aquifer samples from private wells in an area
prior to commencement of hydraulic fracturing activities would give an accurate baseline

to determine whether a contamination event has occurred.
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Appendix A

Extraction Chromatography Procedure (modified from Scher et al., 2014)

Preparing Samples for Sr Spec Columns:

e Dry down (evaporate)  ml of sample water equivalent to 1 ug Sr in Teflon
vials.

e Reconstitute dried sample in 100 yL 8M HNO3. Ultrasonic if needed to
completely dissolve sample (~10 minutes).

Sr Spec Column Method:

1.

2.

Place columns in 8N HNO3 overnight. (cleaning the empty columns)

Clean the resin with 0.005 M HNO3 several times (3 times)

. Fill columns with 0.125 mL Sr Spec resin in 0.005 M HNO3. (~200 mL)
. Wash columns with 600 yL of 0.005 M HNO3.

. Conditioning the columns: with 200 pyL of 8 N HNO3.

. Load the sample onto the column (100 uL of 8N HNO3).

. Wash with 2 ml of 8M HNO3

for calibration: collect each 100 uL aliquot

. Elute Sr with 1 ml of 0.005 M HNO3 <COLLECT>

for calibration: collect each 100 pL aliquot
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Appendix B

Sequential Extraction Procedure (modified from Chapman, 2011):

CT =50 mL centrifuge tube
1) Add crushed material to CT
Water soluble salts and sulfates

2) Add 30 mL ultrapure water to CT

3) Shake for 24 hours

4) Centrifuge briefly

5) Pour into syringe and filter leachant into 60 mL polypropylene bottles

6) Add 20 mL ultrapure water to CT

7) Centrifuge briefly

8) Pour into syringe and filter leachant into 60 mL polypropylene bottles

9) Two 3 mL aliquots are taken from 60 mL bottle for pH and anion analysis
10) Add 1 mL ultrapure nitric acid added to 60 mL bottle

Exchangeable cations - clays

11) 30 mL 1N ultrapure ammonium acetate buffered to pH 8 added to CT
12) Shake overnight

13) Centrifuge briefly

14) Pour into syringe and filter leachant into 60 mL polypropylene bottles
15) Repeat 11-14 adding 20 mL instead of 30 mL to CT

16) Dry down PMP beaker at 100°C

Carbonate Minerals

17) 30 mL 8% ultrapure acetic acid added to CT
18) Repeat 12-14 and 16

Other acid soluble phases

19) 30 mL 0.1N ultrapure hydrochloric acid added to CT
20) Repeat 12-14 and 16

Transfer all dried down salts using 2% ultrapure nitric acid into bottles
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