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Abstract

The Canadian concept for a deep geological repository (DGR) involves multiple barriers to
contain and isolate used nuclear fuel. The DGR concept relies on both natural and engineered
barriers. Highly compacted bentonite clay surrounding the used fuel container is one of the
engineered barriers in this proposed system. While many of the mechanical and physical
properties of bentonite clays have been characterized, the composition of the natural organic
matter (NOM) present in these clays is not well understood.

The geochemistry of clay samples from Wyoming, Saskatchewan, Greece and India were
characterized. Molecular-level methods including biomarker analysis, solid-state "*C Nuclear
Magnetic Resonance (NMR) and solution-state "H NMR were then used to more closely study
the structure and source of NOM in clays from Wyoming and Saskatchewan.

The aliphatic lipid distribution was mainly composed of biomarkers from microbes and vascular
plants with a higher concentration observed for vascular plant inputs. Lignin-derived NOM in
one of the Wyoming samples was found to be in an advanced stage of oxidation based on the
vanillyl acid to aldehyde ratio. The majority of the signal intensity in the solid-state ">*C NMR
spectra was detected in the aromatic and aliphatic regions. The ratio of signal in the alkyl/O-
alkyl regions ranged from 7.6 to 9.7 which corresponds to NOM that has undergone advanced
diagenesis. The signal in the aliphatic region of the solid-state *C NMR spectra is thought to
correspond to mainly long-chain compounds that do not have much side chain branching, such
as long-chain plant waxes. This hypothesis was also confirmed with solution-state '"H NMR
analysis based on the higher intensity of the peak corresponding to CH, protons relative to the
peak for CH; protons. The aromatic signal in the *C NMR spectra does not seem to correspond
to lignin or proteins and may therefore be indicative of condensed aromatic carbon. The
composition of NOM in the clays at the molecular-level did not vary much between clays.

NOM present showed signs of advanced degradation and the remaining NOM seems to be
composed of compounds with a strong affinity for the clay surface (namely plant-derived
waxes). This type of NOM is hypothesized to be more recalcitrant as compared to other labile
NOM sources (sugars, proteins, and small organic acids) which were not detected.
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1. INTRODUCTION

The Canadian concept for containment and isolation of used nuclear fuel consists of a multi-
barrier system that includes both natural and engineered barriers (Villagran et al., 2011). The
naturally-occurring barriers are geological in nature while the engineered barriers can be divided
into the used nuclear fuel container and surrounding clay buffer, seal and backfill materials as
shown in Figure 1. Overall, this deep geological repository (DGR) concept entails a network of
tunnels and placement rooms located approximately 500 m below ground level in either an
appropriate crystalline or sedimentary rock formation. During construction and operation, a shaft
connecting the DGR to the surface will be used to transport the packaged used nuclear fuel to
the repository level; this access will be sealed upon repository closure.
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Figure 1: The Engineered Barrier System Conceptual Design (adapted from Villagran et
al. 2011)

Bentonite clay has been chosen as the buffer material in DGR concepts (Kiviranta and
Kumpulaninen, 2010; Mariner et al., 2011; Svensson et al., 2011; Wilson et al., 2011). The main
function of the buffer is to protect the used fuel container (UFC) which encloses the used
nuclear fuel bundles (Karnland, 2010) and prevents infiltration of groundwater (SKB, 2006;
Wilson et al., 2011). The buffer is also responsible for minimizing microbial activity near the UFC
and promoting retardation of radionuclides (Kiviranata and Kumpulainen, 2011). Bentonite clay
is primarily composed of montmorillonite, a smectite mineral characterized by negatively
charged surfaces and large spacing between clay layers (Keto, 2003). Many of the physical
properties of bentonite have been studied by the NWMO and other organizations. The thermal,
hydraulic and mechanical properties, as well as the swelling ability and cation exchange
capacity have all been well characterized (Keto, 2003; Villagran et al., 2011; Wilson et al.,
2011).. In the unlikely event of a failed container, the high sorption capacity of the negatively
charged clay surface for cations including radionuclides will limit the release of these potentially
harmful species into the environment (Bors et al., 1999; Kozai, 1998). Bentonite will also swell
upon contact with water due to the large spacing between clay units. These clay interlayers can
each accommodate several layers of water molecules (Hicks et al., 2009). Upon saturation with



groundwater, swelling of the buffer material will fill in any gaps that may be present between the
buffer and UFC, improving the isolation of the spent nuclear fuel from the surrounding
environment (Mariner et al., 2011).

High density bentonite clay also has sufficiently small pore sizes to discourage unwanted
microbial activity in the vicinity of the UFC (Stroes-Gascoyne et al., 2010). However, at
interfaces or other locations where the required density of the clay is not maintained, microbial
activity may occur (Stroes-Gascoyne et al., 2011). Microbes can survive in various
environments provided that their water, nutrient and energy requirements are met and that they
can tolerate the environmental conditions (Stroes-Gascoyne and West, 1997). Natural organic
matter (NOM) in the repository materials, such as that contained in bentonite clay, may serve as
a nutrient source for microbes (Oscarson et al., 1986). NOM is found throughout the lithosphere,
hydrosphere and atmosphere. It is composed of biologically derived organic compounds that
have typically been chemically altered through biological processes (Baldock and Skjemstad,
2000). Microbial activity in the DGR may result in microbiological-mediated corrosion of the UFC
because the activity of sulfate-reducing bacteria (Stroes-Gascoyne and West, 1997) results in
sulphide production which may cause corrosion of steel or copper container materials. In
addition, gas bubble production in the clay as a result of microbial respiration may create
preferential pathways for gas and fluid migration (Moulin and Ouzounian, 1992; Nirex, 2006;
Stroes-Gascoyne and West, 1997).

To date, there has been very little research on the characterization of NOM composition in
bentonite clays (Hallbeck, 2010; Marshall and Simpson, 2014) and as such, it is difficult to
predict whether or not NOM may serve as a microbial substrate in the DGR. Physical protection
of NOM by clay minerals is thought to be one of the main mechanisms through which NOM
persists in the environment (Schmidt et al., 2011). Therefore, it is possible that NOM on a clay
surface will be protected from microbial degradation due to interactions such as ligand
exchange and cation bridging with the clay surface (Feng and Simpson, 2011). Characterization
of the structural composition of NOM in bentonite will foster a better understanding of the
interactions between NOM and the clay surface including how this material is being protected by
the clay surface.

Geochemical analysis was used to characterize five bentonite clay samples from deposits in
Wyoming, Saskatchewan, India and Greece. The clays from Wyoming, Saskatchewan and India
are all Na-rich bentonites while the clay from Greece is Ca-rich. Ca-rich clays were included for
comparison to obtain a range of geochemical data to be used in limiting nutrients modelling and
analysis and not necessarily because they are being considered as buffer material. Na-rich
clays may be more desirable for the DGR because they tend to have lower hydraulic
conductivities and higher swelling pressures than Ca-rich clays (Keto, 2003). NOM in the clays
from Wyoming and Saskatchewan was characterized at the molecular-level using biomarker
analysis and nuclear magnetic resonance (NMR) spectroscopy. These analyses were selected
to allow the chemical structure of NOM, as well as its source and degradation state, to be
evaluated (Baldock et al., 1992; Kdgel-Knabner, 2000; Simpson et al., 2008). Biomarkers can
be thought of as environmental tracers, which retain structural features of their parent precursor
molecules and thus provide information about these precursor compounds (Simoneit, 2005).
Gas chromatography coupled with mass spectrometry (GC-MS) is commonly employed for
analysis of biomarkers. The use of GC-MS in tandem with solid-state "*C and multi-dimensional
solution-state "H NMR, allowed for a more complete characterization of NOM in these clays.



2. GEOCHEMICAL ANALYSIS
21 MATERIALS

Four sodium bentonites and one calcium bentonite were obtained. Two of the sodium bentonite
samples are mined from the same deposit in Wyoming, USA: Volclay MX-80 (MX-80) by
American Colloid Co. and National Standard Bentonite (National) by Opta Minerals Inc.
Canadian Clay Products Inc. provided their Clay Products Sodium Bentonite (CCP) from the
Bearpaw formation in Saskatchewan, Canada. The final sodium bentonite, Asha 505 (Asha),
was from mined from a deposit in Kutch, India by Ashapura Minechem Co.. The calcium
bentonite was mined from a deposit in Milos, Greece by S&B Industrial Minerals S.A. under the
name IBECO RWC (RWC).

2.2 METHODS

All geochemical analyses were performed by the Soil and Nutrient Laboratory at the University
of Guelph Laboratory Services in Guelph, Ontario, Canada. Brief descriptions of the methods
used are provided below.

2.2.1 Carbon Analysis

Total carbon (C), inorganic carbon (IC) and organic carbon (OC) were determined using a
LECO SC-444 element analyzer (Nelson and Sommers, 1982). Total C was determined using
infrared detection to measure the amount of CO, evolved during combustion of the sample at
1350°C. Ashing of the sample at 475°C for three hours removed the OC and the procedure for
total C determination was repeated on the ash sample to find the amount of IC. The IC result
was subtracted from total C to determine OC. The MX-80 sample was sampled three different
times and submitted for analysis to test reproducibility in a low OC sample and to determine
sample heterogeneity. The average of replicate analysis had a standard error of <5%.

Water-extractable OC (WEOC) was isolated from clay samples by exhaustive extraction with
Millipore water in preparation for solution-state '"H NMR analysis of the MX-80, CCP and
National samples. A ratio of 1:6 clay:water was used for MX-80 and CCP while a ratio of 1:12
clay:water was necessary for National due to differences in the water absorption capacity of the
clays. The WEOC concentration was determined using a Shimadzu TOC-Vcgy total organic
carbon (TOC) analysis with a high sensitivity combustion catalyst (720°C).

2.2.2 Nitrate and Nitrite

Samples were extracted with a 2 mol/L KCI solution to remove nitrate and nitrite. The resulting
solution was treated with copperized cadmium to reduce nitrate to nitrite. A colour reagent was
added after this reduction to form a reddish-purple azo dye which was measured at 520 nm
using a Seal AQ2 spectrophotometer. The colour reagent is prepared by combining 800 mL
deionized water, 100 mL phosphoric acid, 40 g sulfanilamide and 2 g N-(1-naphthyl)-
ethylenediamine dihydrochloride and diluting to 1 L once the solids have dissolved. This was
repeated without the reduction step to analyze for the nitrite that was originally present and the
different between the two results was calculated to determine the nitrate concentration (O’Dell,
1993).



2.2.3 Inductive Coupled Plasma Optical Emission Spectrometry (ICP-OES) Analysis

K, Mg, Ca and Na were extracted from the clay by shaking in a 1 mol/L N ammonium acetate
solution adjusted to pH 7 for 15 min (Simard, 1993), Fe was extracted from with a solution of
0.005 M pentetic acid (DPTA) and 2 h of shaking (Liang and Karamenos, 1993) and Mn was
extracted with phosphoric acid (Reid, 1998). The resulting solutions were filtered and analyzed
to determine the respective concentrations of the extracted species using a Varian ICP-OES.

2.2.4 Cation Exchange Capacity (CEC)

The cation exchange capacity (CEC) was determined by saturating the exchange sites in the
clay samples with Ba* from a barium chloride solution. NH,* was then used to displace the Ba**
ions which can then be measured to quantify the CEC (Rhoades, 1982).

2.2.5 Heavy Metal Analysis

Clays (1 g) were combined with 3 mL concentrated HNO; and 9 mL concentrated HCl in
digestion tubes and heated to 110°C on a heating block. This extraction does not dissolve
silicates and thus metals bound to a silicate matrix were not measured. The extract was diluted
with Nanopure water and analyzed using a Varian ICP-OES for Cd, Cr, Co, Cu, Mo, Ni, Pb and
Zn (MOE, 2007). To extract Hg, the residue from the acid digestion was further digested with
potassium permanganate and HCI and analyzed by cold vapour atomic absorption spectroscopy
(AAS) (Russell and Pearce, 2009). Further digestion with potassium iodide and dilute HCI was
required to extract As and further digestion with concentration HCI and heating was required for
Se. Hydride generation AAS was used to analyze for Se and As (Pearce and Drouin, 2008).

2.2.6 Sulfur

Samples were microwaved in the presence of HNO; to extract S (Anderson, 1996) and the
supernatant was diluted with Nanopure water before being analyzed using the Varian ICP-OES.
The MX-80 sample was analyzed in replicate to test reproducibility of total sulphur analyses and
to determine sample heterogeneity. The results of this test had a standard error of ca. +5%.

2.2.7 pH

pH was determined by a saturated paste method in which clay samples were mixed with an
appropriate amount of water to saturate the sample without any free-standing water. The
resulting saturated paste was then measured with a pH meter.

2.2.8 Total Nitrogen

Samples were combusted in a sealed system at 800-1000°C to convert all forms of nitrogen to
nitrogen oxides based on the Dumas method (Jung et al., 2003). The nitrogen compounds were
reduced to N, gas and measured with a thermal conductivity cell in the LECO FP428.



2.2.9 Extractable Phosphorous

Phosphorous was extracted from samples using a 0.5 mol/L sodium bicarbonate solution (Reid,
1998) and the concentration was determined using a Seal AA3 spectrophotometer.

23 GEOCHEMICAL ANALYSIS RESULTS

The results of the geochemical analyses performed by the Soil and Nutrient Laboratory are
summarized in Table 1. This data was collected to support limiting nutrient studies which
requires a full suite of geochemical data. In addition to this, we also tested the sample
heterogeneity using the MX-80 sample prior to analysis of the other samples. For three MX-80
subsamples, values of 0.721 £ 0.016%, 0.112 £ 0.0014%, 0.609 + 0.018% for total C, OC, and
IC were reported respectively. Total sulphur for the three replicates was reported at 0.38 +
0.02%. This standard error was low and suggested that sample heterogeneity would not play a
role in the geochemical analysis. As such, other analyses were not conducted in triplicate.



Table 1: Geochemical Characterization of Clay Samples

MX-80 National CCP RwWC Asha
pH 8.3 9.0 7.9 8.1 8.6
CEC (cmol/kg) 76.3 64.0 48.3 71.3 73.5
Total S (%) 0.38° 0.22 0.11 0.30 0.13
Total N (%) bdl bdl bdl bdl bdl
Extractable P (mg/kg) 4.6 20 14 2.7 3.4
Fe (mg/kg) 21 27.3 52 13.4 6.61
Nitrate (mg/kg) 2.91 7.31 49.8 2.33 1.94
Nitrite (mg/kg) 0.200 0.270 0.179 0.320 0.0396
Exchangeable Cations (mg/kg)
Ca 4890 5590 2670 8880 7450
Mg 1700 700 410 3600 1900
K 560 490 530 570 190
Na 11856 11463 6843 4466 10863
Mn 2.29 2.19 19.4 5.43 2.90
Carbon (%)
Total 0.721° 0.24 0.465 0.827 0.498
Organic 0.112° 0.24 0.414 0.083 0.149
Inorganic 0.609° bdl 0.0513 0.744 0.349
Water-extractable organic 0.0095 0.016 0.073 n/a n/a
Trace Metals (ug/g)
As 5.3 9.2 6.4 4.1 <0.35
Se 0.13 0.16 0.32 0.50 0.11
Co 1.6 0.86 5.6 54 61
Cr 4.5 1.9 19 11 140
Cd <0.2 <0.2 <0.2 <0.2 <0.2
Cu 3.2 29 15 19 150
Hg <0.035 <0.035 0.055 0.26 <0.035
Mo 24 2.7 0.098 1.1 <0.7
Ni 7.8 2.9 17 5.5 77
Pb 43 43 20 9.8 9.5
Zn 55 71 66 23 200

bdl = below detectable limits (<0.05); *Represent average values of triplicate analysis (see

section 2.3 for more information); n/a = not applicable because these samples were not

extracted for "H NMR spectroscopy (see section 3 for more information).

Analysis of clay samples from these deposits has also been conducted in other studies, as
noted below (see Table 2). The CCP and National samples were not analyzed in any of the
other studies reviewed and thus there are only results for the MX-80, RWC and Asha samples.
Parameters that were found in multiple studies are presented as ranges.



Table 2: Comparison of Geochemical Literature Values

MX-80 RWC Asha
CEC (cmol/kg) 75-86.3%°° 72-10073 88.6-93.3%3
Exchangeable Cations (mg/kg)
Ca 5210-136273°° 11823-38475"3
Mg 1142-2187 2°* 4193-7293"3
K 391-7822¢* 508-997°3 391°
Na 11725-134492°°  3104-5134"° 13564°
Carbon (%)
Total 0.3982 1.14-1.78%° -
Organic 0.15-0.235%¢ 0.07-0.22%° -
Inorganic 0.15-0.163%° 0.92-1.24%° -

®Karnland (2010); "Olsson and Karnland (2009); °“Kumpulainen and Kiviranta (2010); “Svensson et al.
(2011); °Kiviranata and Kumpulainen (2011).

2.4  DISCUSSION OF GEOCHEMICAL ANALYSIS

As discussed previously, NOM in the buffer material may be a key nutrient source for microbes
in the vicinity of the UFC (Oscarson et al., 1986). Thus, clay with a lower OC content and
consequently a lower amount of NOM is preferred. All of the clays had low amounts of OC
compared to other environmental samples but the MX-80, Asha and RWC clays had the least
OC (Table 2). The WEOC in a sample is believed to be representative of the labile OC content
(Simoneit et al., 2004). Less than 10% of the OC in samples MX-80 and National was water-
extractable suggesting that there is very little labile material in these clay samples. Organic
geochemical analyses (section 3) also provide insight into the composition of NOM and its
potential to serve as a microbial substrate.

The MX-80 and National samples are mined from the same bentonite deposit in Wyoming.
Similarities were observed between these samples but there some differences were also
apparent. Most notably, the CEC values and carbon contents varied between the samples
suggesting that there may be heterogeneity within the same clay deposit.

Compared to the literature values (Table 2), the values obtained for the CEC and exchangeable
cations (Table 1) are consistent with other reports. The range of values reported for the clay
samples also highlights variability within the clay deposits. The same result is observed when
comparing calculated C values for the RWC clay with the literature. The IC result for the MX-80
clay was much higher than the literature values while the OC result was slightly below the
literature range. As such, it is important to monitor basic geochemistry with each deposit
because of the inherent variability of the clay samples.

3. MOLECULAR-LEVEL ANALYSIS OF NATURAL ORGANIC MATTER IN CLAY SAMPLES
3.1 MATERIALS

Three candidate clay samples were chosen for detailed NOM molecular-level analysis. The two
clays from the Wyoming, USA deposit, MX-80 and National, were analyzed as well as CCP from



Saskatchewan, Canada. These clays represent the range of OC and CEC found through the
geochemical analysis. MX-80 is also the current reference clay for the NWMO repository design
(Villagran et al., 2011). All five clays were prepared for solid-state '>C NMR analysis for detailed
comparisons.

3.2 METHODS

3.21 Chemical Extractions and GC-MS Analysis

MX-80, National and CCP clay samples were subjected to a series of chemical extractions to
isolate NOM biomarkers that can provide information about the source and degradation stage of
NOM. Biomarker analyses included: solvent-extractable lipids and other unbound compounds;
base hydrolysis to isolate bound (hydrolysable) lipids; and CuO oxidation to isolate lignin-
derived phenols (Otto and Simpson, 2005; Otto and Simpson, 2006a; Otto and Simpson,
2006b). Specifically, a 90 g sample of each clay was sonicated sequentially in dichloromethane,
a mixture of dichloromethane and methanol (1:1 v/v), and methanol with 180 mL of each
solvent. The resulting supernatant was filtered through glass fiber filters (Whatman GF/A and
GF/F), concentrated by rotary evaporation and dried under N, flow. Air-dried clay residues from
the solvent extraction (8 g) were transferred to Teflon liners and heated at 100°C for 3 h in metal
reaction bombs in the presence of 20 mL of 1 M methanolic KOH. The resulting extracts were
acidified to pH 1 with 6M HCI and hydrolysable lipids were separated by liquid-liquid extraction
with diethyl ether followed by rotary evaporation to remove diethyl ether. Residues from the
base hydrolysis (8 g) were air-dried for isolation of lignin-derived phenols with 1 g of copper (Il)
oxide [Cu0], 100 mg ammonium (ll) iron sulfate hexahydrate [Fe(NH4)(SO,).-6H,0] and 15 mL
of 2 M NaOH heated at 170°C for 2.5 h. After acidification to pH 1 with 6 M HCI, extracts were
stored for 1 h at room temperature in the dark to prevent reactions of cinnamic acids. Extract
solutions were then centrifuged and lignin-derived phenols were liquid-liquid extracted from the
supernatant with diethyl ether. Rotary evaporation was used to remove diethyl ether.

Base hydrolysis extracts were derivatized with N, N-Dimethylformamide dimethyl acetal (methyl-
8) at 60°C for 30 min. The solvent extract, CuO oxidation extract and the derivatized base
hydrolysis extract were derivatized using N, O-bis-(trimthylsilyl)trifluoroacetamide (BSTFA) and
pyridine at 70°C for 1.5 h. Derivatized compounds were transferred to 250 pL vial inserts with
hexane and injected into an Agilent model 6890N gas chromatograph coupled to an Agilent
model 5973 quadrupole mass selective detector using an Agilent model 7683 autosampler.
Separation by gas chromatography (GC) was achieved with an HP-5MS fused silica capillary
column (30 m x 0.25 mm inner diameter x 0.25 um film thickness). GC operating conditions
were as follows: initial temperature of 65°C held for 2 min, temperature increase from 65°C to
300°C at a rate of 6°C per min and a final temperature of 300°C held for 20 min. Compounds
were identified by comparison with mass spectra in the Wiley275 MS library. Tetracosane,
methyl tricosanoate and behenyl alcohol-TMS were used as external quantification standards
for the solvent extracts while methyl tricosanoate was used for the hydrolysable lipids and
vanillic acid-TMS was used for lignin-derived phenols. All extractions were performed in
triplicate.



3.2.2 Detection and Quantification Limits

Due to the low concentrations observed for the biomarker compounds, the detection and
quantification limits of the GC-MS were tested. The standards used in the quantification of the
biomarker extracts (tetracosane, methyl tricosanoate, behenyl alcohol and vanillic acid) were
used to test the limit of detection (LOD) and limit of quantification (LOQ) for n-alkanes, n-
alkanoic acids, n-alkanols and phenols. Standards ranging from 10-100 mg/L were analyzed
using the same procedure as the analysis of the biomarker extracts. Standards in the
concentration range 100-1000 mg/L were also analyzed to ensure a linear response. The
signal-to-noise ratio (S/N) was determined by measuring the heights of the signal peak and
noise region. The LOD and LOQ are defined as S/IN23 and S/N=10 respectively (Dass, 2007).

3.2.3 Solid-State *C NMR

All five clay samples (100 g) were repeatedly treated with a solution of 10% HF acid and 4%
HCI acid to enrich the organic matter and remove paramagnetic ions that can interfere with
NMR analysis (Gonclaves et al. 2003; Rumpel et al. 2006; Schmidt et al. 1997). After
treatment, samples were washed with deionized water and freeze-dried. Treated clays (100 mg)
were packed into 4 mm zirconium rotors with Kel-F caps for analysis by solid-state *C cross
polarization magic angle spinning (CPMAS) NMR. Spectra were acquired on a 500 MHz Bruker
BioSpin Avance lll spectrometer with a 4 mm H-X MAS probe. A ramp-CP pulse program
(Conte et al., 2004) was used with a spinning rate of 13 kHz, a contacttime of 1 msanda 3 s
recycle delay. Preliminary experiments were performed to optimize the recycle delay and
ensure that it was longer than four times the spin-lattice relaxation of protons within the sample.
NMR spectra were processed with TopSpin version 3.0 using a zero-filling factor of 2 and 100
Hz line broadening. Four spectral regions were integrated: alkyl, 0-50 ppm; O-alkyl, 50-110
ppm; aromatic + phenolic, 110-165 ppm; and carboxylic + carbonyl, 165-220 ppm (Baldock et
al., 1992; Preston et al., 1997; Simpson et al., 2008).

3.2.4 Solution-State NMR

Both water-soluble and base-soluble (humic substances) NOM was extracted and analyzed by
solution-state NMR spectroscopy. Water-soluble NOM was isolated from the three clay samples
used in the biomarker analysis by exhaustive extraction with Millipore water as described in
section 2.2.1. The extract was centrifuged at 30,000g for 1 h to remove suspended clay
particles and freeze-dried. HF and HCI treated samples were exhaustively extracted with 0.1 M
NaOH under N to extract base-soluble NOM (humic substances). Extracts were filtered through
a 0.22 ym Millipore Durapore PVDF membrane filter, passed through an Amberjet 1200(H) ion
exchange resin for cation exchange and freeze-dried. Base-soluble extracts (5 mg) were dried
further over phosphorous pentoxide [P,Os] before being dissolved in 60uL of DMSO-ds and
transferred to a 1.7 mm NMR tube. A 15 mg sample of the water extraction residue was mixed
with 80 pL of deuterium oxide (D20, 99.96% D) and adjusted to pH 12 by addition of 5 uL
sodium deuteroxide (NaOD, 99.5% D, 30% in D,O). The mixture was vortexed for 2 min,
centrifuged at 2300g for 20 minutes and 30 pL of supernatant was transferred to a 1.7 mm NMR
tube. The water- and base-solution fractions were analyzed with one-dimensional (1D) solution-
state "H NMR. Two-dimensional (2D) solution-state '"H NMR spectra were obtained for the
base-soluble NOM extracted from the CCP clay sample to confirm the peak assignments made
in the 1D spectra. The CCP sample was chosen for 2D analysis because it has the highest OC
content and gave the highest NMR response.
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Solution-state '"H NMR spectra were acquired using a Bruker BioSpin Avance Il 500 MHz
spectrometer with a "H-">C-'°N 1.7 mm microprobe fitted with an actively shielded Z-gradient at
298K. Presaturation utilizing relaxation gradients and echoes (PURGE) was used to suppress
the water signal at 4.7 ppm (Simpson and Brown, 2005). 1D NMR spectra were collected using
2K scans, a recycle delay of 1 s and 32,768 time delay points. Spectra were processed with
TopSpin 3.0 software using a zero filling factor of 2 and 1 Hz line broadening. Peaks were
assigned using the additional information provided by the 2D solution-state '"H NMR
experiments and the literature (Deshmukh et al., 2003; Simpson et al., 2003). 2D spectra were
collected as follows.

Correlation spectroscopy (COSY) data were acquired using digital quadrature detection with
2048 scans, a spectral width of 7500 Hz and 196 time domain increments. Spectra were
processed using a QSINE function and magnitude mode for the F1 axis, a zero-filling factor of 2
and 1 Hz line broadening. Total correlation spectroscopy (TOCSY) data were acquired in the
phase-sensitive mode with a mixing time of 80 ms. A total of 2048 scans were collected for each
of the 196 increments in the F1 axis and 2048 data points were collected for the F2 axis
Heteronuclear single quantum coherence (HSQC) data were obtained using digital quadrature
detection with anti-echo gradient selection and an average 'J 'H-*C value of 145 Hz. A total of
2048 scans were collected in the F1 axis for each of the 128 increments and 2048 data points
were collected for the F2 axis. Both TOCSY and HSQC spectra were processed with a function
corresponding to 15 Hz for the F2 axis and an unshifted sine-squared function for the F1 axis. A
zero-filling factor of 2 was used for both axes.

3.3 RESULTS OF NOM MOLECULAR LEVEL ANALYSIS

3.3.1 Chemical Extractions and GC-MS Analysis

The LOD and LOQ values determined by the quality control tests are shown in Table 3.

Table 3: GC-MS Detection Limits for Representative Biomarker Compounds

Compound Amount (ng) S/IN

Behenyl alcohol

LOD 25 6.3

LOQ 35 11.0
Tetracosane

LOD 10 4.0

LOQ 25 9.0
Methyl tricosanoate

LOD 25 4.1

LOQ 60 10.9
Vanillic acid

LOD 10 4.1

LOQ 15 9.3




11

The results of the solvent extraction of the MX-80, CCP and National clay samples are listed in
Table 4. Due to sample heterogeneity and low NOM concentration, some compounds were only
observed in one or two replicates as indicated by the superscripts. In general, a variety n-
alkanoic acids, n-alkanols and n-alkanes were observed. The sources of these compounds as

well as some commonly used n-alkane proxies are also indicated in the table.

Table 4: Major Components of NOM (ng/g Clay) and Their Sources Identified After
Solvent Extraction of MX-80, National and CCP Clays

MX-80 National CCP Source
n-Alkanoic acids
Short chain
Hexanoic acid 7.71°2 26.7 £+ 7.63 bdl
Heptanoic acid 2.16° 4.26 £ 0.41 bdl
Octanoic acid 6.46° + 5.33 9.03+4.46 2.49° +0.20
Nonanoic acid bdl 10.5+4.31 bdl
Decanoic acid 4.32° 4.22 +1.53 1.98° + 0.31
Undecanoic acid 2.38° +0.11 5.61+1.65 1.45 £ 0.41
Dodecanoic acid 1.67°+0.63 11.4 +4.60 4.56 +1.37 Microbes, plants
Tridecanoic acid 2.94° +0.89 8.73+2.18 8.92 +2.46 and mosisesc,d,e
Tetradecanoic acid 8.42° + 1.36 26.5+9.72 21.2+£3.99
Pentadecanoic acid bdl 15.8 £ 3.22 27.4 +7.48
Hexadecanoic acid 113° +45.9 242 £ 67.7 128 £ 13.1
Heptadecanoic acid 2.76° + 2.69 16.4 £ 7.49 39.9+4.63
cis-9-Octadecenoic acid bdl 140 £ 69.4 354 +549
Octadecanoic acid 151 £ 109 482 + 98.9 151° + 16.38
Nonadecanoic acid 2.47° +0.26 10.9£4.09 34.4 £ 6.66
Long-chain
Eicosanoic acid bdl bdl 39.0 £ 8.99
Heneicosanoic acid bdl 15.3 + 5.06 40.3° + 4.52
Docosanoic acid 8.60° + 1.40 20.8 £ 7.60 30.8 £8.10
Tricosanoic acid 5.06° + 1.49 22.4 +6.47 241 +6.91 Vascular plant
Tetracosanoic acid 944 +3.18 bdl 23.3+£7.60 waxes'
Pentacosanoic acid bdl 16.8° + 10.3 10.7 + 4.03
Hexacosanoic acid 6.76°+0.95 23.9°+16.0 21.4 £ 8.49
Heptacosanoic acid bdl - 9.32° + 1.59
Octacosanoic acid bdl 30.4° +13.1 249 +6.53
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Table 4: Continued

MX-80 National CCP Source
n-Alkanols
Short chain
Dodecanol 2.27 +1.26 2.75+1.20 5.61° + 0.58
Tridecanol 1.242 3.32+0.91 6.70 £ 2.85
Tetradecanol bdl 1.23°+0.0025 3.64°+0.35 Microbes®
Pentadecanol bdl 0.20° 2.26 £ 0.65
Hexadecanol bdl 0.59° +0.18 bdl
Octadecanol bdl 0.79°+0.070  3.37°+0.18
Long-chain
Icosanol 2.62+1.00 8.42+2.21 bdl
Docosanol 5.58" +0.96 bdl bdl
Tetracosanol 411°+170  134+4.68  572°+1.11 Vas@‘gfgff'am
Hexacosanol bdl 4.56° + 1.53 479 +1.22
Octacosanol 2.28°+0.016 bdl 3.72°+0.23
n-Alkanes
Short chain
Octadecane bdl 6.60 + 0.92 13.2° + 0.84 Plants or
Nonadecane 453°+207 563+0.80  8.12°+2.01 microbes™®
Long-chain
Icosane 5.09 £ 2.63 16.6 £ 1.65 11.5+4.63
Heneicosane 5.64 £ 2.28 14.8 +1.16 16.2° + 0.93
Docosane 4.08° + 0.077 19.9+5.00 8.22° +3.13
Tricosane 8.14 £ 4.36 6.61 +1.01 18.7 +4.09
Tetracosane 10.3°+£1.23  29.3°+4.50 bdl
Pentacosane 5.37 £ 1.91 12.8° +5.93 30.1£6.91
Hexacosane 650°+399  149+260  142:388 oo plant
Heptacosane 13.1£4.03 23.1+2.56 41.1 £ 8.96
Octacosane 11.1+£4.92 bdl 64.7 £ 26.6
Nonacosane 14.3 £4.84 bdl bdl
Triacontane bdl 13.8 £ 1.69 9.59 + 2.31
Hentriacontane 8.62 + 3.94 37.7+£11.5 38.8+11.9
Tritriacontane bdl 10.8 £ 1.53 20.1°+0.77
n-Alkane proxies
C23/(Ca3+C27) 0.32 0.22 0.31
C31/(C27+C39) 0.37 0.60 0.47
ng/(C27+C29+C31) 0.40 bdl bdl

bdl = below detection limits, ® = compound identified in only one of three replicates (no SE calculated, the

single high measurement is reported)

b
3

= compound identified in two of three replicates (SE of the two

detected measurements is reported); ° Baas et al. (2000); 9 Harwood and Russel (1984); ® Volkman et al.
(1998); "Bianchi (1995); ° Ficken et al. (2000).
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Table 5 lists the results of the second extraction method applied to the three clay samples, base
hydrolysis. As with the solvent extraction, some of the compounds observed in this extract were
not observed in all three replicates. There were also some samples that had concentration
values near the LOD, denoted as ‘Tr’ or trace amounts, and others that had values between the
LOD and LOQ which are denoted as ‘Det’ or detected. The compounds extracted included n-
alkanoic acids, a-hydroxyalkanoic acids, w-hydroxyalkanoic acids, a,w-alkanedioic acids and p-
hydroxybenzoic acid.
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Table 5: Major Components of NOM (ng/g Clay) and Their Sources Identified After Base
Hydrolysis of MX-80, National and CCP Clays

MX-80 National CCP Source
Short chain n-alkanoic acids
Nonanoic acid bdl bdl 1732
Dodecanoic acid Det? Tre 38.9°+26.9
Tridecanoic acid bdl bdl 21.9°
Tetradecanoic acid 55.2+4.45 27.0+13.9 73.3+46.2
Pentadecanoic acid bdl 17.2° 38.7 + 201 Microbes and
Hexadecanoic acid 675+ 318 698° + 261 1409° + 1120 plants®*
Heptadecanoic acid Det?® Det? 60.7 + 24.6
Octadecanoic acid 1085 + 496 1327 + 436 2612 + 1442
trans-9-Octadecenoic acid bdl 34.1° bdl
cis-9-Octadecenoic acid 682 +19.2 254" +7.82 84.2°+22.3
Long-chain n-alkanoic acids
Nonadecanoic acid bdl bdl 36.0+21.5
Eicosanoic acid 27.6° +13.2 50.0% 79.0+454
Docosanoic acid bdl bdl 74.5% Vascular plant
Tricosanoic acid bdl bdl 16.4° waxes and suberin’
Tetracosanoic acid bdl bdl 59.5%
Hexacosanoic acid bdl bdl 18.5°
Triacontanoic acid bdl bdl 43.9°
a-Hydroxyalkanoic acids
a-Hydroxytridecanoic acid bdl 23.6° Det?
a-Hydroxypentadecanoic acid bdl 44.0° 43.9° £37.2
a-Hydroxyhexadecanoic acid 302 +4.49  27.3°+ 4.99 56.6° Leafvvvvgggs and
a-Hydroxyheptadecanoic acid bdl Det® 23.9°+16.0
a-Hydroxyoctadecanoic acid bdl bdl 42.2°
a,w-Alkanedioic acids
a,w-Nonanedioic acid bdl 1162 54.6 £43.7
a,w-Decanedioic acid bdl bdl 26.6°+21.0
a,w-Undecanedioic acid bdl bdl 26.3+13.8 Suberin"
a,w-Nonadecanedioic acid bdl bdl 84.3°
a,w-Eicosanedioic acid bdl bdl 37.92
w-Hydroxyalkanoic acids
w-Hydroxyundecanoic acid bdl 35.2° bdl
w-Hydroxydodecanoic acid bdl 27.9° bdl Suberin"
w-Hydroxyoctadecanoic acid bdl 1722 bdl
Other products
p-Hydroxybenzoic acid bl bl 25.6° Lignin or proteins'

Tr = trace amounts of compound (at LOD), Det= compound detected but not quantifiable (below LOQ),
bdl = below detection limits, * = compound identified in one of three replicates (no SE calculated, the

single high measurement is reported)

b
’

= compound identified in two of three replicates (of the two

detected measurements is reported); “ Harwood and Russel, (1984); °Volkman et al. (1998); ' Otto and
Simpson (2006b); ¢ Friere et al. (2002); " Kolattukudy and Espelie, (1989); ' Goiii et al. (2000).
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CuO oxidation results are shown in Table 6. As with the base hydrolysis, some of the
concentrations were below the LOD and LOQ values determined by the quality control tests
(section 3.3.1). Sample heterogeneity was also observed in replicates of this extraction. CuO
oxidation normally yields vanillyl (vanillin, acetovanillone and vanillic acid), syringyl
(syringaldehyde, acetosyingone and syringic acid) and cinnamyl (p-coumaric acid and ferulic
acid) groups (Hedges and Mann, 1979). Vanillin was detected in the extract from the National
clay while vanillic acid was detected in extracts from all three samples. n-Alkanoic acids, a,w-
Alkanedioic acids, m- and p-hydroxybenzoic acid, 3,5-dihyroxybenzoic acid and 1,4-
benzenedicarboxylic acid were also detected.

Table 6: Major Components of NOM (ng/g Clay) and Their Sources After CuO Oxidation of
MX-80, National and CCP Clays

MX-80 National CCP Source
n-Alkanoic acids
Octanoic acid Det? bdl bdl
Nonanoic acid 11.4°+9.83 18.4° 40.5°
Decanoic acid Det® Det® 9.2°
Dodecanoic acid Tr® bdl 9.5+253
Tetradecanoic acid Det® Det® 13.4+1.42  Microbes and
Pentadecanoic acid Tre Tre Det® plants®*
Hexadecanoic acid 45.3° 53.8° 309 + 131
Heptadecanoic acid bdl bdl Det®
cis-9-Octadecenoic acid bdl Tr? 10.1°
Octadecanoic acid 55.8% 115° 393 + 189
a,w-Alkanedioic acids
a,w-Heptanedioic acid bdl bdl 16.3° Suberin®
a,w-Nonanedioic acid 20.2°+10.3 16.6° + 8.32 37.2£9.56
Protein-derived products
m-Hydroxybenzoic acid 8.3°+0.76 bdl 15.8 £4.29 Plant-derived
p-Hydroxybenzoic acid 11.6° £ 3.12 bdl 20.4 £ 4.14 proteins'
Other benzenes
3,5-Dihydroxybenzoic acid bdl bdl 56.9° + 22.8 Tannins?®
1,4-Benzenedicarboxylic acid bdl bdl 2.6%
Lignin monomers
Vanillin bdl 290° + 735 bdl Gymnosperm
Vanillic acid 11.07° £ 0.74 14912 232° +58.5 wood"

Tr= trace amounts of compound (at LOD), Det= compound detected but not quantifiable (below LOQ), bdl
= below detection limits, * = compound identified in one of three replicates (no SE calculated, the single
high measurement is reported), b= compound identified in two of three replicates (SE of the two detected
measurements is reported); ° Harwood and Russel (1984); 4 \olkman et al. (1998); ° Kolattukudy and
Espelie (1989); ' Goiii et al. (2000); ° Prahl et al. (2004); "Hedges and Mann (1979).
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3.3.2 Solid-State *C NMR

3C NMR spectra were successfully collected for the MX-80, CCP and National samples.
Despite extensive sample pre-treatment, no signal was observed for the Asha or RWC samples
after 48 hours of analysis (signal is usually obtained within 1-2 hours for pre-treated samples).
The spectra that were collected are shown in Figure 2. The four main spectral regions identified
correspond to aliphatic carbon, 0-50 ppm; O-alkyl carbon, 50-110 ppm; aromatic and phenolic
carbons, 110-165 ppm; and carboxyl and carbonyl carbons, 165-220 ppm (Baldock et al., 1992;
Simpson et al., 2008).

Carboxyl and Aromatic and
carbonyl phenolic O-Alkyl Aliphatic

[ A Y g Y g V—/%

|

ccp .
National \)\\—«:
MX-80
T T T T T T T T T
200 150 100 50 0

ppm

Figure 2: Solid-State CPMAS 'C NMR Spectra of HF-Treated Clay Samples from
Wyoming, USA and Saskatchewan, Canada showing the four major spectral regions:
aliphatic, 0-50 ppm; O-alkyl, 20-110 ppm; aromatic & phenolic, 110-165 ppm and carboxyl
& carbonyl, 165-220 ppm (Baldock et al., 1992; Simpson et al., 2008).

The relative abundance (%) of integrated signal area found in each of these regions is reported
in Table 7. The aliphatic and the aromatic and phenolic regions contained the highest amount of
signal in the case of all three clays. Possible sources of this material are also listed. To further
establish the potential source of the NOM, solution-state NMR was performed on the soluble
(water extractable and base extractable) portion of the NOM (see section 3.3.3).
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Table 7: Relative Abundance (%) of Solid-State '>*C NMR Signal for Different Structural
components of NOM

Structural Chemical MX-80 National CCP Source

region shift (ppm)
Aliphatic compounds found
Aliphatic 0-50 56 68 46 in lipids, waxe.s,ag,utm and
suberin
Substituted aliphatic
. ) compounds found in
O-Alkyl 50-110 / 7 6 carbohydrates, proteins, and
lignin®
Aromatlc_and 110 - 165 32 o4 49 Aro_ma_tlc components found
phenolic in lignin, proteins and black
carbon®®
Carboxyland a5 9o 5 1 6  Carboxylic, amide and ester

carbonyl carbons found in NOMP

2 Preston et al. (1997); ° Simpson et al. (2008); °Baldock et al. (1992).
3.3.3 Solution-State '"H NMR

The results of the 1D NMR analyses of the water- and base-soluble extracts were evaluated
with the results of the 2D analysis of the base-soluble material to make structural assignments
for the spectra based on previously published literature assignments for NOM (Deshmukh et al.,
2003; Simpson et al., 2003). Peak assignments were made corresponding to carbons and
protons in molecules similar to those shown in Table 8. These include: A, terminal methyls and
main-chain methylenes; B, methylenes attached to COOH; C, methylenes in free primary
alcohols; D, methylenes in free secondary alcohols and E, protons a to C-O including primary
and secondary alcohols, ether, esters and carbohydrates.

Table 8: Carbon and Proton Pairs Identified in Clay Sample CCP and Corresponding
Chemical Shifts (Deshmukh et al., 2003; Simpson et al., 2003).

Symbol Type 'H shift (ppm)  'C shift (ppm)
A4 CH3-CH,-CH,-R 0.7 14
Ao CH3-CH,-CH2-R 0.9 20
Az CH3-CH,-CH,-R 1.1 29
B R-CH,-CH,-CO,H 2.0 34
B, R-CH,-CH,-CO,H 1.3 25
C R-CH,-CH,-CH,-OH 1.4 35
C, R-CH,-CH,-CH,-OH 1.3 25
D, R-CH,-CH,-CHOH-CH,-CH2-R 1.4 35
D, R-CH,-CH,-CHOH-CH,-CH,-R 1.3 25

E Protons a to C-O 3-3.8 58-74
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Figure 3 shows the 1D spectrum of the base-soluble material extracted from clay sample CCP.
This spectrum was chosen because it is representative of the spectra obtained for the MX-80
and National samples but has a higher signal intensity and better resolution. Spectral regions
were assigned based on the literature and correspond to: aliphatic protons from methyl and
methylene (0.3-2.9 ppm), O-alkyl protons from carbohydrates and lignin (2.9-4.1 ppm), a'H from
proteins (4.1-4.8 ppm), aromatic protons from lignin and proteins (6.2-7.8 ppm) and amide
protons from proteins (7.8-8.4 ppm) (Clemente et al., 2012). Most of the peaks were detected in
the aliphatic and O-alkyl regions and correspond to protons identified in Table 8. The triplet at
7.05 ppm is consistent with ammonia (Clemente et al., 2012).

Amide  Aromatic alH O-Alkyl Alkyl
A /JW_H A
f&/ h h
A
DMSO-d, >

E
Ammonia —— A,
-
9 8 7 6 5 4 3 2 1 ppm

Figure 3: Solution-State 'H NMR of the Base-Soluble Material Extracted from Clay Sample
CCP. Highlighted Regions Correspond to the Following Protons: Aliphatic, 0.3-2.9 ppm;
O-alkyl, 2.9-4.1 ppm; a'H from proteins, 4.1-4.8 ppm; aromatic, 6.2-7.8 and amide, 7.8-8.4
(Clemente et al., 2012). Additional Peak Assignments (A4, A;, B4, B, C,, D, and E) are
explained in Table 8.

The 1D spectrum representing the water-soluble extract for sample CCP also had a better
signal intensity and resolution than the spectra from the other samples and thus is shown in
Figure 4. This extract also mainly contains aliphatic and O-alkyl compounds that can be
identified from Table 8. Some small organic molecules were also detected including formic acid
(8.44 ppm), methanol (3.33 ppm) and acetic acid (1.90 ppm) (Woods et al., 2011).
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Amide Aromatic a'H  O-alkyl Aliphatic

e

H,0

Acetic acid
Bl

Methanol
Formic acid

Figure 4: Solution-State 'H NMR of the Water-Soluble Material Extracted from Clay
Sample CCP. Highlighted Regions Correspond to the Following Protons: Aliphatic, 0.3-
2.9 ppm; O-alkyl, 2.9-4.1 ppm; a'H from proteins, 4.1-4.8 ppm; aromatic, 6.2-7.8 and
amide, 7.8-8.4 (Clemente et al., 2012). Additonal peak assignments (A4, A;, B; and B,) are
explained in Table 8.

The final spectrum shown in Figure 5 is the 2D HSQC spectrum. COSY and TOCSY spectra
were also obtained for this sample and were found to be consistent with the HSQC spectrum
but are not shown for brevity. Peak assignments for this spectrum correspond to the couplings
between the carbons and protons identified and listed in Table 8.
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Figure 5: 'H-'3C HSQC NMR Spectrum of the Base-Soluble Material from Clay Sample
CCP Highlighting Major 'H-"*C Couplings Between Aliphatic and O-Alkyl Structures.
Assignments are explained in Table 8.

3.4 DISCUSSION OF MOLECULAR ANALYSIS

The solvent-extractable NOM was mainly composed of n-alkanoic acids, n-alkanols and n-
alkanes of various chain lengths. Potential sources for these compounds can be determined
based on biomarker structure. A homologous series of long-chain n-alkanoic acids, n-alkanols
and n-alkanes (=Cy) are believed to be biomarkers for vascular plant waxes (Bianchi, 1995).
The short chain aliphatic lipids (<Cy) are generally thought to be derived from different sources
based on the type of compound. Short chain n-alkanols are derived primarily from microbes
(Ficken et al., 2000; Harwood and Russel, 1984) while short-chain n-alkanes are biomarkers for
both plants and microbes (Harwood and Russel, 1984; Volkman et al., 1998). Short chain n-
alkanoic acids are derived from microbes, plants or mosses (Baas et al., 2000; Harwood and
Russel, 1984; Volkman et al., 1998). Due to the low concentrations of short chain n-alkanols
observed, the short chain n-alkanoic acids detected are more likely derived from plant sources
rather than microbial sources. The biomarker ergosterol is also commonly found in NOM solvent
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extracts but was not observed in these samples. Ergosterol is most commonly associated with
fungi (Feng et al., 2008; Ruzicka et al., 2000) suggesting that the microbial inputs observed in
the clay samples are more likely from bacteria rather than fungi.

A variety of ratios that provide additional information about NOM sources can be applied to
long-chain n-alkanes (Bush and Mclnerney, 2013; Lei et al., 2010; Nott et al., 2000). Based on
the ratio of Coo/(Co7+Co9+C3¢) chain lengths, values of 0.2-0.35 are indicative of grasses and
broad leaf tissues while values of 0.35-0.5 indicate conifer-derived tissues (Lei et al., 2010).
This proxy was only applied to the MX-80 results because the C,g chain length was not
observed in the CCP or National samples. The value of 0.40 calculated for MX-80 suggests a
dominance of conifer-derived materials. Other proxies are also available which do not include
Coo. The ratio of C,3/(Cy3+Cy7) is used to differentiate between mosses and higher vascular
plants with the C,; chain length representing moss inputs (Bush and Mclnerney, 2013; Nott et
al., 2000). A preference towards vascular plants was observed for all three samples. Inputs from
grasses and trees can be distinguished using the ratio of C31/(C,7+C34) with C34 representing
grass tissues (Bai et al., 2009; Meyers and Ishiwatari, 1993). The n-alkanes extracted from the
MX-80 and CCP samples show a preference towards tree tissues while the opposite is true of
the National sample. These n-alkane proxies are very useful for providing additional information
about the source of NOM in clays and other environmental samples. However, it was recently
suggested that these proxies may vary with location due to variations in the abundance of n-
alkane chain lengths in a plant group in different regions (Bush and Mclnerney, 2013). The
results of the proxies should therefore be thought of as a guide for potential sources of the
solvent-extractable material from these clays.

Possible sources can also be determined for compounds extracted by base hydrolysis. In this
case, long-chain n-alkanoic acids are thought to be derived from waxes and suberin from
vascular plants (Otto and Simpson, 2006b). a-Hydoxyalkanoic acids were also found in all three
clay samples and are generally thought to be biomarkers for leaf waxes and wood (De Leeuw et
al., 1995; Freire et al., 2002). Only the National sample was found to contain w-hydroxyalkanoic
acids which are derived from suberin in roots and bark (Kolattukudy and Espelie, 1989) and
polyesters in leaf waxes of grasses and conifers (Bull et al., 2000). a,w-Alkanedioic acids were
found in the CCP sample and are biomarkers for suberin which is often thought to be an
indicator for vascular plants (Kolattukudy and Espelie, 1989). These potential NOM sources are
in agreement with the results of the solvent extraction because they point mainly towards
microbial and vascular plant sources. The biomarkers indicating leaf waxes, wood and bark are
also consistent with inputs from trees.

Of the vanillyl, syringyl and cinnamyl groups that are normally found after CuO chemolysis, only
vanillic acid and vanillin were observed in the extracts. Vanillyl-type phenols have been reported
to be more environmentally persistent than cinnamyl or syringyl phenols (Hedges et al., 1988),
which may explain why only these lignin-derived phenols were observed. The presence of only
vanillyl groups may also indicate that this material is derived from a gymnosperm source rather
than an angiosperm source which would produce both vanillyl and syringyl groups. The absence
of cinnamyl groups may be indicative of woody gymnosperm tissues as opposed to non-woody
tissues such as conifer needles (Hedges and Mann, 1979). All of the clay samples contained
a,w-alkanedioic acids which are biomarkers for suberin (Kolattukudy and Espelie, 1989). The
MX-80 and CCP samples contained m- and p-hydroxybenzoic acids which are thought to be
indicative of plant-derived proteins (Gofi et al., 2000). The extract from sample CCP also
contained 3,5-dihydroxybenzoic acid, a biomarker for polyhydroxyaromatic tannins (Prahl et al.,
1994). The results of this extraction suggest mainly higher plant sources with the possibility that
trees, and more specifically gymnosperms, are large contributors.
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The acid to aldehyde ratio (Ad/Al) of vanillyl and syringyl monomers is a commonly used metric
to determine the degradation state of lignin in environmental samples (Hedges et al., 1988).
Biodegradation of lignin results in oxidation of these monomers (Ten Have and Teunissen,
2001) and thus a higher Ad/Al ratio indicates lignin at a higher state of degradation. Vanillic acid
was detected in all three clays but only the extract from the National sample contained vanillin
as well at an Ad/Al ratio of 6.88. In fresh woody tissue from conifers, the Ad/Al ratio for vanillyl
monomers has been reported in the range of 0.1-0.5 (Cotrim Da Cunha et al., 2001; Hedges
and Mann, 1979), suggesting that lignin in the National sample is in a state of advanced
degradation.

Basic structural information about the whole sample can be obtained using solid-state *C NMR
(Kogel-Knabner, 2000; Simpson et al., 2008). The spectra obtained for NOM in the MX-80, CCP
and National samples have very similar signal intensities in all of the spectral regions. More than
85% of the signal was found in the aliphatic and aromatic regions in all cases. Signal in the
aliphatic region corresponds to methylene carbons in proteins, lipids or waxes and the small
shoulder at 15 ppm indicates terminal CH; groups (Preston et al., 1997; Simpson et al., 2008).
The aromatic region represents carbons in lignin, proteins or black carbon (Baldock et al., 1992;
Simpson et al., 2008). Based on the results of the CuO oxidation, it is not likely that this signal
corresponds to the presence of lignin in the sample as only two of the eight lignin-derived
phenols were observed. The 6-7% of the total signal found in the O-alkyl region corresponds to
methoxy groups in carbohydrates or lignin and the 1-6% of the total signal in the carboxy and
carbonyl region may indicate carboxylic, amide or ester groups (Simpson et al., 2008). The ratio
of signal intensities in the alkyl and O-alkyl regions is another method used to approximate the
degree to which NOM has been diagenetically altered (Baldock et al., 1992; Simpson et al.,
2008). The alkyl/O-alkyl ratios for the MX-80, CCP and National samples were 8.0, 7.6 and 9.7.
Even soils with higher levels of NOM degradation generally have an alkyl/O-alkyl ratio between
0-2 (Pisani et al., 2013; Simpson et al., 2008). NOM in the clay samples studied has therefore
likely undergone a great deal of diagenetic alteration during or post-deposition.

More detailed structural information on NOM samples is often acquired with solution-state 'H
NMR which results in higher resolution spectra than solid-state NMR (Simpson et al., 2008).
The small organic molecules detected in the base-soluble extract may be by-products of
microbial metabolism (Gest, 1981; Schink and Zeikus, 1980). However, it is unclear whether
these may be artifacts of past metabolism as no experiments to determine microbial activity
were performed. The results of the 1D and 2D solution-state NMR experiments showed that
many of the peaks likely correspond to the types of compounds outlined in Table 7. These are
mostly long-chain aliphatic compounds with some oxygen functionality. The relative ratio of
intensities of the CH; (A;) and CHj; (A1) peaks in the 1D spectra indicates that there are not
many terminal CH3 groups which suggests that these compounds also have relatively few side
chains. Long-chain aliphatic compounds have been hypothesized to be more recalcitrant due to
protection by sorption to the clay surface (Baldock and Skjemstad, 2000; Feng et al., 2005). The
large signal observed in the solid-state >*C NMR spectra may indicate that more of these long-
chain aliphatics are present but are sorbed too strongly to the clay surface to be removed by the
extraction techniques used. Based on the fact that no amino acids were observed in any of the
solution-state "H NMR spectra, it is unlikely that the aromatic signal in the solid-state *C NMR
spectra corresponds to carbon in proteins. This suggests that black carbon or some other non-
extractable aromatic-rich NOM is the most likely source of the signal in the aromatic region.
Formation of bentonite clays is known to have occurred in the presence of volcanic ash (Fisher
and Schmincke, 1984; Grim and Guven, 1978) which has been shown to be largely composed
of black carbon-like material (Kramer et al., 2004).
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4. CONCLUSIONS

Geochemical analyses were performed to collect data that could be useful in future
assessments of potential organic and nutrient sources in a DGR. Overall the geochemical
analysis of the five clay samples showed that the MX-80, Asha and RWC samples have the
highest CEC values and lowest OC contents. Data on other inorganic nutrients, such as P, S, N
and Fe were also collected (Table 1). Comparison to previous analyses of several of these clay
samples (Table 2) suggests that there is significant variation in geochemical composition among
samples that may occur naturally within the deposits.

Three candidate clay samples were chosen for detailed molecular-level analysis. The two clays
from the Wyoming, USA deposit, MX-80 and National, were analyzed as well as CCP from
Saskatchewan, Canada. MX-80 is also the current reference clay for the NWMO repository
design (Villagran et al., 2011). Characterization of NOM at the molecular-level in clay samples
MX-80, National and CCP from Wyoming and Saskatchewan identified very similar sources
between samples. Major inputs from microbes and vascular plants were detected with microbial
inputs likely from bacteria due to a lack of observed fungal biomarkers. Vascular plant inputs
likely represent a much larger fraction of the solvent-extractable compounds than microbial
inputs. The solid-state '>*C NMR spectra were dominated by signal in the aliphatic and aromatic
regions. The results of the 1D and 2D solution-state NMR allowed for further characterization of
this material as long-chain aliphatic compounds with minimal branching and aromatic carbon
that is likely in the form of black carbon. Based on degradation ratios, the NOM present in these
clays has undergone substantial diagenetic alteration. The remaining NOM is composed mainly
of compounds that are hypothesized to be recalcitrant due to their inherent chemical structure
as well as physical protection by the clay surface due to sorptive interactions.

The composition of NOM found in the three clays analyzed was very similar based on the
biomarker, solid-state and solution-state NMR experiments. NOM was observed to be in a
highly degraded state and was mainly composed of long-chain aliphatic carbon with minimal
side branching and aromatic carbon. These compounds are hypothesized to be recalcitrant and
likely have strong interactions with the surface of the clay minerals. Based on this molecular-
level analysis, the NOM is predominantly recalcitrant and is not a labile C source for microbes.
However, to further confirm if this type of NOM can act as a microbial substrate, future
experiments should test this using conventional incubation experiments and re-analysis of NOM
to determine if biodegradation has occurred.
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