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Abstract

Characterization of soil properties typically requires time-intensive,
ground-based sampling. Therefore, technologies that allow for rapid as-
sessment of particular attributes would be greatly beneficial. One example
is Fourier transform infrared (FTIR) spectroscopy, which uses an infrared
spectrum to qualitatively identify a variety of compounds in solid, liquid,
or gaseous samples. This study investigated the infrared reflectance signa-
tures of peat and mineral soil samples with varying amounts of organic
matter and coupled FTIR spectroscopy with a thermogravimetric analyzer
(TGA) to more accurately identify and quantify soil organic matter (SOM).
Clear differences were observed between the soil and peat FTIR spectral
profiles. When compared to traditional analysis by loss on ignition, the
coupled TGA-FTIR method resulted in an underestimation of the percent
SOM for peat samples and an overestimation of the percent SOM in min-
eral soil samples. These results may have been influenced by low sample
mass and moisture present in the sample. In total, our project results show
that FTIR measurements provide a rapid yet qualitative means of as-
sessing sample organic matter versus mineral content, but the TGA-FTIR
measurement capability needs more refinement before it can be used for
gualitative SOM measurements.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. Ci-
tation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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1.1

Introduction

Background

Organic matter is a critical component of all terrestrial soil systems. Vary-
ing levels of organic matter can result in direct and indirect effects on soil
characteristics, such as biological activity, water retention, and soil
strength (Kamnev 2008; Simkovic et al. 2008; Six et al. 2004). In total,
these characteristics control how soils respond to environmental disturb-
ance. Soil organic matter (SOM) abundance and quality effect many
trophic levels, from microorganisms to higher-order plants (Bauer and
Black 1994) and plays an integral role in soil aggregate formation and sta-
bilization (Six et al. 2004). Quantification of SOM in soil could provide in-
sight into biological processes such as carbon and nitrogen mineralization
and organic nitrogen fixation (Bauer and Black 1994) as well as many
physical processes controlled by local environmental conditions. For ex-
ample, degradation of organic structures in soil by heating is associated
with a decrease in soil water repellency (Simkovic et al. 2008). Current ap-
proaches to measuring organic matter rely on time-consuming laboratory
analyses. The ability to rapidly assess SOM content across a large area
would greatly benefit activities where soil composition and strength are
important to mission success, such as revegetation of degraded lands, as-
sured mobility across terrain, or predictions of soil state as influenced by
local weather patterns (Sheoran et al. 2010; Barbato et al. 2016). Of partic-
ular utility would be a field-deployable rapid means of assessing SOM to
reduce the costs of sample identification, collection, and analysis by con-
straining environmental sampling campaign efforts.

Fourier transform infrared (FTIR) spectroscopy is a non-destructive, rapid
method of analysis. It can be used to qualitatively identify a variety of com-
pounds in solid, liquid, or gaseous samples (King et al. 2004). Infrared
spectra provide insight into the identity of functional groups present in a
sample, particularly in organic compounds (Skoog 2004). FTIR spectros-
copy has been used to characterize organic compounds in a variety of ma-
terials, including soils. For example, it has been used to determine the de-
gree of decomposition occurring in peats by comparing the spectral signa-
tures observed across different soil horizons (Artz et al. 2006). Statistical
analysis can be used to compare the spectral signature of a sample to other
chemical and biological data that have been collected (Chapman et al.
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2001). FTIR analysis has also been successfully applied in assessing soil
responses to environmental changes, such as thermal destruction; the ef-
fect of stressors such as heavy metal presence; and plant responses to nu-
tritional stress (Kamnev 2008; Dlapa et al. 2013; Simkovic et al. 2008).
Changes in soil biogeochemical attributes can be deduced from peak shifts
and intensity fluctuations. In addition, statistical analysis can be used to
relate the spectral signature of a sample to other chemical and biological
data inherent to that sample to gain insight into soil processes (Chapman
et al. 2001).

Because of the complexity of soils and the presence of matrix interfer-
ences, infrared spectral analysis of soils can be more difficult than for
more chemically consistent or predictable samples such as pharmaceuti-
cals (Margenot et al. 2016). To overcome many of these issues, there are
several advantages to using FTIR instruments rather than dispersive infra-
red instruments. FTIR spectroscopy is a faster method because all wave-
lengths of the spectrum are detected and measured simultaneously. Dis-
persive instruments separate frequencies using gratings, so only one wave-
length can be measured at a time. The source energy that interacts with
the sample is limited by a slit in the instrument, which decreases the qual-
ity of the data. As energy reaching the sample is not limited in FTIR in-
struments, they have better sensitivity because the signal-to-noise ratio is
much higher (Skoog 2004). FTIR instruments also have better precision
and accuracy because the same laser is used for every sample (Skoog
2004). Dispersion instruments depend on external calibrations, which
makes it more difficult to compare data.

Thermogravimetric analysis (TGA) is a technique traditionally used to de-
termine the mineral components in a soil but can also be applied to
broadly distinguish carbon compounds through controlled heating rates
(Pallasser et al. 2013). TGA is based on the continuous measurement of
mass loss of a sample during heating in a controlled atmosphere (Oudghiri
et al. 2015). This methodology has proven to be successful when coupled
with FTIR in obtaining a temporal resolution of sample components via
acquisition of spectral signatures concurrent with mass loss measurements
due to volatilization (Oudghiri et al. 2016). FTIR spectra, collected from
the off-gas generated as samples are heated, can be used to identify the
composition of volatile organic compounds evolved at a particular temper-
ature.
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1.2

1.3

1.4

Objectives

Recognizing that FTIR has been used in a variety of soil science applica-
tions, we sought to adapt and refine these protocols to provide a well-es-
tablished, streamlined, in-house analytical procedure for analyzing com-
plex mineral soil and organic rich peat samples using FTIR or FTIR cou-
pled with TGA. We acquired and analyzed spectral signatures of soil and
peat containing varying amounts of organic matter to determine if the or-
ganic matter content could be quantified using thermogravimetric analysis
(TGA) coupled with Fourier transform infrared (FTIR) spectroscopy
(TGA-FTIR). The coupled TGA-FTIR approach provides a spectral finger-
print of a soil and a measure of mass loss whereas traditional methods for
guantifying percent organic matter address mass loss only. We evaluated
FTIR spectroscopy as a potential standoff sensing application for the rapid
assessment of SOM quality and content to save time and resources and to
provide information on soil condition and mineralogy. This type of infor-
mation may prove useful in making soil assessments that then inform spe-
cific applications, such as assured mobility, or in obtaining environmental
intelligence. Our ultimate goal is to develop field-deployable rapid meas-
urement tools to identify SOM in a variety of soil types.

Approach

We evaluated spectral signatures of soil and peat to determine if FTIR
spectroscopy is a sufficient alternative method to characterize SOM. We
analyzed FTIR and TGA-FTIR signatures to determine if spectral outputs
compared favorably to soil composition and percent organic matter meas-
ured through traditional laboratory methods. We investigated how the
FTIR signatures of peat samples differed from mineral soils and changes
in TGA-FTIR-derived signatures of peat and mineral soils containing vary-
ing amounts of soil organic matter to better assess this technology as a
useful measurement of SOM. Our peat samples were collected in central
Alaska, near Fairbanks, at field sites where the soil, organic matter, and
vegetation characteristics are well known from previous work. Mineral
samples were collected from test plots in Hanover, New Hampshire.

Limitations and gaps

Interpretation of FTIR spectra of soil and other complex matrices has
proven to be difficult because of the heterogeneous nature of the material
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(Margenot et al. 2016), and spectroscopic resolution of SOM is often lim-
ited by this complexity and by the dominance of the mineral component of
the soil (Margenot et al. 2016). The spectral subtraction technique has
been used to isolate components of a spectrum; however, one must con-
sider the limitations and validity of the resulting spectra (Margenot et al.
2016). Typically, a background is subtracted from the sample spectrum to
yield a resulting spectrum with a targeted objective. For example, to in-
crease the organic infrared spectral signal in a soil sample, the sample is
initially analyzed, heated to 350°C to remove the organic component, and
then reanalyzed. The resulting spectral subtraction, initial minus com-
busted, in theory would exhibit an enhanced SOM profile (Margenot et al.
2016). However, even following subtraction, band overlapping of different
functional groups makes for particularly difficult interpretations. This has
been somewhat overcome by using the first and second derivate of the
spectrum. These derivations enhance differences in peak intensity and can
be used to determine significant differences between samples through sta-
tistical analysis.

At the U.S. Army Cold Regions Research and Engineering Laboratory
(CRREL), we are currently quantifying SOM by using the traditional loss
on ignition method. Loss on ignition involves a sample being heated to a
particular temperature, typically between 200°C and 430°C, to burn off
organic compounds. The change in mass is then reported as a percent or-
ganic matter. However, the resulting compounds that were volatilized are
not known. Using TGA-FTIR, we can determine the change in mass as a
sample is heated, monitor this change over time, and obtain spectra of
compounds as they are volatilized. In theory, using all data points, SOM
can be quantified and identified, providing a more thorough understand-
ing of the SOM present in a sample.

There is limited research and methodology pertaining to handheld FTIR
instruments being used to determine SOM content in situ (Robertson et al.
2015). Ambient atmosphere conditions make it difficult to take FTIR anal-
ysis into the field due to strong water absorptions in the mid-infrared
when using diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) (Reeves et al. 2010). However, spectral signatures are a poten-
tial way to characterize soils by using standoff sensing and would elimi-
nate the need to rely on field collections and destructive laboratory anal-
yses to obtain accurate chemical and biological measurements. To develop
standoff sensing as a means of characterizing soils over a large area, a
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more thorough understanding of the reflectance properties of soils is
needed so that the technology can move from a qualitative to a quantita-
tive application.
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2.1

Part One: Mineral Soils vs. Peat—SOM
Characterization

Experimental methods

Phase one of the initial investigation began with establishing a protocol for
analyzing soils by using a Nicolet 6700 diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) module (ThermoFisher Scientific, Wal-
tham, MA). DRIFTS, as a method, may be more appropriate for analyzing
soil than attenuated total reflectance (ATR) due to the roughness of soil.
ATR measures internal reflectance and involves the interaction between
the sample and a crystal, and therefore good contact between the two is
necessary. This intimate contact could be hindered by soil particles, result-
ing in limitations in using ATR for soil assessment. DRIFTS analyzes the
bulk of the sample through diffuse reflection. Specular reflection occurs
when the laser source hits the surface of the sample and reflects back at
one angle to the detector. Alternatively, diffuse reflectance occurs when
the laser penetrates the sample and the incident ray is reflected at many
different angles, moving through the matrix before reaching the detector.
DRIFTS has proven useful when analyzing samples with a rough surface,
such as soil, since it accounts for diffuse scattering between particles
(Khoshhesab 2012).

This study analyzed four soils with diverse soil properties. The soils in-
cluded a loam soil with a low organic matter content (L-OM), a sandy
loam soil with organic matter (SL+OM), a sandy loam soil with low or-
ganic matter content (SL-OM), and a sandy loam soil (SL). These samples
were collected from test plots at the Soil Microbiology Field Site located at
the Cold Regions Research and Engineering Laboratory in Hanover, New
Hampshire, as described in Barbato et al. (2016) (Table 1). Samples Peat 1
and Peat 2 were collected from two biologically discrete Alaskan bogs, the
Farmers Loop bog (64.8751° N, 147.6831° W), an ERDC-CRREL National
Geotechnical Engineering site, and the Alaska Peatland Experiment
(APEX) bog site (64.6922° N, 148.3278° W), respectively. Site access to
the APEX bog was provided by Dr. Merritt Turetsky at the University of
Guelph as part of the Bonanza Creek Long Term Ecological Research pro-
gram funded by the National Science Foundation.

For this study, dry mineral soils were sieved using a 250 um sieve and
stored in a desiccator until time of analysis. Peat samples required a
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2.2

slightly different preparation protocol. In brief, peat samples were ground
using the A1l basic analytical mill (IKA Works, Inc., Wilmington, NC) and
then sieved using a 250 um sieve. Before each sample analysis, we col-
lected background spectra for both peat and mineral soils by using a gold
disk. The software automatically subtracted the background from the sam-
ple spectrum. Sample spectra were collected using the instrument’s default
setting of 32 scans at a resolution of 8 cm-1.

Samples were also combined with potassium bromide (KBr) and analyzed
separately to attempt to increase resolution. KBr does not absorb in the
near infrared. Therefore, diluting samples with KBr allows the laser to
penetrate deeper into the sample, which increases scattering and mini-
mizes the specular reflection at the surface. Specular reflection can lead to
changes in band shape and an increase in relative intensity. After being
sieved, the soil samples and the peat samples and were combined with
finely ground KBr in a 1:100 ratio. For these samples, a KBr background
was used rather than the gold disk. For our purposes, we decided to report
the neat samples that were not diluted with KBr as peaks were more easily
distinguishable.

Results and discussion

We measured the spectral signatures of soil and peat samples and deter-
mined that the signatures were different through spectra observations.
While this result was expected, the results can be used to develop a refer-
ence library from which to discern SOM. Because peat is composed of
nearly 90% organic matter, it can serve as a reference fingerprint for as-
sessing SOM. For example, the aliphatic and aromatic carbons present in
the peat materials provide a signature for SOM that can be used to assess
the abundance of SOM in other soils, such as the mineral soils examined in
this study.

We found the spectral signatures of the mineral soils to be consistent with
those previously reported for soils collected from Pantelleria, Italy (Saiano
et al. 2013). Figure 1 illustrates the four mineral soil spectra along with
peak assignments. Organic and inorganic compounds were observed in all
spectra. Absorbance peaks from 3100 to 3600 cm-1 were assigned to hy-
droxyl group (O-H) vibrations of clay and iron oxides. Absorbance peaks
from 800 to 600 cm-1 were assigned to other mineral vibrations (Saiano et
al. 2013). Peaks in this area were particularly hard to decipher. Further
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resolution in this area may be possible through spectral subtraction tech-
niques, such as ashing or chemical oxidation, to obtain a mineral back-
ground or through the use of a mineral standard as the background
(Margenot et al. 2016). Peaks assigned to aliphatic and aromatic carbons
were absorbed from 2980 to 2850 cm-1 and 1620 to 1600 cm-1, respec-
tively. The spectral signature of SL+OM had more intense aliphatic and ar-
omatic peaks when compared to the other mineral soils. SL+OM had the
highest percent organic matter of all of the four soils (Table 1).

Figure 1. Average spectral signature for each mineral soil, 7= 3. (Peak assignments
referenced from Saiano et al. 2013.)
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Table 1. Soil properties of the soils tested, including particle size distribution, pH, cation
exchange capacity (CEC), organic matter content (OM), and nitrogen (N) content. Values are
reported as means (standard error in parentheses) (7= 3). (Table from Barbato et al. 2016.)
CEC
Soil Sand (%) | Silt (%) Clay (%) pH (meq/100g)| OM (%) N (%)

SL+OM |67.2 (0.6) |26.3 (0.4) |6.5(0.2) |7.0(0.1) |10.9(0.1) |3.3(0.1) |0.20(0.01)
)

)
SL 66.4 (0.2) |125.9 (0.6) |8.4 (1.0) [6.6(0.0) |8.6(0.1) 2.6 (0.0) (0.17 (0.00
L-OM 47.6(0.9) (40.8(0.8) |11.5(0.5) |8.1(0.1) |14.0(0.5) |ND 0.02 (0.00)
SL-OM |65.6(0.8) |24.1 (0.6) {10.2(0.2) |7.7 (0.0) [11.6(0.2) |0.9(0.1) |0.09 (0.00)

We analyzed two peat samples from Alaskan bogs to determine if there
were obvious spectral differences between peat and soil. The term peat re-
fers to saturated soil-like ground consisting of partially decomposed plant
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material. The spectral signatures of the two peat samples were very simi-
lar. The only obvious difference occurred at around 1720 cm-1. This peak is
indicative of carboxylic acids and aromatic esters (Hodgkins et al. 2014).

Figure 2. Comparison of (g) loam without organic matter (L—OM) and (b) peat from Farmers
Loop, AK (Peat 1), prior to drying and sieving.

Visually, the peat samples were very different from the mineral soils (Fig-
ure 2) and this was reflected in the acquired infrared spectra (Figures 1
and 3). The peaks associated with mineral vibrations disappeared in the
peat samples. This was expected as peat is mostly composed of decom-
posed plant material. An increase in aliphatic carbon intensity was seen in
both peat samples when compared to the mineral soils. Lipids, fats, and
waxes are examples of aliphatic carbon chains (Hodgkins et al. 2014), all
of which would be expected in peat. The peak from 1600 to 1650 cm-1 had
a greater intensity than the soil spectra. This peak has been attributed to
lignin and other aromatics or aromatic or aliphatic carboxylates (Hodgkins
et al. 2014). Lignin is a specific type of organic polymer found in the struc-
tural parts of plants, specifically cell walls. In the peat spectra, there was a
pronounced peak from 1030 to 1080 cm-1, showing the presence of poly-
saccharides. This peak was not noticeable in the mineral soil spectra be-
cause of the superimposed mineral absorptions.
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Figure 3. Average spectral signature for each peat sample, 7= 3. (Peak assignments
referenced from Hodgkins et al. 2014.)
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Because of the complexity of soil, chemical information is not easily acces-
sible by visually looking at the spectral signatures. Statistical analysis is re-
quired to further decipher the signatures and quantitate the acquired data.
In future work, we will perform statistical analyses such as least-squared
analysis and ordination techniques (i.e., principle components analysis) on
the data set generated in this study to determine whether we could identify
significant differences in spectral signatures between the mineral soils,
particularly with respect to abundance of SOM. These methods are useful
for application to complex data sets in that they reduce the redundancy in
the data to manageable levels and allow for the investigation of subtle
changes in spectral shapes through analysis of derivatives (Plante et al.
2009). Spectral subtraction would also be a potential way to reduce the
overlapping bands and to enhance identification of the peaks of interest.
The identification of unique spectral signatures (for example, related to
SOM), could also be related with other chemical and biological attributes
of the same soil. If correlations are strong, then chemical and biological at-
tributes could potentially be inferred from the infrared spectral measure-
ments alone.
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3.1

3.2

Part Two: TGA-FTIR

Experimental methods

Phase two of the initial investigation began with establishing a method for
analyzing two of the mineral soils (L-OM and SL+OM) and both peat
samples on the coupled TGA-FTIR system (TGA Q50, TA Instruments,
New Castle, DE). Dried mineral soil and peat samples were sieved to re-
move particles greater than 250 um. Approximately 10 mg of each sample
was transferred to an aluminum low-mass, tared pan. The transfer line
and gas cell were heated to 280°C for 1 hour prior to analysis. The purge
gas through the TGA was nitrogen at flow rate of 20 mL/min with a bal-
ance purge of 40 mL/min. The furnace temperature was increased from
20°C to 600°C at a rate of 20°C/min. Spectra were collected from 4000 to
600 cm-1every 12 s at 8 cm-! resolution. The system was left to cool back
to room temperature before the next run began.

Output from the TGA-FTIR includes a Gram-Schmidt thermogram, linked
spectral signatures, mass-loss plot, and three-dimensional representations
of the time-resolved spectra obtained during heating. The Gram-Schmidt
thermogram uses algorithms to transform the independent data outputs
from the instrument into one spectrum and depicts the total absorption of
evolved components throughout the run. Prominent peaks on the thermo-
gram, with linked spectra, indicate volatilized compounds for quantitative
(area under the peak) and qualitative (spectral profile) assessments. The
mass plot generated by the TGA is used in conjunction with the Gram-
Schmidt thermogram when trying to determine when compounds are vo-
latilized. Changes in slope of the mass-loss plot indicate mass loss, and the
derivative of the mass plot is used to help determine at what time or tem-
perature significant mass loss occurred.

Results and discussion

As expected, the output spectra from the peat samples and the soil sam-
ples were quite different from one another, particularly at 2370 cm-1,
which represents evolved CO: in the off-gas and was used as a proxy for
SOM. This was expected because the peat has more plant material and or-
ganic matter as compared to the mineral soils.



ERDC TR-17-9 12

3.2.1 Mineral soils

We chose L-OM and SL+OM mineral soils to encompass a range of or-
ganic matter content. Soil L—-OM had the lowest percent organic matter,
and SL+OM had the highest of the four mineral soils analyzed (Table 1).
Results indicated no obvious absorptions on the Gram-Schmidt plots for
either mineral soil (Figure 4). Neither soil showed a definable peak to indi-
cate that a compound had been volatilized. The mass plot and derivative
mass plot of L-OM did not show much mass loss; however, the SL+OM
mass plot and derivative mass plot did (Figure 5). Mass loss from the
SL+OM sample was calculated to be 5.6%, and mass loss from L-OM was
calculated to be 1.1%. The loss in mass from both samples was slightly
higher than the organic matter previously cited by Barbato et al. (2016)
(Table 1); however, some of the mass loss could be attributed to moisture
as these samples were only air dried prior to analysis. Linked spectra could
not be resolved from the Gram-Schmidt plot for either soil, but the three-
dimensional representation of SL+OM (Figure 6¢ and d) showed a slight
increase in absorbance at 2370 cm-1, which was also observed in the peat
samples (Figure 9). This suggested that similar compounds were being vo-
latilized, just in much smaller quantities, which is expected as peat has
high organic matter content and the SL+OM soil has a small amount of or-
ganic matter (Table 1). No peaks could be resolved at this wavenumber in
the three-dimensional representation of L-OM (Figure 6a and b), which
may be due to untraceable amounts of organic matter in this soil.

Figure 4. Gram-Schmidt thermograms of (g) L—OM and (b6) SL+OM.
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Figure 5. Mass and mass derivative plots of (a) L-OM and (6) SL+OM.
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Figure 6. Three-dimensional plots of the time-resolved spectra of (g) L—OM and (¢) SL+OM,
and aerial views of the three-dimensional plots of (b) L—OM and (a) SL+OM.
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3.2.2 Peat samples

Peatlands are saturated environments consisting of organic matter at vary-
ing stages of decomposition. Typically, the rate of biomass production is
greater than the rate of decomposition, which leads to the formation of a
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peat layer. Peat is a difficult material to study due to the dynamic bio-
chemistry from degradation of the plant material and its heterogeneous
make up.

We selected two bog areas that have different plant compositions and
physical properties. Peat 1 was collected from the Farmers Loop bog in
central Alaska, and Peat 2 was collected from the APEX bog in central
Alaska. The Farmers Loop bog had greater plant diversity and microbial
activity and a higher pH compared to the APEX bog (R. Barbato, un-
published data). Both Peats, 1 and 2, contained similar percent organic
matter contents as determined by loss on ignition (i.e., 82% and 87% re-
spectively).

For both peat samples, Gram-Schmidt thermograms showed a strong ab-
sorbance from 15 to 20 min (Figure 7), corresponding to a temperature
range of 280°C to 380°C, which indicated the off-gas of a volatilized com-
pound.

Figure 7. Gram-Schmidt thermograms with corresponding linked spectra of (&) Peat 1 and (b)
Peat 2. Linked spectra shown occurred as samples were heated to approximately 300°C, at
16.4 min and 15.7 min respectively.
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The mass plots provided as Figure 8 also illustrated a sharp change in
slope during this time. Taking the first derivative of the mass plots high-
lighted the change in mass. This mass loss may be associated with the di-
rect oxidation of organic matter and volatilization of low molecular weight
hydrocarbons (Oudghiri et al. 2015).

Figure 8. Mass and mass derivative plots of (g) Peat 1 and (b) Peat 2.
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The linked spectra of the Gram-Schmidt peaks (Figure 7) were very similar
for both peat samples. The most intense peak occurs at around 2370 cm-1,
which is indicative of carbon dioxide (Oudghiri et al. 2015). The second
most intense peak at 1770 cm-1 corresponds to carbonyl (C=0) stretching,
which is a bond present in carbon dioxide. There was also a slight aliphatic
absorption observed from 3000 to 2790 cm-!, which corresponds to the
carbon-hydrogen (C-H) stretching, possibly due to the combustion of or-
ganic carbon in the samples (Oudghiri et al. 2015). The broad absorption
observed at 1150 cmm-1could reflect polysaccharide absorption or the pres-
ence of water vapor (Oudghiri et al. 2015).

Carbon dioxide has been studied as a proxy for SOM in TGA studies (Pal-
lasser et al. 2013; Oudghiri et al. 2015). In the study by Pallasser et al.
(2013), oxygen was used as a purge gas; and as the sample was heated and
volatized, carbon released from SOM was converted to carbon dioxide.
Oudghiri et al. (2015) used synthetic air (20% oxygen and 80% nitrogen)
as a purge gas, which compares more to our study where nitrogen was
used as the purge gas.
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To quantify carbon dioxide as a proxy for organic matter, we plotted the
derivate of the mass (Figure 8), determined the beginning and end of the
derivative peak, and calculated the percent mass loss over that period. Us-
ing this method, Peat 1 had a calculated mass loss of 50.9%, and Peat 2

had a calculated mass loss of 56.7%. These results were lower than the per-
cent organic matter determined by loss on ignition, which was determined
to be 82% in Peat 1 and 87% in Peat 2. Because there was such a large dif-
ference between SOM determined by thermogravimetrics compared to loss
on ignition, the percent mass loss was recalculated over the entire run time
rather than just over the derivative peak, which attributed any mass loss as
SOM. This approach resulted in a mass loss of 63.8% for Peat 1 and 66.7%
for Peat 2.

Figure 9 illustrates the three-dimensional representation of the time-re-
solved spectra. These spectra are useful for qualitatively identifying differ-
ences in evolved compounds between samples. Figures 9a and 9c¢ show
similar peaks were evolved from heating Peat 1 and Peat 2, the most prom-
inent peak being 2370 cm-1, which represents evolved COz in the off-gas
and was used as a proxy for SOM.

Figure 9. Three-dimensional plots of the time-resolved spectra of (g) Peat 1 and (¢) Peat 2,
and aerial views of the three-dimensional plots of (b) Peat 1 and (d) Peat 2.
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TGA is an alternative method to traditional loss on ignition methods for
determining percent organic matter in soil. In this study, the TGA actually
underestimated percent organic matter by a factor of 1.3. This could po-
tentially be resolved by using oxygen rather than nitrogen as the purge gas.
The studies conducted by Pallasser et al. (2013) and Oudghiri et al. (2015)
explored carbon dioxide as a proxy for SOM. Oudghiri et al. (2015) heated
samples to 900°C and observed the degradation of more recalcitrant hy-
drocarbons. They also observed carbonate-associated inorganic com-
pounds degrade at elevated temperature. Because of limitations in sample
processing, we are currently unable to analyze samples at this tempera-
ture; however, it would be interesting to analyze the peat samples for more
recalcitrant hydrocarbon degradation and for mineral soil samples to see if
there is inorganic degradation. FTIR profiles obtained from the mineral
soil samples in Part One of the study indicated a strong mineral compo-
nent absorption that could be tracked with heating. The linked spectra in
connection with the Gram-Schmidt plots collected in Part Two of the study
could be used to determine the identity of the SOM, to a limited extent.
The TGA data was less informative for soils containing a low organic mat-
ter content, where volatilization was minimal, at least at the temperatures
used in this study.
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Summary

Organic matter is a complex material embedded in a heterogeneous soil
matrix. It both directly and indirectly affects soil characteristics and can
provide critical information regarding the current soil state or a response
to environmental changes. In this study, we assessed whether FTIR could
be used to quantify SOM in soils containing varying levels of organic mat-
ter. We identified qualitative differences in spectral signatures between
mineral soils and peat, the latter providing a surrogate spectral signature
for SOM. We then used this information to quantitate percent organic
matter in mineral soils and the peat samples by using a coupled TGA-FTIR
approach. Our results showed peat samples contained more aliphatic and
aromatic carbons, likely due to increased amounts of plant material, and
found that the mineral soils showed a strong presence of mineral com-
pounds such as silica and aluminum oxides. TGA-FTIR proved to be a use-
ful technique for quantifying percent organic matter in peat but was an un-
derestimation when compared to loss on ignition methods. The TGA-FTIR
methodology for SOM quantification will likely improve with the incorpo-
ration of higher temperatures to investigate the mineral content of soil.
Furthermore, FTIR can be used not only to measure spectral fingerprints
of soil or peat but also to determine changes in their composition after ex-
posure to treatment or environmental stressors. Future efforts will explore
the use of FTIR as a standoff system for quantifying SOM over large areas
and in difficult-to-access sites, such as peatlands.
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