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Abstract

Three advanced technologies to measure soil carbon (C) density (g C m~?) are deployed in the field and the results
compared against those obtained by the dry combustion (DC) method. The advanced methods are: a) Laser Induced
Breakdown Spectroscopy (LIBS), b) Diffuse Reflectance Fourier Transform Infrared Spectroscopy (DRIFTS), and c) Inelastic
Neutron Scattering (INS). The measurements and soil samples were acquired at Beltsville, MD, USA and at Centro
International para el Mejoramiento del Maiz y el Trigo (CIMMYT) at El Batan, Mexico. At Beltsville, soil samples were
extracted at three depth intervals (0-5, 5-15, and 15-30 cm) and processed for analysis in the field with the LIBS and DRIFTS
instruments. The INS instrument determined soil C density to a depth of 30 cm via scanning and stationary measurements.
Subsequently, soil core samples were analyzed in the laboratory for soil bulk density (kg m~3), C concentration (g kg™") by
DC, and results reported as soil C density (kg m~2). Results from each technique were derived independently and
contributed to a blind test against results from the reference (DC) method. A similar procedure was employed at CIMMYT in
Mexico employing but only with the LIBS and DRIFTS instruments. Following conversion to common units, we found that
the LIBS, DRIFTS, and INS results can be compared directly with those obtained by the DC method. The first two methods
and the standard DC require soil sampling and need soil bulk density information to convert soil C concentrations to soil C
densities while the INS method does not require soil sampling. We conclude that, in comparison with the DC method, the
three instruments (a) showed acceptable performances although further work is needed to improve calibration techniques
and (b) demonstrated their portability and their capacity to perform under field conditions.
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Introduction and their success monitored at different scales (e.g. farm, region,
and national scales) [6,7].

Changes in soil organic C stocks can be measured directly using
soil sampling protocols and chemical analysis or estimated
indirectly through the use of eddy covariance methods, stratified
accounting procedures, or simulation models [2]. The standard
protocol for measuring soil C changes involves soil sampling at the

Terrestrial C sequestration through planned changes in land use
and management practices has been identified as an early
adoption technology to mitigate the buildup of atmospheric CO,
[1-3]. The potential sequestration is large in agricultural soils due
to the large historical losses experienced by agroecosystems [1].

Many agricultural practices (e.g., diversified crop rotations, no field and preparation for laboratory analysis. Soil C concentration
tillage, nutrient management, and reduced irrigation practice) is analyzed using dry combustion (DC); a method considered as
alone or in combination can result in soil G sequestration [1,4]. An the standard method due to the vast experience acquired using it
additional benefit of soil C sequestration is that these practices also and its precision [8]. The results are presented on a mass basis C
enhance long-term soil quality and productivity [5]. For successful per unit mass [g¢ C kg '] or per unit volume [kg C m °];
mitigation of atmospheric CO,, C sequestration practices must be alternatively they are reported as C density per unit area to a

implemented widely, in developing as well as developed nations, depth of 30 cm, [kg C m™?]) [9,10]. Although this procedure
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Figure 1. Schematic diagram and field setup of Laser Induced Breakdown Spectroscopy (LIBS) instrument: (a) schematic diagram
and (b) picture of SUV-portable LIBS equipment used in this study.
doi:10.1371/journal.pone.0055560.9001

produces excellent results, it must be done in the laboratory and cost-efficient methods for measuring soil C changes in the field
increasing the time, efforts and costs that restrict its routine use in [10,11].

agricultural C sequestration projects, particularly in developing Several technologies have been identified as potentially useful
countries. Thus, there is a need to develop portable, rapid, precise, and adaptable for in-field measurement of soil C including: (a)
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Figure 2. Spectra characteristics and field setup of Diffuse
Reflectance Fourier Transform Infrared Spectroscopy (DRIFTS)
instrument: (a) Diagram of diffuse reflection of IR light by soil
sample, (b) SUV-portable mid-infrared (MIR) spectrometer
used in this study, (c) typical mid-infrared diffuse reflectance
spectra from soil and (d) near-infrared diffuse reflectance
spectra from soil.

doi:10.1371/journal.pone.0055560.g002

laser-induced breakdown spectroscopy (LIBS) [12], (b) diffuse
reflectance  mid-infrared  Fourier  transform  spectroscopy
(DRIFTS) [13], and c) inelastic neutron scattering (INS) [14—
16]. These three technologies—LIBS, DRIFTS, and INS—have
been used extensively for elemental and chemical analysis in other
applications. For example, LIBS has been used to quantify heavy
metal contamination in soils [17], DRIFTS has been applied to
characterize compounds and measure their concentrations in
many materials [18-20], and INS has been employed to measure
whole patient elemental composition [21]. Due to their physical
characteristics, soil volumes analyzed by LIBS and DRIFTS are
very small in comparison to the very large volume analyzed by
INS, which does not require soil sampling.

The objective of this research is to evaluate in-field measure-
ments of soil C densities determined by: a) LIBS, b) DRIFT'S, and
c) INS with laboratory determinations of C densities using the DC
method.

Materials and Methods

Instruments

The three novel analytical methodologies for C analysis in soil,
used in this work, are based on fundamentally different physical
principles with vastly different characteristics and capabilities.
They are LIBS, DRIFTS and INS and are described hereafter.

Laser Induced Breakdown Spectroscopy

The LIBS technique is based on atomic emission spectroscopy
(Figure la) [22-26]. A laser pulse is focused on a (soil) sample,
creating high temperatures and electric fields that break all
chemical bonds in a small volume of about 107% m* of the
material and vaporize it into a white-hot gas of atomic ions known
as microplasma [27]. The resulting emission spectrum is then
analyzed using a spectrometer covering a spectral range from 190
to 1,000 nm. In order to reduce the error in the C determination it
is normalized by the sum of the Al and Si intensities and taken as
the standardized LIBS signal [28]. The C mass concentration was
estimated from a linear fit of LIBS intensity ratio vs. C
concentration on a mass basis (as determined by DC) obtained
from similar soils.

Cremers et al. evaluated LIBS by measuring the total soil C of
agricultural soils from Colorado and a woodland soil from New
Mexico, using a subset of the Colorado samples for calibration
[12]. Their tests revealed that the LIBS instrument has a detection
limit of 300 mg C kg™, a precision of 4-5% and accuracy of 3—
14% (=750 mg C kg™ "), numbers some 30-400 times higher (i.e.
less precise) than the same figures from DC.

The LIBS instrument has several significant operational
advantages over DC. Cremers et al. found that its throughput
was less than 1 minute per sample [11]. Commercially-available
portable LIBS equipment was used for the tests described in this
study greatly facilitating in-field measurements (Figure 1b). The
LIBS method shares with the DC method the disadvantage of
requiring soil core samples that are dried, mixed, sieved, and—if
carbonates are present—acid-washed. The LIBS samples must be
ground and pressed into pellet form, steps that are not necessary
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Figure 3. Deployment modes, schematic diagram, and field
setup of Inelastic Neutron Scattering (INS) instrument: (a) The
three-detector INS instrument in its various deployment
modes: (a) Schematic diagram of a stationary INS instrument
for soil studies, (b) the INS instrument used in this study,
mounted on a cart for operation in field-scanning mode, and
(c) INS instrument being towed behind a tractor during a field
scan.

doi:10.1371/journal.pone.0055560.g003

for the DC method. If maximum accuracy is not required, an un-
dried whole soil core can be scanned along its length, causing the
soil inside the footprint to dry, and results from different areas on
the core’s surface can be combined to provide statistical mixing of
the sample. In this mode LIBS can provide =1 mm resolution
(i.e., each 1 mm from top to bottom of the core).
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Diffuse Reflectance Fourier Transform Infrared

Spectroscopy

Unlike LIBS and INS, which probe the elemental identity of a
sample’s atoms, infrared (IR) spectroscopy probes the C bond
identities of a sample’s molecules. For soil studies, the surface of a
sample is illuminated by a broadband IR source and the
absorbance spectrum of the diffusely reflected component of the
light is acquired by an IR spectrometer. The diffusely reflected
component is light that has entered the sample and is scattered out
through the same surface (Figure 2a). Like LIBS, DRIFTS and
near-infrared spectroscopy (NIRS) have the operational advan-
tages over DC of rapid throughput (1.5 to 3 minutes per sample)
and portability (Figure 2b).

Many quantitative IR studies of soil — to measure component
concentrations - have used the near infrared (NIR) (400-2500 nm)
while qualitative investigations — to determine component
chemical identities - have used the sharper absorption peaks
typical of the mid- infrared (MIR) (2500-25,000 nm). The
preference to use NIR over MIR is due to the weaker absorption
by NIR, which would result in a longer path in the sample and
hence more accurate estimates of the concentration. However,
recent investigations have found that the MIR can be used for
quantitative studies of low concentration components (e.g. C) in
highly diverse materials such as soil [28-30]. Advanced data
analyses techniques, such as partial least squares regression
(PLSR), are essential for quantifying C content from the NIR or
MIR spectra of undiluted samples. McCarty et al. tested the SOC-
predictive performance of both the NIR and MIR wavelength
ranges, on 237 soil samples taken from 14 locations in the U.S.
Great Plains and demonstrated that MIR outperforms NIR by
about a factor of two in precision [30].

Furthermore, because of its bond-sensitive nature, IR spectros-
copy offers the possibility of directly distinguishing inorganic from
organic C, thus eliminating the need of acid pretreatment to
remove inorganic C (Figures 2c and 2d). However, McCarty et al.
found that such direct estimation of organic C from MIR spectra
produced root mean square errors (RMSE) 50% greater than
those by DC [30]. Estimation of organic C by MIR spectra on soil
samples that had undergone acid pretreatment had RMSE similar
to those determined by DC. The field unit consisted of a Surface
Optics Corporation model SOC-400 portable Fourier Transform
spectrometer (SOC-400, Surface Optics, Corp., San Diego, CA).
It is equipped with a non—Peltier cooled DTGS (deuterated
triglycine sulfate) and KBr beam splitter by diffuse reflectance
from 4000 to 400 cm™' at 8 cm ™' resolution using a rotating
sample cup (approximate path 2 mm in width around an 8 mm
diam.) with KBr used for the background spectra. The samples
spend about 45 s on the spectrometer, a time similar to that
required in the lab for DRIFT'S or NIRS.

Inelastic Neutron Scattering

The INS method is based on spectroscopy of gamma rays
induced by nuclear reactions of fast neutrons with nuclei of the
elements present in soil. For that purpose, a portable commercial
neutron generator (NG) consisting of a small (2.5 cm diameter,
10 cm long), sealed-tube accelerator produces fast, 14 MeV,
neutrons by accelerating deuterium (d) impinging on a target
saturated with tritium (t) resulting in a d,t fusion reaction that
emits alpha and anti-parallel neutron particles [31]. The fast
neutrons interacting via INS processes induce 4.43 and 6.13 MeV
gamma rays in G and O atoms, respectively. Alternatively,
following elastic scatterings, some of the fast neutrons slowdown
and undergo capture via thermal neutron capture (TNC)
reactions; inducing a 2.2 MeV gamma ray in H. These gamma
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Table 1. Soil-C density statistics to a depth of 30 cm of Plot No. 3 at the OPE3 field in Beltsville, MD as determined by dry

INS
DC DRIFTS LIBS Universal calibration Local calibration
kg Cm~2
Mean 4.07 4.32 3.27 257 4.06
Std. Dev. 0.55 0.61 0.81 0.61 0.23
Dev. (%) from DC —_ 6.14 —19.7 —36.9 —03
No. samples 9 9 9 Soil volume scanning

doi:10.1371/journal.pone.0055560.t001

rays are detected by an array of Nal detectors separated from the
NG by shielding material. The entire system is mounted on a cart
and non-destructively probes the soil in static and scanning modes
of operation. The intensity of the measured gamma rays is
proportional to the soil’s C and other elements concentrations in
the interrogated volume [14,22].

The high energy neutrons and gamma rays penetrate the soil
quite extensively inducing detectable signal from a depth of 30 to
50 cm. The footprint of the INS system is about 1.5 m? resulting
in a sampled volume >0.3 m®. Schematics and an alpha prototype
of the INS system are shown in Figures 3a and 3b; whereas
Figure 3c shows the INS’s scanning capability. A field scan
represents a mean C value in the scanned area and the C signal
from such large volumes averages any strong variations in the C
depth profile.

The C intensity, the net area under the C gamma-ray peak, in
measured spectra is calibrated against surface C density (g C m~?)
of synthetic soils with known amounts of C. Calibration using
synthetic soils demonstrated linearity of the INS system [14].

Alternatively in the field, the INS system is calibrated directly
against chemical analysis of soil samples. However, any calibration
in the field has to be concerned with comparing C content in
different volumes [32]. Three advantages of the INS system
include: a) it is a non-destructive method, b) it does not require
sample preparation, and c) it is capable of analyzing large volumes
of soil and scanning large areas [33,34]. Further work is required
to establish the sensitivity of the INS system to detect small
changes in soil C content and its sensitivity to variations in C
distribution with soil depth. Furthermore, the INS’s ability to
quantify inorganic C wusing the presence of Ca peak and
stoichiometric information needs to be demonstrated.

Sites and Sampling

No specific permits were required to access and sample the
described field studies described below. Access to the Beltsville
Experiment was coordinated by co-authors J.B. Reeves and G.W.
McCarty from USDA. Access to the El Batan Experiment was
coordinated by co-authors K.D. Sayre and B. Govaerts from
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Figure 4. Correlation between INS signal and soil C density as measured by dry combustion to a depth of 30 cm in Beltsville, MD.

doi:10.1371/journal.pone.0055560.9004
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CIMMYT. Neither location was privately-owned or protected in
any way. The field studies did not involve endangered or protected
species.

Beltsville Experiment

The first side-by-side test was conducted on October 2-3, 2006
on a 25-ha USDA field (39°1'44.1"N; 76°50'41.7"W) in Beltsville,
MD known as OPE3 (Optimizing Production Inputs for Economic
and Environmental Enhancement) [35]. This field, contained
within a first order agricultural catchment in the Maryland inner
coastal plain, had been previously sampled using a 25-m grid
pattern for the determination of soil fertility parameters including
soil organic carbon using both near and MIR spectroscopy and
then mapped by use of ordinary kriging [30]. At the time of the
test, maize ({ea mays L.) had been recently harvested from the field,
which showed a significant, but unmeasured amount of corn
stover.

The experimental area was on a fine-loamy, mixed, semiactive,
mesic Typic Fragiudult and the design consisted of three
30 mx30 m plots (R1, R2, and R3) where 9 sampling points
were laid out on a square grid with each point placed 9-m apart
from each other. At each grid point, six soil samples were
extracted at three depth intervals (0-5, 515, and 15-30 cm) with
a hand-held soil sampler (3.12 cm diam.) and composited into one
sample per depth interval per grid point. The composite soil
samples were taken to the side of the experimental area for further
processing and measuring. In addition two extra soil samples per
plot were taken for comparison with INS stationary measure-
ments.

At the measuring station, the samples were processed and
analyzed by the LIBS and DRIFTS instruments. Electric power
was supplied from a nearby power source (120 V, 60 Hz).
Alternatively, they can be successfully operated from a power
inverter off the car battery.

After determining wet soil weight, each soil sample was
manipulated in order to break the soil aggregates as well as to
remove from the sample visible pieces of roots and crop residues.
After each sample had been thoroughly mixed, a subsample was
taken for subsequent laboratory determinations of soil water
content, coarse fragment fraction, and soil C concentration by
DC. For the DRIFTS analysis, soil samples were broken up and
thoroughly mixed in a plastic Petri dish using a metal spatula
(possible at BARC due to the sandy nature of the soils), mixed and

PLOS ONE | www.plosone.org

Table 2. Analysis of Variance of Dry Combustion, LIBS, and DRIFTS soil C density means of Plot No. 3 at the OPE3 field in Beltsville,
Maryland.

Depth interval

0-5 5-15 15-30 0-30

Mean Square Pr>F Mean Square Pr>F Mean Square Pr>F Mean Square Pr>F
Treatment 0.1289 0.001 0.1825 0.051 0.7886 0.093 2.6965 0.007
Error 0.0142 0.0542 0.3005 0.4455
R? 0.430 0.219 0.179 0.335

Soil Carbon Means (kg C m™?)
Dry Comb. 0.86 at 1.76 a 1.45 ab 4.07 a
LIBS 0.68 b 1.50 b 1.09 b 3.27 b
DRIFTS 0.91 a 1.73 a 1.67 a 4.32 a
Means followed within depth interval followed by the same letter are not significantly different at the 0.05 level of probability.
doi:10.1371/journal.pone.0055560.t002

scanned. Samples for LIBS analysis were pressed in a hydraulic
press to about 20 Mg force and then placed in the LIBS sample
holder. The ambient air of the LIBS instrument was replaced with
Ar gas to enhance the LIBS signal, and the sample was analyzed
for 10 s, which provided 100 spectra per sample. The averaged
spectra were collected for further quantification of soil carbon.

The INS system was operated in stationary and scanning modes
and in either case the data was acquired for one hour. For the
stationary measurements, the INS instrument was placed on top of
the previously sampled locations (two per each plot), subsequently
an arca of 900 m? was scanned (Figure 3). Due to time constraints
and technical issues, only Plot No. 3 was scanned. Correlation
between INS readings in stationary mode and surface C density
were used to develop a conversion factor for predicting soil C
density of Plot No. 3.

All soil samples were analyzed for C at the Kansas State
University (KSU) Laboratory by DC using a Carlo Erba C/N
Analyzer (Carlo Erba Instruments, Milan, Italy) [35]. Carbon
concentration results were converted to soil C density using soil
bulk density values determined by the soil core method.

El Batan Experiment

The side-by-side test in Mexico was conducted on a 17-year old
crop rotation, tillage, residue study plot located at CIMMYT, at El
Batan, about 40 miles east of Mexico DF and 2240 m above sea
level [36,37]. The experimental units (a total of 32) consisted of
plots (22 mx7.5 m) cropped to maize ({ea mays L.) and wheat
(Triticum aestivum L..), either in monoculture or in rotation, with
conventional or no tillage methods, with or without crop residue
removal after harvest, and with crops planted in either flat or
raised beds. The plots are arranged in a randomized complete
block design with two replications. All treatments planted using a
flatbed system (16 treatments or 32 plots) were selected for this test.

Custom, export and import permits required by the U.S. and
Mexican authorities to transfer the INS system, due to NG being a
radiation producing device, precluded the participation of the INS
in the Mexican tests. Thus, only the LIBS and DRIFTS
techniques were tested at CIMMYT. Prior to the field test at
this facility, CIMMY'T researchers provided the instrument team
with eight soil samples previously taken from the plots in order to
facilitate the initial calibration of the LIBS and DRIFTS
instruments.

January 2013 | Volume 8 | Issue 1 | 55560



Quantifying Soil Carbon under Field Conditions

€00Y'0955500"3u0d"[euInol/| Z£1°0L110p

“Auligeqoid Jo [9A3] S00°0 Y3 38 JuBsRYIp Apuediiubls Jou a1e Ja3I3| Swes 3y3 Aq PaMO||04 POYIBW USAID B UIyIM SuBs|,

e L6'E oqe LS 9poq €6'C panowsy 1e9YM
oqe ore oqe o'e oqe 6€'€ paulelay 189U
>qe 1343 >qe vs€e sp>qe LO€ panowsy Szley
qe [<°X qe 16'€ e v9'€ paulelay azie|y uolneloy
qe S9'€ qe 66'€ p>qe 9Te panowsy 1e3ym
oqe 8y'c e 9ty oqe SY'e paurelay 1B3YM
oqe LEE P29 €9C op2q 16T panoway ozley
oqe ov'e qe L6'€ qe z5'c paulelay azie|y 31N} NJ0UO\ 17
3 VLT P 68°'L Gl o' panoway 1eaym
> 18T p> (7T apd> 6LT paurelay 1e3yYM
> [4:44 P29 89°C ° 95T panowsy ozley
q €6'C p>qe Lze 3poqe L6'C paulelay ozIe uoneloy
2 6L'C poqe 6C°¢ op LST panowsy 1e3aym
3 €8'C P>q [4°x4 op ¥9'C pauieay 1B3YM
> [4:4 poqe €6'C ° SET panoway ozle
oqe €9°€ qe €8¢ o9e 6€'¢ paulelay ozley aJn3jnd>ouo 1D
SHIW sdan ‘quo) fig anpisay doid uonejoy abejiL
POYIdA UoneUIWIR}®Q UogJe) [I0S sd|qeleA Juswieal]
e oze e v0'€ q 9LT paroway
e 1443 e 1343 e we paulelsy
anpisay
e oze e Y0'€ e 16T uoneloy
e 1443 e V'€ e L0°E 9IN}NJOUO|
uolejoy
e €9°€ e 99°€ e 9T’ 17
q 16'C q L8C q e 1D
abe|jiL
LESO 0650 6190 d
TSLL0 S80£°0 6EL0 Jouz
¢LL0 05100 00Z'0 [4334l} 2000 vl anpisay
¢LL0 L5100 z0z0 L1TTL ¢SL0 7100 uonejoy
€0000 8760°€ 6000 0689'S 2000 T66€°T abeyiL
S1d1iHa san "quo) Kig
4<ad asenbs ueapy 4<ad asenbs uespy 4<*ad asenbs uespy a%inos

"£00T Ul OIX3N ‘ueleq |3 1e (,_w D BY) Aususp
D |10S 10} pazAjeue suoned]dal OM] UM SJuSW1eal] 9| SY) JOj SUBSW ||RISAO PUB ‘SUBSW 1D9)J9 UlBW ‘S1034)9 Ulew 10} SaNnjeA alenbs ueaw buimoys YAONY JO Alewwns *g ajqel

January 2013 | Volume 8 | Issue 1 | 55560

PLOS ONE | www.plosone.org



Quantifying Soil Carbon under Field Conditions

24,0

y = 0.6966x + 4,1651 @]

204 Y7
=0.772,n =101 0O

20.0 -
18.0
16.0
14.0

12.0 -

Dry Combustion (g C kgl

10.0 4

6.0

4IU T T T T T T T T T
4.0 6.0 8.0 1000 120 140 160 180 200 220 24.0

DRIFTS (g C kgt)

y = 1.049x - 0.686
22.0 R?=0.921,n=30 6

10.0

8.0

6.0

4.0
4.0 6.0 8.0 10,0 12,0 140 160 180 200 220 24.0

LIBS (g C kg?)

Figure 5. Comparison of calibration lines for (a) DRIFTS and (b) LIBS made by including 10% of the data in the calibration sets (see
text).
doi:10.1371/journal.pone.0055560.g005

A composite soil sample made of 12 subsamples per soil depth were grounded with mortar and pestle for LIBS, DRIFTS, and
(0-5, 5-10, and 10-20 cm) was taken from each of the 32 plots. DC analyses. Sample preparation for LIBS analysis was essentially

Once extracted, the soil samples were taken to an improvised the same as described above. The more intense sunlight in the
processing and measuring station located about 200 m away from CIMMYT trials, however, allowed for more thorough drying of
the plots. As in the Beltsville experiment, the composite samples the samples before analysis.

were thoroughly mixed and a subsample was weighed and taken to The rest of the samples were air dried and sent to the soils
a dry lab nearby for soil moisture determination. After separating laboratory at Kansas State University for DC  analysis. Soil
visible pieces of crop residues and roots from the soil samples, samples were finely ground to pass 100 mesh in an agate mill.
these were set to dry, but due to the high clay content the samples Finely ground soil samples were oven dried to 105°C for 24 h and
dried into rock hard masses. Thus, all samples in the Mexico trials stored. Just before analysis, the samples were oven dried again for
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Figure 6. Comparison of dry combustion results from the two different instruments used.

doi:10.1371/journal.pone.0055560.g006

2-3 h, removed from the oven and placed in a desiccator prior to
analysis. The amount of total C was determined by DC (900°C) in
an automatic C analyzer Shimadzu TOGC 5000-A (Shimadzu
Scientific, Kyoto, Japan).

Statistical Analysis

Statistical analysis consisted of regression and ANOVA analysis
using SAS software (SAS Institute Inc., Cary, NC). Data for
Beltsville experiment were analyzed using a Completely Random-
ized Design. Data for the Mexican experiment were analyzed
following a Randomized Complete Block Design.

Ethics Statement

No specific permits were required to access, perform the studies,
and sample the field experiments at Beltsville (Maryland) in the
USA and at CIMMY'T, El Batan in Mexico. At Beltsville, the
technical group was allowed access to the OPE3 field by USDA —
ARS scientist and team member J.B. Reeves III. At CIMMY'T,
the technical group was allowed access to the long-term trial by
CIMMYTT scientist and team member K.D. Sayre. Soil sampling
conducted at both sites followed standard protocols. Soil samples
taken at CIMMYT were imported to the USA by KSU professor,
permit-holder, and team member C.W. Rice for analysis.
Transport of equipment across interstate and international borders
followed all state, federal, and international regulations.

Results

Beltsville Experiment

The mean soil C density of Plot No. 3 as determined by DC was
4.07£0.55 ¢ C m~? (Table 1). A relatively low coeflicient of
variation of 14% suggests a rather uniform distribution of C within
the estimated plot volume (270 m®). The soil C density estimate by
LIBS was about 20% lower than that by DC (p<<0.01) while the
DRIFTS estimate was not different from that determined by DC

PLOS ONE | www.plosone.org

(p<<0.83). In the case of INS, two values are provided (Table 1):
one using a “‘universal” calibration and the other using a “local”
calibration. Use of a “universal” calibration produced a mean
estimate of soil C density about 37% lower than that obtained by
the DC method. Since INS provides a single value for the entire
field with a counting statistics error of about 1.5%, it requires more
replications for comparing against other methods using conven-
tional statistics. Additional “stationary’ measurements at six other
sites in the experimental area allowed for the development of a
regression line between the DC and INS methods (Figure 4).
When using the “local” calibration, there was almost a perfect
agreement between the DC and INS methods.

Table 2 provides a more detailed statistical comparison of the
soil C density values determined by DC, LIBS and DRIFTS for
the three depths and total soil depths on Plot No. 3. Again, for the
three depths, the soil C density derived from DRIFTS measure-
ments was not significantly different from those by DC. In this
case, the enhanced calibration dataset used by the DRIFTS team
contributed to the close results.

El Batan Experiment

The DC measurements were repeated campus of the Colegio de
Postgraduados at Montecillo, Mexico, affording a measurement of
the operational accuracy (repeatability between instruments) of this
“gold standard” technique for measuring soil carbon.

Table 3 summarizes results of the Analysis of Variance
conducted on soil C density calculated to a depth of 20 cm by
three methods: DC, LIBS, and DRIFTS. Here we used a
Randomized Complete Block design with three main factors:
tillage, rotation, and residue with two replications. Overall, R? was
largest for the DC dataset, followed by LIBS, and DRIFTS. The
DC method detected significant differences due to tillage and
residue effects while the LIBS and DRIFTS methods detected
significant differences only due to tillage effects. Further, a one-
way ANOVA analysis (bottom half of Table 3) reveals the DC
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method with higher sensitivity that the other two methods to
detect significant differences among means.

Subsequently, the LIBS and DRIFTS teams were provided with
C concentrations for 11 (10%) of the samples to augment their
respective calibration curves. The DRIFTS team used these
samples from the dataset, eight samples from archived soil samples
taken from the experimental site, and all of the data from OPE3
trial. Using these extra points in the calibration curve the R? for
the DRIFT'S instrument improved significantly to 0.772 (Figure 5).
Using the same 11 samples to construct their new calibration
curve, and using PLS methods, the LIBS team improved their
instrument’s R? to 0.919 although they were only able to use 30 of
the 101 samples due to software limitations (Figure 5). These
results demonstrate that there is considerable opportunity to
improve the predictability of both instruments by using DC results
from a small number of local samples.

The DC results from the KSU and Colegio de Postgraduados
correlated rather well. Figure 6 shows linear fits of the DC values
obtained at Colegio de Postgraduados to the DC values obtained
at KSU. The R’ obtained were 0.97 and 0.95, depending on
whether or not a non-zero intercept was allowed between the
results of the two instruments. The median value for the deviation
between the two measurements, expressed as a percentage of the
average of the measurements, was 5.4%, reflecting that the two
medians were 3 standard deviations away from each other. These
discrepancies are in accord with previous findings [6].

Discussion

Based on the results of the blind comparison in Beltsville, the
DRIFTS instrument produced the closest estimates of soil C
density for Plot No. 3 but required the largest amount of ancillary
information to arrive at these results. In the case of the LIBS
mstrument, the estimates of soil C density could be improved by
including more data points into the universal calibration curve.
With regards to the INS instrument; since only single measure-
ments yields the value for the entire field it needs to be reproduced
to justify the complete agreement with the results by DC. It was
pointed out that the INS instrument is calibrated directly in terms
of soil C density, Figure 4, using large volumes without the need of
knowing bulk density. The scarcity of data, only six points with
two from each plot used for creating Figure 4, resulted in r* value
of 0.7, however, in two other fields studies in mixed soils the
regressions coefficients were higher than 0.9 [15,32]. Furthermore,
since INS is using penetrating radiation that is exponentially
attenuated it does not have a precisely defined depth of sampling.
Instead, we define it as the depth from which 90% of the signal is
detected. Based on Monte Carlo calculations, this effective depth is
about 30 cm while for 99% it is about 50 cm. Since small signal
arrives from deeper layers, variation in the depth should not play a
major role in the total count [33].

The original plan was to complete the soil sampling, soil analysis
in the field with the LIBS and DRIFTS instruments, as well as
stationary and scanning measurements in the three plots within a
period of two days (October 2-3, 2006). The activities performed
during this period included: plot and sampling site demarcation,
instrument setup, weighing station setup, soil sampling, prepara-
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tion of samples for analysis in the field, sample analysis with LIBS
and DRIFTS, stationary and scanning measurements with INS,
and soil sample preparation for submission to laboratory for DC
analysis. A total of 10 researchers and technicians were involved in
these operations. The LIBS and DRIFTS teams were able to
complete the analysis of 81 samples from the three plots and 26
samples from the stationary sites. As noted before, technical
difficulties (a loose wire in the neutron generator) delayed the INS
field measurements and allowed for the completion of six
stationary measurements, two per plot, and two scans of plot
No. 3 during the 2-day experimental period. Consequently,
comparisons of the three instruments and DC were available only
for one plot, Plot No. 3.

After completion of the DC analysis, some of the results were
made available to the LIBS and DRIFTS teams. The DRIFTS
team used results from Plot No. 1 and 2 to independently predict
the values of Plot No. 3. The LIBS team did not use any of the
values from Plot No. 1 and 2 to improve their “universal”
calibration curve. Finally, the INS team used counts from six
stationary INS measurements, two from each plot, to develop a
calibration curve (soil C density (g C cm™ 2 = 54,714 xINS_count —
11,026) to predict the average soil C density of Plot No. 3 to a
depth of 30 cm.

In summary, this study compared the side-by-side performance
of three advanced technologies to measure soil C under field
conditions against standard soil carbon analysis by DC. The LIBS
and DRIFTS methods and the standard DC require soil sampling
and need soil bulk density information to convert soil C
concentrations to soil C densities. The INS method requires some
soil sampling for establishing correlations between INS and DC
but no further sampling is necessary once these correlations are
established. The comparative results obtained indicate an accept-
able performance of the three instruments but they also show the
need for improvement in terms of calibration.

In terms of transportability, the INS system is a radiation
generating device and thus has to follow all transportation
regulations, which, at the moment, impede international shipping.
The LIBS instrument, as tested in our experiments, requires Ar
gas, a press and a power source. Finally, the DRIFTS instrument
was portable and can be run off a car battery or an inverter with
the vehicle running. No other equipment is required other than a
mortar and pestle. There are also portable MIR and NIR units
available that can run off backpacks or even internal batteries.

The three instruments demonstrated their portability and their
capacity to perform under field conditions. Import/export issues to
developing countries (i.e., regulations, permits, and licenses) should
be carefully examined in order to facilitate the smooth transport of
these instruments across international borders.

Author Contributions

Conceived and designed the experiments: RCI CWRLW MHE JBR
AMT. Performed the experiments: RCI CWR LW MHE JBR AMT RH
BF SM AGR JDE KDS BG GWM. Analyzed the data: RCI CWR LW
MHE JBR AMT RH BF SM AGR JDE GWM. Contributed reagents/
materials/analysis tools: CWRLW MHE JBR RH BF SM JDE KDS BG.
Wrote the paper: RCI CWRLW MHE JBR AMT JDE.

3. Smith P, Martino D, Cai Z, Gwary D, Janzen H, et al. (2008) Greenhouse gas
mitigation in agriculture. Philosophical Transactions Royal Society B 363: 789~
813.

4. Janzen HH, Campbell CA, Izaurralde RC, Ellert BH, Juma N, et al. (1998)
Management effects on soil C storage on the Canadian Prairies. Soil Tillage
Research 47: 181-195.

January 2013 | Volume 8 | Issue 1 | 55560



20.

. Lal R, Follett RF, Kimble J, Cole CV (1999) Managing US cropland to

sequester carbon in soil. Journal Soil Water Conservation 54: 374-381.

. Izaurralde RC, McGill WB, Bryden A, Graham S, Ward M, et al. (1998)

Scientific challenges in developing a plan to predict and verify carbon storage in
Canadian Prairie soils. In: Lal R, Kimble J, Follett R, Stewart BA, editors.
Management of carbon sequestration in soil. Boca Raton: CRC Press. pp. 433—
446.

. Brown DJ, Hunt Jr ER, Izaurralde RC, Paustian KH, Rice CW, et al. (2010)

Soil organic carbon change monitored over large areas. EOS Transactions 91:
441-442.

. Nelson DW, Sommers LE (1996) Total carbon, organic carbon, and organic

matter. In: Methods of Soil Analysis, Part 3: Chemical Methods, Book Series
no. 5. Madison: Soil Science Society of America and American Society of
Agronomy. pp. 961-1010.

. Izaurralde RC (2005) Measuring and monitoring soil carbon sequestration at the

project level. In: Lal R, Stewart BA, Uphoff N, Hansen DO, editors. Climate
change and global food security. Boca Raton: Taylor & Francis. pp. 467

. Izaurralde RC, Rice CW (2006) Methods and tools for designing pilot soil

carbon sequestration projects. In: Lal R, Cerri CC, Bernoux, M, Etchevers J,
Cerri E, editors. Carbon sequestration in Latin America. New York: The
Haworth Press, Inc. pp. 457-476

. ITzaurralde RC, Rosenberg NJ, Lal R (2001) Mitigation of climatic change by soil

carbon sequestration: issues of science, monitoring and degraded lands.
Advances in Agronomy 70: 1-75.

. Cremers DA, Ebinger MH, Breshears DD, Unkefer PJ, Kammerdiener SA, et

al. (2001) Measuring total soil carbon with laser-induced breakdown spectros-
copy (LIBS). Journal of Environmental Quality 30: 2202-2206.

. McCarty GW, Reeves JB, Follett RF, Kimble JM (2002) Mid-infrared and near-

infrared diffuse reflectance spectroscopy for soil carbon measurement. Soil
Science Society of America Journal 66: 640-646.

. Wielopolski L, Mitra S, Hendrey G, Orion I, Prior S, et al. (2004) Non-

destructive Soil Carbon Analyzer (ND — SCA). Brookhaven: BNL Report
No. 72200-2004, Brookhaven National Laboratory.

. Wielopolski L, Hendrey G, Johnsen KH, Mitra S, Prior SA, et al. (2008)

Nondestructive system for analyzing carbon in the soil. Soil Science Society of

America Journal 72: 1269-1277.

. Wielopolski L, Yanai RD, Levine CR, Mitra S, Vadeboncoeur MA (2010) Non-

destructive carbon analysis of forest soils using neutron-induced gamma-ray
spectroscopy. Forest Ecology and Management 260: 1132-1137.

. Harmon RS, De Lucia FC, Miziolek AW, McNesby KL, Walters RA, et al.

(2005) Laser-induced breakdown spectroscopy (LIBS) — an emerging field-
portable sensor technology for real-time, in-situ geochemical and environmental
analysis. Geochemistry: Exploration, Environment, Analysis 5: 21-28, DOL:
10.1144/1467-7873/03-059.

. Al-Jowder O, Defernez M, Kemsley EK, Wilson RH (1999) Mid-infrared

spectroscopy and chemometrics for the authentication of meat products. Journal
Agriculture and Food Chemistry 47: 3210-3218.

. Bertelli D, Plessi M, Sabatini AG, Lolli M, Grillenzoni F (2007) Classification of

Italian honeys by mid-infrared diffuse reflectance spectroscopy (DRIFTS). Food
Chemistry 101: 1565-1570.

Macauley-Patrick S, Arnold SA, McCarthy B, Harvey LM, McNeil B (2003)
Attenuated total reflectance Fourier transform mid-infrared spectroscopic

PLOS ONE | www.plosone.org

1

21.

22.

27.

28.

29.

30.

31

32.

33.

34.

36.

37.

Quantifying Soil Carbon under Field Conditions

quantification of sorbitol and sorbose during a Gluconobacter biotransformation
process. Biotechnology Letters 25: 257-260.

Heymsfield SB, Wang Z, Baumgartner RN, Ross R (1997) Human body
composition: Advances in models and methods. Annual Review of Nutrition 17:
527-58.

Chatterjee A, Lal R, Wielopolski L, Martin MZ, Ebinger MH (2009) Evaluation
of different soil carbon determination methods. Critical Reviews in Plant Science

28: 164-178.

. Moenke-Blankenburg L (1989) Laser microanalysis. New York: John Wiley &

Sons.

. Radziemski L], Cremers DA (1989) Spectrochemical analysis using laser plasma

excitation. In Application of Laser-Induced Plasmas; Radziemski, L. J., Cremers,
D. A, Eds.; Marcel Dekker: New York; p. 295.

. Rusak DA, Castle BC, Smith BW, Winefordner JD (1997) Fundamentals and

application of laser-induced breakdown spectroscopy. Critical Reviews in
Analytical Chemistry 27: 257-290.

. Ebinger MH, Norfleet ML, Breshears DD, Cremers DA, Ferris MJ, et al. (2003)

Extending the applicability of laser-induced breakdown spectroscopy for total
soil carbon measurement. Soil Science Society of America Journal 67: 1616—
1619.

Ebinger MH, Harris RD (2010) United States Patent No. 7,692, 789 B1, Date of
Patent: April 6, 2010.

Janik L], Merry RH, Skjemstad JO (1998) Can mid-infrared diffuse reflectance
analysis replace soil extractions? Australian Journal Experimental Agriculture
38: 681-696.

Reeves I JB, McCarty GW, Reeves VB (2001) Mid-infrared diffuse reflectance
spectroscopy for the quantitative analysis of agricultural soils. Journal of
Agriculture and Food Chemistry 49: 766-772.

McCarty GW, Reeves JB (2006) Comparison of NFAR infrared and mid
infrared diffuse reflectance spectroscopy for field-scale measurement of soil
fertility parameters. Soil Science 171: 94-102.

Csikai J (1987) Handbook of fast neutron generators. Boca Raton: CRC Press,
ISBN: 0-8493-2967-1.

Wielopolski L, Johnsen K, Zhang Y (2010) Comparison of soil analysis methods
based on samples withdrawn from different volumes: Correlation versus
calibration. Soil Science Society of America Journal 74: 812-819.

Wielopolski L, Chatterjee A, Mitra S, Lal R (2011) In situ determination of soil
carbon pool by Inelastic Neutron Scattering: Comparison with dry combustion.
Geoderma 160: 394-399.

Wielopolski L (2011) Nuclear methodology for non-destructive multi-elemental
analysis of large volumes of soil. In: Carayannis EG, editor. Planet Earth 2011 -
Global warming challenges and opportunities for policy and practice. In Tech
Open. pp. 467-492; ISBN: 978-953-307-733-8.

Gish TJ, Daughtry CST, Walthall CL, Kung K-JS (2004) Quantifying impact of
hydrology on corn grain yield using ground-penetrating radar. Subsurface
Sensing Technology Applications Journal 2: 493-496.

Govaerts B, Sayre KD, Deckers J (2006) A minimum data set for soil quality
assessment of wheat and maize cropping in the highlands of Mexico. Soil &
Tillage Research 87: 163-174.

Govaerts B, Sayre KD, Goudeseune B, De Corte P, Lichter K, et al. (2009)
Clonservation agriculture as a sustainable option for the central Mexican

highlands. Soil & Tillage Research 103: 222-230.

January 2013 | Volume 8 | Issue 1 | 55560



