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a ISTerre, CNRS and Université de Grenoble 1, F-38041 Grenoble Cedex 9, France
b Department of Earth and Environmental Sciences, MC-186, 845 West Taylor Street, University of Illinois at Chicago, Chicago, IL

60607, United States

Received 6 April 2012; accepted in revised form 19 September 2012; available online 28 September 2012
Abstract

Two new approaches to quantify sulfur functionalities in natural organic matter from S K-edge XANES spectroscopy are
presented. In the first, the K-edge spectrum is decomposed into Gaussian and two arctangent functions, as in the usual Gauss-
ian curve fitting (GCF) method, but the applicability of the model is improved by a rigorous simulation procedure that con-
strains the model-fit to converge toward chemically and physically realistic values. Fractions of each type of functionality are
obtained after spectral decomposition by correcting Gaussian areas for the change in X-ray absorption cross-section with
increasing oxidation state. This correction is made using published calibration curves and a new curve obtained in this study.
Calibration-induced errors, inherent to the choice of a particular curve, are typically lower than 5% of total sulfur for oxidized
species (e.g., sulfate), may reach 10% for organic reduced sulfur, and may be as high as 30–40% for inorganic reduced sulfur.
A generic curve, which reduces the calibration-induced uncertainty by a factor of two on data collected to avoid X-ray over-
absorption, is derived.

In the second analytical scheme, the K-edge spectrum is partitioned into a weighted sum of component species, as in the
usual linear combination fitting (LCF) method, but is fit to an extended database of reference spectra under the constraint of
non-negativity in the loadings (Combo fit). The fraction of each sulfur functionality is taken as the sum of all positive frac-
tions of references with similar oxidation state of sulfur.

The two proposed methods are applied to eight humic and fulvic acids from the International Humic Substances Society
(IHSS). The nature and fractions of sulfur functionalities obtained by the two analytical approaches are consistent with each
other. The accuracy of the derived values, expressed as the difference in values of a fraction obtained on the same material by
the two independent methods, is on average 4.5 ± 3.0% of total sulfur for exocyclic reduced sulfur, 4.1 ± 2.1% for heterocyclic
reduced sulfur, and 1.6 ± 1.4% for sulfate. Total reduced sulfur has a better accuracy of estimation (2.4 ± 1.6%) than either
exocyclic and heterocyclic sulfur, because the errors on the two reduced pools have opposite sign. Experimental difficulties and
uncertainties of the results associated with the analysis of concentrated and heterogeneous samples are discussed. The spectra
of the IHSS materials and the reference compounds are made available as an open source for interlaboratory testing.
� 2012 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Sulfur is present in natural organic matter (NOM) in a
range of oxidation states from �2 to +6 and numerous
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chemical forms that are difficult to characterize. Among
them, reduced organic sulfur species with electronic oxida-
tion states (EOS) (Frank et al., 1987; Waldo et al., 1991;
Vairavamurthy, 1998) between 0 and 1 form a major class
of compounds that is important in controlling metal speci-
ation and mobility in aqueous and soil environments. These
compounds include thiol moeities (R-SH) which display an
affinity for soft Lewis acids such as Hg(II), Cd(II), Pb(II),
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Ag(I), and Cu(I) (Smith et al., 2002). Improvements in
quantifying as precisely as possible the nature and abun-
dance of each oxidation state and the main chemical forms
of sulfur are essential to advance knowledge of the reactiv-
ity of NOM.

Sulfur speciation in natural organic matter is commonly
determined from the variation in energy of the s! p elec-
tronic transition for different types of functional groups with
distinct oxidation states as measured by X-ray absorption
near-edge structure (XANES) spectroscopy (George and
Gorbaty, 1989; George et al., 1991; Huffman et al., 1991;
Waldo et al., 1991; Taghiei et al., 1992; Vairavamurthy
et al., 1993, 1994; Kasrai et al., 1994, 1996; Morra et al.,
1997; Pickering et al., 1998; Xia et al., 1998; Frank et al.,
1999; Hundal et al., 2000; Skyllberg et al., 2000; Hutchison
et al., 2001; Szulczewski et al., 2001; Beauchemin et al.,
2002, 2004; Myneni, 2002; Olivella et al., 2002a,b; Qian
et al., 2002; Sarret et al., 2002; Solomon et al., 2003, 2005;
Bostick et al., 2005; Schäfer et al., 2005; Wiltfong et al.,
2005; Zhao et al., 2006; Einsiedl et al., 2007; Kelemen
et al., 2007, 2012; Pattanaik et al., 2007; Prietzel et al.,
2007, 2009; Schroth et al., 2007; Cai et al., 2009; Orthous-
Daunay et al., 2010; Nagy et al., 2011). The desirable attri-
butes of this technique are (1) a mass sensitivity of about
one part per ten thousand (100 ppm or 100 mg S/kg
NOM), (2) good chemical sensitivity based on an edge shift
of up to 12 eV with a change in the oxidation state of sulfur
from�2 to +6, (3) the capability to quantify the sulfur forms
in a homogeneous matrix without any special preparation or
destruction of the sample, and (4) the possibility of analyzing
heterogeneous materials in their natural state using micro-
scale or nanoscale X-ray probes (Manceau et al., 2002).

However, as with any experimental technique, care must
be taken to minimize errors during data acquisition and
analysis to obtain meaningful values from S-XANES mea-
surements (Jalilehvand, 2006). The main experimental
problem of “overabsorption” (Manceau et al., 2002), also
called “self-absorption” (Tröger et al., 1992), occurs with
data recorded in fluorescence-yield detection mode, either
when the sulfur is distributed homogeneously in the ana-
lyzed volume and exceeds about 20,000 ppm (depending
on matrix composition), or when the sample is dilute on
the macro scale and the sulfur is heterogeneously distrib-
uted in small particles. For example, calculation shows that
the fluorescence signal of a sphere of a-S8 0.2 lm in radius
is attenuated by 17% and, therefore, no longer proportional
to the absorption coefficient (or absorbance) (Pickering
et al., 2001). Also, peak amplitudes are distorted non-line-
arly. Peaks with normalized X-ray absorbance less than
one are enhanced more the smaller their amplitude, whereas
those with normalized absorbance greater than one are
attenuated to a greater extent the larger their amplitude
(Manceau and Gates, 1997; Manceau et al., 2002). Use of
total electron-yield (TEY) detection can eliminate the non-
linear distortion, with the caveat that chemical sensitivity is
not as good as in fluorescence mode. Therefore, homoge-
neous samples or reference compounds with sulfur concen-
trations between 20,000 and 100,000 ppm are paradoxically
more difficult to measure than diluted materials, and a sam-
ple that is dilute at the macro scale may not be appropriate
for X-ray absorption measurements if the sulfur distribu-
tion is inhomogeneous.

Typically, six types of sulfur functionality in addition to
mineral sulfides and elemental sulfur are determinable from
S-XANES spectra of natural organic matter: exocyclic sul-
fur, heterocyclic sulfur, sulfoxide, sulfone, sulfonate, and
sulfate (Vairavamurthy, 1998) (Fig. 1a). Quantifying the
proportions of each type of functionality relative to the to-
tal amount of S (Si%) is the most difficult part of analyzing
the spectra. A single spectrum represents the weighted sum
of individual contributions from all sulfur species, which
ideally should be quantifiable by performing a linear com-
bination fit (LCF) with spectra of model compounds (Vair-
avamurthy et al., 1997). However, acquiring reference
spectra that represent all of the dominant sulfur species
likely present is time-consuming. The acquisition is also
technically difficult because these spectra should be re-
corded with an electron yield detector on pure compounds,
or by fluorescence detection on compounds homogeneously
diluted in an inert matrix (Jalilehvand, 2006; Prietzel et al.,
2011). In most cases the cost of collecting the data is pro-
hibitive and, therefore, the data generally are reconstructed
with a limited number of appropriate standard sulfur com-
pounds (e.g., Waldo et al., 1991; Sarret et al., 1999, 2002;
Hutchison et al., 2001; Beauchemin et al., 2004; Bostick
et al., 2005; Schroth et al., 2007; Cai et al., 2009; Fors
et al., 2012; Wijaya and Zhang, 2012).

Alternatively, the main types of sulfur functionalities
can be obtained by decomposing a XANES spectrum with
a series of Gaussian functions, assuming that each grouping
of sulfur oxidation state produces a single peak. In this
case, each type of functionality should, in principle, be
modeled with one Gaussian centered at the energy of the
corresponding s! p photoelectron transition, one or sev-
eral broad Gaussian peaks representing the resonance scat-
tering that reflects the average binding environment of
sulfur in this functionality, and an arctangent step function
representing the transition of the photoelectron to the con-
tinuum (Fig. EA-1). This analytical scheme has too many
unknown parameters, so one Gaussian per functionality
and two arctangent functions, one at low energy for all re-
duced sulfur forms (SRed), and another at higher energy for
all oxidized forms (SOx) are usually applied (Huffman et al.,
1991; Vairavamurthy, 1998) (Fig. 1b). The residuals of such
Gaussian curve fits (GCF) are in most cases extremely small
(Xia et al., 1998; Martinez et al., 2002; Olivella et al.,
2002a), suggesting that the fit quality is insensitive to the
intrinsic complexity and variability of sulfur species in
NOM. A potential issue is that the positions of the arctan-
gents are somewhat arbitrary. The positions either vary
inconsistently by several electron-volts among samples in
the same study (Martinez et al., 2002), or are placed to
the low-energy side of the main Gaussian peak (Solomon
et al., 2005; Cai et al., 2009). Both observations suggest that
model-fits are not well-constrained (Electronic annex). In
fact, the amount of variability in position of the arctangent
function in published studies exceeds the difference in exci-
tation energy between any two types of functionality suc-
cessive in oxidation state (Table EA-1), which increases
the uncertainty on the derived Si fractions.
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The fractions of different sulfur functionalities are not
directly proportional to the relative areas of each Gaussian
because the probability of the s! p transition, or absorp-
tion cross-section, increases approximately linearly with
the density of low-lying unoccupied states, and thus with
oxidation state (Waldo et al., 1991). Scaling factors
accounting for the change in absorption cross-section are
required to convert the areas of the Gaussian curves to frac-
tional amounts of sulfur functionalities. Such scaling fac-
tors can be derived from calibration curves measured on
model compounds (Huffman et al., 1991; Waldo et al.,
1991; Sarret et al., 1999; Orthous-Daunay et al., 2010;
Prietzel et al., 2011) (Fig. 2). In these investigations of sul-
fur-containing natural organic materials, the area of each
Gaussian function fit to the spectrum of a natural sample
was divided by a derived scaling factor to obtain a quantity
proportional to the fraction of Si.

Using scaling factors determined for individual S refer-
ence compounds introduces uncertainty to calculations of
Si functionalities in NOM. The main uncertainty is associ-
ated with the measurements of the S compounds, notably
if performed in fluorescence-yield detection and the data af-
fected by overabsorption. Slopes of scaling factors vs.
absorption edge energy (or equivalently oxidation state of
the sulfur functionality) derived from published calibration
curves differ by nearly fivefold (Fig. 2). Because the slope is
positive, and the fractional amount of Si (=Si/ST where ST

is total S) is proportional to the peak area of Si divided by
the scaling factor, a lower slope results in comparatively
overestimated SOx forms and underestimated SRed forms.
The uncertainty caused by an error in slope increases with
decreasing oxidation state of the sulfur species. The devia-
tion in Si caused by a factor of, for example, 2.5 in slope
is generally less than 5% of ST for sulfate (EOS = + 6),
may reach 10% for exocyclic sulfur (EOS � +0.2 to
+0.5), and may be as high as 30–40% for iron monosulfide
(EOS = �2) (Electronic annex).
Fig. 1. Validation of the decomposition of a XANES spectrum
into several Gaussians and two arctangent curves. (a) A theoretical
spectrum made of the six most common sulfur functionalities, each
modeled by one Gaussian and one arctangent (6(G + A)), super-
imposed by the experimental spectrum of the fulvic acid fraction of
Waskish peat (WP-FA, green dotted line). (b–e) Model-fits of the
theoretical spectrum (red line) to a sum of six Gaussians and two
arctangents (6G + 2A). The theoretical spectrum can be fit with a
sum of 6G + 2A, but the regression is ill-posed mathematically and
the solution is not unique. (b) Model-fit 1 (solid line) = 1st
arctangent to the left of sulfoxide (normalized sum-of-squares
NSS = 7.3 � 10�6). (c) Model-fit 1 compared to model-fit 2 = 1st
arctangent to the right of sulfoxide (NSS = 7.4 � 10�6) (blue
dotted line). Misplacing the first arctangent increases the sulfoxide
fraction from 5.0% to 10.9%. (d) Model-fit 1 compared to model-fit
3 = 2nd arctangent to the left of sulfate (NSS = 1.1 � 10�5) (blue
dotted line). (e) Model-fit 1 compared to model-fit 4 = height of the
two arctangents fixed at half (0.62 eV) their optimal width (1.25 eV,
model-fit 1) (NSS = 3.7 � 10�5) (blue dotted line). All G positions
were optimized. Parameter values are given in Table EA-2. (For
interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)



Fig. 2. Scaling factor curves used to calculate the sulfur fractions
from the Gaussian areas in the GCF method. The curve from this
study was calculated using the approach of Sarret et al. (1999). The
Generic curve is the average of the curves of Huffman, Sarret and
this study. Scaling factors are normalized to 1.0 at the energy of
elemental sulfur (2472.70 eV). The Orthous-Daunay curve has a
lower slope because it was measured in fluorescence-yield without
correction for overabsorption.
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The goal of this article is to improve the reliability of the
Gaussian curve fitting (GCF) and linear combination fitting
(LCF) methods for S speciation through rigorous analysis
of spectra for humic and fulvic acids from the International
Humic Substances Society (IHSS). The data for the humic
substances and reference compounds are provided in an
Electronic annex as a resource and to standardize practices
among laboratories.

We test the validity of the Gaussian plus two arctangent
model-fit procedure and improve its applicability by show-
ing how to constrain the model to converge towards the
correct solution using both theoretical and experimental
spectra. The uncertainty associated with use of the scaling
factor is estimated by normalizing the Gaussian areas with
the two most extreme calibration curves published in the lit-
erature (Fig. 2). A generic curve of scaling factor vs.
absorption edge energy is generated from the average of
the three most realistic curves. Curves with lower slope
result from incomplete or lack of correction for overabsorp-
tion. This effect is discussed in some detail, and a physically-
realistic empirical function is given to correct data from
overabsorbing materials.

The new LCF approach, referred to as “Combo method”

(Manceau et al., 2012), is applied to the spectra of the IHSS
humic substances using an extended database of twenty-nine
model compounds. The Combo method consists of per-
forming an unconstrained linear fit to all the references, pro-
gressively eliminating references with negative proportions,
and then summing the fractions of all remaining references
having S in a similar oxidation state and coordination struc-
ture to obtain values, Si, for the types of functionalities. This
approach is more robust than regression analysis with a lim-
ited set of model compounds, because irrelevant references,
which give negative loadings, are removed from the fit.
Lastly, the merits and limitations of the parameter-con-
strained GCF and Combo LCF approaches are discussed.
2. EXPERIMENTAL SECTION

2.1. Materials

Twenty-nine organic and inorganic pure reference com-
pounds were considered (Table EA-1). Eight humic and ful-
vic acids (Table 1) were obtained from the IHSS and
measured by XANES spectroscopy as provided. The S con-
tent of the IHSS materials ranges from 2,900 to 8,900 ppm,
except for Pony Lake fulvic acid, which has about
30,000 ppm sulfur.

2.2. Data acquisition and treatment

Data were collected on beamline 10.3.2 at the Advanced
Light Source (Marcus et al., 2004). Each spectrum is the
average of three to five scans for references and at least
eight for samples. The references were run in total electron
yield mode to reduce overabsorption (Manceau et al.,
2002), and the samples in fluorescence yield. Energy calibra-
tion was carried out using elemental sulfur, with an absorp-
tion maximum taken as 2472.70 eV (inflection point at
2472.0 eV). A monochromator glitch was used as an inter-
nal calibration point (Marcus et al., 2008). The uncertainty
in energy is 0.10 eV.

Spectra were recorded from well below the edge to at
least 2520 eV to provide sufficient pre-edge and post-edge
data for precise determination of the background. A
smooth pre-edge background was removed from all spectra
by fitting a polynomial to the pre-edge region and subtract-
ing this polynomial from the entire spectrum. Normaliza-
tion of the data was accomplished by fitting a first or
second order polynomial to the post-edge region and nor-
malizing the edge jump to 1.0 beyond 2510 eV where the
variation of the absorption cross-section is small. Normal-
ized spectra were analyzed over the 2466–2489 eV energy
range (GCF and LCF) and the 2466–2520 eV energy range
(LCF). Note that the absorption coefficient at
Emax = 2489 eV in the reduced energy interval is higher
than one, because of the contribution from post-edge reso-
nance scattering. In the GCF method, a scaling different
from unity at Emax does not change the fractions of S spe-
cies because the peak areas for the different oxidation states
are divided by the total area for all species. In the LCF
method, the sum of components was not constrained to
one to evaluate the reliability of the data analysis (Elec-
tronic annex). The sum of component fractions for all sam-
ples over the two fit intervals had a mean of 1.03 and a
standard deviation of 0.03. The largest discrepancy from
unity was 1.09 (for Elliott Soil humic acid (ES-HA) ana-
lyzed in the reduced energy interval). The GCF fits were
carried out using an in-house program, and the LCF fits
using the Combo method implemented in a LabView-based
program (Manceau et al., 2012). The fit quality of the GCF
and LCF reconstructions were evaluated with the
normalized sum-of-squares (NSS =

P
(yexp � yfit)

2/
P

yexp
2)

parameter.
The steps of the LCF method have been described pre-

viously (Manceau et al., 2012). Briefly, the data were fit
to a sum of all references. References with negative loadings



T
ab

le
1

S
am

p
le

s
n

am
es

,
su

lf
u

r
co

n
te

n
t

b
y

w
ei

gh
t,

an
d

at
o

m
ic

fr
ac

ti
o

n
s

(%
)

o
f

su
lf

u
r

sp
ec

ie
s

as
d

et
er

m
in

ed
b

y
su

lf
u

r
K

-e
d

ge
X

A
N

E
S

sp
ec

tr
o

sc
o

p
y.

C
o

d
e

T
o

ta
l

S
E

xo
cy

cl
ic

S
H

et
er

o
cy

cl
ic

S
S

u
lf

o
xi

d
e

S
u

lf
o

n
e

S
u

lf
o

n
at

e
S

u
lf

at
e

S
u

m

N
am

e
IH

S
S

#
%

g/
g

%
D

/2
%

D
/2

%
D

/2
%

D
/2

%
D

/2
%

D
/2

S
u

w
an

n
ee

R
iv

er
H

A
II

S
R

-H
A

2S
10

1H
0.

54
23

.6
0.

3
40

.4
0.

7
3.

5
0.

1
6.

4
1.

0
19

.1
0.

1
7.

0
0.

3
10

0.
0

S
u

w
an

n
ee

R
iv

er
F

A
II

S
R

-F
A

2S
10

1F
0.

46
25

.8
2.

7
27

.6
3.

6
2.

8
0.

0
9.

1
1.

8
25

.0
0.

4
9.

7
0.

4
10

0.
0

W
as

k
is

h
P

ea
t

H
A

W
P

-H
A

1R
10

7H
0.

36
23

.5
2.

7
34

.0
1.

5
4.

1
0.

0
3.

6
0.

2
14

.6
1.

0
20

.1
2.

0
10

0.
0

W
as

k
is

h
P

ea
t

F
A

W
P

-F
A

1R
10

7F
0.

29
30

.5
3.

4
39

.7
2.

4
4.

1
0.

5
5.

0
0.

2
13

.4
0.

3
7.

3
0.

4
10

0.
0

N
o

rd
ic

A
q

u
at

ic
H

A
N

A
-H

A
1R

10
5H

0.
58

32
.2

4.
2

39
.6

3.
2

3.
8

0.
2

5.
4

0.
6

13
.6

0.
9

5.
4

0.
4

10
0.

0
P

o
n

y
L

ak
e

F
A

P
L

-F
A

1R
10

9F
3.

00
46

.9
0.

0
21

.3
2.

7
3.

9
1.

4
5.

5
1.

4
17

.8
0.

5
4.

5
0.

7
10

0.
0

E
ll

io
tt

S
o

il
H

A
I

E
S

-H
A

1S
10

2H
0.

44
18

.4
3.

1
28

.2
1.

2
5.

8
0.

6
4.

4
0.

2
25

.1
0.

8
18

.1
0.

3
10

0.
0

E
ll

io
tt

S
o

il
F

A
II

E
S

-F
A

2S
10

2F
0.

89
15

.3
1.

5
19

.5
1.

2
3.

2
0.

4
6.

3
0.

4
29

.6
1.

3
26

.1
1.

8
10

0.
0

T
h

e
at

o
m

ic
fr

ac
ti

o
n

w
as

ta
k

en
as

th
e

ar
it

h
m

et
ic

m
ea

n
o

f
th

e
G

C
F

an
d

L
C

F
av

er
ag

e
va

lu
es

,
an

d
th

e
er

ro
r

is
th

e
h

al
f

d
iff

er
en

ce
(T

ab
le

E
A

-5
).

210 A. Manceau, K.L. Nagy / Geochimica et Cosmochimica Acta 99 (2012) 206–223
were successively eliminated in ascending order of weight
(i.e., starting from the most negative loading). After each
negative component was eliminated, the loadings of all oth-
ers were automatically re-optimized, and the elimination
iterated until all references with negative loadings were re-
moved. At this point, each reference that had been deleted
was added randomly one-by-one, while maintaining the
constraint of non-negativity, to ensure that the fit had
reached a global rather than local minimum. Uncertainties
in the fractions of reference species were discussed previ-
ously (Manceau et al., 2012). Unlike in the usual type of lin-
ear combination fitting, we do not assert that the unknowns
are mixtures of the actual reference compounds. Therefore,
there is no meaning to assigning error bars to the loadings
of individual components. Rather, what we have verified
with the GCF method is that the empirical Combo method
yields the correct partitioning of sulfur functionalities after
grouping individual fitted components with similar elec-
tronic oxidation state.

3. RESULTS AND DISCUSSION

We first evaluate application of the GCF method, which
is the most commonly used in the literature, to determine
amounts of different types of sulfur functionalities charac-
terized by sulfur oxidation state. The critical issue in previ-
ous usage is the placement of the arctangent functions,
which can lead to erroneous results. The method is tested
against a theoretical spectrum and then applied to IHSS hu-
mic and fulvic acids. We next report results on the IHSS hu-
mic and fulvic acids obtained using the LCF method.
Similarities and differences between the two approaches
lead to a recommendation for the preferred use of the
LCF method. We show in the last section with examples
and a calculation that overabsorption can have a significant
effect on quantifying sulfur functionalities, and explain how
data corrupted by overabsorption may, to some extent, be
empirically corrected.

3.1. The Gaussian curve fitting (GCF) method

3.1.1. Validation and limitations

A theoretical spectrum made of six Gaussian and six
arctangent functions (

P6
i¼1ðGþAÞi) with parameters cho-

sen to reproduce the main features of a typical XANES
spectrum for a humic substance was calculated, then fit
using least-squares to six Gaussians and two arctangents
(2Aþ

P6
i¼1Gi) (Fig. 1a, Table EA-2). The theoretical mix-

ture is composed of 25% exocyclic reduced sulfur (SExo),
35% heterocyclic reduced sulfur (SHetero), 5% sulfoxide
(SSulfx), 6% sulfone (SSO2

), 17% sulfonate (SSO3
), and 12%

sulfate (SSO4
). These specific percentages were chosen to

be similar to the average sulfur functionalities of the eight
IHSS humic and fulvic acids (Table 1). The positions in
units of energy (eV) and heights in units of normalized
absorbance of the Gaussian and arctangent functions used
to fit the theoretical spectrum were optimized indepen-
dently. The widths of all the G functions (Gw) were covar-
ied, and the widths of the A functions (Aw) covaried and
also fixed. The influence of the initial positions and width
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of the two arctangents on the fit values were tested with
parametric settings chosen to reproduce the main diversity
of the fit strategies reported in the literature:

Model-fit 1. The initial energy of the first arctangent
function (A1

E) was set below the energy of the Gaussian of
the sulfoxide functionality (GSulfx), and the initial energy
of the second arctangent function (A2

E) was set above the
energy of the sulfate Gaussian (GSO4

), thus A1
E < GSulfx

E and
A2

E > GSO4
E ;

Model-fit 2. A1
E > GSulfx

E and A2
E > GSO4

E ;

Model-fit 3. A1
E < GSulfx

E and A2
E < GSO4

E ;

Model-fit 4. A1
E < GSulfx

E and A2
E > GSO4

E , and the width
of the first A function was held constant at half the optimal
value obtained in the previous trials: A1

w¼0:62 instead of
A1

w¼1:25 .
The theoretical spectrum was reproduced almost equally

well by all four model-fits. In the first three model-fits
NSS 6 10�5, and in the fourth NSS = 3.7 � 10�5

(Fig. 1b–e). The small difference observed in the last fit
would be undetectable on a real spectrum, because experi-
mental data always contain noise. The best-fit fractions of
Si deviate at most by 0.5% from their nominal values in
model-fit 1, and in the 1% range in the other models, except
for SSulfx, which deviates by as much as 5% (100% error)
when the A1 function is to the right of the sulfoxide compo-
nent (Model-fit 2) (Table EA-2). In general, SRed species are
more sensitive to the position of A1 than SOx species are to
the position of A2 because the reduced species have smaller
absorption cross-sections, and therefore, relatively higher
A1/G amplitude ratios. Overall, these simulations show that
the 2Aþ

P6
i¼1Gi model-fit recovers the correct sulfur frac-

tions from the theoretical XANES spectrum as long as the
position of the first arctangent is constrained to be close to
the Gaussians of the reduced sulfur functionalities (i.e.,
A1

E < GSulfx
E ).

In the above four model-fits we assigned the same widths
to all Gaussian functions for the sake of simplicity. In real-
ity, the widths vary because the number, type and electro-
negativity of the atoms coordinated to sulfur vary among
and within each type of functionality. For example, sulfur
is bonded to four oxygens in sulfate and to three oxygens
and one carbon in sulfonate (RSO2O�). A caveat in assign-
ing the same Gaussian width for SO4

2� and SO3
� species is

the fact that the electronegativities for oxygen and carbon
are extremely different (3.44 vs. 2.55), which is reflected as
an asymmetrical broadening of the s! p peak to higher en-
ergy for sulfonate (Fig. EA-1). Two Gaussians are needed
to reproduce the shape of the main peak of sulfonate, with
the second located close to the energy of sulfate (2482.95 eV
vs. 2482.75 eV). In sulfone, the S atom is attached to two
oxygens and two carbons, usually in two separate hydrocar-
bon substituents (RSO2R0, Table EA-1). Thus, the main
peak of sulfone can be decomposed into either two to three
Gaussians or one single Gaussian with a larger width of
2.9 eV compared to 1.9 eV in sulfate (Fig. EA-1). Finally,
each type of functionality is in reality a group of sulfur
compounds with a range of ‘oxidation index’ (Vairavamur-
thy, 1998). The distribution of compounds within the func-
tionality determines the energy of the observed peak
maximum. Therefore, a spectrum from NOM is more com-
plex than our theoretical spectrum. We show below, with
the example of the humic acid (HA) fraction for Elliott Soil,
that the natural heterogeneity of sulfur speciation intro-
duces more correlations in the fit parameters.

Six statistically equivalent fits to the S-XANES spec-
trum of Elliott Soil HA (ES-HA) were obtained by varying
the initial parametric settings (Fig. 3; Table EA-3). These
fits represent the diversity of spectral decomposition re-
ported in the literature for natural organic materials. Two
different widths for the Gaussian functions were necessary,
one for the low-oxidation-state species (exocyclic and het-
erocyclic sulfur, sulfoxide) and one for the high-oxida-
tion-state species (sulfone, sulfonate, sulfate, and sulfite
(the latter was included only in Model-fit 6)).

Model-fit 1. 6G, A1
E < GSulfx

E and A2
E < GSO4

E ; five G posi-
tions fixed to nominal values (±0.1 eV) for specific types of
functionality (Table EA-2). This scheme is the most reli-
able; the best-fit values are close to the values derived from
the Combo LCF method, discussed later.

Model-fit 2. 6G, A1
E > GSulfx

E and A2
E < GSO4

E ; all G posi-
tions unconstrained. Shifting A1

E to the right of GSulfx
E in-

creases the fraction of sulfoxide from 5.1% (Model-fit 1)
to 13.0%.

Model-fit 3. 6G, A1
E < GSulfx

E and A2
E > GSO4

E , four G
positions fixed to nominal values (±0.1 eV). Shifting A2

E

to the right of GSO4
E increases the fraction of sulfate from

17.8% (Model-fit 1) to 22.1%.
Model-fit 4. 6G, Aw=1.0, A1

E < GSulfx
E and A2

E < GSO4
E , all

G positions unconstrained. When the widths of the two arc-
tangent functions are fixed to 1.0, instead of 0.42 (Model-fit
1 value), a good fit is still obtained by adjusting the posi-
tions of the Gaussians. However, the sulfone peak is shifted
to the left from 2479.60 to 2479.10 eV, a value which is
unrealistic for this type of functionality (Vairavamurthy,
1998) because it approaches the nominal position of the sul-
fite peak at 2478.55 eV.

Model-fit 5. 6G, A1
h¼0:5, A1

E < GSulfx
E and A2

E < GSO4
E , all

G positions unconstrained. Lowering arbitrarily the height
of A1 from 0.69 (Model-fit 1 value) to 0.5 is compensated
mathematically by a shift of the sulfone peak even further
to the left to 2478.90 eV.

Model-fit 6. 7G, A1
E < GSulfx

E and A2
E < GSO4

E ; all G posi-
tions fixed to nominal values (±0.1 eV). The number of de-
grees of freedom exceeds the number of independent data
when a seventh Gaussian is added in the refinement; the
data are overfit. The fit presented here was obtained by
adding sulfite and fixing the seven Gaussians to their nom-
inal values. This solution is chemically plausible, but the
presence of sulfite is unsupported by the Combo fit as
shown below (Section 3.2).

In summary, although each Si functionality should, in
principle, have its own Gaussian and arctangent step func-
tion, meaningful fits can be obtained by using only two arc-
tangents, one representing the transitions to the continuum
for the SRed species and the other this transition for SOx spe-
cies. However, even the 2Aþ

P6
i¼1Gi model is overparame-

terized and several initial conditions and constraints on
parameter values must be introduced in order to obtain
meaningful fits. The main bias is in the position of the first
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arctangent which should be between the energies of the
GHetero and GSulfx peaks to obtain realistic reduced sulfur
3

and sulfoxide values. In certain previous studies the first
arctangent has been placed either below or above this range
of energy (Huffman et al., 1991, 1995; Taghiei et al., 1992;
Skyllberg et al., 2000; Szulczewski et al., 2001; Martinez
et al., 2002; Solomon et al., 2003; Wiltfong et al., 2005;
Pattanaik et al., 2007; Huggins et al., 2009) (Electronic
annex).

3.1.2. Description of optimized GCF procedure

Numerous fitting schemes, in addition to those discussed
above, were tested until a general minimization procedure
that converged to a unique numerical solution with results
in close correspondence to those from the LCF method
(v.i.) was devised. Consistent with the simulations of the
theoretical and ES-HA spectra, fitting one or two widths
to all the Gaussian functions, and a separate width to both
arctangent functions, decreased most, but not all, parame-
ter correlations. In addition to these constraints on widths
of the functions, we determined that the positions of GSulfx,
GSO2

, GSO3
, and GSO4

could be fixed safely at their nominal
values without unduly affecting the goodness-of-fit parame-
ter (NSS). When varied, GExo shifted to the left by at most
�0.2 eV, and GHetero shifted to the right by at most +0.3 eV
relative to their nominal positions. Lastly, by imposing
A1

E < GSulfx
E and A2

E > GSO4
E when [sulfate] > [sulfonate] or

GSO3
E < A2

E < GSO4
E when [sulfate] < [sulfonate] as initial

conditions for arctangent positions, the fit converged to
the same mathematical solution regardless of the starting
parametric values, and the regressed Si values were all close
to those derived from the LCF method.

3.1.3. Application to IHSS humic substances and

determination of generic scaling factors

Exocyclic and heterocyclic reduced sulfur, sulfoxide, sul-
fone, sulfonate, and sulfate, but not sulfite
(E = 2478.55 eV) or sulfonium (E = 2475.60 eV), were
identified in all materials, in agreement with previous stud-
ies (Xia et al., 1998; Yoon et al., 2005) (Tables 1, EA-4 to
Fig. 3. Influence of initial parameter settings and constraints on
best-fit values in the Gaussian decomposition of the XANES
spectrum for Elliott Soil humic acid (ES-HA, red line). (a) Model-
fit 1 (black solid line) = convergence-optimized method
(NSS = 2.8 � 10�4) (black line); Model-fit 2 = 1st arctangent to
the right of sulfoxide and all G positions optimized
(NSS = 1.9 � 10�4) (blue dotted line). (b) Model-fit 1 compared
to model-fit 3 = 2nd arctangent to the right of sulfate, several G
positions fixed (NSS = 2.4 � 10�4) (blue dotted line). (c) Model-fit
1 compared to model-fit 4 = FWHM of the two arctangents fixed
at twice (1.0 eV) their optimal width (0.42 eV, model-fit 1), and
heights fixed to their optimal values (0.69 and 0.60), all G positions
optimized (NSS = 2.4 � 10�4) (blue dotted line). (d) Model-fit 1
compared to model-fit 5 = height of the 1st arctangent fixed to 0.50
(instead of 0.69) and width fixed to 0.42, all G positions optimized
(NSS = 1.6 � 10�4) (blue dotted line). (e) Model-fit 1 compared to
model-fit 6 = addition of a seventh component (sulfite), all G
positions fixed (NSS = 2.1 � 10�4) (blue dotted line). Arrows in (c–
e) point to regions of significant fit error in the mid-energy range.
Parameter values are given in Table EA-3. (For interpretation of
the references to color in this figure legend, the reader is referred to
the web version of this article.)



Fig. 4. Three simulations of the XANES spectrum of Suwannee
River humic acid (SR-HA). (a) Gaussian decomposition using the
convergence-optimized method. (b) Gaussian decomposition of
Xia et al. (1998). (c) Combo fit. Significant deviations in the
fractional amounts of sulfur functionalities in blue arise from use of
unrealistic Gaussian fit and the Waldo scaling factor curve.
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EA-6, and Figs. 4 and EA-2). The Si values were calculated
from the Gaussian areas using five peak area vs. peak en-
ergy calibration curves (Fig. 2; Table EA-4). In order of
increasing slope the curves are denoted as the Waldo curve
(#6 in Figs. 2, Waldo et al., 1991), which was reproduced by
Xia et al. (1998); the Prietzel curve (#5, Prietzel et al., 2011);
the Sarret curve (#4, Sarret et al., 1999); the curve from this
study (#2); and, the Huffman curve (#1, Huffman et al.,
1991) (Figs. 2 and EA-3). The X-ray energies in the
previous studies were shifted to match our calibration.
The Orthous-Daunay curve (#7 in Fig. 2, Orthous-Daunay
et al., 2010) has the lowest slope and were omitted because
the data were recorded in fluorescence-yield detection mode
without correcting for overabsorption.

For calibration curves with lower slopes, the scaling fac-
tor for the SRed species (i.e., SExo + SHetero) is relatively lar-
ger compared to those from calibration curves with higher
slopes. Thus, lower slopes yield smaller proportions of SRed

species, and correlatively, greater proportions of SOx spe-
cies. This effect is seen by comparing all the Si values for
the eight IHSS samples (Table EA-4). The SExo fraction is
on average �7.3 ± 1.3% lower when calculated with the
Waldo curve than with the Huffman curve, and the SSO4

fraction is on average 3.8 ± 1.6% higher. One might con-
sider that these differences, calculated with the two most ex-
treme curves, are within the precision of 10% of total S
generally stated for the method, and thus not significant
(Huffman et al., 1991; Prietzel et al., 2011). However, other
sources of errors (e.g., data measurement and normaliza-
tion, parameterization of the model-fit), when added to
the imprecision arising from this correction factor, can
stretch the error bar well beyond 10% and in certain cases
to the point of rendering the results meaningless. Function-
alities with intermediate oxidation states are less sensitive to
variability in the slope. For example, the value of SSulfx is
essentially independent of the calibration curve used to nor-
malize the areas under the Gaussian peaks (Table EA-4).

Definition of a generic calibration curve would decrease
uncertainty in determining the fractional amounts of sulfur
functionalities, for data that are not compromised by over-
absorption. The Waldo and Prietzel curves both have lower
slopes than the Sarret curve and the curve from this study,
likely in part because they were measured in fluorescence-
yield detection mode, instead of TEY as for the two others.
Therefore, the uncertainty of calculated values of Si for any
natural organic material should be minimized by calibrat-
ing the data with the mean of the three steepest curves.
Its equation is y = 0.36841x � 909.97, where x is the energy
of the absorption maximum (i.e., corresponding to the oxi-
dation state of the sulfur functionality) and y the scaling
factor normalized to y = 1 at the energy of elemental sulfur
(E = 2472.70 eV). The confidence interval of this calibra-
tion procedure is estimated to be DSi = |Si(Huff-
man) � Si(Sarret)|/2). Results (Table EA-4) show that Si

calculated with this generic curve has a mean precision of
DSi = 1.6 ± 0.2 atom% for the eight SExo values and
0.7 ± 0.3 atom% for SSO4

. The accuracy of Si is estimated
below from its independent quantification by the LCF
method.

In the previous discussion we showed that model bias is
the main source of error in the GCF method: if the selected
model is incorrect or the number of degrees of freedom in
the regression are too high, then the error on Si can exceed
20% of ST, and some species can be overlooked or misiden-
tified. An example from the literature for an IHSS humic
substance, Suwannee River humic acid (SR-HA) (Xia
et al., 1998), is shown in Figs. 4b and EA-5. The amount
of SExo was overestimated by 23% and that of SHetero under-
estimated by 32% (Tables EA-4 and EA-6), at least partly
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because the widths of the GExo and GHetero components
were varied independently, and possibly because GHetero

was nested within GExo. In addition, the sum of the two re-
duced sulfur functionalities (SExo + SHetero) was underesti-
mated by 9%, and SSO4

correlatively overestimated by 7%,
because the Gaussian areas were normalized with the Wal-
do curve. Similar, although slightly smaller, deviations were
obtained for Suwannee River fulvic acid (SR-FA) (Xia
et al., 1998) (Fig. EA-6). In contrast, differences in the frac-
tions of sulfur functionalities for Nordic Aquatic humic
acid (NA-HA) between published GCF results (Yoon
et al., 2005) and those obtained by the GCF method in this
study are at most 3.9%, and the main cause is use of the
Waldo curve (Fig. EA-7).

3.2. The linear combination fitting (LCF) method

In the GCF method, sulfur functionalities in humic sub-
stances are determined implicitly with a curve-fitting model
that is physically realistic. A more direct approach is to
model the data explicitly with a database of model com-
pounds. Results show that the LCF method provides a sim-
ilarly good description of the data with NSS values from
0.47 � 10�3 to 1.25 � 10�3 (Table EA-7, Figs. 4c and EA-
4). Decreasing the fit interval from 2466–2520 eV to
2466–2489 eV had little effect on the results. The precision,
expressed as DSi/2 between the two fits, is always better
than 0.5% of ST for oxidized sulfur species and 2% for re-
duced sulfur species (Tables EA-4 and EA-8). Expressed
as the variation of Si ((DSi/2)/Si), the relative precision is al-
ways better than 7%, and in most cases as good as 1% for
minor species, such as SSulfx. The good precision on minor
species indicates that the method is robust because calcu-
lated errors on small numbers are often much greater than
the numbers themselves. The accuracy of the LCF method
is, like for the GCF method, difficult to evaluate because it
also depends on several factors, such as systematic errors,
data quality (signal-to-noise ratio, linearity of the detector,
overabsorption, the range of fitting), and how well the stan-
dards represent the unknown sample (Jalilehvand, 2006;
Prietzel et al., 2011).

3.3. Comparison of GCF and LCF results for IHSS humic

substances

The convergence-optimized GCF and the Combo LCF
methods were used to make duplicate estimates of Si frac-
tions and their uncertainties (omitting experimental errors)
of the eight IHSS standard and reference materials. The six
sulfur functionalities quantified for each of the eight sam-
ples yield a set of 48 values. The Si values recovered by
the two independent methods differ at most by 4% of ST

in 38 cases, and by 4–8% in the 10 other cases, all of which
are for reduced sulfur functionalities (Table EA-5). There-
fore, each oxidized sulfur functionality is quantified in the
two analytical methods with an accuracy of about 4%.
Although each SRed species has an accuracy of about 8%,
the sum of the two reduced sulfur functionalities (SHet-

ero + SExo) is accurate to within <4%, except for Pony Lake
fulvic acid (PL-FA), which has a slightly higher error of
5.4%. The two reduced sulfur functionalities have a lower
accuracy in part because major thiol/sulfide species with
electronic oxidation state of 0 to 0.5, such as cystine, often
have a split white line (Chauvistré et al., 1997; Prange et al.,
2002), which is assigned to a mixture of SExo and SHetero in
the GCF method and to SExo only in the LCF method
(Szulczewski et al., 2001; Prietzel et al., 2011). Accordingly,
SExo(GCF) < SExo(LCF) and SHetero(GCF) > SHetero(LCF)
in all samples rich in reduced sulfur (Table EA-4). This defi-
ciency of the GCF method is the reason for the lower cal-
culated accuracy of the two reduced species.

3.4. Sulfur fractions in IHSS humic substances

The final Si values (Tables 1 and EA-5) for the eight IHSS
samples are the average of (1) the GCF values corrected with
the generic calibration curve and (2) the mean LCF values of
the fits over the extended (2466–2520 eV) and reduced
(2466–2489 eV) energy intervals. The precision, estimated
as the magnitude of one-half of the difference between the
GCF and LCF values (DSi = |[Si(GCF) � Si(LCF)]/2|)
ranges from a mean of 2.2 ± 1.5 atom% for the eight SExo

values to 0.8 ± 0.7 atom% for SSO4
. The final Si values with

their uncertainties represent the best description of the sul-
fur XANES data for the IHSS samples with the sulfur com-
pound database recorded in this study. Results show that
dissolved organic matter from aquatic or organic soil envi-
ronments, such as peats, contain more reduced sulfur,
whereas dissolved organic matter from the Elliott Soil, a
mineral-dominated environment, contains more oxidized
sulfur, in agreement with previous studies (Xia et al., 1998;
Qian et al., 2002; Solomon et al., 2003, 2005; Zhao et al.,
2006; Prietzel et al., 2007, 2009).

Pony Lake fulvic acid (PL-FA), from a coastal pond
near McMurdo, Antarctica (Brown et al., 2004), has the
highest amount of strongly reduced sulfur (SExo = 46.9%),
which was fit in the LCF simulation with a combination
of dibenzyl sulfide, cystine, pyrite, and pyrrhotite. The frac-
tion of cystine, equal to 12%, is compatible with the domi-
nantly microbial origin of the dissolved organic matter in
Pony Lake (Brown et al., 2004). The fractions of Fe-sulfide
minerals, also equal to approximately 11–12%, is supported
by the anaerobic microbial assemblage and odor of hydro-
gen sulfide gas observed in bottom ice extracted from Pony
Lake in November 2004 when the lake was frozen solid
(Foreman et al., 2011). We note that the main spectral
peaks fit with pyrite and pyrrhotite occur at energies similar
to those reported for ferredoxins (Anxolabéhère-Mallart
et al., 2001). Given the microbial and algal origin of PL-
FA (Brown et al., 2004; Mao et al., 2007), the components
fit as the Fe-sulfide minerals may also be attributable to fer-
redoxins, proteins with FexSy clusters bonded to cysteinyl
sulfur. Because cysteine (and its oxidized form cystine) is
more stable than Fe sulfides in oxidizing environment, the
ferredoxin hypothesis was tested by measuring the same
sample stored at ambient conditions twice over a three-year
interval, in 2009 and 2012 (Fig. 5a), The broad left tail of
the SExo component clearly apparent on the 2009 spectrum,
and fit as pyrite/pyrrhotite in the LCF simulation, is no
longer observed on the 2012 spectrum, and the SOx peak
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is more intense. The LCF amount of SExo decreased from
47.0 to 39.6%, and the amount of SOx increased correspond-
ingly from 22.2% to 28.9%. The decrease of SExo is reflected
3

in the LCF simulation by a diminution from 11–12% to 3–
4% of the pyrrhotite + pyrite component, thereby support-
ing the inorganic nature of the strongly reduced sulfur form
in PL-FA.

Seasonal melting and formation of the ice cover on Pony
Lake and wind patterns during the summer induce changes
in ecological dynamics, and also oxygenation state of the
pond water (McKnight et al., 1994; Foreman et al., 2011).
The overall S speciation of PL-FA samples collected at
any one time, therefore, is likely a function of the fluctuat-
ing biogeochemical system in this relatively small, shallow
body of water. The initial total amount of SRed (65.6% from
LCF, Fig. 5a), when renormalized to exclude sulfate, is
68.2%, compared to the value of 58.9% (uncertainty not re-
ported) determined by XPS (Fimmen et al., 2007). The dif-
ference may be true variation, again related to different
sampling times (January 2005, Fimmen et al., 2007 vs.
December 2005–February 2006, IHSS PL-FA reference),
and may also come partly from the analysis by XPS of a
more oxidized PL-FA powder.

3.5. The special case of a dominant reduced sulfur species

Natural organic matter from aquatic environments and
soils typically contains a large number of individual, but
no single dominant, sulfur species. In this case, the weighted
summation of all post-edge resonances from constitutive
SRed species is smeared out and does not overlap to a great
extent with the white-line of more oxidized species, a condi-
tion necessary for successful application of the GCF meth-
od. However, in cases where one or two particular reduced
sulfur species dominate, only the LCF method will produce
the correct proportions of sulfur functionalities.

Two examples are provided: soil organic matter enriched
in cysteinyl sulfur species and insoluble organic matter from
a carbonaceous chondrite (Fig. 6, Electronic annex), both
of which have a broad upward slope in their spectra be-
tween approximately 2476–2480 eV. The LCF fits identify
Fig. 5. (a) Sulfur K-edge XANES spectrum for Pony Lake fulvic
acid (PL-FA) recorded in 2009 and again in 2012 after storage at
ambient conditions in a capped tube. A large fraction of the
strongly reduced pool (arrow) has been oxidized with time. The Si

values were calculated by LCF simulation. (b) Simulation of the
overabsorption effect on PL-FA. The absorbance for the SOx and
SRed fractions are reduced non-linearly, which modifies the SOx/
SRed ratio in the data analysis if this effect is overlooked. (c)
Reconstruction of the a = 0.0 spectrum obtained in 2009 with the
best-fit Si components from Table EA-7 (PL-FA long), each of
which was modified intentionally by the overabsorption factor
a = �0.1, then weighted by wi. This reconstruction reproduces
what the simulation would look like if the reference spectra were
affected by overabsorption (i.e., were measured in fluorescence-
yield mode). (d) Combo fit of the a = �0.1 PL-FA spectrum to the
reference spectra from the database, each of which was modified
intentionally before the fit by the overabsorption factor a = �0.1.
The fit has a higher absorbance at high energy (arrow), because the
amplitude of the reference spectra is more attenuated by overab-
sorption than the amplitude of the measured spectrum. (For
interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)



Fig. 6. (a) Combo fit of the sulfur K-edge XANES spectrum for the protein-rich fraction of a humic substance. (b) Combo fit of the sulfur K-
edge XANES spectrum of the Alais meteorite (spectrum digitized from Orthous-Daunay et al., 2010). The high amounts of cysteine and
cystine (colored arrows in a) and pyrrhotite (b) are reflected phenomenologically in the positive slope of the XANES spectra at 2476–2479 eV.
(c) Fitting the humic material with the GCF method leads one to conclude incorrectly that the sample contains sulfoxide, sulfite and sulfone.
Eighty percent of the cysteine reference spectrum is superimposed for comparison. (d) Fitting the meteorite spectrum with the GCF method
results in a high percentage of multiple reduced sulfur species when in reality only one is dominant. Only one arctangent was fit as in the model
of Orthous-Daunay et al. (2010). Details are given in the Electronic annex. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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predominantly cysteine and cystine in the soil organic mat-
ter, and pyrrhotite in the meteorite. All three reference com-
pounds have a broad absorption hump at �2475–2482 eV,
in a spectral region intermediate between the reduced and
oxidized sulfur pools where the absorption usually goes
through a minimum in a more heterogeneous material.
These broad and intense spectral features overlap with the
first arctangent function in the GCF method and suppress
the minimum in absorbance between the Gaussians of sulf-
oxide and sulfone components. In this region, the LCF
model for the protein-rich organic matter, which incorpo-
rates the detailed post-edge features of the SRed species,
shows that the three species, sulfoxide, sulfite, and sulfone,
fit by the GCF model are spurious. The same region in the
meteorite spectrum poses even greater challenges when
applying a GCF model. This region is described with one
arctangent, the tail of one Gaussian function with relatively
large amplitude, and three small-amplitude Gaussians using
our optimized GCF application of the model of Orthous-
Daunay et al. (2010) (Fig. 6d, Electronic annex). In addi-
tion, the asymmetrical shape of the main pyrrhotite compo-
nent is described with two Gaussian peaks, clearly showing
the limit of the GCF approach. Other examples of upward
slopes between 2476 and 2480 eV caused by the prevalence
of one reduced sulfur species include thiols and organic
monosulfides in chick corneas (Koudouna et al., 2012),
and elemental sulfur a-S8 in marine archeological wood
from shipwrecks and pyrite in reduced sediments (Fors
et al., 2012).

For these types of organic materials, only the LCF meth-
od will give the correct Si partitioning, assuming that the
predominant SRed species is not fine-grained which would
corrupt the amplitude through overabsorption (v.i.). For
example, the GCF method indicates that the protein-rich
humic sample contains approximately 52.7% SExo and
30.5% SHetero, and the LCF method 83.0% SExo and 4.2 SHet-

ero. However, despite the large uncertainty on Si, in this case,
the sum of the reduced sulfur obtained with the GCF meth-
od is only 5% less than that obtained using the LCF method
because (1) the total area of the reduced pool is measured
correctly with GCF, and (2) the generic scaling factors used
to correct for absorption cross-sections are consistent with
the spectral database used to derive the GCF values
(Fig. 2). For the same reasons, both methods also yield
near-identical total reduced sulfur in the meteorite sample,
being equal to 93.0% with LCF and 94.8% with GCF.

3.6. Overabsorption

The somewhat lower slope of the calibration curve of
Prietzel et al. (2011) shown in Fig. 2 suggests that it may
be affected by overabsorption. This calibration curve was
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obtained from standards prepared as mill-ground mixtures
of pure sulfur compounds (FeS, FeS2, S�, cysteine, sulfox-
ide, Na2SO4, . . .) and finely-ground quartz in proportions
yielding total S concentrations of 200, 2,000 and
20,000 ppm. The authors reported that the edge-normalized
spectra of the 200 and 2,000 ppm series had white-lines with
similar magnitudes and shapes, as did most of the
20,000 ppm spectra. They concluded from this observation
that overabsorption was negligible in their mixtures, in sup-
port of the view (Waldo et al., 1991) that overabsorption is
significant only above 50,000 ppm (5 wt.% S). We show be-
low, with a calculation performed using Hephaestus (Ravel
and Newville, 2005), that the 50,000 ppm limit in concen-
tration is misleading for two reasons. First, the actual upper
limit in S concentration depends on the matrix composi-
tion, and is much lower for an organic than a mineral ma-
trix. Second, this limit is for samples which are
homogeneous, not for samples in which sulfur is nanopar-
ticulate, which occurs in many, if not most, environmental
materials.

3.6.1. Overabsorption in matrices of quartz and humic

substances with homogeneously distributed sulfur

The reduction of the X-ray absorbance measured in
fluorescence-yield resulting from overabsorption can be cal-
culated from the edge jump vs. l(res)/l(tot) contour map of
Manceau et al. (2002), where l(res) is the resonant absorp-
tion at the energy of the absorption edge and l(tot) is the
total absorption. This map was determined for a planar film
of variable thickness (i.e., edge jump) that approximates a
thin layer coating or a slice of a larger particle. It shows
that the fluorescence intensity measured on a thick sample
(relative to the penetration depth of the incident beam) is
attenuated by less than 10% when l(res)/l(tot) < �0.09
and by 20% when l(res)/l(tot) = 0.19. Mass absorption
coefficients (l) reported in Table 2 show that 20,000 ppm
S in SiO2 has a resonant absorption equal to 0.017 of the
total absorption, most of which comes from Si. Absorption
by S is negligible, therefore the fluorescence intensity is
Table 2
Resonant absorption fraction for 20,000 ppm sulfur in quartz and in a h

Atomic formula Formula weight l(S�)a l(S+)a

Quartz

Si 28 1688
O2 32 380
S0.0381 1.22 217 2070

Humic substance

C4 48 162
O3 48 380
N0.07 0.980 258
S0.062 1.98 217 2070

Pyrite

Fe 55.8 930
S2 64.1 217 2070

a Mass absorption coefficients (l in cm2/g) calculated below (2471 eV) an
b bkd is (S�+F) * FW.
c Resonant part (defined in Manceau et al., 2002) of the total absorpti
d Resonant absorption fraction to the total absorption. For the quartz
always proportional to absorbance. In a humic sample de-
void of Si, we find that the contribution of sulfur to the to-
tal absorption is 3–4 times higher (0.058) than in a quartz
matrix for the same sulfur concentration in mg/kg. Overab-
sorption should be noticeable if the white-line is intense, for
example in a humic substance rich in SOx (Fig. 5b). At a
concentration of 50,000 ppm, the reduction in amplitude
approaches 20% in an organic matrix (l(res)/
l(tot) = 0.156), which is huge, but is still not an issue in a
sandy matrix (l(res)/l(tot) = 0.042), especially if it contains
reduced sulfur. Overall, sulfur concentration in most natu-
ral matrices does not cause significant overabsorption, as
long as the distribution of sulfur is uniform. In general this
condition is realized in humic substances and their dis-
solved organic matter fractions, HA and FA, but rarely
in soils and sediments, as discussed below.

3.6.2. Overabsorption in matrices with nanoparticulate sulfur

Commonly in reduced soil and sediment sulfur is speci-
ated as pyrite (FeS2) with a bimodal grain size distribution
(Isaure et al., 2002). In the example shown in Fig. 7a, the
bigger grains, which also contain Zn, have a diameter of
about 30 lm and the smaller grains, more uniformly dis-
tributed in the fine clay matrix, have a dimension of about
3–5 lm. Manceau et al. (2002) calculated from the edge
jump vs. l(res)/l(tot) contour map that a 1.5 lm thick
grain of ZnS causes an absorbance reduction of 10% at
the Zn K-edge (9659 eV) by overabsorption. When applied
to the S K-edge of FeS2 (l(res)/l(tot) = 0.51, Table 2), the
calculation gives a maximum thickness of 0.1 lm for the
same signal attenuation. This result is consistent with the
17% absorbance reduction calculated by Pickering et al.
(2001) for 0.2 lm spheres of a-S8, which approximate tiny
round-shaped particles, and the 35% reduction measured
by Burton et al. (2009) on 0.1–0.2 lm a-S8 particles. Be-
cause overabsorption increases with sample thickness in
concentrated samples, the deviation from the proportional-
ity of the fluorescence signal measured on thicker particles
to the resonant absorption (i.e., true absorbance) becomes
umic substance, and for pyrite.

l(F)a bkdb l(res)c l(res)/l(tot)d

2017 103740
461 26912
260 582 2261 0.017

197 17232
461 40368
314 561
260 944 3669 0.058

1112 113944
260 30576 118777 0.510

d above (2472 eV) the S K-edge, and at the S(Ka) energy (2310 eV).

on above the edge. For the quartz matrix = (2070–217) � 1.22.
matrix = 2261/(103740 + 26912 + 582 + 2261).



Fig. 7. (a) Micro X-ray fluorescence maps of the <2 lm fraction from a canal sediment. The clay suspension was deposited as an oriented
preparation on a glass slide. 2 � 2 lm2 pixel size. Data from Isaure et al. (2002). (b) Distribution and speciation of S in a rhizospheric soil
prepared as a 30 lm thick petrographic thin section. From top to bottom: Root and surrounding soil imaged with the elastic beam;
distribution of S (white); bicolor-coded distribution of S (red) and Ca (green); bicolor-coded chemical map of oxidized (red) and reduced
(green) sulfur. 5 � 5 lm2 pixel size. (c) Micro-XANES spectrum from the reduced sulfur form speciated as heterocyclic sulfur. 5 � 5 lm2 pixel
size. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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rapidly large, and the measured spectrum increasingly dis-
torted until the saturation limit is reached (Fig. 5b). There-
fore, we propose that the spectral similarity of the 200,
2,000, and 20,000 ppm standard mixtures reported by Priet-
zel et al. (2011) to a large extent is a result of overabsorp-
tion by infinitely-thick samples. The pure sulfur
compounds would have to be nanoparticulate in size for
the XANES spectra to be essentially free of distortion. Uni-
form nanoparticles are impossible to obtain by conven-
tional grinding techniques and some samples were likely
infinitely thick with respect to the penetration depth of
the incident beam (Pickering et al., 2001). This example
for FeS2 highlights the need to assess sample homogeneity
by X-ray micro/nano-fluorescence or scanning electron
microscopy before measurement.

Bulk XANES measurements on oxidized soils and sedi-
ments are also prone to the overabsorption distortion de-
scribed here because sulfate is a major species most often
present in concentrated grains, such as gypsum. Rhizo-
spheric soils are even more heterogeneous spatially with,
in addition, steep redox gradients between the near-root
environment and the surrounding soil as a result of micro-
bial activity and root respiration. This case of heterogeneity
is exemplified in Fig. 7b and c with the distribution and var-
iation of sulfur oxidation state in a rhizospheric soil from
the floodplain of East Fork Poplar Creek downstream from
Oak Ridge, TN. Sulfur is heterogeneously distributed with
a distinct pattern of S and Ca co-localization inside the
root, and patches of S-rich aggregates in the soil matrix.
The oxidation state of sulfur near the root was imaged with
a chemical X-ray micro-fluorescence map (Pickering et al.,
2000; Freeman et al., 2006; Marcus, 2010; Banuelos et al.,
2011) recorded at incident energies of 2470.40, 2474.40,
and 2482.40 eV to obtain the background, and the SRed

and SOx forms, respectively. The chemical map displays
two areas, one with a high concentration of SRed, and
another where the SRed and SOx forms are co-associated
spatially, with a predominance of the oxidized form. In
addition, a hot-spot of �10 lm of reduced sulfur is
observed on the edge of the mixed-valence area. Micro-
XANES was used to positively identify heterocyclic sulfur
as the reduced sulfur functionality in this region of the rhi-
zosphere. The immunity of the measurement to overabsorp-
tion was ascertained by measuring the micro-XANES
spectra of several tiny particles and comparing the normal-
ized amplitudes of their peak maxima. Comparison of the
transmitted and fluorescence signals is not a good test for
overabsorption, as explained below.

In summary, the previous examples of sulfur distribu-
tion and speciation, which are representative of the diver-
sity of natural systems, show that the difficulty of
modeling sulfur XANES spectra correctly is compounded
by the measurement task itself as well as preparation and
pre-characterization of the sample. Acquisition and inter-
pretation of a meaningful S-XANES spectrum is not
straightforward.

3.6.3. Correction for overabsorption

Accurate mathematical correction of overabsorption re-
lies on precise knowledge of the nature and amount of all
atoms in the path of the X-rays, which is difficult to mea-
sure on a real sample. Alternatively, an empirical correction
function can be derived from Eq. (28) of Manceau et al.
(2002) for a thick, flat sample. A physically-realistic form
for thickness effects in fluorescence-yield measurement is gi-
ven by:

yOA ¼
y

1� bþ by

where yOA is the pre-edge subtracted, post-edge normalized
measured absorbance in the presence of overabsorption, y

is the spectrum which would be measured in the absence
of overabsorption, and b is a dimensionless parameter
which measures the strength of the effect and depends on
the absorption coefficients below the edge, above the edge,
and at the fluorescence energy (Table 2), as well as the inci-
dence and takeoff angles from the sample surface (generally
45�). After inversion, the equation is written as:

y ¼ yOA

1� aþ ayOA

where a = -b/(1 - b), and has a positive value. The unde-
sired amount of overabsorption can be suppressed from
the measured spectrum by adjusting a. Overabsorption also
may be simulated upon performing the correction to the
spectrum using a negative a value.

3.6.4. Analysis of data affected by overabsorption

Fig. 5b shows the Pony Lake spectrum calculated with
the correction factors a = �0.05 and �0.1 to model spectral
distortion caused by overabsorption. The calculation was
carried out with the overabsorption algorithm implemented
in the data analysis programs available on the 10.3.2 beam-
line where the data were collected (Marcus et al., 2004)
(http://xraysweb.lbl.gov/uxas/index.htm). In agreement
with theory, overabsorption produces a non-linear reduc-
tion of the signal amplitude. The reduction is higher the
greater the normalized absorbance is than one. Because
the SOx peak has a higher amplitude than the SRed peak,
overabsorption leads to underestimation of the SOx/SRed

ratio. Qualitatively, overabsorption produces the opposite
effect on calculated values of Si from the normalization of
the Gaussian areas with calibration curves of lower slopes.
One may conclude incorrectly that data collected in fluores-
cence-yield detection on concentrated samples can be safely
analyzed with either the Orthous-Daunay, Waldo or Priet-
zel curves (Fig. 2). The two effects generally do not compen-
sate each other, as shown with the a = �0.1 PL-FA
spectrum analyzed with the GCF method (Table EA-4).
The sum of the two SOx functionalities (sulfate plus sulfo-
nate) is underestimated by -16% and the sum of the two
SRed functionalities (SExo + SHetero) overestimated by +5%
when the oversaturated fit values are normalized with the
generic calibration curve. The �16% vs. +5% asymmetry
of the two Si% values reflects the non-linearity effect men-
tioned previously. The new Si values match best the original
Si values calculated for the undistorted PL-FA spectrum
when the Gaussian areas are normalized to the Sarret cali-
bration curve. The Waldo curve yields SOx and SRed values
which differ from the real values (i.e., the undistorted

http://www.xraysweb.lbl.gov/uxas/index.htm
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spectrum) by +16% and �8%. The correction is now too
high and produces relative SOx and SRed fractions which
are, in this example, similarly biased as those obtained with
the generic curve, but in the opposite direction.

In general, data affected by overabsorption can neither
be analyzed with the LCF method using reference spectra
that are also affected by overabsorption. Letting the spec-
tral distortion caused by overabsorption at some concentra-
tion be represented by the operator OA(spectrum), one can
assess the equality:

OAðw1S1 þ w2S2 þ . . .Þ ¼ w1OAðS1Þ þ w2OAðS2Þ þ . . .

where wi and Si are the fractions and spectra for species i.
Unless one of the wi = 1 and all others = 0,
OAð

P
wiSiÞ–

P
wiOAðSiÞ, as shown in Fig. 5c with the

a = �0.1 PL-FA spectrum. The
P

wiOAðSiÞ spectrum has
a lower amplitude because each of the unweighted, undis-
torted Si reference spectra has a higher amplitude, and
hence, is more distorted by overabsorption than the humic
substance spectrum. More problematic, the shape of the
SRed component is also modified because it is decomposed
into several reduced Si species, each of which often has a
complex spectral shape not simply described by one single
Gaussian function. Furthermore, if a fit is performed:

OAðw1S1 þ w2S2 þ . . .Þ ¼ x1OAðS1Þ þ x2OAðS2Þ þ . . .

with xi as adjustable parameters, the OA(SRed) and OA(-
SOx) components can be reproduced reasonably well, but
with xi values different from the wi values. The SExo and
SHetero fractions (60.7% and 4.1%, respectively) deviate sig-
nificantly from the real values derived from the undistorted
spectrum (47.0% and 18.6%, respectively). However, the to-
tal amount of reduced sulfur (SRed) recovered from the fit of
overabsorbed data to the combination of overabsorbed ref-
erence spectra is correct. In summary, it is advisable to al-
ways use reference spectra measured in TEY mode in the
LCF analysis of a sample spectrum, whether or not it is af-
fected by overabsorption. If some overabsorption occurs in
the unknown, then its amplitude can be adjusted with the a
correction factor described previously.

The same samples which tend to show overabsorption
caused by spatial heterogeneity will often show a hole effect
in transmission measurement, for the particles will never be
uniform in thickness across the beam (Stern and Kim, 1981;
Manceau et al., 2002). Hole effect distorts signal in the same
way as overabsorption. Thus, in principle, comparison be-
tween transmission and fluorescence spectra (Prietzel
et al., 2007) does not guarantee that the data are free of
overabsorption. The empirical function defined above
may be used to correct for hole effect. However, because
it is difficult to correct overabsorbed data and hole effect
accurately, it is preferable to avoid or at least minimize
these problems at the sample preparation and measurement
stages.

4. CONCLUSION

The GCF method of quantifying groups of sulfur species
in humic substances is valid if the following three
conditions are met: (1) the initial mathematical model is
physically and chemically realistic and not overparameter-
ized, (2) each oxidation state produces a single peak and,
(3) each oxidation state has a weak post-edge oscillation
which does not overlap greatly with the white-line of more
oxidized species.

The first condition is realized by fixing the Gaussians to
their nominal positions (Table EA-2) and constraining their
widths. The second condition is never fully satisfied, at least
in humic substances, because the spectra of several constitu-
tive SExo moieties exhibit doublets. This causes an artificial
increase in the SHetero/SExo ratio, especially when SHetero is
minor. The third condition is always satisfied in IHSS sam-
ples, but not necessarily in samples in which one particular
SRed species prevails. In the latter case, only the LCF meth-
od will give correct results.

Although the LCF method has the superior advantage
to be model-independent, its accuracy is limited by how
well the reference spectra represent the unknown sample.
The extended database compiled in this study covers a large
range of sulfur moieties found in humic substances, earth
and extraterrestrial materials, coal, bitumen and by-prod-
ucts, and biological samples (Sarret et al., 1999; Pickering
et al., 2001; Fleet, 2005; Struis et al., 2008; Cai et al.,
2009), and therefore can be used to analyze many types
of materials without preliminary knowledge of the sample.
Its main limitation is the transferability of the reference
spectra. Caution should be taken to not use the reference
spectra in the database to simulate data collected at lower
or higher spectral resolution (Electronic annex). It is recom-
mended to verify the transferability of the reference spectra
on one or several reference compounds before fitting an
unknown spectrum collected on another X-ray absorption
spectrometer to the database.
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Anxolabéhère-Mallart E., Glasser T., Frank P., Aliverti A., Zanetti
G., Hedman B., Hodgson K. O. and Solomon E. I. (2001)

http://dx.doi.org/10.1016/j.gca.2012.09.033
http://dx.doi.org/10.1016/j.gca.2012.09.033


A. Manceau, K.L. Nagy / Geochimica et Cosmochimica Acta 99 (2012) 206–223 221
Sulfur K-edge X-ray absorption spectroscopy of 2Fe-2S ferre-
doxin: covalency of the oxidized and reduced 2Fe forms and
comparison to model complexes. J. Am. Chem. Soc. 123, 5444–

5452.

Banuelos G. S., Fakra S. C., Walse S. S., Marcus M. A., Yang S. I.,
Pickering I. J., Pilon-Smits E. A. H. and Freeman J. L. (2011)
Selenium accumulation, distribution, and speciation in spineless
prickly pear cactus: a drought- and salt-tolerant, selenium-
enriched nutraceutical fruit crop for biofortified foods. Plant

Physiol. 155, 315–327.

Beauchemin S., Hesterberg D. A. and Beauchemin M. (2002)
Principal component analysis approach for modeling sulfur K-
XANES spectra of humic acids. Soil Sci. Soc. Am. J. 66, 83–91.

Beauchemin S., Hesterberg D., Nadeau J. and McGeer J. C. (2004)
Speciation of hepatic Zn in trout exposed to elevated water-
borne Zn using X-ray absorption spectroscopy. Environ. Sci.

Technol. 38, 1288–1295.

Bostick B. C., Theissen K. M., Dunbar R. B. and Vairavamurthy
M. A. (2005) Record of redox status in laminated sediments
from Lake Titicaca: a sulfur K-edge X-ray absorption near edge
structure (XANES) study. Chem. Geol. 219, 163–174.

Brown A., McKnight D. M., Chin Y. P., Roberts E. C. and Uhle
M. (2004) Chemical characterization of dissolved organic
material in Pony Lake, a saline coastal pond in Antarctica.
Mar. Chem. 89, 327–337.

Burton E. D., Bush R. T., Sullivan L. A., Hocking R. K., Mitchell
D. r. G., Johnston S. G., Fitzpatrick R. W., Raven M.,
McClure S. and Jang L. Y. (2009) Iron-monosulfide oxidation
in natural sediments: Resolving microbially mediated S trans-
formations using XANES, electron microscopy, and selective
extractions. Environ. Sci. Technol. 43, 3128–3134.

Cai J. H., Morris E. and Jia C. Q. (2009) Sulfur speciation in fluid
coke and its activation products using K-edge X-ray absorption
near edge structure spectroscopy. J. Sulfur Chem. 30, 555–569.
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