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Abstract— Stable carbon isotopes of long-chain n-alkanes in lake sediments have been used for reconstructing
past environmental changes. Gas chromatography isotope ratio mass spectrometry coupled to a combustion
unit is the commonly applied technique for compound-specific carbon isotope analysis. This paper shows
that sulfur in the lacustrine sediment can cause severe interference during the mass spectrometric measure-
ment, leading to significant biases in §°C of n-alkane. The §'3C deviation could be resulted from additional
12¢338*, BC328™ at mass-to-charge ratio (m/z) 45, and 2C3*S*, H,C3?S™at m/z 46, respectively. Such ele-
mental sulphur interference can be eliminated by the activated copper in the pretreatment procedure.
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INTRODUCTION

The leaf waxes of vascular plants are widely used to
reconstruct environmental change because they are
usually preserved in sediments from which they are
easily extracted and analysed (Cranwell, 1981; Rieley
et al., 1991). For example, stable carbon isotopic com-
position (8C) analysis of n-alkanes has been widely
used to characterize past changes in the carbon cycle
and vegetation ( Castafieda et al., 2009; Diefendorf and
Freimuth, 2017; Schouten et al., 2007; Smith et al.,
2007). Such advances are based on the new techniques
for measuring 6"*C. Automated online measurement
using gas chromatography/combustion/isotope ratio
mass spectrometry (GC/C/IRMS) is a valuable tech-
nique for studying stable organic compounds, such as
n-alkane (Reinnicke et al., 2012). It can measure isoto-
pic composition at low enrichment and natural abun-
dance level, and obtain reliable 6*C values with an
accuracy of 0.3%o0 (Meier-Augenstein, 2004).

Despite the high sensitivity and accuracy, some
uncertainties remain. For example, the concurrent
presence of N,O (m/z 44, 45, 46) in the ion source of

the IRMS instrument could heavily disturb the CO,
(m/z 44, 45, 46) ion current, resulting in anomalous
083C values (Craig and Keeling, 1963). Schmitt et al.
(2013) also reported the interference from 3$¢Kr?*
during carbon isotope analysis and proved that it
comes about by the lateral tailing of the peak of doubly
charged %Kr in the neighboring m/z 44, 45, and
46 Faraday cups.

Among them, the interference of elemental sulfur
has been studied since 1950s (e.g. Blumer, 1957). Sulfur
is readily dissolved in most common organic solvents
used during extraction of organic matter from sedi-
ments and soils, interfering significantly in GC-MS
and GC-ECD (Jin et al., 2007). Metallic copper treat-
ment is widely used as an effective method. Blumer
(1957) explored the removal efficiency of different
types of copper wires for elemental sulfur. Jin et al.
(2007) confirmed that copper powder has an apparent
catalysis on chloroform during conventional Soxhlet
Extraction. There are also some other studies that
referred to the elemental sulfur removal in pretreat-
ment process (e.g. Logan et al., 2001; Summons et al.,

1155



1156

MENGMENG CAO et al.

89°30° 89°40’
“ \‘\ Niubao Fm. N
S e A
e 1
Dingging Fm.\A\—\/\(
/
{
Dingqing Fm. ‘z;d“
\00
19"
Q §o
10°
Dingqing Fm.
= Chebuli section Q
0 3k
‘z Thrust fault [0 m
on

Fig. 1. Map showing the Tibetan Plateau, the Lunpola Basin, and the Cenozoic strata in the study area. Q: Quaternary.

2002). With the improvement of solvent extraction
efficiency, we require less and less organic matter con-
tent in the samples. This means that we have access to
a broader archive of paleoclimates, such as loess or
ancient sedimentary rocks. However, previous studies
have been conducted mainly in samples with
extremely high organic matter content and with high
maturity associated with petroleum geochemistry, less
has been reported on sulfur interference in sedimen-
tary rocks or modern lake sediments with relatively low
organic matter content. Neither the visual perfor-
mance during the pretreatment process nor the
detailed characteristics showed during the measuring
of compound specific isotopes have been reported.
Desulfurization was also not included as a standard
experimental procedure in many studies (e.g.
Castaneda and Schouten, 2011; Collins et al., 2013;
Sachse et al., 2006; Schwab et al., 2015; Sinninghe
Damsté et al., 2011; Tierney et al., 2011).

During the processing of a batch of Oligocene Lake
sediments samples on the Tibetan Plateau, we stum-
bled upon the effect of elemental sulfur on the carbon
isotope testing of specific compound of plant leaf wax
n-alkane. In this study, we investigated the influence
of sulfur on the 8"C values and explored the possible
mechanisms of this unusual disturbance.

MATERIALS AND METHODS

Our samples were collected from the Dingqing For-
mation in the Lunpola Basin in central Tibet and are
characterized by fine-grained lake sediments (Fig. 1).
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147 samples were rinsed before grinding to powder.
30 g of each sample was extracted in a Dionex acceler-
ated solvent extractor (ASE 200) with a dichlorometh-
ane (DCM): methanol (MeOH) 9 : 1 reagent mix. The
extracts were separated into nonpolar and polar frac-
tions through silica gel flash column chromatography
using n-Hexane and MeOH as eluents, respectively.
The nonpolar fraction was purified using urea adduc-
tion. The purified nonpolar part was divided into two
equal volume control groups. One group was directly
measured for carbon isotopes, and another group was
further purified using activated Cu granules (HCL
soaked, and DCM rinsed).

To confirm the mineral, morphological and ele-
mental characteristics of elemental sulfur, measure-
ments of the N,-dried nonpolar fractions (Group A)
are performed using a ZEISS EVO-18 scanning elec-
tron microscope (SEM) equipped with a Bruker XFlash
6130 energy dispersive spectroscope (EDS). X-ray dif-
fraction (XRD) patterns were measured on an X’pert
Pro powder diffractometer (PANalytical Corp., the
Netherlands) using Cu Kot radiation (A = 0.15406 nm)
at a scan rate of 0.017° min~! (Zhu et al., 2019).

The concentrations of n-alkanes were determined
using an Agilent 6890 gas chromatography (GC)
instrument with a flame ionization detector. The sam-
ples were injected in a split mode, with an inlet tem-
perature of 310°C and a flow rate of the carrier gas of
1.2 mL/min. The GC oven temperature program was:
40°C (1 min) to 150°C at 10°C/min, and then to 310°C
(20 min) at 6°C/min.
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Fig. 2. Lithology showed the type and color of sediments and 813C record of Chebuli Section. The red diamond boxes highlight

the abnormal samples.

Compound-specific stable carbon isotope analysis
was carried out using a TRACE GC instrument cou-
pled via a combustion reactor to the Thermo Finnigan
Delta V Plus isotope ratio mass spectrometer. The
temperature program was the same as the GC analysis.
Isotope values were reported in per mil (%o) vs. Vienna
Peedee Belemnite (VPDB). The standard deviations
of duplicate analyses were <0.5%o for the standard and
selected sample. All the measurements were made at
the Institute of Earth Environment, Chinese Academy
of Science, Xi’an.

RESULTS AND DISCUSSION
The Identification of Elemental Sulfur (Sy)

During the experiment, several anomalous samples
with much more negative 63C values were found in
our section (Fig. 2). These samples produced 45/44
and 46/44 signals that differed by a factor of 10 com-
pared to other samples in the record (Fig. 3). To iden-

GEOCHEMISTRY INTERNATIONAL Vol.61 No. 11

tify the cause of the discrepancy, we repeated the
whole experiment and found that some yellowish sol-
ids precipitated after N,-drying of the extracted total
lipid (Fig. 4a). Additionally, the XRD results show
sharp peaks at 20 angles of 23.2°, 25.9°, 26.8°. 27.9°,
28.8°, and 31.4°, indicating a highly crystallized ort-
horhombic sulfur (Sg) structure (Wadi et al., 2020)
(Fig. 4b). The SEM images show that they are all char-
acterized by euhedral rectangular crystals with variable
sizes (Figs. 4c, 4d). The EDS spectra images demon-
strate that they consist mainly of S (Fig. 4e). Based on
these chemical and morphological results, we ensure
that these solids are elemental sulfur (Sy).

Elemental sulfur (Sy) is insoluble in water but can
be extracted with most organic solvents used in sam-
ple preparation, such as benzene and toluene, and is
easily be chromatographed in the liquid phases
(Andersson and Holwitt, 1994). This explains why
elemental sulfur can also be recovered in our
extraction procedures.
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Fig. 3. Online signals of the representative sample. (a) The original signal of the sulfur-contained sample. The signal intensity
baseline of 46, 45 and 44 decreased gradually. (b) The sample signal after desulphurization. The difference of 46/44 and 45/44
was significantly reduced, and the baseline difference of signal intensity of 46, 45 and 44 was too small to be recognized.

The Influence of Elemental Sulfur (Sg)
on Compound-Specific Carbon Isotope (6'°C)
Measurements

The removal of elemental sulfur from hydrocarbon
fractions by chemical leaching through a column of
activated copper powder was first proposed by
(Blumer, 1957), which can convert sulfur and copper
into the black copper sulfide. Wu et al. (2011) further
found that incubating 60 mL extracts with 12 g copper
granules at 60°C for 2 h is the optimal procedure for
removing interfering components. Because of the
large amounts of each sample, we added 15 g active
copper granules (DCM rinsed) to the extracts (dis-
solved in DCM), then placed them in a water bath at
30°C until there was no color change. Afterwards, we
eluted the hydrocarbon fraction from the mixture.

During the analysis of the n-alkane carbon isotope
ratios, different carbon length n-alkane molecules
were separated using GC then combusted in an online
reactor. Combustion took place in an O, atmosphere

GEOCHEMISTRY INTERNATIONAL

to produce CO,, which is subsequently measured in
the IRMS. Here, the most abundant isotopologues of
CO, falling into Faraday cups are the mass to charge
ratios (m/z) 44, 45, and 46 (Schmitt et al., 2013).

The results of these untreated and S-removed sam-
ples are shown in Fig. 5. Obviously, ion current ratios
of samples containing S deviate from those of pure n-
alkane. Firstly, the 46/44 ratios of the treated samples
were significantly lower, with a maximal value of 10,
which was 3 to 5 times lower than that of the untreated
samples (Fig. 5b). The 45/44 ratios show comparable
results (Fig. 5a). Moreover, the 8C values of the
untreated samples can be up to ~3%o negative and
highly dispersed compared to that of the treated sam-
ples (Fig. 5¢). Even for peaks which generated 4—6 V
signals, the differences were as high as 1.3~2.8%o
(Table 1).

The anomalies in the “45/44 ratio” should result in

positive deviations in the 8'*C values of the untreated
samples. However, the observed 83C values of the S
Vol. 61
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Table 1. Comparison between the results of untreated and treated sample LPL27

Peaks C25 C26 C27 C28 C29 C30 C31 C32 C33
44 (mV) U 46.0 42.9 62.4 53.6 79.5 70.6 70.9 70.9 60.5
T 120.1 114.3 125.8 112.7 133.2 115.6 124.4 106.1 95.6
45 (mV) U 75.5 71.7 93.5 84.3 112.2 102.7 98.4 93.6 75.1
T 139.0 132.2 145.6 130.4 154.1 133.9 144.0 122.9 110.5
46 (mV) U 442.9 435.9 448.2 453.3 451.4 450.0 368.0 289.3 168.1
T 162.0 154.2 169.6 152.1 179.6 156.0 167.8 143.4 129.2
C U -32.7 —33.8 -31.6 —33.6 -31.0 —35.1 —323 -39.9 —31.8
T —29.0 —28.9 —-29.0 —29.0 —29.1 —29.8 —-29.5 -30.3 —29.1
D 3.7 4.9 2.6 4.6 1.9 5.3 2.8 9.6 2.7
(6] U —119.9 |-162.3 -921 |-157.8 —-82.3 |-207.7 —98.6 |-262.9 —99.8
T —59.2 —59.1 —58.8 —58.9 —58.5 —58.9 —58.2 —58.7 —58.2
D 60.7 103.1 333 99.0 23.8 148.8 40.4 204.2 41.5
45/44 U 1.641 1.671 1.498 1.573 1.411 1.455 1.388 1.320 1.241
T 1.157 1.157 1.157 1.157 1.157 1.158 1.158 1.158 1.156
46/44 U 9.628 10.161 7.183 8.457 5.678 6.374 5.190 4.080 2.779
T 1.349 1.349 1.348 1.350 1.348 1.349 1.349 1.352 1.351

* U: Untreated; T: Treated; D: Deviation.

containing samples are much lower. This is due to the
170 correction algorithm (Craig, 1957; Santrock et al.,
1985), through which the 46/44 anomaly alters 6'3C.

The measured ion currents at m/z 44, 45, 46 are
dominated by 2C!%0;, BC'*0Q; and "2C'*0"O",
respectively, as the abundances of '2C, 1*C,'°O, 7O and
180 are about 98.9, 1.1, 99.76, 0.04 and 0.2% (Coplen
et al., 2002). The presence of 2C70'°0 isotopologues
accounts approximately 6~7% of mass 45 CO, isoto-
pologues (Kaiser, 2008). To determine the desired
BC/12C ratio, a O correction was applied to calculate
the molecular ion-current ratio. According to San-
trock et al. (1985), carbon 6 values can be calculated
from the carbon isotope ratios (R, R, ¥R) by the
following simplified conversion equations.

“R = "R+2"R, (1)

“R =2"R +2"R"R + ""R?, )

R = "RK, (3)

-3K*> "R + 2K PR"R + 2R -*R =0, (4
—3"R*+2"R"R +("R/K)/* =*R =0.  (5)

The symbols ®R, 7R, and ¥R refer to the abun-
dance ratios “C/2C, 70/'0 and '*0/'°0O, respec-
tively. a is an empirical parameter used to express the
observed relationship between "R and ¥R, and is
expected to have a value of about 0.516 = 0.015 (Kai-
ser, 2008; Young et al., 2002). K is a constant of pro-
portional (Kaiser, 2008).

GEOCHEMISTRY INTERNATIONAL

The calculation of R can be refer to in the follow-
ing order:

1). R is calculated from R and “R (eq. 4).
2). "R is calculated from "*R (eq. 3).
3). BR s calculated from "R and R (eq. 1).

Following this sequence of calculations, if m/z 46 is
anomaly high, the inaccuracy will be transferred to the
ultimate carbon isotope value. Because “°R is primar-
ily dependent on ¥R, the solution of eq. (4) will yield
a roughly correct value for ' R. However, the value of
7R will be overestimated by eq. (3). This will lead to an
incorrectly low value for BR (eq. (1)) and the derived
O1C value. Moreover, the use of eq. (3) in eq. (4)
causes the initially calculated value of R (termed
“roughly correct” above) to be underestimated. As a
result, the 880 values of the S containing samples are
negatively biased (Table 1).

The SEM-EDS, XRD identifications, and the
comparison of treated and untreated S-containing
samples suggest elemental sulfur is the source of inter-
ference. However, it remains unclear how S interferes
with the compound-specific carbon isotope (8C)
measurements. Generally, there are three types of
interference most encountered in IRMS analysis.
Firstly, isobaric interference occurs when gas mole-
cules giving rise to ions of the same mass/charge ratio
as the analytic gas are present in the ion source at the
same time (Meier-Augenstein et al., 2009). Example

of isobaric interference is that between “N'°O; and
2C16Q80* affecting the abundant ions at m/z 46. Sec-
Vol. 61
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ondly, the formation of polyatomic interferences is
induced by the reactions of the sample matrix, precur-
sors in the plasma gas argon, the ambient air, and
water (Pick et al., 2010). Pressurizing the reaction cell
with a reaction gas like ammonia, methane, or oxygen
leads to various ion-molecule reactions in the gas
phase. Thus, three reaction schemes are possible:
charge transfer, atom transfer, and collision-induced
dissociation (Hattendorf and Giinther, 2003; Pick
et al., 2010). Finally, doubly charged ion interferences
are due to doubly charged element isotopes with twice
the mass of the analytic isotope, e.g. the alkaline and
rare earth elements (Kohler and A. Leary, 1997).

One possible mechanism inducing these deviations
is that the existence of S in the ion source changes the
relative ionization efficiency of the carbon isotope iso-
topologues in the sense of “lonization Quench”
coined by Meier-Augenstein et al. (2009). This matrix
interactions of the gasses in the ion source is com-
monly termed “chemical slope” (Severinghaus et al.,
2003), referring to differences in the composition of
the sample and standard gas mixture. However, in our
results, all relevant signals (m/z 44, 45, 46) have
increased by varying degrees, turning against lower
ionization efficiency.

Alternatively, a more direct effect of S may be
involved if the induced S ions fall into the Faraday
cups. However, a direct isobaric effect seems unlikely
as none of the S isotopes or combustion products are
expected to fall into the given Faraday cups at their
nominal m/z or m/2z (doubly charged ions) ratios.
There may be other chemical reaction products that
enter the Faraday cups.

When a certain amount of elemental sulfur is added
into the combustion/isotope ratio mass spectrometry
system, the most possible interference is isobaric
interference. Mass interferences of ?C33S* and 3C*S*
at m/z 45, and 2C3*S* at m/z 46 were detected from
xylene blanks (Hausler, 1987). Moreover, Doddipatla
et al. (2020) have proven that the reaction of the
methylidyne radical ("*C'H) with hydrogen sulfide
(H,*S) could make a reaction product with the chem-
ical formula "H,"C*S plus atomic hydrogen ('H) in a
single-collision event of two neutral reactants. The
m/z 45 signal originated from dissociative electron-
impact ionization of the parent molecule (H,C3’S*;
m/z 46) in the ionizer. All these ionic fragments can
explain the elevated signals at m/z 46, 45 in our mea-
surements.

At present, our mechanism about the behavior of
sulfur ions in ion chromatography systems is only a
conceptual model, which needs to be tested by further
research. However, sulfur interference with mono-
meric carbon isotopes does exist, and as molecular
level isotopes become more widely used as climate
proxies, a sulfur removal procedure in the pretreat-
ment process is necessary as a standard process.

GEOCHEMISTRY INTERNATIONAL Vol.61 No. 11

1161
The Sources of Sulfur in the Analysed Samples

Our samples were collected from lacustrine sedi-
ments with low redness values and high organic matter
contents. Redness is associated with the number of
iron oxides. In a lacustrine environment, iron oxides
concentrations influenced by redox conditions which
was primarily controlled by lake water depth (Kemp
and Coe, 2009). This implies that the lake level was
relatively high. The elemental sulfur (Sg) in our sam-
ples may come from certain species of bacteria. For
example, photosynthetic bacteria such as the green
and purple sulfur bacteria (Chlorobium and Chrom
atium, respectively) live within the anaerobic zone,
where there is sufficient light penetration for them to
make use of the products of anaerobic degradation
processes (e.g., H,S and CO,). Although these pho-

totrophic Sulphur bacteria can oxidize S?>~ to elemen-
tal Sulphur (during anoxygenic photosynthesis), they

cannot oxidize S further to SOi_ (Killops and Killops,
2013). In fact, elemental sulfur (Sy) is ubiquitous. It is
extensively distributed in sediments and soils and can
reach up to 1% or more (dry weight) in samples from
non-pristine coal or harbor sediments (Andersson and
Holwitt, 1994). It has also been found in matrices as
diverse as lichen and air (Morosini et al., 1993), and has
been shown to be endogenous in the epicuticular wax of
many higher plants as a part of the antifungal defense
system (Kylin et al., 1994). In such cases, it can domi-
nate many environmentally important organic com-
pounds by a wide margin and be a major disruption.
However, most compound-specific carbon isotope
pretreatment processes of n-alkanes did not involve
the removal of elemental sulfur (Collister et al., 1994;
Diefendorf and Freimuth, 2017; Huang et al., 1997;
Rieley et al., 1991; SchefuB} et al., 2003; Tipple and
Pagani, 2010). Although these samples may not con-
tain Sulphur, a clean-up procedure of remove sulfur is
necessary to ensure the data accuracy.

CONCLUSIONS

This paper identified that elemental sulfur (Sg) can
severely interfere the 83C measurement of n-alkanes.
The interference for 6°C can be as large as 3%o. These
disturbances may come from the lateral ion fragments
produced in the combustion-isotope ratio mass spec-
trometry (GC/C/IRMS) system, e.g., "2C¥S*,
BC328* at m/z 45, and 2C3*S*, H,C*?*S*at m/z 46. To
avoid this interference, we can utilize Cu to remove
contaminating elemental sulfur (Sg) in the pretreat-
ment stage. Although we have repeated experiments
many times to prove that this interference exists, in
order to prevent errors caused by different experimen-
tal environments, further studies and cross-checks
among different laboratories still needed.
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