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Abstract: The carbon isotopic composition of dissolved organic carbon (δ13CDOC) in speleothems,
based on high-precision U-Th ages, has great potential to reconstruct past ecology, microbial activity,
and carbon cycling. Identifying the reliability of the pretreatment and measurement of speleothem
δ13CDOC is therefore essential to putting it into practice. Actually, we have previously verified the
reliability of the method for speleothem δ13CDOC measurements. However, it was only based on the
final δ13CDOC values of homogeneous speleothem powder and is unable to evaluate the effects of
different experimental conditions and the impacts of adding acid on δ13CDOC if using speleothem as
the study samples. In this study, we used an organic reagent (potassium sorbate) as the study sample
and designed a conditional experiment that simulates the protocols for speleothem δ13CDOC analysis
and presented the resulting data to inspect the effects of the experimental processes on the analysis
of δ13CDOC. The results show that the standard deviation of duplicate samples is 0.1‰, which is
close to that of the previous work for organic reagents and water samples, and the results were not
affected by different experimental conditions and operation steps (such as adding orthophosphoric
acid, digestion time, and storage duration of resulting CO2 in storage vessels), suggesting that this
method is robust to detect the speleothem δ13CDOC. Considering the range and standard deviation of
results, we proposed that the δ13CDOC record could be used in various studies when the amplitudes
of the δ13CDOC record are larger than 0.1‰, especially greater than 0.4‰.

Keywords: speleothems; dissolved organic carbon; δ13C; conditional experiment

1. Introduction

Investigating the dynamics of organic carbon in the earth’s surface system under the
natural climate background is of great significance to understanding carbon cycling and
ecosystem evolution. Therefore, developing techniques to extract related information about
organic carbon cycling dynamics from geological archives is essential. Up to now, multiple
organic components in various geological archives have been used as proxies to trace
ecological evolution and associated climate changes in paleoclimatic studies [1]. Amongst
sorts of proxies, stable carbon isotopic composition of organic substances has been one of
the most important roles in reconstructing vegetation variations and climate changes [2,3].

Speleothems are secondary carbonate; their δ18O records have attracted the attention
of scientists in the field of reconstructing paleoclimate changes [4,5], mainly because of the
highly accurate U-Th ages [4,6]. As an opportunity to introduce organic matter research
into the speleothem precise chronology frame, it would be significant to better inspect
the ecology and environment information during the past [7–11]. The largest amount of
organic components in speleothem, dissolved organic carbon (DOC), a labile component
that turns over fast in soils [12], mainly originates from plant and microbial contributions
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in the overlying system [11,13]. Based on the radiocarbon ages of DOC in speleothems,
scientists have reconstructed the soil turnover time during the Holocene [11]. Therefore,
developing a method to extract DOC and measure its δ13C (δ13CDOC) in speleothem has the
potential to inspect the ecology, microbial activity, and carbon cycling variations in karst
regions [9,11,13].

Considering the content of organic carbon preserved in speleothems is low, a method
for tracing organic carbon is necessary. Excitingly, a study conducted by Lang et al. [14]
showed that the analysis of δ13CDOC for the trace carbon in water samples is reliable.
Based on this work, our previous work modified the method for analyzing carbonate
samples, and the results showed that the δ13CDOC values of homogeneous speleothem
carbonate powers are consistent with each other within errors of 0.2‰ [15]. However, it
was only verified based on the final resulting δ13CDOC values using the same protocol for
each sample, but the effects of different experiment conditions during each step on the
results are still unknown. Therefore, what experimental conditions are implemented on
speleothems that are influential on reliability need to be further inspected.

In this study, we used potassium sorbate as the study sample, going through all the
experimental processes that follow the method for speleothem samples reported previ-
ously [15] and setting up different experiment conditions to finally check the reliability of
pretreatment and measurement for speleothem δ13CDOC. This study aims to comprehen-
sively evaluate whether our method can provide a new window for the analysis of δ13C of
dissolved organic matter in various carbonate samples.

2. Materials and Methods

The valid method for the analysis of δ13CDOC has been reported by Lang et al. [14].
Based on the various organic reagents and water samples, they clarified the reliability of the
method and proved that the method is effective for the stable isotope analysis of trace DOC
(µg C) as well [14]. However, for speleothem δ13CDOC analysis [15], the experimental steps
are partly different from those of organic reagents and water samples [14]. To inspect the
validity and reliability of that modified method for speleothem δ13CDOC, the conditional
experiment needs to be further conducted.

Unfortunately, it is unable to evaluate the impacts of adding acid to δ13CDOC if using
speleothem as the study sample (because carbonate must be dissolved using phosphoric
acid). Alternatively, organic reagents were used as the study samples in this study. Potas-
sium sorbate is a type of potassium salt of sorbic acid [16]. Its chemical formula is C6H7KO2,
and it is generally used as a food preservative. Considering its high water solubility, good
thermal stability, and non-toxicity [17], we hence used it as the study sample.

As such, different experimental conditions were conducted on potassium sorbate
samples, and the experimental processes simulated the protocols for δ13CDOC analysis of
speleothems. The main differences from the previous methods [9,14] are as follows: (1) The
study samples were treated with orthophosphoric acid to simulate the process of removing
carbonate. (2) This modified method is a line-off operation; the collected CO2 was stored in
storage vessels. (3) The experiment was not conducted entirely in one single vial.

To circumvent the contribution of exogenous contaminants to the experimental results,
all the glassware for the experiment was cleaned with Milli-Q water (TOC < 3 ppb) and sub-
sequently pre-combusted in a muffle furnace at 450 ◦C for 4 h, then wrapped in aluminum
foil. In addition, Milli-Q water is also used to prepare the chemical reagent and dissolve the
potassium sorbate in this study; it was filtered by the water purification system (Millipore,
Billerica, MA, USA), and the continuous automatic monitoring of the instrument shows
TOC < 3 ppb.

The mass of each potassium sorbate sample is randomly selected because it is dif-
ficult for the balance to accurately obtain trace masses of samples on the one hand, and
on the other hand, organic matter is unevenly distributed in stalagmites. This random
selection simulates the sampling of speleothem samples. After that, the duplicated samples
(potassium sorbate) were put into 40 mL borosilicate vials and dissolved in Milli-Q water.
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Furthermore, the potassium sorbate solutions were treated with or without a 3 mL, 3 mol/L
orthophosphoric acid solution, which was made from a diluted 12 mol/L orthophosphoric
acid solution (99%, Merck, Darmstadt, Germany) in Milli-Q water, and then they were
placed for 0, 48, and 72 h at room temperature. Subsequently, they were transferred to
custom-made reactors, which are glass tubes with a 30 cm length (upper 20 cm with a 6 mm
width and lower 10 cm with a 2 cm width) using plastic droppers that were pre-cleaned
by the sterilization process under vacuum conditions. Moreover, 3 mL of supersaturated
potassium persulfate oxidizing solution (100 mL of water + 4 g of K2S2O8 (Sigma-Aldrich,
Merck, Darmstadt, Germany, 99.99%) + 20 µL of H3PO4) as an oxidant was then added to
potassium sorbate solutions [14]. Following that, the custom-made reactors were equipped
with a vacuum line to remove the CO2 for 20 min or longer until the vacuum values were
lower than 1.0 × 10−3 mbar and kept stable, and subsequently, the reactors were sealed
with a torch. Then, the reactors were placed in a bath heated at 99 ◦C for 1–2 h to oxidize
the samples (DOC) to CO2. At last, the reactors were equipped with the vacuum line
again, liquid nitrogen and alcohol traps were used to remove H2O and other gases, and
the purified CO2 gas was cryogenically transported to a storage vessel for measurement of
carbon isotope composition.

The δ13C of CO2 produced from potassium sorbate samples was detected by using
an Isoprime100 gas source stable isotope ratio mass spectrometer (IRMS) equipped with
a MultiPrep system at the Institute of Earth Environment, Chinese Academy of Sciences.
Specifically, the storage vessel was first connected to the dual system of Isoprime100,
and high-purity nitrogen flushed the gas flow line and was subsequently treated with
vacuum. After the vacuum value was lower than 7.0 × 10−3 mbar, CO2 was released into
the dual system. After that, the instrument automatically ran and detected the isotopic
composition. The inter-laboratory carbonate standard TB1 was used to monitor the stability
of the instrument and calibrate the δ13C of the potassium sorbate. The δ13C values reported
here are relative to the Vienna PeeDee Belemnite (VPDB) standard. The results of TB1 show
that the precisions of the δ13C analyses are better than 0.12‰ (2σ).

3. Results

3.1. The Fidelity of δ13CDOC

Twenty duplicated samples were pretreated under different experimental conditions
(Table 1 and Figure 1). On 20 March, samples 1, 2, and 3 were placed for 72 h with
no orthophosphoric acid solution. On 13 June, samples 4, 5, 6, 7, and 8 were added
orthophosphoric acid solution and placed for 0 h; samples 9, 10, 11, and 12 were added
orthophosphoric acid solution and placed for 48 h. On 21 June, samples 13 and 14 were
added orthophosphoric acid solution and placed for 0 h; samples 15, 16, and 17 were added
orthophosphoric acid solution and placed for 48 h; and samples 18, 19, and 20 were placed
for 48 h with no orthophosphoric acid solution.

The results show that the δ13C of duplicate potassium sorbate samples varies between
−26.8‰ and −26.4‰ with a range of 0.4‰, showing good repeatability within detecting
uncertainties (Figure 1). By calculating them, the average value is −26.6‰ and the standard
deviation is approximate 0.1‰ which is close to that of previous work for organic reagent
and water samples analysis [14], suggesting that the modified method (simulate protocols
for δ13CDOC of speleothem) is reliable for analyzing δ13CDOC of speleothem and other
carbonate samples. In reverse, given the stability of δ13C of duplicated potassium sorbate
samples, it can be the external standard sample to detect the reliability of experimental
processes, the state of the instrument, and calibrate the δ13CDOC of the speleothem.
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Table 1. The details of duplicated samples.

Sample
Code

δ13CDOC
(‰)

Gas
Pressure Yield Mass of

Carbon (µg) Remarks

1 −26.4 3.7 118.1 41.4 no acid, and the
reaction time is 72 h

(20 March 2019)
2 −26.6 5.2 164.5 58.5
3 −26.5 4.6 146.3 51.2

4 −26.7 15.3 143.7 171.6
with acid, and the
reaction time is 0 h

(13 June 2020)

5 −26.7 10.8 94.6 122.0
6 −26.7 3.3 104.9 37.1
7 −26.6 9.9 173.6 111.5
8 −26.7 8.7 198 97.7

9 −26.5 12.5 171.1 140.3
with acid, and the

reaction time is 48 h
(13 June 2020)

10 −26.6 8.7 120.2 97.4
11 −26.5 11.1 107.3 124.7
12 −26.6 0.5 13.7 5.1

13 −26.5 6.1 195.4 68.9 with acid, and the
reaction time is 0 h

(21 June 2020)14 −26.6 8.4 266.2 94.1

15 −26.5 6.0 190.5 67.2 with acid, and the
reaction time is 48 h

(21 June 2020)
16 −26.6 6.5 205.5 73.0
17 −26.8 5.8 185 65.3

18 −26.7 7.6 243.5 86.0 no acid, and the
reaction time is 48 h

(21 June 2020)
19 −26.6 5.7 180.2 63.7
20 −26.7 5.4 169 60.2

Average −26.6
SD (1σ) 0.1
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3.2. The δ13CDOC Values and Different Experimental Conditions

To verify the effects of the addition of acid on the δ13CDOC of the study samples, it
was tested by adding 3 mL of orthophosphoric acid solution into the parts of the study
samples. The results show that the δ13CDOC values of those samples added 3 mL orthophos-
phoric acid with an average value of −26.6‰ are equivalent to those of samples without
orthophosphoric acid solution (Figure 2), indicating the effects of adding acid can be ne-
glected. It also rules out the possibility of contamination from DOC in orthophosphoric
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acid, which potentially alters the carbon isotopic compositions of study samples. Further,
given that digesting speleothem carbonate by using orthophosphoric acid is a priority step
before oxidizing DOC in speleothem, the same results from this conditional experiment
suggest that the digestion reaction itself would not affect the δ13CDOC of the study samples.
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On account of speleothem, carbonate subsamples need to be completely digested, and
hence, enough reaction time is essential. Generally, according to different concentrations of
DOC in various speleothems, 100–500 mg of carbonate should be prepared so that enough
gas CO2 reaches the limitation for detecting δ13CDOC [9,15]. Previous tests suggested a
digestion time of 48 h is generally enough [15], therefore we set 0, 48 h, and 72 h (digestion
time occasionally may exceed 48 h) to inspect whether the digestion time affects the δ13CDOC
of study samples.

The results show that there is a good consistency between 0, 48, and 72 h (Figure 3),
indicating that digestion time does not obviously affect the δ13CDOC, and the solution still
preserves the imprint of the original materials.
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4. Discussion
4.1. The Possibilities of Contamination

Exogenous carbon contamination is the culprit behind the unreliable data; hence,
clarifying the possibilities of contamination is essential. Blank bears the brunt and needs
to be checked, and each step needs to be judged on whether the contaminations appear.
The above results have shown that there is no deviation of δ13CDOC during the digestion
process and under the different reaction times, indicating the organic contamination carbon
can be neglected or the content of contamination is not enough to affect the δ13CDOC of the
study samples.

In addition, it is well known that samples with a higher content of carbon are less
susceptible to their carbon isotope composition from exogenous contamination because,
even if there is contamination, its proportion is relatively low. The opposite is true for
samples with low carbon content. Specifically, if there is contamination with carbon, the
final δ13CDOC could increase or decrease with the decrease in carbon mass in the study
samples. To further clarify the possibilities of contamination, we therefore compared the
mass of carbon in different samples and their δ13CDOC. The comparison shows that there is
no correlation between the amount of carbon and δ13CDOC (Figure 4), further indicating that
the carbon isotopic compositions of DOC in speleothem are not affected by contamination.
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Figure 4. The versus between the mass of carbon and δ13CDOC.

Moreover, at the gap between pretreatments and measurements, the oxidized gas CO2
needs to be stored in a glass collector for several hours to 2 days for measurements. The
leakproofness of those collectors is also an important factor in ensuring the fidelity of the
δ13CDOC of study samples. During the pretreatment, the oxidized amount of CO2 can be
measured by a pressure transmitter in an offline vacuum system. Similarly, the yield of
CO2 could also be detected by the MultiPrep system of the Isoprime100 gas source stable
isotope ratio mass spectrometer. Therefore, judging the consistency between the values
from the pressure transmitter in an off-line vacuum system and the yields from a stable
isotope ratio mass spectrometer can clarify the leakproofness of the collector. We then
compared both, and the results show that they can correspond to each other one by one
and show a significant positive correlation. Notably, there are some exceptions where the
correlation is not ideal. This is because the amounts of CO2 oxidized from some samples
are relatively large; hence, they need to be released from the glass vessel under equilibrium
conditions by using the vacuum line, and these values are marked by dotted rectangular
boxes (Figure 5).
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those samples (yellow circles) was released from the storage vessel in advance under equilibrium
conditions before analysis.

As a result, the δ13CDOC of the duplicated samples was not significantly affected
by different experimental conditions and pretreatment processes, indicating that for the
stable isotopic composition of speleothem DOC, the possibility of contamination from the
experimental process can be neglected.

4.2. The Implications of This Method for Speleothem δ13CDOC Measurement

The discussion above, at least, indicates the pretreatment and measurement for
δ13CDOC analysis of the organic reagent are reliable. The processes, including adding
acid, reaction time, and storage time (the collected CO2 in the storage vessel), have no
significant impacts on the results of δ13CDOC of the study samples (not carbonate). How-
ever, some points still need to be noticed. Firstly, the results show the storage time of
CO2 in glass vessels hardly affects the results of δ13CDOC, and the storage time generally
is only less than 2 days. Although a previous study shows that storage times of up to
three weeks do not result in significant changes in the amount and isotopic value of carbon
measured [14], we still recommend measuring the isotopic composition as soon as possible.
Secondly, try to select samples with high concentrations of dissolved organic matter in
any case, because higher concentrations can significantly offset the impact of potential
contamination of organic carbon, although we did not find the risk of contamination of
carbon in the samples with low carbon concentrations. Notably, the standard deviation
and range of organic reagents (potassium sorbate) are 0.1‰ and 0.4‰, respectively; thus,
when the amplitude of speleothem δ13CDOC variations exceeds 0.4‰, they could represent
more reliable signals for discussing the changes and their implications, at least above 0.2‰
(2 times standard deviations). Last but not least, this study makes up for the deficiencies of
the previous study on δ13CDOC of speleothem carbonate and checks the impacts of adding
acid, reaction time, and potential contamination on the δ13CDOC results.

5. Conclusions

This study verifies that a modified method is reliable to analyze speleothem δ13CDOC.
The experimental processes did not significantly affect the stable carbon isotopic compo-
sition of the dissolved organic carbon in the study samples. In this work, the standard
deviation of duplicate organic reagents (potassium sorbate) is 0.1‰, which is close to
that of the previous work for organic reagents and water samples. This suggests that not
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only the δ13CDOC of duplicate potassium sorbate is stable, but it also indicates that the
potassium sorbate can be the standard sample to detect the state of the instrument and
calibrate the δ13CDOC of the speleothem samples. Notably, the results also imply some
points that need to be considered when speleothem samples are treated. Specifically, try to
select the samples with high concentrations of dissolved organic carbon for the analysis of
δ13CDOC. At the same time, to avoid any deviation from the experimental results, it is best
to measure the resulting CO2 as soon as possible. Importantly, it should be ensured that,
when the amplitudes of the δ13CDOC record are larger than 0.1‰, especially greater than
0.4‰, the δ13CDOC record could be more convincingly discussed for the various topics on
which scientists are focused.
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