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  Abstract          Understanding global carbon cycle is critical to uncover the mechanisms of global warming and 
remediate its adverse eff ects on human activities. Organic carbon in marine sediments is an indispensable 
part of the global carbon reservoir in global carbon cycling. Evaluating such a reservoir calls for quantitative 
studies of marine carbon burial, which closely depend on quantifying total organic carbon and black 
carbon in marine sediment cores and subsequently on obtaining their high-resolution temporal sequences. 
However, the conventional methods for detecting the contents of total organic carbon or black carbon cannot 
resolve the following specifi c diffi  culties, i.e., (1) a very limited amount of each subsample versus the 
diverse analytical items, (2) a low and fl uctuating recovery rate of total organic carbon or black carbon 
versus the reproducibility of carbon data, and (3) a large number of subsamples versus the rapid batch 
measurements. In this work, (i) adopting the customized disposable ceramic crucibles with the micropore-
controlled ability, (ii) developing self-made or customized facilities for the procedures of acidifi cation and 
chemothermal oxidization, and (iii) optimizing procedures and carbon-sulfur analyzer, we have built a novel 
Wang-Xu-Yuan method (the WXY method) for measuring the contents of total organic carbon or black 
carbon in marine sediment cores, which includes the procedures of pretreatment, weighing, acidifi cation, 
chemothermal oxidation and quantifi cation; and can fully meet the requirements of establishing their high-
resolution temporal sequences, whatever in the recovery, experimental effi  ciency, accuracy and reliability 
of the measurements, and homogeneity of samples. In particular, the usage of disposable ceramic crucibles 
leads to evidently simplify the experimental scenario, which further results in the very high recovery 
rates for total organic carbon and black carbon. This new technique may provide a signifi cant support for 
revealing the mechanism of carbon burial and evaluating the capacity of marine carbon accumulation and 
sequestration. 

  Keyword : total organic carbon; black carbon; marine sediment cores; chemothermal oxidation; disposable 
ceramic crucible 

 1 INTRODUCTION 

 Global climate change is closely associated with 
global carbon cycling, which involves not only in the 
carbon allocation among diverse carbon reservoirs 
but also in the circulation within individual carbon 
reservoir (Schuur et al., 2015; Talley et al., 2016). It is 
widely accepted that ocean has been considered as a 
huge carbon reservoir (Mantoura et al., 1991; Blair 

and Aller, 2012; Canuel and Hardison, 2016). The 
organic carbon in marine sediments, especially in 
shelf seas, is an important part of the global carbon 
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reservoir, and previous researches have shown that a 
great amount of carbon was sequestrated at high 
burial rates in continental shelf seas (Hedges et al., 
1995). Due to the complexity of carbon sources in 
shelf seas with high sedimentation rates (Gao et al., 
2012), to expound the mechanisms of carbon burial 
(Lin et al., 2017; Xu et al., 2018; Zhu et al., 2018), 
and further calculate the carbon storage amounts and 
their variations (Wang et al., 2018), we should obtain 
the high-resolution temporal sequences of diff erent 
carbon forms [including inorganic and organic 
carbon, as well as black carbon (BC)] in advance on 
the basis of the studies of marine sediment cores. The 
total organic carbon (TOC) in marine sediments in the 
continental shelf seas usually comes from two 
sources, i.e., terrestrial and marine autogenous 
sources. The latter is closely related to marine primary 
productivity, and the former includes inert BC and 
other labile solid-form organic matters mainly 
delivered by river to ocean. BC is principally 
composed of burning remains of fossil fuels and 
biomass as well as graphite from high-grade 
metamorphic rocks. It is crucial to identify and 
measure these diff erent forms of organic carbon in 
order to understand global carbon cycling and its 
relationship with global warming. 

 Previous investigators have already developed 
diverse methods for quantitatively detecting the 
contents of TOC or BC in soils/sediments. Recently, 
there are two commonly adopted methods to pretreat 
the soil/sediment samples for detecting the TOC 
contents, i.e., wet oxidation (Snyder and Trofymow, 
1984; Leong and Tanner, 1999; Wang et al., 2012; 
Avramidis et al., 2015) and dry combustion (Dean, 
1974; Luzak et al., 1997; Rabenhorst, 1988; Vitti, 
2016). Wet oxidation is followed by titration with 
ferrous ammonium sulfate or photometric 
determination of Cr 3+ , or the collection and 
measurement of evolved CO 2  (Avramidis et al., 2015); 
while dry combustion burns a sample at high 
temperatures in a furnace with the collection and 
detection of evolved CO 2 . 

 The methods for quantifying BC in soils/sediments 
are commonly classifi ed into two types, i.e., chemical 
oxidation (Meredith et al., 2013) and chemothermal 
oxidation (Gustafsson et al., 2001; Agarwal and 
Bucheli, 2011; Yang et al., 2012). Chemical oxidation 
oxidizes labile organic carbon with acidifi ed 
potassium dichromate for obtaining and quantifying 
BC in soils/sediments (Meredith et al., 2013); while 
chemothermal oxidation burns labile organic carbon 

at 375  C (CTO-375) for gaining and quantitatively 
detecting BC (Pohl et al., 2014; Huang et al., 2016). 
There is a consensus that no single approach may 
completely measure all forms of BC because BC is a 
combustion continuum but not any individual 
compound. 

 However, if the traditional methods are adopted to 
quantitatively determine the contents of various 
carbon forms for establishing the high-resolution 
sequence of one marine sediment core, then three 
immediate questions will follow: How to deal with 
the contradiction between the limited amount of each 
subsample in one sediment core and diverse analytical 
items? How to enhance the data reproducibility of 
carbon contents for sediment cores? How to achieve 
the rapid TOC or BC measurements of a great number 
of subsamples for one core? 

 Therefore, the method for determining the 
sequences of TOC and BC contents in marine 
sediment cores should be further improved. In this 
paper, we will address the above-mentioned issues, 
and subsequently develop a novel method named as 
“WXY method” (meaning a method mainly 
established by Wang J H, Xu X M and Yuan J P) to 
detect the TOC and BC contents for establishing the 
high-resolution temporal sequences of marine 
sediment cores. Simultaneously, the newly-
established method should also meet the requirements 
of the high and stable recovery rates of TOC and BC 
or no involvement of recovery procedures, minimum 
amount of each subsample, high-effi  ciency sample 
pretreatment, and rapid and precise instrumental 
analysis. Establishment of this novel method will 
provide a signifi cant technical support for determining 
the high-resolution temporal sequences of marine 
sediment cores, and consequently for expounding the 
mechanism of marine carbon burial. 

 2 MATERIAL AND METHOD 

 2.1 Materials 

 In this study, one big fi ne-grained surface sediment 
sample (more than 1 000 g) was collected from the 
South Yellow Sea, and used to develop the novel 
method for detecting TOC and BC contents. 
Hydrochloric acid was of analytical grade, and 
purchased from the Kermel Chemical Co., Ltd. 
(Tianjin, China). The ultrapure water preparation 
device (Milli-Q) from the Wenrui Scientifi c Instrument 
Co., Ltd. (Guangzhou, China) was used to prepare 
ultrapure water (resistance at 25  C higher than 
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18 MΩ  cm; conductivity at 25  C  1   s/cm). The high-
purity gases of N 2  and O 2  (purity 99.995%) were 
purchased from the Keming Gas Co., Ltd. (Guangzhou, 
China). The disposable ceramic crucible with the 
micropore-controlled ability was customized from the 
Chashan Crucible Factory (Liling, Hunan, China), 
and its carbon content was less than 3   g/g. 

 2.2 Instruments 

 The tefl on holder was made with the size of 
220 mm  145 mm  18 mm by our group. Other 
instruments used in this work included the LGJ-50F 
freeze dryer (Songyuanhuaxing Technology 
Development Co. Ltd., Beijing, China), CS-230 
carbon-sulfur analyzer (Leco Corporation, LECO, 
Michigan, USA), SG-GL1100 tube furnace with the 
temperature precision of   1°C (customized from the 
Shanghai Institute of Optics and Fine Mechanics, 
Chinese Academy of Sciences, Shanghai, China), 
Sartorius BT 125D high-precision electronic balance 
(Beijing Sartorius Instrument System Co. Ltd., 
Beijing, China) and Mettler XP6U Microbalance 
(Mettler-Toledo Ltd., Zurich, Switzerland). 

 2.3 Methods 

 2.3.1 Analytical procedures 

 Generally, the analytical procedures of TOC and 

BC contents includes the following steps, i.e., 
pretreatment, weighing, acidifi cation, chemothermal 
oxidation and quantifi cation (Fig.1). 

 Pretreatment: The big marine sediment sample was 
dried by the LGJ-50F freeze dryer, and then 
homogenized by ultrasonic vibration. Finally, it was 
grounded into the powder with the size of about 200 
meshes for the following procedures. 

 Weighing: About 100 mg or 150 mg of each 
subsapmle was weighed for the TOC or BC 
measurement, respectively. Then, they were 
successively transferred into the disposable ceramic 
crucibles with the micropore-controlled ability 
(Fig.2). Before loading the subsample into each 
crucible, we burnt the empty crucibles at 1 100°C for 
4 hours in order to remove the absorbed water and 
impurities. 

 Acidifi cation: The subsample-fi lled crucibles were 
labeled and placed accordingly into the holes of a 
self-made tefl on holder, till fully loaded (depend on 
need). Then, the tefl on holder was placed in a white-
enamel salver. Before acidifi cation, the optimization 
was performed for the concentrations of HCl, duration 
of HCl soaking, temperatures of HCl soaking, and 
heating duration before washing. In acidifi cation, the 
enough amount of 3 mol/L HCl was added into each 
crucible and the white-enameled salver, and the HCl 
level inside the crucibles was kept to be consistent 

Sample pretreatment  

Weighting

Acidification

CTO-375

BC quantification

Freeze drying 

BCTOC

TOC quantification

Freeze dried and ground

New method Conventional method

Freeze dried and ground

100 mg for TOC and 150 mg for BC
 

>2 g

Optimized the conditions for acidification

Low and unstable recovery 

Involvement of  plastic centrifuge tubes

Heating at 375°C for 24 h Heating at 375°C for 24 h 

 C/S analyzer Elemental analyzer

Optimized the conditions for acidification

No involvement of recovery

No Involvement of plastic centrifuge tubes

 Fig.1 Comparison of the analytical procedures for detecting total organic carbon (TOC) and black carbon (BC) in marine 
sediment cores between the newly-developed and conventional methods 
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with that outside of them. After maintaining 12 hours, 
the crucibles together with the holder and salver were 
heated in a thermostatic water bath at 80  C for 1 hour. 
After HCl was completely excluded from the 
crucibles, ultrapure water was added into the crucibles 
for removing the resultants of inorganic carbon and 
residual HCl, and the washing procedure needed to 
repeat at least 6 times until the acidity of the water 
excluded from the crucibles was neutral. After 
acidifi cation, the subsample-containing crucibles 
were dried by a freeze dryer for 24 hours. The dried 
subsamples were ready to measure the TOC contents 
according to the following procedure of qualifi cation 
of TOC. If further analyzing the BC contents, we need 
to continue the chemothermal oxidation as described 
below. 

 Chemothermal oxidation: Closely following the 
above-mentioned acidifi cation, the crucibles were 
blow-dried at 60°C. Then, the subsample-fi lled 
crucibles were held on the stainless steel plate in a 
quartz-tube furnace for the chemothermal oxidation 
at 375°C for 24 hours under an active airfl ow. After 

this step, the labile organic carbon was removed, and 
BC remained in the crucibles. The subsamples 
processed by the above-described CTO-375 method 
were ready to measure the BC contents. 

 Quantifi cation of TOC or BC:   A CS230 carbon-
sulfur analyzer was employed to measure the TOC or 
BC contents in the treated subsamples together with 
the crucibles. The limit of quantifi cation (LOQ) 
(defi ned as the mean blank value plus 10 times its 
standard deviation) in this study was (2.3  0.3) μg/g. 
The comparison of the analytical procedures for 
quantifying TOC or BC in marine sediment cores 
between the newly-developed and conventional 
methods was illustrated in details in Fig.1. 

 2.3.2 Facility for the acidifi cation procedures 

 The self-made device for the acidifi cation 
procedures is illustrated in Fig.2, which contains three 
parts, i.e., tefl on holder with 24 holes, white-enameled 
salver with the size of 25 cm  19 cm  3 cm, and 
disposable ceramic crucible with the micropore-
controlled ability. This device may simultaneously 
process 24 subsamples each batch. 

 2.3.3 Facility for the CTO-375 method 

 The facility for the CTO-375 method is shown in 
Fig.3, which contains an SG-GL1100 quartz-tube 
furnace, a self-made stainless steel plate, disposable 
ceramic crucibles, and an external air blower. The 
working temperature of the furnace is at the interval 
of 0  1 100°C; and its constant temperature zone is 
40 cm long. The stainless steel plate is placed in the 
constant temperature zone; and can hold 96 crucibles 
each batch. 

 2.3.4 Facility for quantifying TOC or BC 

 TOC or BC was measured by a LECO CS 230 
carbon-sulfur analyzer, which is designed on the basis 
of the principle of infrared absorption detection. 
Carbon and sulfur in the samples were burned at high 
temperatures under the oxygen-rich condition for 
producing CO2 and SO2 gases, which were then 
transformed into the measurable signals in their 
respective infrared absorption cell. 

 3 RESULT AND DISCUSSION 

 3.1 Impurities in crucibles and carbon blanks 

 To enhance the accuracy of TOC or BC data, fi ve 
new customized crucibles were heated to 1 100  C for 

Furnace wall

Furnace wall Quartz tube

Air outputAir input

Stainless steel plate

Disposable ceramic crucible

 Fig.3 Cross section diagram of SG-GL1100 tube furnace 

1

2

3

4

 Fig.2 Device for the acidifi cation procedures 
 1. hole of the tefl on holder; 2. tefl on holder; 3. disposable ceramic crucible 
with the micropore-controlled ability; and 4. white-enameled salver. 



109No.1 XU et al.: An improved method for measuring TOC and BC

4 hours for removing the absorbed impurities and 
water. Their impurities and carbon blanks were 
accordingly measured, and presented in Table 1, 
where it can be seen that the diff erences in the masses 
between original and treated crucibles are at the 
interval of 3.30  4.35 mg per crucible, implying the 
existence of absorbed impurities and water. The 
carbon blanks of the new empty crucibles were 
measured by a CS-230 carbon-sulfur analyzer, and 
listed in Table 1, where it is shown that all detected 
carbon values are negative, indicating that their 
carbon blanks are lower than the level of LOQ, and 
there is no carbon in the new crucibles. 

 3.2 Optimization of experimental parameters 

 To improve accuracy and reliability of TOC and 
BC data, the following experimental parameters were 

systematically optimized for acidifi cation: HCl 
concentration, duration of HCl soaking, HCl cooking 
temperature, and heating duration before washing. 

 3.2.1 HCl concentration 

 Ten acidifi cation experiments at room temperature 
were performed for optimizing the concentrations of 
HCl, and the results are presented in Fig.4a. It is 
shown that the TOC contents gradually decrease with 
increasing HCl concentration at the range of 
0.5  4.0 mol/L, and there is no obvious change at the 
interval of 2.5  3.5 mol/L (Fig.4a). Clearly, over high 
(>4.0 mol/L) or low concentrations (<2.0 mol/L) of 
HCl will evidently aff ect the measured TOC contents, 
probably due to the formation of volatile halides or 
remaining carbonates. Thus, we consider that the 
optimal concentration is 3 mol/L HCl. 

 Table 1 Comparison of the masses between fi ve original and treated crucibles 

 Crucible No.  Original crucible (g)  Crucible after being burned at high temperature (g)  Impurities (mg)  Measured carbon content of each crucible (  g/g) 

 C-1  19.975 22  19.971 30  3.92  -26.7 

 C-2  20.449 13  20.445 25  3.88  -24.7 

 C-3  20.716 78  20.712 43  4.35  -26.2 

 C-4  19.815 68  19.811 77  3.91  -25.3 

 C-5  20.091 80  20.088 50  3.30  -24.9 
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 3.2.2 Duration of HCl soaking 

 Eleven acidifi cation experiments at room 
temperature were carried out for gaining the optimal 
duration of HCl soaking, and the results are illustrated 
in Fig.4b. It demonstrates that the TOC contents 
gradually decline with HCl soaking time in the period 
of 4  11 hours, and maintain a level of 0.92%  0.93% 
after 11 hours (Fig.4b). Therefore, we considered the 
optimal HCl soaking duration to be 12 hours. 

 3.2.3 HCl cooking temperature 

 Ten acidifi cation experiments revealed TOC 
decreased gradually as temperature increased from 
40  C to 75  C, but remained steady at 0.91%  0.93% 
between 75  C and 95  C (Fig.4c). Therefore, we 
considered the optimal HCl cooking temperature to 
be 80  C. 

 3.2.4 Heating duration before washing 

 Ten acidifi cation experiments at 80  C revealed 
TOC decreased gradually with increased heating time 
between 30 min and 50 min, but stayed a level of 
0.91%  0.93% from 50 min to 120 min (Fig.4d). 
Therefore, we considered the optimal heating duration 
before washing to be 60 min. 

 3.3 Limited sample size versus diverse analytical 
items 

 Typically many analyses (e.g., isotope dating, TOC 
and BC measurement, grain size, and stable carbon/
nitrogen isotope ratios) compete for a subsample from 
a complete sample of 2  3 g total weight. Therefore, 
economical analytical procedures for measuring 
various attributes of a sample are preferred. Our 
optimization experiments suggest 100 mg or 150 mg 

of subsample usually suffi  ces for measurement of 
TOC or BC (Lin et al., 2017; Xu et al., 2018; Zhu et 
al., 2018). One gram of sample suffi  ces for 
measurement of detecting the contents of diverse 
carbon forms and    13 C and    15 N values, in addition to 
grain-size analysis for marine sediment cores. 

 3.4 Low TOC/BC recovery rate versus data 
reproducibility 

 Before measuring TOC or BC using the instruments, 
samples must be pretreated to remove carbonates, 
which conventionally involves in the recovery 
procedure. It is well known that low recovery rates of 
TOC or BC remarkably infl uence data reproducibility 
for sediment cores. In general, TOC or BC recovery 
from analytical procedures is variable, ranging from 
46% to 92% (Table 2). Our own experiments 
confi rmed that the recovery rates of wet oxidation for 
TOC and dichromate oxidation for BC were 
60%  80% and 50%  70%, respectively (Table 2). 
Century-scale BC sequences recently reported from 
fi ne-grained sediment cores from the central South 
Yellow Sea suggest the relatively low BC recovery 
rate evidently aff ected the pattern of BC sequences, 
because some BC particles might partially be lost 
during pretreatment (Xu et al., 2018). Low and/or 
unstable recovery rates may decrease data reliability 
and increase fl uctuation within temporal TOC or BC 
sequences, making it more diffi  cult to interpret real 
variations in temporal sequences of sediment cores. 
Our use of disposable ceramic crucibles with 
micropore-controlled ability to remove carbonates, 
without involvement of the procedures of recovering 
TOC or BC, eliminated the negative eff ects of the low 
recovery rate, and enhanced the reproducibility of 
carbon data. 

 Table 2 Recovery rate of TOC and BC in soils/sediments 

 Method  Carbon form  Recovery (%)  Reference 

 Dichromate oxidation  TOC  76  Walkley and Black (1934) 

 Dichromate oxidation  TOC  87  Allison (1935) 

 Walkley-Black method  TOC  80  Gillman et al. (1986) 

 Wet oxidation and dry combustion  TOC  60  80  Díaz-Zorita (1999) 

 Wet oxidation  TOC  90  92  Mingorance et al. (2007) 

 Walkley-Black method  TOC  61  66  Lettens et al. (2007) 

 Wet oxidation  BC  46  Dickens et al. (2004) 

 Wet oxidation  TOC  60  80  This study 

 Dichromate oxidation  BC  50  70  This study 

 WXY method  BC or TOC  ~100  This study 
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 3.5 A large number of subsamples versus rapid 
batch measurements 

 When measuring TOC or BC contents in marine 
sediment cores, many (usually several hundred) 
subsamples need to be analyzed. To economize on 
time and labor, two key strategies are to develop 
effi  cient pretreatment facilities using optimal 
analytical procedures, and analytical instruments 
capable of rapid detection of TOC or BC contents 
with the high precision and accuracy. According to 
our optimal experiments and comprehensive 
assessment, our pretreatment protocols (Figs.2 and 3) 
enable simultaneous treatment of up to 240 TOC 
subsamples (equivalent to 10 Tefl on holders, Fig.2) 
and 96 BC subsamples (Fig.3). 

 Based on instrument performance, we considered 
that both carbon/sulfur and elemental analyzers can 
meet the requirements of quantifying TOC and BC in 
aspects of accuracy, stability, and effi  ciency (running 
cost) (Table 3). However, as the carbon/sulfur 
analyzer was more effi  cient (Table 3), and compatible 
with our disposable ceramic crucibles, it was selected 
for subsequent TOC/BC measurement. 

 3.6 Advantages of the new WXY method 

 The WXY method uses customized disposable 
ceramic crucibles with micropore-controlled ability, 
whose carbon blank is so low that a very low LOQ 
was reached during analysis. In addition, using 
disposable ceramic crucibles simplifi ed the 
experimental procedure, leading to near complete BC 
recovery compared with conventional methods with 
complicated operational processes and relatively low 
BC recovery (Table 4). 

 The Tefl on holder improves the experimental 
effi  ciency in that it allows simultaneous processing of 
24 subsamples, with the tube furnace capable of 
accommodating up to four Tefl on holders for 
processing 96 subsamples per batch. The Tefl on 

holders also ensure all subsamples are subject to 
comparable experimental conditions, and therefore 
keep the high stability and experimental repeatability 
of the sample data, which is urgent and important 
when revealing a high-resolution temporal sequence 
for one marine sediment core. 

 The carbon-sulfur analyzer is used in the fi nal 
measurement, which can easily determine the carbon 
contents of a relatively large amount of subsample 
(about 100 mg for TOC, and about 150 mg for BC), 
more than fi ve times that of the elemental analyzer in 
conventional methods. Therefore, the homogeneity of 
large subsamples used for carbon-sulfur analysis is 
better than that for the elemental analyzer (Table 4). 

 The WXY method provides a relatively fast tool 
for obtaining the accurate and reliable data of TOC or 
BC contents. The novel approach has already 
contributed to an improved understanding of the 
mechanisms of carbon burial, accumulation and 
sequestration in the Yellow Sea and the East China 
Sea (Lin et al., 2017; Wang et al., 2018; Xu et al., 
2018; Zhu et al., 2018). 

 4 CONCLUSION 

 The WXY method for detecting the contents of 
TOC and BC in marine sediment cores has been 

 Table 3 Comparison of the performance between carbon-sulfur analyzer and elemental analyzer 

 Parameters  Carbon-sulfur analyzer  Elemental analyzer 

 Detector  Infrared detector  Thermal conductivity detector 

 Detection range (%)  0.000 4  3.5  0.1  100 

 Precision (%)  0.36  0.46 

 Duration of analysis per sample (min)*  1  8 

 Subsample usage (mg)  100  150  10  30 

 Eff ect from subsample homogeneity  Insensitive  Very sensitive 

 * time of the fi nal measurement on instruments. 

 Table 4 Comparison of WXY and conventional CTO-375 
methods 

 Items  WXY  CTO-375 

 Repeatability  High  Low 

 Recovery (%)  ~100  46  92 

 Detection limit (  g/g)  4  100 

 Measurement (min)  1  8 

 Sample weight (mg)  100  150  10  30 

 Samples per batch analysis  24  96  A few 

 Specifi c features  Using disposable crucibles 
with micropores  CTO-375 
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successfully developed, which can fully meet the 
requirements of establishing the high-resolution 
temporal sequences of TOC or BC. The key techniques 
of this method use customized disposable ceramic 
crucible with micropores, several readily made Tefl on 
holding devices for batch processing of subsamples, 
and optimized analytical procedures. The WXY 
method will provide a strong technical support for 
studying on sedimentary organic carbon and its 
related signifi cant issues such as global climate 
change, anthropogenic infl uence on seas, and carbon 
sequestration into coastal shelf sediments, and further 
understanding of carbon cycles. 
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