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AND THEIR BEHAVIOUR DURING COMBUSTION

XIUGEN FU", JIAN WANG, FUWEN TAN, XINGLEI FENG,
DONG WANG

Chengdu Institute of Geology and Mineral Resources, Chengdu 610081, China

Abstract. The Shengli River-Changshe Mountain oil shale zone represents
the potentially largest marine o0il shale resource in China. With the aim to
have better knowledge of the distribution of trace elements in oil shale, and
their behaviour during oil shale combustion and gasification, 28 raw
Changliang Mountain oil shale and marl samples, 19 oil shale combustion
residue samples and 23 samples of minerals isolated from Changliang
Mountain oil shale are studied for trace element content. The oil shale
samples from the Changshe Mountain area are characterized by high ash
yield (54.69-86.75%) and total organic carbon (TOC) content (2.20-
13.44%). The contents of Se, Mo, Cd, As, B, and Ni in raw oil shale samples
are 3.78 to 28.44 times their upper continental crust values. The enrichment
of an element in oil shale seams may be a function of that association and the
origin of oil shale fractions.

Some trace elements in the Changshe Mountain oil shale show
susceptibility to release into the atmosphere, including about 93% Hg and
20-30% As, Ba, Be, Co, Cr, Nb, and Sc. The behaviour and migration of
trace elements during oil shale combustion strongly depend on their mode of
occurrence in the rock. Based on Pearson’s coefficients of correlation
between elements, as well as cluster and isolated mineral analyses, the main
modes of occurrence of trace elements in marine oil shale are distinguished.:
1) clay mineral affined — B, Ba, Be, Cr, Cs, Ga, Hf, Li, Nb, Rb, Sc, Sn, Ta, Th,
V, W, Zr, REEs; 2) organic affined — As, Mo, Se; 3) Fe-bearing mineral
affined — Bi, Co, Cu, Ni, Pb, U; 4) calcite affined — Cd, Sr and 5) fossil
affined — Cd, Zn.

Keywords: marine oil shale, trace elements, rare earth elements (REEs),
Changshe Mountain, fossil remains, minerals.
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1. Introduction

Oil shale as an alternative energy resource has received much attention lately
[1]. In China, oil shale was formed mainly in lacustrine environments.
Recently, new marine oil shale zones were found in the Qiangtang basin,
northern Tibet, China, including the Bilong Co oil shale zone [2, 3] and the
Shengli River-Changshe Mountain oil shale zone [4, 5]. These zones repre-
sent the largest marine oil shale resource in China.

In recent years, trace elements emission control during coal combustion
has been taken keen interest in [6]. Studies on the elements volatility during
the process have shown that their mobility depends on the fuel properties
and combustion conditions. These investigations generally suggest that the
organic associated trace elements vaporize during coal combustion more
easily than those associated with minerals. Oil shale may also contain high
concentrations of trace elements [7]. A major application of oil shale is
combustion for power generation during which most trace elements are
released and redistributed into bottom ash, fly ash and the gaseous phase.
Therefore, it is necessary to have knowledge of the concentrations of trace
elements in oil shale and their behaviour during oil shale combustion and
gasification to control and reduce their emission into the atmosphere. How-
ever, very few studies have been done so far on the distribution of trace
elements in oil shale, especially in marine oil shale, and their behaviour
during oil shale combustion is still quite unclear or not fully understood.

The present study considers in detail the content and distribution of trace
elements in Changshe Mountain oil shale found in the northeastern part of
the Shengli River-Changshe Mountain oil shale zone. The authors also report
trace element contents in oil shale combustion residues, as well as in selected
minerals. The main aims of the research are: (1) to evaluate the enrichment
of trace elements in marine oil shale; (2) to establish the modes of
occurrence of trace elements in marine oil shale; and (3) to determine the
volatility of trace elements during oil shale combustion.

2. Geological setting

From north to south, Tibet consists of the Kunlun-Qaidam and Songpan-
Ganzi flysch complex, and the Qiangtang and Lhasa terranes, which are
separated by the Anyimagen-Kunlun-Muztagh, Hoh Xil-Jinsha River and
Bangong Lake-Nujiang River suture zones, respectively (Fig. 1a) [8]. It is
generally accepted that the Paleo-Tethys represented by the present Jinsha
River suture opened possibly in the Early Carboniferous period [9] and
closed by the Permian-Triassic period [10]. The Mid-Tethys branch between
the Lhasa and Qiangtang terranes was open by the Early Jurassic period [10]
and closed along the Bangong Lake-Nujiang River suture during the Late
Jurassic period [9].
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Fig. 1. (a) Map of the Tibetan Plateau showing major terranes (modified from [8]).
HJS — Hoh Xil-Jinsha River suture; BNS — Bangong Lake-Nujiang River suture;
YTS — Yarlung Tsangpo suture.

The Qiangtang block, bounded by the Hoh Xil-Jinsha River suture zone
to the north and the Bangong Lake-Nujiang River suture zone to the south,
consists of the North Qiangtang depression, the central uplift and the South
Qiangtang depression (Fig. 1b). The Shengli River-Changshe Mountain oil
shale zone is located in the southern part of the North Qiangtang depression,
northern Tibetan Plateau, China (Fig.1b), comprising Changshe Mountain,
Shengli River and Changliang Mountain oil shales (Fig. 1¢). The proven
reserves of the Shengli River-Changshe Mountain oil shale zone have been
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Fig. 1. (b) Generalized map showing the location of the study area (after [4]).
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Fig.1. (c) Simplified geological map of the Shengli River area showing the location
of the oil shale section (modified from [4]).

estimated to exceed 1.0 x 10° tonnes [11], being potentially the largest
marine oil shale resource in China.

The Changshe Mountain oil shale is found in the northeastern part of the
Shengli River-Changshe Mountain oil shale zone where the Jurassic-Early
Cretaceous marine deposits are widely spread [11]. The oil shale, about 11 m
in thickness, is exposed for a distance of more than 10 km in an east-west
direction. Preliminary isotopic analyses of oil shale samples indicate that the
deposition occurred in the Early Cretaceous period [12].

3. Materials and methods

A total of 30 samples, including 19 oil shale and 9 marlstone samples and
2 samples of gastropod fossil remains present in the oil shale seams, were
collected from the Changshe Mountain oil shale zone. The study area and
sample section locations are shown in Figure 1.

3.1. Geochemical analyses of raw samples

Samples for geochemical analysis were all crushed and ground to less than
200 mesh. The samples were ashed in an open muffle furnace, the tempera-
ture being gradually raised to 950 °C. The ash was dissolved in HCIO4 and
HF, evaporated to dryness and the residue dissolved in hydrochloric acid. In
the solution, major elements (Si, Al, Fe, Ca, Mg, K, Na, Ti, P, Mn) were
collected applying X-ray fluorescence (XRF) on fused glass beads by using a
Rigaku ZSX100e spectrometer at the Analytical Center, Chengdu Institute of
Geology and Mineral Resources. Inductively coupled plasma mass spectro-
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metry (ICP-MS) was used to determine trace element contents in samples,
following the method described in Chinese National Standard DZ/T0223-
2001. The samples were digested in a microwave furnace using HNO; + HF.
The level of detection limit for elements is 0.n—n x 10™'? where n = 1-9 [13].
Hg, Se and As were determined by atomic fluorescence spectrometry, using
a chemical method according to Chinese standard DZG20.10-1990.

3.2. Organic carbon and organic sulphur analyses

Ash yield was determined at the Coal Field Geological Bureau of Heilong-
jiang Province, following a Chinese standard method GB/T212-2008. Total
organic carbon (TOC) and organic sulphur (S, 4) were determined at the
Organic Geochemistry Laboratory of Exploration & Development Research
Institute of PetroChina Huabei Oilfield Company. Pulverized whole-rock
samples (2 g) were digested with warm 15% HClO,, and CO, was released
in the process; this digestion was followed by analyses of TOC and S, 4,
using the Leco analyzer.

3.3. Trace element analysis of combustion residues

The oil shale samples were combusted in an open environment. [CP-MS was
used to determine the contents of trace elements in the combustion residues,
following the method described in Chinese National Standard DZ/T0223-
2001 as discussed above. Hg, Se and As were determined by atomic
fluorescence spectrometry, using a chemical method according to Chinese
standard DZG20.10-1990.

3.4. Trace element analysis of isolated minerals

In the laboratory, all mineral samples were carefully separated by hand-
picking to maximize their purity. After sample preparation, thin and polished
sections were made to study mineral “purity” under an optical microscope.
ICP-MS was used to analyze the contents of trace elements in isolated
minerals, following the method described in Chinese National Standard
DZ/T0223-2001 as discussed above. Atomic fluorescence spectrometry was
employed to determine As, using a chemical method according to Chinese
standard DZG20.10-1990.

The results were statistically treated using the SPSS statistical program.
The elemental associations were studied by cluster analysis.

4. Results and discussion
4.1. Oil shale characterization

The TOC content of 19 oil shale samples from the Changshe Mountain
area varies from 2.20% to 13.44%, whereas marlstone samples contain
0.38-2.03% TOC (Table 1). The S, 4 contents in the samples vary between
0.19 and 1.08% and from 0.21 to 0.73%, respectively.
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The Changshe Mountain oil shale samples are characterized by high ash
yield, ranging from 54.69% to 86.75% (Table 1), with average shale oil
contents remaining between 3.85% and 11.76% [11].

4.2. Enrichment of trace elements in marine oil shale

The concentrations of trace elements in 28 raw Changshe Mountain oil shale
and marlstone samples are presented in Tables 2 and 3. On average, the most
abundant trace elements in raw oil shale samples are B (7.16-200 ug/g), Ba
(52.4-420 ug/g), Cr (8.93-111 ug/g), Cu (17.2-160 ug/g), Rb (6.87-
194 ug/g), Sr (176578 ug/g), V (38.9-123 ug/g), Zn (19.9-425 ug/g) and Zr
(6.54—-149 ug/g), whereas all the other elements occur in amounts smaller
than 100 ug/g. Compared with oil shale samples, the trace element con-
centrations in marlstone samples from the Changshe Mountain area are a
little lower, with an exception of Sr.

The pioneering work of Patterson et al. established that oil shale is
enriched with some elements [14]. Enrichment of an element in oil shale
may be described by the enrichment factor (EF), which is the ratio of the
concentration of an element in sample to its average concentration in the
upper continental crust (UCC) [15]. The enrichment factors of trace elements
Se, Mo, Cd, As, B and Ni are 28.44, 15.22, 8.46, 7.03, 5.41 and 3.78,
respectively. The elements Bi, Co, Cr, Cs, Cu, Li, Ni and V have the
enrichment factor > 1.30, while the EF of Ba, Be, Hf, Nb, Sn, Ta, W, Zr and
most rare earth elements (REEs) is less than 0.5 and all these elements are
therefore considered depleted. The concentrations of all the other elements in
the oil shale samples studied are almost similar to their respective UCC
values, with the EF between 0.51 and 1.30.

Gluskoter et al. used a value of six times the Clarke value to determine
whether coal is enriched with an element [16]. In the present study, we used
a value of six times the UCC value to determine element enrichment in oil
shale. By these criteria, raw oil shale samples are enriched in Se, Mo, Cd and
As. Se is known to have primary affinity for pyrite [17] but can also have
many other associations, including clausthalitic and organic [18]. In
Changshe Mountain oil shale, the positive relationship (R* = 0.63) (Fig. 2)
between Se and TOC contents indicates that Se is controlled mainly by
organic matter. Mo and As are also correlated with TOC, which is confirmed
by the results of cluster analyses grouping these elements with TOC (Fig. 3).
In comparison to normal shales, Changshe Mountain oil shale is extremely
enriched in organic matter. It is believed that element enrichment in such
sediments is associated with the accumulation of elements together with
organic matter and sulphides under anoxic conditions [19].

The oil shale samples from the Changshe Mountain area are enriched in
Cd. The minerals analysis shows that Cd is abundant in calcite and fossil
remains (Tables 2 and 4). The positive relationship (R* = 0.32) between Cd
and CaO contents further supports the above observations. Therefore, the
enrichment of Cd in Changshe Mountain oil shale may be attributed to
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Fig. 2. Correlation between Se and TOC contents in Changshe Mountain oil shale
samples.

abundant fossils found in oil shale seams, because Cd is present in the fossils
as a micro-nutrient [20].

In the present study, raw Changshe Mountain oil shale samples are also
found to have a slightly higher B content. This may be attributed to weather-
ing source rocks, because B is mainly present in clay minerals (Fig. 4).
Clearly, the enrichment of an element in oil shale seams may be a function
of that association and the origin of various oil shale fractions.

4.3. Modes of occurrence of trace elements in marine oil shale

According to the results of cluster analysis, four element association groups
were identified (Fig. 3), referred to as groups A, B, C and D.

Group A includes Ba, V, Sn, Li, W, Be, Ga, B, Sc, Si, Rb, Zr, Hg, Th, Al,
K, Nb, Ti, Cr, Cs, and REEs. The correlation coefficients of Ce-Pr (R* =
0.998), Nd-Yb (R2 0.996), La-Sn (R* = 0.986), Li-W (R* = 0.962), Dy-Ho
(R* = 0.994), Er-Y (R* = 0.960), Eu-Gd (R* = 0.988), Sm-Tb (R* = 0.976),
Be-Ga (R* = 0.992), Sc-Si (R* = 0.992), Rb-Zr (R* = 0.974), Hf-Th (R* =
0.998), Al-K (R* = 0.996) and Nb-Ti (R* = 0.998) are all higher than 0.95.
Group A can be split into Group Al and Group A2 (Fig. 3). Group Al
consists of all the REEs, which should be expected to be strongly correlated
in sedimentary rocks, plus Ba, V, Sn, Li, W, whereas Group A2 consists of
the remainder, including elements that might be expected to be associated
with siliciclastic sedimentary rocks.

Group B represents the Bi-Pb-Fe-Co-Ni-U association (Fig. 3). The
coefficient of correlation between Bi and Pb (R* = 0.914) is the highest
within this association. Elements of this group have positive coefficients of
correlation with Fe, indicating the prevailing Fe-bearing mineral affinity.
Note that Fe and Al exhibit a very strong correlation, especially when the
most organic-rich (TOC > 5.5%) samples are plotted separately (Fig. 5). The
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Fig. 4. Plot of the concentration of (a) B vs. SiO, and (b) B vs. Al,O3 showing the
dominance of B in clay minerals.
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average values for clay minerals and organic matter (CMO) indicate that
CMO are enriched in U (1.13-fold) and Pb (2.38-fold) relative to oil shale,
whereas Co (0.60), Ni (0.87) and Bi (0.63) are slightly depleted. It is
difficult to see these as reflecting the same chemical influence, except the
influence of Al,Os, which reflects detrital input. Pyrite was probably derived
from clastic material, along with many other metals, and hence was trans-
ferred to the sulfide phase, along with these metals, by diagenesis.

Group C comprises Ph, Mn, Mo, As, Se and Mg, which all have positive
coefficients of correlation with TOC content. These elements, together with
Hg, are clustered in the third association (Fig. 3) and are mainly present in
organic matter.

Group D includes Cd, Zn, Sr and Ca. With an exception of the high
correlation coefficients of Cd-Zn (R* = 0.958), the correlation coefficients of
the other pairs of elements in this association are lower than 0.622. Elements
of this group have positive coefficients of correlation with Ca content,
indicating the prevailing Ca-bearing affinity.

To explain the relations between trace element contents and major
element and TOC contents, and determine the modes of occurrence of trace
elements, analysis of selected minerals was carried out. Tables 2 and 4
present trace element contents in 21 mineral separates and 2 fossil remains.
The concentrations of As, B, Ba, Be, Bi, Co, Cr, Cs, Cu, Ga, Hf, Li, Mo, Nb,
Ni, Pb, Rb, Sc, Sn, Ta, Th, U, V, W, Zr and REEs are higher in clay minerals
and organic matter than in calcite, dolomite and fossil remains, suggesting
that these elements are controlled mainly by organic matter and/or clay
minerals. However, the average contents of some elements, such as Bi, Co,
Cu and Ni, in isolated clay minerals and organic matter are lower than those
in raw oil shale samples. These elements are correlated closely with Fe, and
also form a group with Fe (Fig. 3), indicating that they are mainly present in
pyrite.

Trace elements showing enrichment in calcite include Cd and Sr, while
trace elements Cd and Zn are abundant mainly in fossil remains. Compared
with other carbonate minerals, dolomite has a higher Ba concentration,
indicating that Ba is controlled partly by dolomite besides clay minerals as
discussed above.

By indirect and direct methods, the following main affinities are
established: 1) clay mineral affinity — B, Ba, Be, Cr, Cs, Ga, Hf, Li, Nb, Rb,
Sc, Sn, Ta, Th, V, W, Zr, REEs; 2) organic affinity — As, Mo, Se; 3)
Fe-bearing mineral affinity — Bi, Co, Cu, Ni, Pb, U; 4) calcite affinity — Cd,
Sr; and 5) fossil affinity — Cd, Zn.

4.4. Volatility of trace elements during oil shale combustion

The concentrations of trace elements in Changche Mountain oil shale com-
bustion residues are presented in Tables 2 and 5. In order to understand the
volatilization of trace elements during the combustion process, the volatility
can be calculated by the following formula: V% =[1 — (C/C,) % Y] x 100,
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where C; is the content of trace elements in combustion residues (in pg/g);
C, represents the content of trace elements in raw oil shale samples (in pg/g),
and Y is the yield of ash [20].

The calculations show that some trace elements show susceptibility to
release into the atmosphere. For example, about 93% Hg, 20-30% As, Ba,
Be, Co, Cr, Nb, Sc and Zr, 10-20% B, Bi, Cs, Cu, Ga, Li, Mo, Ni, Pb, Rb,
Sn, U, V, W and Zn, limited proportions (< 10%) of Cd, Hf, Se, Sr, Ta and
Th, and as well as most REE:s initially present in raw oil shale samples were
emitted into the atmosphere during oil shale combustion.

The mode of occurrence of trace elements in raw oil shale may determine
their volatilization behaviour during combustion. Volatile trace elements
show a tendency to accumulate in the easily decomposing organic matter
and/or authigenic minerals containing S, CI, C, P, H anions and anionic
groups in oil shale. This property favours their mobility during combustion
by volatilization together with water vapours, sulphur, carbon, nitrogen,
chlorine and other gases [21]. In the present study, Hg is shown to have the
highest volatility during combustion, which can be explained by its bearing
phase probably developing high vapour pressure during the phase decom-
position, favouring the element mobility together with volatile sulphur,
carbon and water vapour generated in oil shale. Trace elements with
moderate volatility, such as As and Co, occur predominantly in organic
matter and/or Fe-bearing minerals (Fig. 3). Ba, Be, Cr, Nb, Sc and Zr are
mainly present in clay minerals (Fig. 6a—f), with possibly slight chemical
shifts during a diagenetic reduction of Fe (Fig. 6g-1). Figures 6a—f show that
Ba, Be, Cr, Nb, Sc and Zr have a strong positive relationship with Al,Os
content and Figures 6g—1 reveal these elements to have a slight positive
relationship with Cu content in low TOC (< 5.5%) oil shale samples. Other
non-volatile or slightly volatile trace elements (e.g., B, Be, Cr, Cs, Ga, Hf,
Li, Rb, Sn, Ta, Th, V, W, Zn, and REEs) may occur mainly in original and
relatively refractory minerals contained in oil shale, such as clay minerals,
feldspars and other inert minerals that may undergo weak changes during the
combustion process. Additionally, the above-mentioned observations reveal
that a number of highly mobile elements such as Cd, Sr and Zn, which are
predominantly present in Ca-bearing minerals in Changshe Mountain oil
shale, do not exhibit high volatility during combustion. This may be
explained by an active role of Ca- and Mg-bearing oxyhydroxides in the
partial capture and retention of some trace elements [22].
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Fig. 6. Relationship of Ba, Be, Cr, Nb, Sc, and Zr contents with Al,O3; and Cu
contents in low TOC (< 5.5%) Changshe Mountain oil shale samples.

5. Conclusions

1. The Changshe Mountain oil shale samples are characterized by high ash
yield (54.69-86.75%) and TOC content (2.20—13.44%).

2.

Marine oil shale is enriched in trace elements Se, Mo, Cd, and As. The

enrichment of an element in oil shale seams may be a function of the
association of an element concentration in oil shale with its UCC value

and the origin of various oil shale fractions.
. The following main modes of occurrence of trace elements in marine oil

shale are distinguished: 1) clay mineral affined — B, Ba, Be, Cr, Cs, Ga,
Hf, Li, Nb, Rb, Sc, Sn, Ta, Th, V, W, Zr, REEs; 2) organic affined — As,
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Mo, Se; 3) Fe-bearing mineral affined — Bi, Co, Cu, Ni, Pb, U; 4) calcite
affined — Cd, Sr and 5) fossil affined — Cd, Zn.

. Some trace elements in Changshe Mountain oil shale show susceptibility

to release into the atmosphere, including about 93% Hg and 20-30% As,
Ba, Be, Co, Cr, Nb and Sc. The behaviour and migration of trace elements
during oil shale combustion strongly depend on their mode of occurrence
in the rock.
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