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Aluminum-hydroxide (boehmite)-rich Pennsylvanian coals of high volatile A bituminous rank were found
previously in the Jungar Coalfield, InnerMongolia, China. This paper reports newresults on48 bench samplesof the
CP2 coal from the adjacentAdaohaiMine, DaqingshanCoalfield, InnerMongolia, andprovides new insights into the
origin and modes of occurrence of the minerals and elements present in the CP2 coal.
Compared to the same coal in the adjacent mines, the CP2 coal in the Adaohai Mine has a higher rank (Ro, ran=
1.58%), which is attributed to igneous intrusions during the Late Jurassic and Early Cretaceous Epochs. The
proportion of inertinite (35.3%) in the coal is higher than that in other Late Paleozoic coals in northern China but
lower than that in the Jungar coals.
Minerals in the CP2 coal include diaspore, boehmite, gorceixite, calcite, dolomite, siderite, clay minerals (kaolinite
and ammonian illite), and trace amounts of anatase,fluorapatite, quartz, and pyrite. Based onmineral proportions in
thecoalbenchsamples, theCP2coalmaybedivided into fourZones(I to IV) frombottomto top. Themajormineral in
Zones I and IV is kaolinite. Zones II and III are mainly composed of ammonian illite, diaspore, boehmite, gorceixite,
calcite, dolomite, and siderite. Diaspore-, boehmite-, and gorceixite-forming materials were derived from oxidized
bauxite in the weathered crust of the Benxi Formation in the sediment-source region during peat accumulation.
However, gorceixite may have formed earlier than diaspore; the diaspore was derived from gibbsite that was
subjected to dehydration by the heat of the igneous intrusions. The ammonian illite may have been formed at a
relatively high temperature by interaction of kaolinite with nitrogen released from the organic matter in the coal
during metamorphism caused by the igneous intrusion. The calcite and dolomite occur as epigenetic cell- and
fracture-fillings and were probably derived from the igneous fluids.
Compared to the common Chinese and world coals, the CP2 coal is enriched in CaO (1.69%), MgO (0.32%), P2O5

(0.214%), F (207 μg/g), Ga (16.3 μg/g), Zr (446 μg/g), Ba (276 μg/g), Hg (0.33 μg/g), and Th (12.4 μg/g), but has a
lower SiO2/Al2O3 ratio due to the higher proportions of diaspore, boehmite, and gorceixite in the coal. The F occurs
mainly in gorceixite and fluorapatite. Themajor carriers of Ga are diaspore and kaolinite but not gorceixite. Barium
mainly occurs in gorceixite and barite.Mercurywas probably derived from the igneous intrusion and is distributed
in both the organic matter and the minerals. The elements are classified into five associations by cluster analysis,
Groups A, B, C, D, and E. Group A represents a REE-Be-Y-Se-Ga-Ge-Sc-In-Pb-Bi-Nb-Ta-TiO2-W-Hg-Sb-Zr-Hf-Th-U
association.Most of the elements inGroupAare lithophile elements that occur in aluminosilicateminerals. GroupB
(Sn-Te-Zn-Cd-V-As-Cr-Cu-Mo-Ni-Re) isweakly correlatedwith ash yield and is associatedwith unidentified trace
sulfide minerals. Elements in Group C (Ad-Na2O-Al2O3-SiO2- Li-K2O-Rb-Cs-Tl association) probably occur in the
clay minerals and diaspore. Group D consists of P2O5, Ba, F, Sr, S, and Cl, and with the exception of S, they occur in
minerals (gorceixite and fluorapatite). Oxides of Fe2O3-MnO-CaO-MgOmake up Group E and mainly occur in the
carbonate minerals. The coals are enriched in light REEs and the LREEs–HREEs have been highly fractionated, with
an average (La/Yb)N of 8.71. The heavy REEs in the coals have a stronger organic affinity than the LREEs.
oal Resources and Safe Mining, China University of Min

ll rights reserved.
© 2011 Elsevier B.V. All rights reserved.
ing and Technology, D11, Xueyuan Road, Haidian District, Beijing

http://dx.doi.org/10.1016/j.coal.2011.06.010
mailto:daishifeng@gmail.com
http://dx.doi.org/10.1016/j.coal.2011.06.010
http://www.sciencedirect.com/science/journal/01665162


251S. Dai et al. / International Journal of Coal Geology 94 (2012) 250–270
1. Introduction
Mineral matter in coal consists of discrete mineral particles, inorganic
elements incorporatedwithin the organic compounds, dissolved salts and
other inorganic substances in the coal's pore water (Ward, 2002). In
addition to the commonminerals in coal, including quartz, clay minerals
(especially kaolinite, illite, and mixed-layer illite-smectite), carbonates
(e.g., siderite, calcite, and dolomite), and sulfideminerals (e.g., pyrite and
marcasite) (Harvey and Ruch, 1986; Mackowsky, 1968; Palmer and
Lyons, 1996; Ward, 1978), minor but sometimes significant accessories
have been identified in coal (Belkin et al., 2010; Bouška et al., 2000;
Cressey andCressey, 1988;Dewison, 1989; Finkelmanand Stanton, 1978;
Kalaitzidis et al., 2010; Koukouzas et al., 2010; Loughnan and Goldbery,
1972; Rao andWalsh, 1997;Wang, 2009;Ward, 1974;Ward et al., 1996).

Minor minerals of aluminum-hydroxides, including boehmite and
diaspore, have been identified in some coals (Dai et al., 2006, 2008,
2010; Kalkreuth et al., 2010; Wang et al., 2011a,b; Ward, 2002).
Understanding the concentrations and origins of Al-hydroxideminerals
in coal is significant both geochemically and practically, because
hydroxide minerals in coal may not only serve as an indicator of
mineralization and paleoclimate (Cheng et al., 2001; Dai et al., 2006;
Wang, 1982), but are also themajor carriers of valuable elements Al and
Ga that could be potentially recovered from associated combustion
residues (fly ashes) (Dai et al., 2008, 2011; Seredin and Finkelman,
2008; Seredin and Shpirt, 1995). The high proportion of boehmite in the
coals from the Jungar Coalfield, Inner Mongolia, northern China, was
derived from its proximity to an Al-rich sediment source region (Dai et
al., 2006, 2008). The management of the Heidaigou Surface Mine in the
Jungar Coalfield, which is owned by Shenhua Group Jungar Energy
Corporation Ltd., has built a pilot plant to develop technologies to
extract the metals from combustion residues.

The Daqingshan Coalfield is situated to the north of and close to the
Jungar Coalfield (Fig. 1A), and is closer to the sediment source region
than the Jungarfield. This paper reports newdataon themineralogy and
geochemistry of the CP2 coal in the Adaohai Mine of the Daqingshan
Coalfield. Special emphasis is placed on the modes of occurrence and
origin of abundant diaspore, gorceixite, and ammonian illite in the coal.
2. Geological setting

The Daqingshan Coalfield is located in Inner Mongolia of northern
China, covering the area of north latitude 40°35′–40°44′ and east
Fig. 1. Location of the Daqingshan Coalfield (A) and coal-ran
longitude 110°07′–110°31′. It includes 16 mines distributed from
west to east (Fig. 1B), with the Adaohai Mine being located in the
southeast of the coalfield (Fig. 1B).

The coal-bearing strata in the Daqingshan Coalfield include the
Pennsylvanian Shuanmazhuang Formation and the Early Permian
Zahuaigou Formation (Jia and Wu, 1995; Wang and Ge, 2007; Zhang
et al., 2000; Zhong et al., 1995; Zhou and Jia, 2000). They were
deposited in a continental environment (Fig. 2).

The major coalbed in the Daqingshan Coalfield is the CP2 coal,
which is located in the upper portion of the Shuanmazhuang
Formation. The thickness of the coalbed varies from 4.72 to 42.79 m
and averages 22.58 m. The CP2 coal contains 3 to 42 parting layers
with thickness from 0.02 to 3.4 m. As a result of epigenetic tectonic
movements, the CP2 coal was strongly brecciated and has a dip of
about 83°.

The roof the coalbed, mainly made up of mudstone and sandy
mudstone, has a variable thickness. Locally, the CP coal is in direct
contact with its overlying sandstone. Both the thickness and lithology
of the floor of the CP2 coal vary considerably as well, with a thickness
from 0.2 to 2.0 m and a lithological composition of sandy sandstone,
medium-coarse sandstone, and fine sandstone.

The lower portion of the Shuanmazhuang Formation is mainly
made up of granule conglomerate, conglomerate, siltstone, sandy
mudstone, and intercalated thin coalbeds.

The Permian strata, overlying the Shuanmazhuang Formation,
include the Zahuaigou and Shiyewan Formations (Fig. 2). The upper
portion of the Zahuaigou Formation is composed of mudstone and
sandstone, and the lower portion is made up of white quartz-pebble
conglomerate and locally intercalated 0.1–0.2 m mudstone beds.
There are no minable coal beds in the Zahuaigou Formation. The
Shiyewan Formation consists mainly of thick layers of sandstone,
interbedded with mudstone.

The Cambrian–Ordovician strata underlying the coal-bearing
sequences are dominated by limestone and are intercalated with
silty mudstone in the lower portion.

The zoned distribution of the coal rank in the coalfield (Fig. 1B) is
entirely related to igneous intrusions, which were associated with the
Yanshan Movement of the Late Jurassic and Early Cretaceous Epochs
(Zhong and Chen, 1988). In the east of the coalfield, igneous rocks
have invaded into the coal-bearing strata (Fig. 2). The coal rank
increases from the northwest to the southeast, from high volatile
bituminous (hvb), throughmedium volatile bituminous (mvb), to low
volatile bituminous (lvb) (Fig. 1B).
k distribution in the different mines of the coalfield (B).



Fig. 2. Sedimentary sequences of the Daqingshan Coalfield.
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3. Samples and analytical procedures

A total of 48 bench samples were taken from the face of the mined
coal at the Adaohai Mine, Daqingshan Coalfield, following the Chinese
Standard Method GB482-1985; these include 33 coal benches, 11
partings, and four roof samples (Fig. 3). Each coal bench sample was
cut over an area 10-cm wide, 10-cm deep, and 50-cm thick. All
collected samples were immediately stored in plastic bags to
minimize contamination and oxidation. Sample number, thickness,
and lithology data are shown in Fig. 3. From bottom to top, the 33
bench samples and the 11 partings (with a suffix -P) are identified as
A1 to A44. The roof samples from bottom to top are Roof-1 to Roof-4.
The cumulative thickness of the CP2 coal at this section is 36.37 m, of
which partings amount to 22.85%.

Proximate analysis was conducted using ASTM Standards D3173-
03, D3175-02, and D3174-04. The total sulfur and forms of sulfur were
determined following ASTM Standards D3177-02 and D2492-02,
respectively. Samples were prepared for microscopic analysis in
reflected light following ASTM Standard D2797-04. Mean random
reflectance of vitrinite (percent Ro,ran) was determined according to
ASTM D2798-05, using a Leica DM4500P microscope (at a magnifi-
cation of 500×) equipped with a Craic QDI 302™ spectrophotometer.
Although ASTM D2798-05 requires a photomultiplier tube and a
photometer amplifier for vitrinite reflectance determination, the Craic
QDI spectrophotometer offers a charge-coupled detector (CCD) and
thermoelectric cooling for improved spectral performance. The
standard reference for vitrinite reflectance determination was
gadolinium gallium garnet (Chinese Standard Reference GB13401)
with a calculated standard reflectance 1.72% in oil at 546 nm.

The mineralogy was determined by optical microscopic observation
and powder X-ray diffraction (XRD). Low-temperature ashing of coal
was performed on an EMITECH K1050X Plasma Asher. XRD analysis of
the low-temperature ashes and the parting sampleswas performed on a
D/max-2500/PC powder diffractometer with Ni-filtered Cu–Kα radia-
tion and a scintillation detector. TheXRDpatternwas recordedover a 2θ
interval of 2.6–70°, with a step size of 0.01°. X-ray diffractograms of 48
samples (partings, roof, and coal LTAs) were subjected to quantitative
mineralogical analysis using Siroquant™, commercial interpretation
software developed by Taylor (1991) based on the principles for
diffractogram profiling set out by Rietveld (1969). Further details
indicating the use of this technique for coal-related materials are given
by Ward et al. (1999, 2001) and Ruan and Ward (2002).

A scanning electron microscope (Hitachi S-3400N, 20 kV accelerat-
ing voltage) in conjunction with an energy-dispersive X-ray spectrom-
eter (SEM-EDX) was used to study the characteristics of the minerals,
and also to determine the distribution of some elements in the coal.

Samples were crushed and ground to pass 200 mesh for
geochemical analysis. An elemental analyzer (vario MACRO) was
used to determine the percentages of C, H, and N in the coal. X-ray
fluorescence spectrometry (ARL ADVANT'XP+) was used to deter-
mine the oxides of major elements for the coal ash (815 °C), including
SiO2, Al2O3, CaO, K2O, Na2O, Fe2O3, MnO, MgO, TiO2, and P2O5, and
arsenic as well. Inductively coupled plasma mass spectrometry (X
series II ICP-MS), in a pulse counting mode (three points per peak),
was used to determine trace elements in the coal samples, except for
Hg, F, and Cl. Mercury was determined using a Milestone DMA-80 Hg
analyzer. Fluorine and Cl were determined by pyrohydrolysis with an
ion-selective electrode, following the methods described in Chinese
Standards GB/T 4633–1997 and GB/T 3558–1996.

4. Results and discussion

4.1. Coal chemistry and vitrinite reflectance

Table 1 summarizes the proximate and ultimate analyses, forms of
sulfur, and random vitrinite reflectance data for the 33 coal benches
from the Adaohai Mine. The average vitrinite reflectance and average
volatile matter (daf) are 1.58% and 21.65%, respectively, indicating a
low volatile bituminous coal (lvb) according to the ASTM classifica-
tion (ASTM D 388–99).

The CP2 coal is a medium-ash and low-sulfur coal, according to
Chinese Standards GB 15224.1-2004 (coals with ash yield 16.01%–29%
are medium-ash coal) and GB/T 15224.2-2004 (coals with total sulfur
content b1% are low-sulfur coal), with the exception of A7, A23, A24,
and A44 which have 1.01–1.09% St,d. The sulfur is mainly organic
(Table 1).
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Table 1
Proximate and ultimate analyses, forms of sulfur, and random vitrinite reflectance of the CP2 coal in the Adaohai Mine (%).

Sample Proximate analysis Ultimate analysis Forms of sulfur Ro,ran

Mad Ad Vdaf Cdaf Hdaf Ndaf St,d Sp,d Ss,d So,d

A44 0.28 14.17 19.37 89.62 4.47 1.41 1.09 bdl 0.02 1.07 1.57
A43 0.45 34.16 22.84 87.03 4.85 1.01 0.71 nd nd nd 1.55
A42 0.42 18.97 18.98 88.49 3.92 1.36 0.79 nd nd nd 1.61
A41 0.45 23.26 23.28 85.56 4.05 1.15 0.71 nd nd nd 1.59
A40 0.19 23.57 21.74 87.88 4.34 1.31 0.90 nd nd nd 1.66
A34 0.61 38.60 23.79 84.47 4.50 0.90 0.54 nd nd nd 1.62
A32 0.48 32.84 27.99 81.10 3.73 1.26 0.58 nd nd nd 1.61
A31 0.58 46.48 26.99 84.06 5.11 0.97 0.47 nd nd nd 1.59
A30 0.49 36.85 23.47 83.88 4.67 1.52 0.62 nd nd nd 1.63
A29 0.53 23.28 19.18 87.27 4.39 1.67 0.85 nd nd nd 1.63
A28 0.51 22.58 21.08 88.08 4.53 1.30 0.91 nd nd nd 1.46
A25 0.64 34.70 22.10 85.57 4.68 1.08 0.71 nd nd nd 1.61
A24 0.51 15.55 19.09 89.86 4.54 1.68 1.01 bdl 0.02 0.99 1.55
A23 0.06 12.26 18.86 89.5 4.54 1.37 1.08 bdl 0.01 1.07 1.59
A22 0.24 25.33 22.62 87.55 4.47 1.13 0.86 nd nd nd 1.57
A21 0.11 20.00 22.25 88.45 4.37 1.55 0.91 nd nd nd 1.54
A19 0.22 18.44 20.95 88.37 4.41 1.36 0.94 nd nd nd 1.66
A18 0.31 22.59 19.74 88.59 4.44 1.34 0.67 nd nd nd 1.49
A17 0.27 19.98 24.21 85.83 3.92 1.24 0.82 nd nd nd 1.61
A15 0.43 12.58 16.40 90.29 4.02 1.42 0.84 nd nd nd 1.56
A14 0.31 5.37 16.40 91.50 4.26 1.49 0.93 nd nd nd 1.62
A13 0.26 5.24 16.26 91.34 4.23 1.48 0.98 nd nd nd 1.60
A11 0.43 38.25 23.63 81.83 5.22 0.91 0.56 nd nd nd 1.57
A10 0.15 12.55 18.29 89.50 1.40 6.74 0.86 nd nd nd 1.53
A9 0.52 39.05 23.44 84.18 5.24 0.85 0.53 nd nd nd 1.56
A8 0.35 35.63 22.65 83.33 5.15 1.69 0.58 nd nd nd 1.47
A7 0.34 45.22 38.03 76.76 4.62 1.13 1.08 0.60 bdl 0.48 1.57
A6 0.26 11.17 17.18 89.83 4.66 2.25 0.86 nd nd nd 1.63
A5 0.34 21.89 19.57 88.48 4.80 1.15 0.72 nd nd nd 1.53
A4 0.36 23.49 19.74 87.58 4.88 1.27 0.70 nd nd nd 1.55
A3 0.44 24.55 19.58 87.84 4.76 1.27 0.67 nd nd nd 1.60
A2 0.50 33.07 22.07 85.37 4.97 1.17 0.58 nd nd nd 1.69
A1 0.46 33.45 22.75 84.93 5.16 1.39 0.67 nd nd nd 1.50
Av. 0.38 25.10 21.65 86.79 4.46 1.48 0.78 nd nd nd 1.58

M,moisture; A, ash yield; V, volatile matter; C, carbon; H, hydrogen; N, nitrogen; St, total sulfur; Sp, pyritic sulfur; So, organic sulfur; ad, air-dry basis; d, dry basis; daf, dry and ash-free
basis; Ro,ran, random reflectance of vitrinite; av., average; nd, not detected; bdl, below detection limit.
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Compared to the coals from the Heidaigou (Ad=17.72%, St,d=
0.73%; Dai et al., 2006) and Haerwusu (Ad=18.34%, St,d=0.46%; Dai
et al., 2008) surface mines in the Jungar Coalfield, the Adaohai coals
from the Daqingshan Coalfield have a slightly higher ash yield and
similar sulfur content. The rank of the coal, however, is much higher
than that of coals from the Jungar Coalfield reported by Dai et al.
(2006, 2008).

4.2. Maceral content of the CP2 coal

Table 2 lists the maceral contents of the CP2 coal. Inertinite is
enriched in the coal (13.8–71.2%; 35.3% on average), compared to the
late Paleozoic coals in northern China (generally less than 25%; Han, et
al., 1996), but is much lower than that in the Jungar Coalfield (46.1–
52.9%, mineral-free basis; Dai et al., 2006, 2008). The inertinite is
dominated by semifusinite (12.5% on average), followed by macrinite
(8.7% on average) and fusinite (6.3% on average).

The vitrinite is mainly composed of collodetrinite (28.9% on
average) and telinite (3.3–50.2%, 27.5% on average), followed by
collotelinite (6.9% on average).

4.3. Minerals found in the CP2 coal and their vertical variations

The proportion of each crystalline phase identified from the
diffractograms of the coal LTAs, partings, and roof samples is given in
Table 3. The phases identified in the samples include kaolinite, illite,
diaspore, and boehmite, along with calcite, dolomite (or ankerite),
siderite and, in some samples, quartz, pyrite, anatase, an aluminopho-
sphate mineral of the gorceixite group, and trace amounts of
fluorapatite and anatase.
Based on considerable vertical variations in the mineral pro-
portions, the PC2 coal can be divided vertically into four zones: Zone I
(from the lowest bench A1 to A11), Zone II (A13 to A25), Zone III (A28
to A34), and Zone IV (A40 to A44).

4.3.1. Kaolinite
The XRD pattern shows that the kaolinite in the coal LTAs, the roof,

and the partings (Fig. 4) has a well-ordered structure. Kaolinite in the
coal occurs as cell-fillings in telinite and fusinite. This is common in
many other coals and closely associated strata, and may indicate
formation by authigenic processes (Ward, 1989). The proportion of
kaolinite is much lower in Zone II (averages 25.1%) than in Zones I
(averages 85%), III (averages 71.6%), and IV (averages 55.2%) (Fig. 3).

In addition to the oxidized bauxite in the weathered crust of the
Benxi Formation, as described below, it is believed that the sediment
source region during peat accumulation was the Middle Proterozoic
moyite of the Yinshan Oldland to the N andW of the coalfield (Wang,
1996). Consequently, clay minerals of terrigenous origin are impor-
tant components in the coal seam, comparable to those in the wide
area of the North China Coal Basin (Dai et al., 2006).

4.3.2. Illite
The illite in the samples typically has the XRD characteristics of an

ammonian illite, with a slightly higher d(001) crystallographic
spacing relative to more common K-bearing illites and other XRD
peaks consistent with the ammonian illite (or tobelite) structure
(Fig. 4). As discussed further by Daniels and Altaner (1990, 1993),
Ward and Christie (1994), and Nieto (2002), the presence of
ammonian illite may reflect the decomposition of organic nitrogen
in the coal during rank advance or hydrothermal alteration, and



Table 2
Maceral contents determined under optical microscope for coals from the Adaohai Mine (vol.%; on mineral-free basis).

Sample T CT CD CG VD TV SF F Mac Mic Fg ID TI

A44 31.8 18.9 33.1 bdl bdl 83.8 6.2 3.6 4.1 0.2 bdl 2.1 16.2
A43 36.9 5.2 33.2 0.3 1.8 77.4 12.9 1.8 5.8 0.5 bdl 1.6 22.6
A42 30.0 1.0 20.2 bdl bdl 51.2 24.7 7.2 6.0 bdl bdl 10.9 48.8
A41 50.2 9.0 22.7 2.7 1.5 86.1 5.2 1.6 4.1 bdl 0.2 2.7 13.8
A40 3.3 30.1 30.7 0.3 14.1 78.5 11.3 1.2 1.1 bdl bdl 7.8 21.4
A34 13.9 0.3 14.4 bdl 0.3 28.9 10.7 16.8 26.5 bdl bdl 17.2 71.2
A32 27.5 11.5 27.9 bdl 8.7 75.6 9.4 5.0 4.3 0.2 bdl 5.4 24.3
A31 14.9 6.1 28.4 0.3 0.7 50.4 21.9 5.0 10.1 bdl bdl 12.6 49.6
A30 21.3 2.5 35.7 bdl bdl 59.5 8.9 5.4 17.5 bdl bdl 8.7 40.5
A29 29.7 5.7 37.6 bdl 0.2 73.2 10.1 2.6 6.4 0.2 bdl 7.5 26.8
A28 28.7 13.6 29.5 bdl bdl 71.8 10.1 3.5 10.2 0.9 bdl 3.5 28.2
A25 30.6 5.2 33.7 bdl 1.0 70.5 11.8 4.4 8.0 bdl bdl 5.2 29.4
A24 38.5 3.6 37.2 bdl bdl 79.3 7.3 3.0 4.7 0.3 bdl 5.5 20.8
A23 49.8 6.8 22.7 bdl 0.2 79.5 7.2 8.0 2.0 bdl bdl 3.3 20.5
A22 41.7 4.9 28.9 0.7 1.0 77.2 7.2 3.9 6.5 0.2 bdl 4.9 22.7
A21 34.5 1.4 41.1 0.2 1.3 78.5 8.8 3.4 5.0 0.2 bdl 4.0 21.4
A19 33.9 6.1 31.3 bdl bdl 71.3 6.1 6.3 8.7 bdl bdl 7.6 28.7
A18 23.6 8.2 27.9 0.3 1.7 61.7 12.5 10.7 9.9 bdl bdl 5.1 38.2
A17 24.5 11.5 22.4 0.8 0.5 59.7 19.0 9.7 6.6 bdl bdl 4.9 40.2
A15 9.4 3.6 50.9 bdl 0.6 64.5 15.4 4.4 5.7 1.4 bdl 8.6 35.5
A14 28.7 6.2 34.6 bdl bdl 69.5 6.7 3.5 7.3 bdl bdl 13.0 30.5
A13 33.4 4.4 22.6 bdl bdl 60.4 27.9 0.9 3.7 bdl bdl 7.2 39.7
A11 13.6 4.3 36.8 bdl bdl 54.7 11.7 0.3 19.3 0.5 bdl 13.4 45.2
A10 23.2 3.6 39.6 bdl 0.6 67.0 10.4 7.4 7.1 bdl bdl 8.1 33
A9 37.3 1.8 12.8 bdl 2.6 54.5 16.4 9.1 7.3 bdl bdl 12.8 45.6
A8 33.2 4.7 11.9 bdl 2.2 52.0 13.5 10.9 11.7 bdl bdl 11.9 48.0
A7 25.1 4.6 29.3 bdl 1.2 60.2 12.3 7.1 14.2 bdl 0.3 5.8 39.7
A6 20.5 5.5 40.7 bdl bdl 66.7 12.7 5.3 6.5 0.6 bdl 8.1 33.2
A5 24.5 7.9 16.6 0.3 0.8 50.1 15.7 7.1 15.4 bdl bdl 11.7 49.9
A4 25.4 8.8 17.8 bdl 0.9 52.9 11.5 16.3 10.2 0.2 bdl 8.9 47.1
A3 11.6 2.3 41.7 0.3 1.0 56.9 15.1 10.2 8.1 bdl bdl 9.7 43.1
A2 33.6 2.9 19.4 bdl bdl 55.9 13.4 13.3 10.9 bdl bdl 6.5 44.1
A1 21.3 14.8 20.1 bdl bdl 56.2 19.9 8.8 12.1 bdl bdl 3.0 43.8
av. 27.5 6.9 28.9 Trace 1.3 64.7 12.5 6.3 8.7 Trace Trace 7.6 35.3

T, telinite; CT, collotelinite; CD, collodetrinite; CG, corpogelinite; VD, vitrodetrinite; TV, total vitrinites; SF, semifusinite; F, fusinite; Mac, macrinite; Mic, micrinite; Fg, funginite; ID,
inertodetrinite; TI, total inertinites; av., average; Trace, trace content; bdl, below detection limit.
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associated release of aqueous ammonium ions (NH4
+) into the pore

fluids. Interaction of the NH4
+ with K-illite and/or kaolinite already

present, either in the mineral matter of the coal or in the intra-seam
partings, would then have resulted in the formation of ammonian
illite by the incorporation of NH4

+ instead of K+ into the crystal
structure (see Boudou et al., 2008; and references therein).

The ammonian illite is enriched in Zone II, where kaolinite makes
up a lower proportion of the mineral matter than in Zones I, III, and IV
(Fig. 3). The mode of occurrence of illite is similar to that of kaolinite;
however, the ammonian illite in the coal may have been formed at a
relatively high temperature by interaction of kaolinite with nitrogen
released from the organic matter in coal during metamorphism
caused by the igneous intrusion. The granite intrusions in the coalfield
are attributed to the Yanshan Movement, one of the important
tectonic events in China occurring in the Late Jurassic and Early
Cretaceous Epochs. This is perhaps the reason why the proportions of
kaolinite and ammonian illite vary inversely along the section. The
minerals already present in the coal may have been affected and
altered by the heat of the igneous intrusions. For example, Ward et al.
(1989) reported the formation of illite from epiclastic or pyroclastic
smectite in an Australian coal at the contact with an igneous intrusive
body. Kwiecinska et al. (1992) described the development of illite
close to an igneous dyke in a Polish coal seam. Burger et al. (1990)
found that kaolinite and kaolinite-derived illite respectively occur in
low- and high-rank coals and their corresponding intraseam tonsteins
in eastern Yunnan, southwestern China.

4.3.3. Diaspore, boehmite, gorceixite, and fluorapatite
The mineral identified as gorceixite (Ba-aluminophosphate) in

Table 3 has a structure between that of gorceixite, goyazite (Sr-
aluminophosphate), and crandallite (Ca-aluminophosphate). It is thus
probably an intermediate phase, representing a solid solution
between these three end members (Ward et al., 1996). This is
supported by SEM-EDX data (Table 4) and by comparisons with the
chemical (trace element) analysis, as described below.

Diaspore, boehmite, and gorceixite make up a significant propor-
tion of theminerals of samples A13 to A24 (Zone II in Fig. 3). However,
diaspore and boehmite are also present as minor components of the
mineral matter throughout most of the overlying Zone III (especially
Sample A28), and to a lesser extent in Zones I and IV. Gorceixite is
absent in Zone IV and in most benches of Zones I and III. Diaspore is
also common in the partings (Table 3), but except for A26-P, boehmite
and gorceixite are either absent or occur only in trace proportions
(b0.5% of mineral matter) in the parting materials.

Diaspore (Fig. 5A, B) and boehmite generally occur as cell-fillings
and in the collodetrinite or macrinite of the coal (Fig. 5C), and
sometimes occur in distorted cells (Fig. 5D).

Gorceixite generally occurs in the cells of fusinite (Fig. 5A, B, D),
semifusinite or telinite, and in collodetrinite (Fig. 6A). The relation-
ship between diaspore and gorceixite indicates that the latter
probably formed earlier than the former (Fig. 6A, B). Fluorapatite is
very rare in the coal, only observed under SEM but below the
detection limit of the XRD, and generally occurs as cell-fillings (Fig. 7).
The modes of occurrence of diaspore, gorceixite, and fluorapatite
indicate an authigenic origin.

Aluminum-hydroxide minerals, including boehmite and gibbsite,
have been identified in some coals (Dai et al., 2006, 2008, 2010;
Kalaitzidis et al., 2010; Wang et al., 2011a,b; Ward, 2002). The high
proportion of boehmite in the coals from the Jungar Coalfield may
have been derived from the exposed bauxite of the Benxi Formation in
the sediment source region. Colloidal solutions of gibbsite may have
been transported from the weathered crustal surface to the peat mire.



Table 3
Mineral compositions of parting and LTA samples of coal by XRD analysis and Siroquant (%; on organic matter-free basis).

Sample LTA yield Quartz Kaolinite Illite Diaspore Boehmite Calcite Dolomite Siderite Gorceixite Anatase Pyrite

Roof-4 nd 30.0 62.1 7.4 0.5
Roof-3 nd 73.0 25.7 1.0 0.3
Roof-2 nd 85.7 13.6 0.6
Roof-1 nd 80.4 11.7 0.7 2.6 3.4 1.1
A44 21.68 70.2 2.8 1.6 1.2 6.8 17.5
A43 nd 66.9 26.5 2.4 2.0 2.1
A42 nd 33.4 9.3 0.9 0.1 43.1 9.1 4.1
A41 35.56 34.4 2.4 2.8 0.9 32.1 22.2 5.2
A40 30.52 71.3 2.5 2.9 3.3 8.8 10.7 0.6
A39-P nd 0.5 87.0 9.4 2.3 0.9
A38-P nd 80.4 16.2 2.4 1.0
A37-P nd 89.2 8.3 2.5
A36-P nd 82.1 15.1 2.3 0.5
A35-P nd 87.0 11.3 1.8
A34 45.49 92.0 2.3 1.4 1.7 2.5
A33-P nd 0.5 92.9 3.1 3.6
A32 45.72 31.2 5.6 2.3 1.1 5.2 50.4 4.2
A31 53.40 89.0 4.5 4.1 1.7 0.8
A30 43.18 86.3 2.8 6.8 3.2 0.4 0.5
A29 27.91 78.8 6.9 7.1 6.1 0.6 0.5
A28 27.29 52.3 6.7 9.4 17.9 3.0 8.7 0.6 0.9 0.4
A27-P nd 0.2 1.7 70.0 3.9 18.4 5.9
A26-P nd 0.3 77.7 13.3 5.4 0.4 0.8 0.7 0.3 1.1
A25 40.99 76.8 17.0 3.0 1.9 0.5 0.5 0.3
A24 nd 15.2 8.8 23.4 38.2 0.2 5.6 8.6
A23 15.01 8.6 35.3 34.2 6.6 15.3
A22 30.02 50.1 12.3 11.8 2.3 7.6 15.3 0.2 0.3
A21 23.82 40.4 4.5 21.4 4.5 5.5 21.0 0.5 2.1
A20-P nd 21.1 32.6 46.3
A19 22.37 42.1 21.3 10.9 3.0 8.3 14.5
A18 26.72 26.4 24.0 16.1 2.9 20.5 10.1
A17 nd 9.5 9.1 2.3 14.4 49.5 15.3
A16-P nd 2.1 66.3 29.8 0.7 0.8 0.3
A15 nd 28.5 4.4 18.8 47.0 0.9 0.5
A14 6.13 62.2 3.5 1.7 12.6 18.9 1.1
A13 6.44 5.5 11.2 54.3 2.2 11.1 5.6 7.2 1.6 1.3
A12-P nd 85.9 12.2 1.4 0.5
A11 68.41 80.4 12.4 0.6 2.2 3.3 1.1
A10 15.01 0.3 79.5 4.0 1.9 5.0 8.1 0.5 0.9
A9 45.95 0.2 95.6 2.6 0.5 0.6 0.5
A8 40.81 77.8 21.5 0.7
A7 nd 55.0 9.6 0.3 3.5 16.7 12.6 2.3
A6 12.37 86.6 3.9 3.5 2.9 1.8 1.3
A5 25.52 86.3 3.5 0.6 4.4 4.3 0.9
A4 27.58 95.2 2.7 0.4 0.4 1.0 0.4
A3 nd 0.2 89.9 5.6 1.2 1.9 1.2
A2 39.00 93.3 4.2 0.9 1.6
A1 39.51 95.7 2.7 0.5 0.6 0.5

nd, no data.
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Because of the compaction of the overlying strata after peat
accumulation, the gibbsite colloid in the coal benches had begun to
dehydrate, leading to boehmite formation (Dai et al., 2006, 2008).

Although some of diaspore occurs as isolated and discrete particles
in macrinite and collodetrinite (Figs. 5C, 7A), the cell-filling modes of
occurrence of diaspore (Fig. 5A,B) indicate that it was not derived
from detrital materials of terrigenous origin but deposited from
solutions or colloids. A critical factor, however, is the absence of silica
in the system, which if available would have formed kaolinite.

During the stage of the peat accumulation for Zone II, the
sediment-source region N and E of the Daqingshan Coalfield was
uplifted, leading to exposure of the bauxite in the Pennsylvanian
Benxi Formation. The Daqingshan Coalfield was in the low-lying area
between the Yinshan Oldland to the N andW and the upwarped Benxi
Formation to the N and E. The terrigenous materials were derived not
only from the Yinshan Oldland, but also from the bauxite of the Benxi
Formation, resulting in a high proportion of gibbsite in addition to the
clay minerals. The Al-rich solutions, derived from the bauxite on the
weathered surface in the sediment-source region, were transported
into the peat mire and then were precipitated as gibbsite after peat
accumulation and during diagenesis.

The high temperature of the igneous intrusion caused by the
YanshanMovement not only produced the relatively high rank of coals
in the Adaohai Mine, but also led to gibbsite dehydration and then to
diaspore formation. However, the coals in the adjacent mines of the
same coalfield (Fig. 1B), which were less subjected to the igneous
intrusions, have a relatively low high-volatile-bituminous rank.

Gorceixite and fluorapatite may also have been derived from the
bauxite on the weathered surface (Benxi Formation) in the sediment-
source region, and deposited in the same period as the gibbsite
formation but much earlier than the diaspore formation. Possibly P
released from the organic matter in the peat was picked up by those
Al-rich solutions to form essentially insoluble aluminophosphates in
the pores of the organic matter. Dai et al. (2006) found goyazite in the
middle portion of the No. 6 Coal of the Jungar Coalfield, which
coexisted with boehmite.

However, trace amounts of Al-hydroxide- and gorceixite-forming
materials were also derived from the upwarped Benxi Formation to



Fig. 4. X-ray diffractogram of sample A27-P, showing ammonian illite and other phases present.
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the N and E during other periods of peat accumulation, corresponding
to the lower and upper portions of the coal bed corresponding to
Zones I, III, and IV, leading to minor amounts of diaspore, boehmite,
and gorceixite in some benches. This indicates that the supply of
terrigenous bauxitic materials from the upwarped Benxi Formation
had become weak during the peat accumulation phases correspond-
ing to Zones I, III, and IV.

The reason that the boehmite but not diaspore occurs in the Jungar
coals is the relatively low-rank of the coal, which had not been
subjected to high temperatures from igneous intrusions. The
formation of diaspore requires a higher temperature than boehmite
(Liang et al., 1997; Zhang, 1984).

4.3.4. Carbonate minerals
Carbonate minerals identified in the coal include calcite, dolomite,

and siderite. The material identified as dolomite in Table 3 has an XRD
pattern intermediate between that of dolomite and ankerite. It is thus
probably an iron-bearing dolomite mineral. This is further supported
by SEM-EDX data (Table 4) and the comparison of the XRD results
with the chemical analysis as described below.
Table 4
SEM-EDX semi-quantitative analysis of some minerals in the coal (%; on carbon-free basis)

Mineral O F Na Mg Al Si

Fluorapatite (N=2) Min 35.37 3.41 0.01 0.02 0.01 0.01
Max 33.95 4.82 0.02 0.07 0.03 0.15
Av 34.66 4.11 0.01 0.04 0.02 0.08

Gorceixite (N=14) Min 33.79 bdl bdl bdl 11.66 bdl
Max 60.64 4.71 0.13 0.74 19.58 bdl
Av 47.78 1.21 0.04 0.09 14.72 bdl

Diaspore (N=26 Min 53.89 bdl bdl bdl 20.62 bdl
Max 76.97 bdl 0.34 0.14 46.11 1.07
Av 58.77 bdl bdl bdl 38.62 0.09

Siderite (N=4) Min 52.31 bdl bdl 4.7 bdl bdl
Max 57.1 bdl 0.06 9.91 0.04 bdl
Av 53.65 bdl bdl 6.71 bdl bdl

Dolomite (N=2) Min 52.57 bdl bdl 6.28 bdl bdl
Max 56.13 bdl bdl 9.06 0.07 0.33
Av 54.35 bdl bdl 7.76 0.04 0.17

Clacite (N=1) 52.41 bdl bdl bdl bdl bdl

N, number of test spots; Min, minimum; Max, maximum; Av, average; bdl, below detection
These carbonate minerals are abundant in Zone II and occur to a
lesser extent in Zones I, III, and IV. Calcite and dolomite occur as cell-
or fracture-fillings (Fig. 8A, B, C), indicating an epigenetic origin. The
modes of occurrence of siderite (Fig. 8D) indicate that it has an
epigenetic origin as well.

Carbonate minerals are common in coal and are formed during the
complete range of its petrogenesis from the authigenic to epigenetic
and post-coalification stages (Kortenski, 1992). However, carbonate
minerals are less common in actual coal-forming environments, since
the normally acidic peat-swamp waters are thought to preclude
carbonate precipitation (Belkin et al., 2010; Bouška, et al., 2000; Dai
and Chou, 2007). It has been reported that carbonate minerals are
often abundant in the coal around igneous intrusions, introduced as
epigenetic minerals mainly from hydrothermal alteration of the
igneousmaterial (Dai and Ren, 2007; Finkelman et al., 1998; Kisch and
Taylor, 1966; Querol et al., 1997; Ward et al., 1989). It is generally
believed that CO and CO2 derived from carbonization of the coal
interact with fluids derived from the magma to produce this
carbonate mineralization (Ward, 2002). The other possible mecha-
nism for carbonate mineralization in the coal is that, during rank
.

P S K Ca Sr Fe Zr Mn Ba

19.09 bdl bdl 35.85 bdl 0.01 2.31 bdl 0.01
19.12 bdl bdl 36.74 bdl 0.09 2.96 bdl 0.03
19.11 bdl bdl 36.3 bdl 0.05 2.63 bdl 0.15
9.18 bdl bdl 0.09 bdl bdl bdl bdl 10.76
18.27 1.98 0.16 4.11 7.43 bdl 3.85 bdl 43.53
12.07 0.62 0.03 1.71 4.01 bdl 1.67 bdl 16.19
bdl bdl bdl bdl bdl bdl 0.01 bdl bdl
6.65 1.38 0.3 1.07 1.24 bdl 0.99 bdl 5.52
0.78 0.08 0.02 0.09 0.06 bdl 0.11 bdl 0.54
bdl bdl bdl 0.14 bdl 32.76 bdl bdl bdl
bdl bdl bdl 2.95 bdl 41.28 bdl 1.13 bdl
bdl bdl bdl 1.27 bdl 38.1 bdl 0.38 bdl
bdl bdl bdl 23.45 bdl 8.29 bdl bdl bdl
bdl bdl 0.1 24.85 bdl 16.34 bdl 0.98 0.14
bdl bdl 0.05 24.15 bdl 12.32 bdl 0.50 0.08
bdl bdl bdl 47.16 bdl bdl bdl bdl bdl

limit (0.01%).



Fig. 5. Modes of occurrence of minerals in coal bench samples of Zone II. (A) and (B), Diaspore and gorceixite occurring in cells of fusinite; (C) Diaspore in macrinite; (D) Diaspore,
gorceixite, and siderite in distorted cell and collodetrinite. Images A and C, reflected light; Images B and D, SEM and back-scattered electron images.

Fig. 6. Relation between gorceixite and diaspore in the coal. (A) Gorceixite in
collodetrinite, diaspore in collodetrinite and distorted cells; (B) Gorceixite in coal-
forming plant cells. Both A and B are SEM and back-scattered electron images.
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advance, Ca is released from the organic matter and migrates into and
around the seam, interacting with CO2 in the pore water and
precipitating as fracture-fillings and similar deposits. The dolomite,
calcite, and siderite in the Adaohai coals may have been derived from
magmatic fluids during the Yanshan Movement of the Late Jurassic
and Early Cretaceous Epochs. The carbonate mineral-enriched Zone II
of the section is the portion where high illite and diaspore are also
present, possibly reflecting the relatively high temperature of the
fluids involved. However, the temperature of the fluids was not high
enough to elevate the vitrinite reflectance (Table 1). It could also be
that the carbonate forming fluids were the source of the high
temperature for illite and diaspore formation, and that the carbonate
minerals were in turn derived from the igneous intrusion.

4.3.5. Quartz, pyrite, and anatase
Quartz is only present in the uppermost roof sample (Roof-4,

Table 3). Possible traces (0.2–0.5%) are indicated in several other
samples, but if quartz is present at all in these samples its concentration
is close to or below the detection limit of the XRD and Siroquant system.

Pyrite was only detected in bench A7 (2.3 wt.%). It occurs as
fracture-fillings (Fig. 8A), indicating an epigenetic origin.

Trace proportions of anatase are present in all four zones, although
it is absent or below detection limits in a number of coal and parting
benches.

A similar mineralogical profile, with ammonian illite, diaspore,
calcite, dolomite, and goyazite-gorceixite, as well as chlorite, has also
been identified in the middle part of a relatively high-rank Permian
coal seam in the SouthWalker Creek area of the northern Bowen Basin
in Australia (Permana et al., 2010), suggesting that similar mineral-
forming processes may occur in other areas and geological periods as
well.

4.4. Elements in the coal

The abundances of major and trace elements in the coal benches,
partings, and roof samples, in comparison to average values for

image of Fig.�5
image of Fig.�6


Fig. 7. Modes of occurrence of fluorapatite, gorceixite, and diaspore in the coal (SEM
and back-scattered electron image).
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Chinese and world coals, are listed in Table 5. Compared to those
averages, the coals from Adaohai Mine have a lower SiO2/Al2O3 ratio
(0.93) and are higher in CaO (1.69%), MgO (0.32%), P2O5 (0.124%), F
(207 μg/g), Ga (16.3 μg/g), Zr (446 μg/g), Ba (276 μg/g), Hg
(0.33 μg/g), Pb (25.6 μg/g), and Th (12.4 μg/g).

4.4.1. Comparison between mineralogical and chemical compositions
The chemical composition of the (high-temperature) coal ash

expected to be derived from the mineral assemblage indicated by the
Siroquant analysis of each LTA or parting sample (Table 3) was
Fig. 8. Modes of occurrence of carbonate minerals and pyrite in the Adaohai coals. (A) Frac
dolomite; (D) Siderite in coal. Image A, reflected light; Images B–D, SEM and back-scattere
calculated for a selection of samples (Table 6), using methodology
described by Ward et al. (1999). This process includes calculations to
allow for the loss of hydroxyl water from the clay and bauxite
minerals and CO2 from the carbonates, at the temperatures associated
with high-temperature (815 °C) ashing and combustion processes.

Stoichiometric compositions were used for most of the minerals in
the calculations. The composition of a normal K-bearing illite was
used to represent the illite, and crandallite was taken to represent the
gorceixite component. Following the indications of the XRD pattern as
discussed above, the composition of an ankerite, with equal molecular
proportions of Ca, Mg and Fe, was used to represent the dolomite
component.

Chemical analysis data for the samples were recalculated to
provide normalized percentages of the major element oxides in the
inorganic fraction of each sample (Table 6). These are likely to
represent the chemical composition of the (high-temperature) ash
derived from each sample.

The percentages of SiO2, Al2O3, K2O, CaO,MgO, and Fe2O3 indicated
by both sets of data (Table 6) were plotted against each other (Fig. 9),
to provide a basis for comparing the XRD results to the chemical
analysis data for the same coal or parting samples. As discussed for
other materials by Ward et al. (1999, 2001), the respective data sets
are presented as X–Y plots, with a diagonal line on each plot indicating
where the points would fall if the estimates from the two different
techniques were equal.

For SiO2 and Al2O3, the points fall very close to the equality line,
suggesting that the percentages of the various silicate minerals
indicated by the XRD analysis are consistent with the independently-
determined chemical data. Although a little more scattered, the plots
ture-filling pyrite and calcite; (B) Cell-filling calcite and dolomite; (C) Fracture-filling
d electron images.
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Table 5
Concentrations of major element oxides and trace elements in coal benches, partings, and roof samples from the Adaohai Mine (elements in μg/g, oxides in %; on whole-coal basis).

Sample Al2O3 SiO2 SiO2/
Al2O3

CaO Fe2O3 K2O MgO MnO Na2O P2O5 TiO2 Li Be F Cl Sc V Cr Co Ni Cu Zn Ga Ge

Roof-4 30.9 56.23 1.82 0.12 0.7 0.646 0.13 0.004 0.014 0.039 0.98 101 2.18 266 100 6.33 31.8 33.7 8.79 13.1 20.5 53.6 20.6 1.1
Roof-3 35.38 40.71 1.15 0.18 0.82 0.246 0.04 0.004 0.047 0.074 1.43 17.2 3.13 406 40 29.1 158 106 36.1 46.7 79.1 199 38.3 3.77
Roof-2 38.66 44.58 1.15 0.08 0.37 0.092 bdl bdl 0.045 0.064 0.86 16.5 2.51 368 50 17 60.8 37.8 4.38 7.61 27.4 179 37.2 2.81
Roof-1 23.8 26.3 1.11 2.32 1.64 0.044 0.39 0.012 0.067 0.033 1.22 22.4 3.55 306 100 15.8 44.7 22.1 2.92 9.81 32.7 36.3 34.6 1.79
A44 6.04 5.97 0.99 1.22 0.36 0.007 0.14 0.003 0.022 0.017 0.35 4.6 1.05 91 150 7.73 62.7 15.2 10.6 7.71 16.5 16.7 12 0.99
A43 14.46 16.06 1.11 1.06 0.39 0.063 0.12 0.004 0.035 0.031 0.94 7.76 1.65 119 20 16.6 105 21.4 8.87 6.6 22.5 18.5 28.9 1.26
A42 4.49 4.3 0.96 3.92 2.84 0.026 1.21 0.028 0.017 0.029 1.81 2.81 2.48 141 150 27.9 75.2 26.1 3.75 9.92 35.1 21.8 14.4 2.28
A41 6.62 5.65 0.85 7.94 2.18 0.009 0.5 0.059 0.03 0.01 0.22 5.11 1.39 95.6 120 7.45 63.8 25.7 9.76 13.2 69.6 44.7 16.8 1.83
A40 9.77 9.63 0.99 1.79 0.62 0.019 0.17 0.008 0.036 0.031 0.53 5.82 2.15 124 100 9.46 60.4 21.7 10.6 17.3 68.4 96.2 19.1 1.83
A39-P 36.98 42.33 1.14 0.37 0.9 0.214 0.03 0.005 0.06 0.083 1.77 14 2.45 247 30 18.9 104 72 23.7 30.6 53.3 191 28.6 2.35
A38-P 32.47 37.22 1.15 0.56 1.27 0.284 0.11 0.009 0.052 0.081 1.25 17.4 1.8 240 140 21.2 266 116 28.2 36.9 62.3 139 31.2 2.2
A37-P 36.63 41.58 1.14 0.16 1.15 0.216 0.03 0.002 0.066 0.077 1.86 18.8 2.18 244 100 24.4 95.5 72.6 20 33.3 45.7 162 27.2 2.29
A36-P 37.02 42.26 1.14 0.13 1.33 0.336 0.06 0.01 0.067 0.092 1.34 19.3 2.68 270 bdl 21.8 132 88.2 19.3 33.4 78.5 136 36.8 3.25
A35-P 36.66 41.97 1.14 0.11 1.12 0.325 0.05 0.005 0.058 0.096 1.33 13.3 2.1 147 30 13.8 104 71.5 20.5 32 69.8 128 27.9 2.46
A34 17.19 18.67 1.09 0.57 0.68 0.034 0.12 0.006 0.054 0.074 0.87 9.46 3.09 128 bdl 20 64.8 30.6 2.31 7.92 54.5 32.1 25.3 2.41
A33-P 31.98 35.83 1.12 0.15 0.27 0.065 0.02 0.001 0.101 0.075 0.79 19.5 3.15 207 bdl 10.6 38.3 19.9 4.86 4.78 17.4 39.3 28.8 0.99
A32 7.93 7.1 0.9 8.38 4.73 0.024 2.46 0.054 0.025 0.055 0.48 5.01 1.93 124 bdl 18.1 81.1 28.7 3.73 9.27 33.2 25.3 24 2.86
A31 21.39 22.04 1.03 0.2 0.4 0.029 0.04 0.001 0.049 0.093 0.83 9.55 2.83 196 10 10.8 45 10.9 3.93 18.6 14.5 10.9 24.8 2.24
A30 17.4 18.2 1.05 0.21 0.29 0.017 0.03 0.002 0.04 0.056 0.68 8.73 2.52 117 60 12.3 54.2 18.6 5.96 10.5 19.9 20 22.4 1.56
A29 11.07 10.6 0.96 0.2 0.24 0.028 0.04 0.001 0.024 0.088 0.66 6.12 2.28 115 130 14.6 57.9 21.1 5.86 18.2 15.1 29.2 26.3 2.46
A28 12.49 6.01 0.48 1.04 0.58 0.046 0.16 0.006 0.026 0.302 0.57 5.19 1.92 248 290 9.52 41.4 18.7 8.57 20.6 21.4 26.6 15.2 1.05
A27-P 27.49 29.32 1.07 14.22 2.39 0.088 0.83 0.09 0.026 0.111 0.37 3.32 0.91 531 bdl 2.08 25.7 7.84 3.39 28.5 6.58 17.1 7.96 0.27
A26-P 24.95 26.99 1.08 0.55 0.35 0.086 0.04 0.001 0.071 0.059 1.18 17.8 1.75 393 bdl 10.4 41.3 14.7 2.41 10.3 13.8 23.6 12.3 0.54
A25 16.16 17.03 1.05 0.19 0.25 0.06 0.03 0.001 0.051 0.038 0.86 13.8 2.46 256 200 16.9 53.2 23.3 3.96 12.4 25.4 22.5 15.4 0.97
A24 10.69 2.41 0.23 0.39 0.29 0.039 0.04 0.004 0.016 1.023 0.44 3.08 2 824 380 7.83 30.6 15 8.13 10.5 17.5 44.6 16.2 1.76
A23 8.24 0.92 0.11 0.45 0.23 0.011 0.04 0.003 0.01 0.952 0.37 2.33 1.19 429 110 9.14 43.1 10.1 10.5 2.91 16.6 27 13.1 0.85
A22 10.6 9.08 0.86 2.53 0.7 0.024 0.41 0.008 0.037 0.169 0.41 9.06 1.45 151 110 8.76 45.2 16.2 6.58 6.51 16.4 23.1 13 0.88
A21 8.85 6.57 0.74 2.01 0.68 0.012 0.33 0.012 0.036 0.343 0.3 7.56 1.39 300 20 6.66 25.7 12.6 7.08 4.83 16.4 24 14.9 1.28
A20-P 39.25 27.05 0.69 0.52 0.46 0.189 0.09 0.005 0.044 0.37 0.92 12.1 2.07 1272 50 7.44 21.8 11.5 0.74 4.93 10.5 23.2 33.8 0.8
A19 8.79 7.48 0.85 1.42 0.41 0.016 0.2 0.005 0.034 0.03 0.22 9.48 0.89 165 bdl 2.99 15.8 11.1 3.6 3.7 10.4 20.9 6.65 0.53
A18 9.58 7.64 0.8 3.42 0.33 0.028 0.21 0.004 0.028 0.061 0.31 8.15 1.01 555 50 2.14 15.2 13.2 3.08 4.68 7.7 24.2 8.13 0.79
A17 4.38 2.01 0.46 6.49 4.13 0.005 1.45 0.103 0.026 0.028 0.1 3.04 0.87 204 100 2.32 12.4 12.6 3.02 6.68 7.54 13.2 6.09 0.55
A16-P 27.07 20.41 0.75 0.63 0.88 0.258 0.18 0.01 0.03 0.2 0.88 2.95 1.28 525 10 7.14 23.6 11.7 1.15 6.79 11.2 21 14.3 0.82
A15 4.54 0.1 0.02 3.95 1.18 0.001 0.91 0.023 0.005 0.107 0.1 bdl 1.18 199 bdl 2.78 11.7 7.3 1.85 2.43 8.1 15.7 5.67 0.52
A14 3.53 0.1 0.03 0.35 0.78 0.003 0.15 0.012 0.004 0.05 0.25 0.92 1.08 112 50 2.33 19.7 12.6 1.4 2.77 17.3 21.1 6.58 0.55
A13 3.28 0.72 0.22 0.41 0.29 0.005 0.05 0.004 0.01 0.077 0.14 2.08 0.91 153 bdl 1.27 15.2 12.1 2.04 3.72 9.93 76 6.45 0.79
A12-P 29.14 32.06 1.1 0.23 0.15 0.162 0.03 bdl 0.057 0.055 0.47 16.5 1.84 214 20 3.03 15.6 9.39 1.03 4.74 11.5 17.9 29.7 1.36
A11 17.65 18.73 1.06 0.3 0.14 0.075 0.05 bdl 0.037 0.133 0.82 11.5 2.58 371 120 5.78 28.5 13.4 1.36 2.51 15.1 37.9 19 1.24
A10 5.59 5.83 1.04 0.54 0.06 0.024 0.01 0.001 0.012 0.052 0.23 1.37 2.73 79.2 40 12.3 45.4 10.7 3.41 2.86 14.1 31.2 23.3 2.08
A9 18.01 20.22 1.12 0.1 0.09 0.046 0.01 bdl 0.043 0.138 0.45 7.73 2.89 270 160 9.22 28.6 13.5 1.3 4.07 10.6 23.5 29.1 3.78
A8 16.11 18.36 1.14 0.08 0.11 0.062 0.02 0.0004 0.028 0.03 0.55 5.01 2.28 114 bdl 6.79 23 9.94 2.23 1.48 12.1 12.7 14.9 0.99
A7 14.54 14.45 0.99 5.34 6.12 0.047 1.57 0.123 0.05 0.015 0.35 12.5 1.32 205 130 5.49 23.5 10.2 2.1 4.21 8.62 14.8 14.3 0.96
A6 4.81 5.27 1.1 0.23 0.16 0.01 0.02 0.002 0.008 0.004 0.53 4.06 2.09 87.6 140 11.3 39.4 14.9 3.49 3.89 92.2 28.1 13.2 1.68
A5 9.5 10.59 1.11 0.38 0.38 0.023 0.02 0.006 0.018 0.008 0.78 6.16 1.88 165 190 9.71 41.6 13.6 2.26 4.04 11.4 33 14.6 1.57
A4 10.51 11.91 1.13 0.11 0.24 0.021 0.02 0.004 0.018 0.009 0.58 5.99 1.6 132 bdl 5.99 33.6 10.2 2.01 3.5 9.12 8.14 10.3 0.63
A3 10.73 12.1 1.13 0.22 0.4 0.032 0.02 0.007 0.022 0.01 0.88 6.6 2.44 130 110 11.4 49.2 17.8 1.66 3.11 14.4 36.9 15.4 1.55
A2 14.88 16.84 1.13 0.19 0.38 0.026 0.01 0.006 0.034 0.016 0.6 15 2.26 201 70 11.3 64.5 16.7 2.13 4.2 18 23.1 16.2 1.27
A1 15 17 1.13 0.17 0.19 0.014 0.02 0.002 0.03 0.022 0.78 19 1.17 237 10 9.79 180 23.7 2.81 5.32 44.4 43.7 25.4 3.16
av. 10.75 9.99 0.93 1.69 0.94 0.027 0.32 0.016 0.028 0.124 0.55 7.02 1.85 207 116 9.6 47.2 16.3 4.54 7.28 23.5 28.7 16.3 1.49
China a 5.98 8.47 1.42 1.23 4.85 0.19 0.22 0.015 0.16 0.092 0.33 31.8 2.11 130 255 4.38 35.1 15.4 7.08 13.7 17.5 41.4 6.55 2.78
World b nd nd nd nd nd nd nd 0.011 nd 0.053 0.133 12 1.6 88 180 3.9 25 16 5.1 13 16 23 5.8 2.2

av., average concentrations of elements in the CP2 coal; nd, not detected; bdl, below detection limit; a, from Dai et al. (2011); b, from Ketris and Yudovich (2009); c, from Dai et al.
(2008); nd, no data.
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for CaO, MgO, and Fe2O3 are also relatively close to the equality line.
The scatter is probably due in part to differences between the
chemical composition used to represent dolomite (ankerite) in the
calculation and the actual chemistry of the dolomite/ankerite in the
samples themselves. In particular, the plots suggest that the dolomite
may havemore Ca and less Mg and Fe than that of thematerial used to
calculate the inferred ash compositions.

The plot for K2O, however, shows a considerable difference
between the observed and inferred percentages. This is because the
chemistry of a K-bearing illite was used in the calculation, whereas the
illite in the samples is mainly an NH4-bearing variety. The discrepancy
between the two estimates is consistent with identification of the
illite as an ammonian illite, which in turn explains the low proportion
of K2O found in chemical analysis despite the high proportion of illite
indicated in the same samples by XRD.
4.4.2. Major elements in coal and vertical variations
The major element oxides in coals from the Adaohai Mine are

dominated by Al2O3 and SiO2 (Table 5), which are slightly higher
respectively than those in the common Chinese coals reported by Dai
et al. (2011). Because quartz is virtually absent (Table 3), the clay
minerals are themajor carrier of Si in the coal samples. In addition to a
small proportion of Al in gorceixite, aluminum mainly occurs in the
clay minerals and in the diaspore and boehmite.

As expected, the SiO2/Al2O3 ratio for each bench of the CP2 coal
(0.84 on average) is lower than the same ratio for kaolinite (1.18) and
also lower than common values in Chinese coals (1.42; Dai et al.,
2011). The SiO2/Al2O3 ratios in the partings and in the lower part of
Zone I are close to the ratio expected for pure kaolinite (1.18), but
most of the other coals have slightly lower SiO2/Al2O3 values. The
SiO2/Al2O3 ratio in coals from other areas is generally higher than that
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nd 0.11 25 25.3 10.8 282 17.2 0.8 0.15 0.07 4.65 0.13 0.05 1.61 186 11.3 1.08 5.77 bdl 0.11 0.45 17.8 0.18 11.7 2.43
nd 0.4 14 78.4 27.7 349 23.2 3.37 0.4 0.12 5.09 0.19 0.05 0.94 250 12.1 1.42 2.36 bdl 0.34 0.46 35.6 0.46 18.5 3.09
nd 0.28 4.59 31.8 18 382 28.7 1.7 0.54 0.08 4.82 0.12 0.06 0.35 192 14.2 2.2 1.57 bdl 0.63 0.3 49.9 0.34 31.3 5.3
nd 0.52 3.08 40 39.7 734 32.2 4.32 0.36 0.2 9.09 0.48 0.11 0.26 160 14.6 2.3 1.55 0.004 0.61 0.37 36.1 1.54 26.1 5.65
1 0.2 0.88 26.4 13.4 979 12.9 5.12 0.18 0.08 3.54 0.29 0.04 0.03 148 8.23 0.66 1 bdl 0.19 0.12 18.4 0.49 8.94 2.44
0.4 0.31 3.58 20.8 24.6 162 16.9 7.2 0.19 0.11 4.93 0.37 0.05 0.26 116 21.9 1.16 0.97 bdl 0.38 0.5 31.1 0.54 24.8 5.2
4.5 0.59 2.53 25.6 48.6 290 28.4 3.57 0.22 0.19 6.01 0.28 0.08 0.1 121 20.6 1.99 2.05 0.005 0.55 0.14 66.6 1.54 40.6 6.77
0.6 0.37 1.12 63.9 29.6 286 3.8 7.26 0.5 0.06 4.4 0.35 0.05 0.09 159 3.09 0.2 0.43 0.002 0.7 0.21 10.3 0.35 4.35 1.36
1.1 0.37 1.08 45.2 33.2 428 6.85 5.58 0.48 0.11 8.94 0.31 0.09 0.1 82.3 5.13 0.45 0.78 bdl 0.28 0.2 20.2 0.65 7.83 1.9
nd 0.12 8.88 53.6 11.1 373 21.4 1.33 0.39 0.11 4.42 0.06 0.05 0.41 160 11.5 1.4 2.45 bdl 0.36 0.38 30.4 0.18 13.4 1.96
nd 0.23 13.2 63.3 11.9 298 16.3 2.66 0.48 0.11 3.81 0.16 0.04 0.59 167 7.77 0.99 1.72 bdl 0.34 0.59 20.6 0.31 10.3 1.96
nd 0.24 9.76 63.4 14.9 439 20.5 1.01 0.31 0.09 4.8 0.12 0.05 0.42 151 11.8 1.26 1.92 bdl 0.59 0.37 20.3 0.17 10.2 1.94
nd 0.23 17.5 107 15.8 150 22.9 1.55 0.36 0.14 5.73 0.11 0.06 0.86 215 7 1.5 2.33 bdl 0.12 0.58 27.5 0.56 16.2 2.52
nd 0.14 12.2 67.8 9.77 162 18.6 2.11 0.45 0.14 3.14 0.1 0.03 0.59 171 6.32 1.19 2.25 bdl 0.16 0.4 24.9 0.45 11.5 2.05
3.8 0.84 2.12 67.4 51.4 871 16.8 4.25 0.34 0.19 6.45 0.31 0.06 0.16 103 12.5 1.32 1.61 0.001 0.31 0.07 77.3 1.57 28.5 5.19
nd 0.11 2.7 43.5 8.47 322 16.2 2.19 0.18 0.06 2.55 0.25 0.03 0.21 128 7.31 1 1.43 bdl 0.17 0.32 40.3 0.59 8.72 3.55
2.5 0.64 2.28 75.8 51.2 133 7.33 6.18 0.25 0.1 3.92 0.67 0.05 0.1 145 12 0.49 0.78 0.014 0.34 0.35 32.8 0.65 7.84 5.41
0.5 0.41 1.57 88.2 33.3 710 17.7 3.31 0.15 0.1 5.18 0.26 0.05 0.11 111 12 1.33 1.95 bdl 0.22 0.1 28.4 0.6 13.7 5.94
1.2 0.37 1.16 47.9 30.3 989 15.2 4.61 0.23 0.12 5.41 0.36 0.06 0.08 95.1 12 1.28 1.69 0.011 0.26 0.06 32.9 1.05 13.5 4.82
2 0.55 1.86 87.1 40.9 167 12.7 5.48 0.19 0.11 5.51 0.26 0.06 0.09 117 14.9 1.19 0.95 0.012 0.35 0.17 31.8 0.6 12.5 5.75
2.9 0.32 1.89 175 24.4 110 13.5 4.54 0.23 0.1 4.52 0.52 0.05 0.1 430 12.3 1.18 0.88 0.026 0.42 0.32 38.1 0.61 15.5 3.94
nd 0.08 3.4 265 4.61 107 5.67 0.64 0.09 0.03 3.08 0.23 0.04 0.48 535 3.2 0.28 1.11 0.002 0.34 2.38 3.77 0.06 2 0.73
nd 0.15 4.11 68.8 10.8 450 17.4 2.36 0.23 0.12 6 0.35 0.07 0.42 139 8.92 1.43 2.2 0.003 0.19 0.63 16.2 0.48 12.8 2.68
1.5 0.32 3.28 28.2 26.6 719 16 3.74 0.21 0.14 5.79 0.49 0.07 0.22 113 11.3 1.4 1 0.005 0.35 0.21 34.3 1.26 19.7 3.76
1.8 0.27 1.62 833 22.1 102 12.1 3.71 0.26 0.07 6.39 0.27 0.08 0.08 2238 8.81 0.93 0.87 0.002 0.32 0.27 20.6 0.41 11.1 2.6
1.6 0.21 0.65 931 20.7 129 11.7 4.95 0.2 0.07 3.83 0.38 0.04 0.05 2244 9.4 0.71 1.09 bdl 0.3 0.2 17.2 0.34 9.49 2.04
1 0.19 1.61 146 14.2 594 6.5 3.02 0.28 0.1 3.86 0.36 0.06 0.12 243 6.08 0.44 0.77 0.007 0.23 0.18 17.4 0.51 6.38 1.96
0.3 0.24 0.8 368 17.3 737 5.85 2.5 0.18 0.08 3.41 0.29 0.04 0.04 890 6.1 0.35 0.57 0.003 0.24 0.22 13 0.79 5.56 2.82
nd 0.19 5.42 175 11.3 435 39.3 1.7 0.28 0.11 8.13 0.22 0.1 0.28 553 11.1 3.76 4.09 0.002 0.91 0.37 34.6 0.75 25.6 3.99
1.5 0.16 1.03 53.5 10.5 467 4.98 2.81 0.14 0.06 3.37 0.24 0.04 0.11 127 4.98 0.37 0.74 0.003 0.21 0.26 14.6 0.41 5.96 1.48
1 0.14 1.38 231 10.7 286 4.16 2.18 0.15 0.04 3.8 0.16 0.05 0.11 207 3.2 0.36 1.02 bdl 0.14 0.62 13 0.38 4.34 0.94
0.1 0.14 0.77 79.1 11.1 280 2.75 1.92 0.09 0.04 2.9 0.19 0.04 0.04 183 2.39 0.13 0.49 bdl 0.22 0.24 9.85 0.24 3.19 0.77
nd 0.17 6.71 125 14.1 537 19.2 1.58 0.26 0.09 5.05 0.28 0.06 0.58 346 11.4 1.5 2.38 bdl 0.4 0.37 23 0.67 24.6 5.47
1.4 0.15 0.3 99.8 14.1 204 2.01 1.52 0.06 0.03 2.17 0.15 0.02 0.01 149 1.24 0.13 0.63 bdl 0.11 0.12 7.04 0.18 2.64 0.9
2.9 0.12 0.62 55.9 10.5 123 6.75 1.77 0.14 0.05 3.8 0.19 0.04 0.03 179 3.77 0.5 0.61 0.001 0.19 0.12 12.7 0.3 7.2 1.84
2.7 0.17 0.53 96.8 14.1 598 4.41 1.76 0.28 0.04 7.98 0.16 0.1 0.03 247 2.36 0.3 0.64 bdl 0.12 0.33 9.93 0.2 3.95 1.21
nd 0.16 6.72 80 15.3 275 19.1 1.21 0.23 0.07 7.08 0.32 0.09 0.51 95.1 6.3 1.55 3.08 bdl 0.31 0.51 32.6 0.5 14.7 3.42
1.1 0.23 3.61 109 18 389 16.2 2.14 0.19 0.07 5.97 0.29 0.07 0.33 90.6 6.14 1.23 2.13 bdl 0.32 0.37 24.6 0.54 10.7 3.23
1.4 0.39 1.22 110 36.9 333 14.6 6.91 0.28 0.11 6.7 1.53 0.07 0.09 62.8 20.8 0.81 1.08 bdl 0.72 0.09 27.6 0.47 35.4 14.3
1.8 0.41 2.59 216 34.6 520 14.9 3.23 0.17 0.07 4.13 0.7 0.05 0.3 113 9.84 0.68 1.02 0.002 0.2 0.15 35 0.38 14.6 3.83
b1 0.18 2.89 39.9 18.9 557 12.4 4.85 0.17 0.11 5.8 0.47 0.05 0.3 58.3 7.96 0.87 1.38 bdl 0.22 0.24 15.9 0.46 15.9 3.32
1.3 0.17 2.12 30.8 13.1 358 7.11 2.03 0.16 0.05 4.68 0.64 0.06 0.2 72.3 6.51 1.02 1.15 bdl 0.64 0.31 22.9 0.35 15.1 2.55
2.3 0.28 0.81 6.73 24.8 131 6.51 2.15 0.24 0.1 4.82 0.31 0.06 0.04 30.8 8.72 0.43 0.54 bdl 0.41 0.05 21.8 0.34 9.42 2.64
1.2 0.3 1.19 10.2 23.5 783 9.92 2.36 0.2 0.07 4.37 0.39 0.06 0.1 43.7 8.57 0.71 1.3 bdl 0.78 0.12 24.3 0.42 12.3 3.37
1 0.15 1.08 10.7 14.9 580 6.41 2.5 0.13 0.06 4.1 0.37 0.05 0.08 34.6 5.77 0.46 0.69 bdl 0.16 0.18 17.3 0.25 5.95 1.84
1.2 0.32 1.55 9.02 24.4 580 11.9 1.97 0.25 0.1 4.49 0.33 0.05 0.12 50.6 6.7 0.84 1.44 0.001 0.35 0.11 40.6 0.65 10.9 3.55
1.5 0.26 1.43 13.9 19.8 449 9.08 2.13 0.24 0.09 4.54 0.34 0.06 0.09 47.6 9.44 0.66 0.84 0.001 0.45 0.1 34.9 0.57 11.9 2.78
0.7 0.37 1.33 24.7 21.2 685 12.5 3.78 0.36 0.08 4.6 0.46 0.06 0.08 44.8 10.8 0.82 0.86 0.006 0.35 0.09 23.1 0.37 9.23 2.72
nd 0.31 1.59 128 24.3 446 10.6 3.67 0.22 0.09 4.86 0.38 0.06 0.11 276 8.96 0.77 1.03 0.006 0.33 0.21 25.6 0.56 12.4 3.43
3.79 2.47 9.25 140 18.2 89.5 9.44 3.08 0.25 0.047 2.11 0.84 nd 1.13 159 3.71 0.62 1.08 b0.001c 0.163 0.47 15.1 0.79 5.84 2.43
8.3 1.3 14 110 8.4 36 3.7 2.2 0.22 0.031 1.1 0.92 nd 1 150 1.2 0.28 1.1 nd 0.1 0.63 7.8 0.97 3.3 2.4
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of the kaolinite (1.18), because kaolinite and quartz are major
minerals present; however, some coals have been found with a very
low SiO2/Al2O3 ratio, such as the late Pennsylvanian coals of the Jungar
Basin situated to the south of and close to the Daqingshan coalfield,
which is rich in boehmite (AlOOH) (Dai et al., 2006, 2008). The
vertical variation of SiO2/Al2O3 (Fig. 10) in the CP2 coal is consistent
with the variation in mineralogical composition (Fig. 3).

The proportions of CaO, MgO, and P2O5 in the CP2 coal are high in
comparison with those in other Chinese coals. The elevated CaO and
MgO reflect the high proportion of carbonate minerals in the coal. The
correlation coefficients among CaO, Fe2O3, MgO, and MnO are high
(Table 7), confirming that these elements mainly occur in the
carbonate minerals (dolomite and calcite).

The high P2O5 in the coal is attributed to gorceixite andfluorapatite.
Although P2O5 is negatively correlated with SiO2, Al2O3, and ash yield
(P-Ad=−0.25, P-SiO2=−0.33, P-Al2O3=−0.02; Table 7), P does not
necessarily occur in the organic matter, because the bulk of the
gorceixite occurs in samples with relatively low ash yields.

Most of the samples in which N1% anatase was identified by XRD
also have high percentages of TiO2. Samples A42, with a remarkably
high normalized TiO2 percentage of 9.69%, also has an unusually high
percentage of anatase (4.1%) and a high inferred TiO2 percentage
(5.70%) when the minerals are converted to an ash equivalent.
Similarly, Samples A14, A6, A5, and A3 also have high observed and
inferred TiO2 percentages.

Only bench sample A7 contains a small percentage of pyrite
(Table 3) and also has a measureable pyritic sulfur concentration
(Table 1).

The four zones of the CP2 coal described above based on mineral
composition also show different major element abundances (Fig. 3).
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Zones I and IV. Owing to the dominant clay minerals and trace
amounts of diaspore (Table 3), the SiO2 to Al2O3 ratio for samples A1–
A11 and A40–A44 is high (Fig. 10), averaging 1.1 and 0.98, respectively.

Zone II. Al2O3 is the dominant oxide in samples A13 to A24.With the
exception of A25 (SiO2/Al2O3=1.05), the SiO2/Al2O3 ratio in most
benches of Zone II is very low, from0.02 to 0.86, with an average of 0.43,
consistent with the abundance of diaspore and boehmite in themineral
matter in this part of the coal seam. The P2O5 content in this zone is
0.31%, much higher than that in Zones I (0.04%), III (0.111%), and IV
(0.024%). The proportions of CaO and Fe2O3 in this zone and Zone IV are
high relative to Zones I and III (Fig. 10; Table 5). Samples A23 and A24,
where themineralmatter contains significant proportions of gorceixite/
goyazite (Fig. 3), also contain unusually high concentrations of P2O5, Ba
and Sr (Fig. 10). This material, however, appears to be confined only to
the one horizon within the seam section.

Zone III. Because less diaspore and gorceixite but more clay
minerals are present in this zone than in Zone II (Fig. 3), the
SiO2/Al2O3 ratio is higher but the P2O5 content is lower than in Zone II
(Fig. 10). Sample A28, with relatively abundant diaspore/boehmite,
has a low SiO2/Al2O3 ratio, similar to that of the underlying Zone II coal
samples. A few low SiO2/Al2O3 ratio values are also found in Zone III,
and in Zone IV as well, but these are in samples that do not have
particularly high diaspore or boehmite contents.

4.4.3. Affinity of the elements
Correlation of the element concentrations with ash yield may

provide preliminary information on their organic or inorganic affinity
(Eskanazy et al., 2010; Kortenski and Sotirov, 2002). Five groups
(Groups 1 to 5) of elements from the present study can be classified
according to their correlation coefficients with ash yield (Table 7).

Group 1 includes Al2O3, SiO2, Na2O, and Li, which are strongly
correlated with ash yield (rash=0.7–1.0). Silicon and Al are major
constituents of the aluminosilicate minerals (kaolinite and illite). In
addition, minerals including diaspore and gorceixite are the major
carriers of Al in this coal. The correlation coefficient between ash yield
and SiO2 is 0.90 and that between ash yield and Al2O3 is 0.89. Both Li
and Na2O have high correlation coefficients with SiO2 and Al2O3.

Group 2 includes elements with a lesser but still relatively high
inorganic affinity (Table 7). Elements in this group (K2O, Be, Ga, Rb, Cs,
and W) are strongly correlated with ash yield, with correlation
coefficients between 0.50 and 0.69. Elements in this group have high
aluminosilicate affinity (rAl–Si=0.5–0.69). These lithophile elements
are probably associatedwith diaspore and clayminerals rather than in
gorceixite, because they have a high correlation coefficient with SiO2

and Al2O3, but low or negative correlation coefficients with P2O5

(ranging from−0.15 to 0.02) and Ba (ranging−0.07 from to−0.22).
Group 3 includes TiO2, Ge, Se, Nb, La, Ce, Pr, Nd, Gd, Ta, Pb, and Bi,

which have correlation coefficients with ash yield varying from 0.34
to 0.49. Among these elements, TiO2, Nb, La, Ce, Pr, Nd, Tb, and Pb have
an aluminosilicate affinity, with correlation coefficients rAl–Si ranging
from 0.35 to 0.49.

Group 4 includes CaO, Fe2O3, MgO, MnO, P2O5, F, Cl, Sc, V, Cr, Co, Ni,
Cu, Zn, Sr, Y, Zr, Mo, Cd, In, Sn, Sb, Te, Ba, Sm, Eu, Tb, Dy, Ho, Er, Tm, Yb,
Lu, Hf, Re, Hg, Tl, Th, and U. These elements have correlation
coefficients with ash yield that range from −0.32 to 0.34, indicating
either organic or inorganic affinities.

Group 5 includes only S. The sulfur has a strong negative
correlation coefficient with ash yield (−0.67), indicating a dominant
organic affinity (i.e. that the sulfur is mainly organic sulfur).

4.4.4. Geochemical associations
The elemental associations of the Adaohai coals were studied by

cluster analysis. Five groups of elemental association were identified
(Fig. 11), referred to as Groups A, B, C, D, and E.

Group A. This group includes the REE, as well as Be, Y, Se, Ga, Ge, Sc,
In, Pb, Bi, Nb, Ta, TiO2, W, Hg, Sb, Zr, Hf, Th, and U (Fig. 11). With the
exceptions of Sb, Hf, Hg, Th, and U, the elements in this group have
relatively high positive correlation coefficients with ash yield, ranging
from 0.29 to 0.62 (Table 7). The correlation coefficients between the
REEs (especially the HREEs) and other elements in this group (with the
exceptions of Ta, W, Hg, Sb, and Zr; rb0.5) are relatively high. The
correlation coefficients increase with the REE atomic number (Table 8).
Correlation coefficients among the rare earth elements are all higher
than0.6.Most elements inGroupA are lithophile elements that probably
occur in aluminosilicate minerals. Note that there is a weak relation
between Zr and Hf (r=−0.05), indicating that Zr and Hf have been
fractionated in the coal, although the geochemical process is not clear.

Group B. This group includes the elements Sn-Te-Zn-Cd-V-As-Cr-
Cu-Mo-Ni-Re. Elements in this group have correlation coefficients
with ash yield ranging from−0.24 to 0.30. With the exception of Cu–
Cd (0.71), Ni–Re (0.58), and V–Cr (0.67), the correlation coefficients
between the pairs of elements in this association are lower than 0.45.
The elements in this group are probably associated with unidentified
traces of sulfide minerals.

Group C consists of ash yield, Na2O, Al2O3, SiO2, Li, K2O, Rb, Cs, and
Tl (Fig. 11). With the exception of Tl, the four oxides, Li, Rb, and Cs are
strongly correlated with ash yield (Table 7). SiO2 and Al2O3 are major
constituents of the ash-forming minerals (clay minerals and dia-
spore), and Na2O, Li, K2O, Rb, Cs, and Li probably also occur in these
minerals.

Group D includes P2O5, Ba, F, Sr, S, and Cl. Although all these
elements have negative correlation coefficients with ash yield, with
the exception of sulfur mainly occurring in the organic matter, the
other elements occur in minerals (gorceixite and fluorapatite). The
low correlation coefficients between these elements and ash are
probably because the occurrences of authigenic gorceixite and
fluorapatite do not correspond to the high ash zones.

Group E consists of four oxides Fe2O3, MnO, CaO, and MgO. The
correlation coefficients between these oxides and ash yield are low,
but those between each pair of these oxides are much higher
(Table 7). These oxides are thought to occur mainly in the carbonate
minerals (dolomite, calcite, and siderite) and were probably derived
from magmatic hydrothermal fluids.

4.4.5. Elevated trace elements in the coal

4.4.5.1. Fluorine. Published literature shows that fluorine commonly
occurs in minerals such as clays and fluorapatite, and less commonly
in fluorite, tourmaline, topaz, amphiboles, and micas (Finkelman,
1995; Godbeer and Swaine, 1987; Lu, 1996; Swaine, 1990); in
addition, fluorine also has an organic affinity (Bouška et al., 2000;
McIntyre et al., 1985). The organic and silicate associations of fluorine
in the coals from the Haerwusu Surface Mine in the Jungar Coalfield
account for more than 90% of the total fluorine (Wang et al., 2011b).

Although the correlation coefficient between F and ash yield is
−0.05, it does not indicate that fluorine has an organic affinity. The
positive correlation coefficients of F–P2O5 (0.76) and F–Ba (0.98)
show that the F largely occurs in gorceixite, and thus, as expected, F is
enriched in Zone II (Fig. 10). Only a trace proportion of F occurs in
fluorapatite, which is very low in the coal. SEM-EDX data (Table 4)
show that the average F concentration in the gorceixite and
fluorapatite is 1.21 and 4.11%, respectively. However, the F concen-
tration in the diaspore is below the detection limit of the SEM-EDX
(Table 4). The mode of occurrence of F in the CP2 coal is different to
that in the Jungar coals, where F occurs in boehmite and the organic
matter (Dai et al., 2008; Wang et al., 2011b).

4.4.5.2. Gallium. Gallium in coal is generally related to clay minerals
(Chou, 1997; Finkelman, 1993; Ren et al., 2006). The Adaohai coals
have a Ga content (mean 16.3 μg/g) close to that of the Haerwusu
coals (18 μg/g; Dai et al., 2008), lower than that of the Heidaigou coals
(mean 45 μg/g; Dai et al., 2006), but much higher than that of other



Table 6
Normalized percentages of major elements based on XRF analysis and inferred ash chemistry (normalized inorganic oxides) from XRD analysis (%).

Sample
no.

SiO2 Al2O3 CaO Fe2O3 K2O MgO Na2O P2O5 TiO2

A B A B A B A B A B A B A B A B A B

Roof-4 62.64 68.96 34.42 29.96 0.13 0 0.78 0.34 0.72 0.74 0.14 0 0.02 0 0.04 0 1.09 0
Roof-3 51.58 53.01 44.82 44.35 0.23 0 1.04 0 0.31 2.64 0.05 0 0.06 0 0.09 0 1.81 0
Roof-2 52.6 53.55 45.62 45.04 0.09 0 0.44 0 0.11 1.42 0 0 0.05 0 0.08 0 1.01 0
Roof-1 47.11 50.95 42.63 43.07 4.16 2.46 2.94 1.63 0.08 1.25 0.7 0.64 0.12 0 0.06 0 2.19 0
A44 42.25 43.16 42.75 39.45 8.63 8.98 2.55 4.57 0.05 0.32 0.99 3.53 0.16 0 0.12 0 2.48 0
A43 48.43 50.98 43.6 43.64 3.2 1.74 1.18 0.5 0.19 2.76 0.36 0.38 0.11 0 0.09 0 2.83 0
A42 23.03 28.08 24.05 24.06 21 11.28 15.21 20.18 0.14 1.17 6.48 9.52 0.09 0 0.16 0 9.69 5.7
A41 24.33 25.12 28.51 25.7 34.2 32.32 9.39 11.39 0.04 0.32 2.15 5.16 0.13 0 0.04 0 0.95 0
A40 42.6 42.8 43.22 42.7 7.92 8.62 2.74 2.74 0.08 0.28 0.75 2.12 0.16 0 0.14 0 2.34 0.75
A39-P 51.16 52.42 44.69 45.57 0.45 0 1.09 0 0.26 0.98 0.04 0 0.07 0 0.1 0 2.14 1.03
A38-P 50.77 51.95 44.29 45.23 0.76 0 1.73 0 0.39 1.68 0.15 0 0.07 0 0.11 0 1.71 1.14
A37-P 50.85 52.62 44.8 46.51 0.2 0 1.41 0 0.26 0.87 0.04 0 0.08 0 0.09 0 2.27 0
A36-P 51.13 52.37 44.79 45.79 0.16 0.08 1.61 0 0.41 1.57 0.07 0 0.08 0 0.11 0.19 1.62 0
A35-P 51.36 52.95 44.86 45.88 0.13 0 1.37 0 0.4 1.18 0.06 0 0.07 0 0.12 0 1.63 0
A34 48.79 51.49 44.92 46.65 1.49 0.55 1.78 0.6 0.09 0.24 0.31 0.47 0.14 0 0.19 0 2.27 0
A33-P 51.72 52.37 46.16 47.3 0.22 0 0.39 0 0.09 0.33 0.03 0 0.15 0 0.11 0 1.14 0
A32 22.73 25.32 25.39 25.2 26.83 18.04 15.14 18.99 0.08 0.74 7.88 11.72 0.08 0 0.18 0 1.54 0
A31 48.9 50.6 47.46 48.35 0.44 0 0.89 0.58 0.06 0.47 0.09 0 0.11 0 0.21 0 1.84 0
A30 49.29 48.34 47.12 50.74 0.57 0.26 0.79 0.36 0.05 0.3 0.08 0 0.11 0 0.15 0 1.84 0
A29 46.19 46.33 48.23 52.04 0.87 0.09 1.05 0 0.12 0.72 0.17 0 0.1 0 0.38 0.24 2.88 0.58
A28 28.31 33.52 58.83 56.44 4.9 4.15 2.73 2.62 0.22 0.74 0.75 1.67 0.12 0 1.42 0.37 2.68 0.48
A27-P 39.13 42.38 36.69 34.27 18.98 13.37 3.19 1.42 0.12 7.45 1.11 1.1 0.03 0 0.15 0 0.49 0
A26-P 49.73 49.57 45.97 46.6 1.01 0.56 0.64 0.5 0.16 1.39 0.07 0 0.13 0 0.11 0.12 2.17 1.26
A25 49.12 50.68 46.61 46.53 0.55 0.32 0.72 0.36 0.17 1.77 0.09 0 0.15 0 0.11 0 2.48 0.34
A24 15.71 13.56 69.68 76.43 2.54 1.51 1.89 4.1 0.25 0.94 0.26 0 0.1 0 6.67 3.45 2.87 0
A23 8.2 4.79 73.4 81.59 4.01 2.49 2.05 4.9 0.1 0 0.36 0 0.09 0 8.48 6.23 3.3 0
A22 37.88 36.9 44.23 45.47 10.56 8.96 2.92 4.1 0.1 1.4 1.71 3.05 0.15 0 0.71 0.13 1.71 0
A21 34.32 27.05 46.23 51.89 10.5 9.37 3.55 5.96 0.06 0.53 1.72 4.29 0.19 0 1.79 0.92 1.57 0
A20-P 39.26 29.56 56.97 67.1 0.75 0 0.67 0 0.27 3.34 0.13 0 0.06 0 0.54 0 1.34 0
A19 40.2 37.38 47.25 44.61 7.63 9.09 2.2 3.69 0.09 2.39 1.07 2.85 0.18 0 0.16 0 1.18 0
A18 35.35 30.88 44.33 44.71 15.83 16.97 1.53 2.64 0.13 2.77 0.97 2.04 0.13 0 0.28 0 1.43 0
A17 10.74 7.04 23.39 21.43 34.67 27.61 22.06 31.38 0.03 0 7.74 12.55 0.14 0 0.15 0 0.53 0
A16-P 40.38 37.44 53.55 54.69 1.25 0.43 1.74 0.54 0.51 6.58 0.36 0 0.06 0 0.4 0 1.74 0.33
A15 0.92 0 41.59 42.7 36.19 29.49 10.81 15.63 0.01 0 8.34 11.41 0.05 0 0.98 0 0.92 0.76
A14 1.91 0 67.51 72.93 6.69 4.32 14.92 18.69 0.06 0 2.87 2.62 0.08 0 0.96 0 4.78 1.44
A13 14.44 10.25 65.78 68.65 8.22 9.37 5.82 7.03 0.1 1.27 1 1.11 0.2 0 1.54 0.68 2.81 1.63
A12-P 51.42 52.88 46.73 45.85 0.37 0 0.24 0 0.26 1.27 0.05 0 0.09 0 0.09 0 0.75 0
A11 49.37 51.18 46.53 43.11 0.79 2.17 0.37 1.6 0.2 1.32 0.13 0.62 0.1 0 0.35 0 2.16 0
A10 47.21 46.78 45.27 46.5 4.37 5.55 0.49 0.37 0.19 0.43 0.08 0 0.1 0 0.42 0.36 1.86 0
A9 51.7 53.28 46.05 46.17 0.26 0.08 0.23 0 0.12 0.27 0.03 0 0.11 0 0.35 0.2 1.15 0
A8 51.94 53.38 45.57 44.4 0.23 0 0.31 0 0.18 2.22 0.06 0 0.08 0 0.08 0 1.56 0
A7 33.92 39.36 34.13 32.94 12.53 6.58 14.36 16.56 0.11 1.13 3.69 3.44 0.12 0 0.04 0 0.82 0
A6 47.72 49.56 43.55 45.29 2.08 1.91 1.45 1.31 0.09 0.42 0.18 0 0.07 0 0.04 0 4.8 1.53
A5 48.79 49.81 43.77 42.64 1.75 2.93 1.75 3.17 0.11 0.38 0.09 0 0.08 0 0.04 0 3.59 1.07
A4 50.85 53.03 44.87 45.24 0.47 0.26 1.02 0.72 0.09 0.28 0.09 0 0.08 0 0.04 0 2.48 0.46
A3 49.55 52.17 43.94 43.69 0.9 0.78 1.64 1.37 0.13 0.59 0.08 0 0.09 0 0.04 0 3.6 1.4
A2 51.06 53.06 45.12 44.75 0.58 0.59 1.15 1.16 0.08 0.44 0.03 0 0.1 0 0.05 0 1.82 0
A1 51.16 53.3 45.14 45.07 0.51 0.33 0.57 0.43 0.04 0.28 0.06 0 0.09 0 0.07 0 2.35 0.58

A, normalized percentages of major elements based on XRF analysis; B, Inferred ash chemistry (normalized inorganic oxides) from XRD analysis.
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Chinese coals (6.6 μg/g; Dai et al., 2011). It can be deduced in the
present case that Ga mainly occurs in inorganic association, including
the clay minerals and diaspore, based on the positive correlations of
Ga–ash (r=0.62), Ga–Al (r=0.63), and Ga–Si (r=0.65). Themode of
occurrence of Ga in the Adaohai coals is different to that of the
Haerwusu coals (major carriers: organic matter, kaolinite, and
boehmite) and that of the Heidaigou coals (boehmite). Although
gallium may replace Zn in sphalerite (Sun et al., 2007; Swaine, 1990),
the low-sulfur content, the negative correlation coefficient of Ga–S
(r=−0.51), and the apparent absence of sphalerite indicate that Ga is
not related to sulfide in the Adaohai coals.

4.4.5.3. Zirconium. The average concentration of Zr is 446 μg/g, which
is much higher than that of common Chinese (89.5 μg/g; Dai et al.,
2011) and world coals (36 μg/g; Ketris and Yudovich, 2009). The
correlation coefficients of Zr–Al and Zr–Si are relatively high, 0.40 and
0.51, respectively, indicating that Zr occurs in associationwith the clay
minerals. Zircon is, however, the major carrier of Zr in the Heidaigou
and Haerwusu Surface Mines of the Jungar Coalfield (Dai et al., 2006,
2008).

4.4.5.4. Thorium. The average Th content of the CP2 coal (12.4 μg/g) is
higher by a factor of 2 than that of commonChinese coals (5.84 μg/g;Dai
et al., 2011), but slightly lower than that in the Heidaigou (17.8 μg/g)
and Haerwusu coals (17 μg/g) (Dai et al., 2006, 2008). Thorium in the
Heidaigou and Haerwusu coals mainly occurs in zircon, boehmite, and
organicmatter (Dai et al., 2006, 2008). Thorium in the Adaohai coals has
high correlation coefficients with TiO2 (0.67), Be (0.63), Sc (0.77), Y
(0.62), Nb (0.83), Ta (0.77), Bi (0.66), and heavy REE (0.56–0.66),
probably indicating the same source for these elements. The relatively
low correlation coefficients of Th–Al2O3 (0.21), Th–SiO2 (0.27), and Th–
ash (0.23) indicate that Th may occur in accessory minerals in the coal
and probably in the organic matter as well.

Thorium in the coal of the Adaohai Coalfield is thought to be
mainly derived from detrital materials of the source region. The
Middle Proterozoic moyite of the Yinshan Oldland is enriched in Th
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Fig. 9. Comparison of observed normalized oxide percentages from chemical analysis (x-axis) to oxide percentages for sample ash inferred from XRD analysis data (y-axis). The
diagonal line in each plot indicates equality.
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(Yan and Chi, 1997). The higher Th content in the Adaohai coals also
suggests that the Th content is higher in the proximity of the
sedimentary source region than further away. Thoriummay not easily
migrate in solution from the sediment-source region to the sedimen-
tary basin because it can be hydrolyzed to Th(OH)4, leading to in-situ
deposition of Th.
4.4.5.5. Barium. The most probable carrier of Ba in coal is barite;
however, barium can isomorphously substitute for Ca and K in
ankerite, calcite, and feldspar, be adsorbed by clay minerals, or occur
in the organic matter in low-rank coals (Bouška et al., 2000;
Finkelman, 1995; Swaine, 1990). The Ba content in the Adaohai
coals (276 μg/g on average) is not only higher than that of common
Chinese (159 μg/g; Dai et al., 2011) and world coals (150 μg/g; Ketris
and Yudovich, 2009), but is also higher than that in the Heidaigou
(56 μg/g) and Haerwusu (41 μg/g) coals from the Jungar Coalfield.
Note that Ba in benches A23 and A24 is very high, up to 2244 and
2238 μg/g, respectively (Fig. 10), reflecting the high proportion of
gorceixite in these two benches (Fig. 3). SEM-EDX data show that Ba
in the gorceixite has an average concentration of 16.19% (Table 4).

The high correlation coefficients of Ba–P2O5 (0.98) and Ba–Sr (0.98)
confirm that gorceixite is one of the carriers of Ba in the coal. The
relatively high correlation coefficient between Ba and S (0.45; Table 7),
however, suggests that a portion of Ba may also occur in barite.

Because of the close relations among P2O5, F, Sr, and Ba, as
described above, these elements have similar vertical distributions in
the zones. They are all most abundant in Zone II (Fig. 10), where
gorceixite and diaspore are enriched (Fig. 3).
4.4.5.6. Mercury. Despite its low level of abundance in coal, the
concentration of mercury in coal is of growing concern due to its
extremely toxic effects and its tendency for bioaccumulation through
the food chain (Yudovich and Ketris, 2005). It is generally considered
that Hg in coal is primarily present in pyrite (Hower et al., 2008),
although some studies indicate that Hg also occurs in calcite and
chlorite (Zhang et al., 2002), clausthalite (Hower and Robertson,
2003), kleinite and cinnabar (Brownfield et al., 2005).
The concentration of Hg in the Adaohai coals is high, averaging
0.33 μg/g. Mercury is one of the highly volatile elements in coal
(Smith, 1987). Finkelman et al. (1998) found that Hg can be partially
volatilized from coal at temperatures as low as about 150 °C and is
completely volatilized at 550 °C. It seems that Hg inherent in coal may
be easily driven off by magmatic heat. However, studies by Dai and
Ren (2007), Finkelman et al. (1998), Golab and Carr (2004), and the
present paper show that Hg is higher in altered coals near magmatic
intrusions.

The low correlation coefficient of Hg-ash (0.12) indicates that Hg
may have both organic and inorganic affinities. The enrichment of Hg
in the altered coals indicates that, when the heat dissipated and
temperatures dropped to ambient levels, Hg may have been re-
deposited from the solutions that were derived from or had interacted
with the cooling magma and were then adsorbed in the coal, rather
than occurring in the sulfide minerals in coal (Finkelman et al., 1998).
Mercury could also have been driven off from the organic component
in the coal by magmatic heat and then re-deposited nearby, leading to
enrichment of Hg in the altered coals.
4.4.5.7. Rare earth elements (REEs). The concentration of total REEs
(from La to Lu) in the Adaohai coals varies from 41.7 to 429 μg/g and
averages 156 μg/g, slightly higher than that in common Chinese
(118 μg/g; Dai et al., 2011) and common world coals (60 μg/g; Ketris
and Yudovich, 2009). The total REEs are high in Zones I, III, and IV, but
low in Zone II (Fig. 10).

It has been reported that rare earth elements in coal are often
positively correlated with ash yield and generally related to minerals,
primarily clay minerals and phosphates (Chou, 1997; Dai et al., 2008;
Finkelman, 1995). However, rare earth elements may also be partly
associated with the organic matter in coal (Eskenazy, 1987a,b). The
positive but not high correlation coefficients of REE–ash, REE–SiO2,
and REE–Al2O3 (Table 7) indicate that a proportion of the REEs is
related to minerals in the Adaohai coals. However, the heavy REEs in
coals from the Haerwusu mine have a stronger inorganic affinity than
the LREEs (Dai et al., 2008). By contrast, the light rare earth elements
(LREEs, from La to Eu) in the CP2 coal have higher positive coefficients
with ash yield (Fig. 12). However, the heavy REEs (HREEs, from Gd to

image of Fig.�9


Fig. 10. Vertical variations of SiO2/Al2O3 and some selected elements in the coal.
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Fig. 11. Dendrogram produced by cluster ana

Table 7
Element affinities deduced from calculation of Pearson's correlation coefficients
between the concentration of each element in the coal and ash yield or selected
elements.

Correlation with ash yield
Group 1: rash=0.7–1.0 Al2O3 (0.89), SiO2 (0.90), Na2O (0.86), Li (0.71)
Group 2: rash=0.50–0.69 K2O (0.64), Be (0.52), Ga (0.62), Rb (0.66), Cs (0.69),

W (0.52)
Group 3: rash=0.35–0.49 TiO2 (0.39), Ge (0.40), Se (0.37), Nb (0.38), La (0.47),

Ce (0.45), Pr (0.41), Nd (0.38), Gd (0.35), Ta (0.48), Pb (0.40),
Bi (0.35)

Group 4: rash=−0.32–0.34 CaO (0.03), Fe2O3 ( 0.20), MgO (0.10), MnO (0.15),
P2O5 (−0.25), F (−0.05), Cl (−0.1), As (0.16), Sc (0.32), V (0.30),
Cr (0.29), Co (−0.18), Ni (0.22), Cu (−0.02), Zn (−0.24),
Sr (−0.27), Y (0.31), Zr (0.34), Mo (0.13), Cd (0.04), In (0.32),
Sn (0.09), Sb (0.14), Te (0.03), Ba (−0.32), Sm (0.33), Eu (0.29),
Tb (0.32), Dy (0.32), Ho (0.31), Er (0.29), Tm (0.29), Yb (0.29),
Lu (0.29), Hf (0.25), Re (0.10), Hg (0.12), Tl (0.07), Th (0.23),
U (0.16)

Group 5: rash=S (−0.67)

Aluminosilicate affinity
rAl–SiN0.7 Na2O, Li
rAl–Si=0.5–0.69 K2O, Ga, Be, Rb, Cs, W
rAl–Si=0.35–0.49 TiO2, Zr, Nb, La, Ce, Pr, Nd, Ta, Pb

Carbonate affinity
rCaN0.7 Fe2O3 (0.83), MgO (0.87), MnO (0.80)
Correlation coefficient of other elements with Fe and Mg b0.32

Sulfate affinity
rsN0.7 no elements
rs=0.5–0.69 no elements
rs=0.35–0.49 Ba (0.45), Co (0.45)

Phosphate affinity
rPN0.7 F (0.76), Sr (0.98), Ba (0.98)
rP=0.5–0.69 no elements
rP =0.35–0.49 Cl (0.48), Co (0.44)

Correlation coefficients between selected elements
Al2O3–SiO2=0.93; Fe2O3–MgO=0.93; Fe2O3–MnO=0.94; MgO–MnO=0.79;

Ga–Al2O3=0.63; Ga–SiO2=0.65; F-Ba=0.74; Zr-P=0.31;
P2O5–Al2O3=−0.02; P2O5–SiO2=−0.33

Cl–P2O5=0.48; Cl–Ba=0.42; Cl–F=0.45; Cl–Sr=0.36
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Lu) are weakly correlated with the ash yield (Fig. 12), indicating that
the HREEs have a stronger organic affinity than the LREEs, in
accordance with the studies by Eskenazy (1987a,b) and Querol et al.
(1995), but not completely consistent with the study by Eskenazy
(1999).

The different modes of REE occurrence for the Adaohai and
Haerwusu coals probably reflect the different sources of REE in the
coals. A large portion of the REEs in the Haerwusu coals were derived
from the overlying partings, which had been subjected to significant
leaching by groundwater. Rare earth elements in the leachate were
then absorbed by the organic matter. The LREEs in the partings of the
Haerwusu coals are more prone to leaching by groundwater than the
HREEs, leading to low REE contents and low LREE/HREE ratios in the
partings but high REE contents and high LREE/HREE ratios in the
underlying coal benches (Dai et al., 2008).

However, with the exception of the A26-P and A27-P partings of
the CP2 coal, the partings and roof samples of the CP2 coal have higher
REE contents, higher LREE/HREE ratios, and higher (La/Yb)N values
than the underlying coal benches (Table 9; Fig. 10), sharply
contrasting to the coals from the Haerwusu area and indicating that
the partings were probably not subjected to groundwater leaching.

The cerium anomaly is expressed as Ce/Ce* whereby Ce concen-
tration is either depleted or enriched in the samples relative to the
other rare earth elements. The Ce/Ce* in the partings is lower than
that in the underlying bench samples of the Adaohai coal (Table 9).
However, the Haerwusu coals show the opposite cerium geochemical
patterns, because Ce was oxidized to Ce4+ and precipitated in-situ
during the leaching, leading to the generation of Ce-poor leachates
from the Haerwusu partings. This may have caused the partings in the
Haerwusu coals to have lower total REE contents, but higher Ce
content and Ce/Ce* values than the underlying coal benches.

The high L/H (mean 8.13) ratio and (La/Yb)N value (mean 8.71) for
the Adaohai coals (although lower than those of the partings) indicate
that the coals are enriched in light REE and that the LREE–HREE have
been highly fractionated. The lower values of (Gd/Lu)N than (La/Sm)N
for both coal benches and partings indicate that the LREEs have been
fractionated more than the HREEs.
lysis of analytical results on 33 samples.



Table 8
Correlation coefficients between REEs and selected elements.

REE Ad Al2O3 SiO2 P Sr Ba Be Y Se Ga Ge Sc In Pb Bi Nb Ta TiO2 W Hg Sb Zr Hf Th U

La 0.47 0.49 0.50 0.03 0.04 −0.07 0.64 0.60 0.61 0.73 0.80 0.30 0.28 0.42 0.19 0.32 0.21 0.19 0.32 0.01 0.33 0.09 0.26 0.22 0.36
Ce 0.45 0.45 0.49 −0.04 −0.01 −0.13 0.69 0.71 0.71 0.80 0.90 0.42 0.38 0.48 0.26 0.42 0.28 0.28 0.37 0.13 0.41 0.10 0.40 0.35 0.51
Pr 0.41 0.40 0.46 −0.03 −0.01 −0.11 0.67 0.70 0.69 0.80 0.95 0.46 0.39 0.49 0.26 0.47 0.32 0.35 0.36 0.21 0.42 0.09 0.46 0.40 0.53
Nd 0.37 0.36 0.41 −0.02 −0.01 −0.09 0.65 0.76 0.74 0.80 0.97 0.54 0.44 0.52 0.31 0.51 0.36 0.41 0.35 0.25 0.40 0.09 0.50 0.43 0.54
Sm 0.32 0.25 0.32 −0.06 −0.06 −0.11 0.62 0.86 0.84 0.77 0.96 0.68 0.56 0.62 0.43 0.53 0.39 0.47 0.31 0.32 0.43 0.07 0.58 0.52 0.58
Eu 0.28 0.22 0.22 0.16 0.14 0.14 0.56 0.88 0.89 0.68 0.83 0.79 0.67 0.70 0.59 0.58 0.49 0.57 0.34 0.33 0.23 0.02 0.59 0.54 0.47
Gd 0.34 0.26 0.32 −0.05 −0.07 −0.10 0.64 0.92 0.93 0.75 0.92 0.77 0.66 0.72 0.55 0.56 0.47 0.55 0.34 0.35 0.34 0.06 0.61 0.56 0.56
Tb 0.32 0.22 0.30 −0.07 −0.08 −0.10 0.67 0.95 0.95 0.73 0.84 0.82 0.74 0.76 0.63 0.57 0.48 0.54 0.36 0.38 0.38 0.07 0.65 0.64 0.63
Dy 0.31 0.20 0.29 −0.11 −0.13 −0.15 0.71 0.97 0.95 0.70 0.81 0.83 0.74 0.77 0.64 0.56 0.48 0.54 0.36 0.41 0.39 0.06 0.64 0.64 0.65
Ho 0.30 0.20 0.28 −0.09 −0.11 −0.13 0.73 0.99 0.95 0.71 0.79 0.83 0.74 0.74 0.62 0.56 0.49 0.52 0.37 0.40 0.42 0.04 0.65 0.63 0.68
Er 0.28 0.19 0.27 −0.11 −0.13 −0.16 0.75 0.99 0.94 0.70 0.77 0.82 0.75 0.75 0.62 0.58 0.50 0.51 0.37 0.40 0.43 0.02 0.67 0.65 0.70
Tm 0.28 0.20 0.26 −0.08 −0.09 −0.13 0.76 0.98 0.92 0.69 0.75 0.81 0.74 0.75 0.63 0.58 0.50 0.49 0.39 0.35 0.45 0.03 0.66 0.66 0.71
Yb 0.28 0.20 0.28 −0.09 −0.10 −0.15 0.77 0.97 0.91 0.71 0.77 0.79 0.71 0.73 0.58 0.58 0.48 0.49 0.38 0.37 0.45 0.02 0.66 0.64 0.70
Lu 0.28 0.23 0.29 −0.06 −0.07 −0.12 0.79 0.96 0.90 0.70 0.75 0.77 0.70 0.72 0.57 0.57 0.48 0.46 0.39 0.36 0.46 0.03 0.64 0.63 0.71
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Although the ionic radii of the rare earth elements are similar,
small differences in ionic radii among the REEs could lead to varying
ability for isomorphous replacement in minerals (Liu and Cao, 1993;
Taylor and Mclennan, 1985). The similarity in ionic radius between
the HREEs and Sc3+ and Hf4+ usually results in Sc- and Hf-bearing
minerals being relatively enriched in HREEs. The similarity in ionic
radii between the LREEs and Sr2+ or Ba2+ also leads to Sr- or Ba-
bearing minerals being relatively enriched in light REEs. This may be
reason for the high correlation coefficients between LREE and Sr and
Ba in the Haerwusu coals (Dai et al., 2008). The CP2 coals from the
Adaohai Mine do not show such similarity, but have negative
correlation coefficients between LREE and Sr, Ba, and P2O5 (Table 8),
indicating that the REEs do not occur significantly in gorceixite in the
coal. However, the HREEs in both the Adaohai and Haerwusu coals
have positive correlation coefficients with Sc and Hf (Table 8).
5. Conclusions

The CP2 coal in the Adaohai Mine has a relatively higher coal rank
(low volatile bituminous, Ro, ran=1.58%) than others in the basin,
which is attributed to the influence of igneous intrusions during the
Late Jurassic and Early Cretaceous Epochs. The coal has a medium-ash
Fig. 12. Relation between REE-ash correlation coefficients and REE atomic number of
coals from the Adaohai Mine and Haerwusu Surface Mine (Data for Haerwusu coals are
from Dai et al., 2008).
yield (25.1%) and a low sulfur content (0.78%), with the sulfur being
mainly organic sulfur.

Minerals in the CP2 coal include diaspore, boehmite, gorceixite,
calcite, dolomite, siderite, clayminerals (kaolinite and ammonian illite),
and trace amounts of anatase, fluorapatite, quartz, and pyrite. Based on
mineral proportions in the coal benches, the CP2 coal may be divided
into four Zones (I to IV) from bottom to top. The dominant mineral in
Zones I and IV is kaolinite. Zones II and III are mainly composed of
ammonian illite, diaspore, boehmite, gorceixite, calcite, dolomite, and
siderite. The diaspore-, boehmite-, and gorceixite-forming materials
were derived from oxidized bauxite in the weathered crust of the Benxi
Formation in the sediment-source region and introduced during peat
accumulation. Gorceixite may have formed earlier than diaspore, with
the diaspore being derived from gibbsite that was subjected to
dehydration by the heat of nearby igneous intrusions. The ammonian
illite in the coal may have been formed at a relatively high temperature
by interaction of kaolinite with nitrogen released from the organic
matter in the coal during metamorphism caused by the igneous
intrusion. The calcite and dolomite occur as epigenetic cell- and
fracture-fillings, and were probably derived from igneous fluids.

The elements in the coal may be classified into five groups of
association according to their modes of occurrence: Group A (REE-Be-
Y-Se-Ga-Ge-Sc-In-Pb-Bi-Nb-Ta-TiO2-W-Hg-Sb-Zr-Hf-Th-U), Group B
(Sn-Te-Zn-Cd-V-As-Cr-Cu-Mo-Ni-Re), Group C (Ad-Na2O-Al2O3-SiO2-
Li-K2O-Rb-Cs-Tl), Group D (P2O5-Ba-F-Sr-S-Cl), and Group E (Fe2O3-
MnO-CaO-MgO). Groups A and C include elements that are strongly
correlated with ash yield, and most elements from the remaining three
associations have negative orweak correlation coefficientswith ash yield.

In comparison with common Chinese andworld coals, the CP2 coal
is enriched in CaO, MgO, P2O5, F, Ga, Zr, Ba, Hg, Pb, and Th, but has a
lower SiO2/Al2O3 ratio. The major carriers of CaO and MgO are the
carbonate minerals. The P2O5, F, and Ba occur mainly in gorceixite and
fluorapatite. Themajor carrier of Ga is diaspore and kaolinite. Mercury
was probably derived from the igneous intrusion and distributed in
both the organic matter and the minerals.

The light REEs are enriched in the coal and the LREEs and HREEs
have been highly fractionated. The heavy REEs in the coals have a
stronger organic affinity than the LREEs.
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Table 9
Rare earth elements in coal benches and partings from the Adaohai Mine of the Daqingshan Coalfield (concentration of REE in μg/g; on whole-coal basis).

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu REE LREE HREE L/H Eu/
Eu*

Ce/
Ce*

(La/
Yb)N

(La/
Sm)N

(Gd/
Lu)N

Roof-4 36.7 61.5 7.23 26.9 3.76 0.66 2.81 0.38 2 0.34 1.08 0.17 1.27 0.22 145 136.8 8.27 16.54 0.60 0.84 19.53 6.14 1.59
Roof-3 82.4 151 17.5 61.5 9.8 1.85 7.44 1.25 6.64 1.06 3.05 0.46 2.77 0.42 347 324.1 23.09 14.03 0.64 0.9 20.1 5.29 2.21
Roof-2 80 164 17.1 54.4 6.88 1.04 5.13 0.73 4.03 0.74 2.16 0.32 1.87 0.27 339 323.4 15.25 21.21 0.51 1 28.91 7.32 2.37
Roof-1 46.1 82.3 8.54 29.3 4.98 1.16 5.85 1.03 6.54 1.28 3.97 0.62 4.42 0.67 197 172.4 24.38 7.07 0.66 0.92 7.05 5.83 1.09
A44 15.4 29.1 3.23 12.7 2.65 0.55 2.44 0.46 2.68 0.52 1.77 0.25 1.62 0.25 73.6 63.6 9.99 6.37 0.65 0.93 6.42 3.66 1.22
A43 21.6 49.2 5.61 20 3.97 1.03 4.2 0.79 4.39 0.8 2.51 0.4 2.63 0.38 118 101.4 16.1 6.3 0.77 1.03 5.55 3.42 1.38
A42 19.4 69.9 10.5 44.3 9.15 2.46 9.24 1.54 9.27 1.66 4.96 0.78 4.84 0.71 189 155.7 33 4.72 0.81 1.13 2.71 1.33 1.62
A41 22.3 55.1 6.75 26.7 5.14 1.32 5.46 0.91 5.64 1.09 3.29 0.47 3.31 0.5 138 117.3 20.67 5.68 0.76 1.05 4.55 2.73 1.36
A40 55.3 105 10 37.2 6.54 1.5 5.82 1.06 6.2 1.16 3.33 0.54 3.29 0.5 237 215.5 21.9 9.84 0.73 0.98 11.36 5.32 1.45
A39-P 43 94.7 8.98 30.8 4.15 0.87 3.28 0.53 2.66 0.38 1.05 0.18 1.13 0.16 192 182.5 9.37 19.48 0.7 1.08 25.71 6.52 2.55
A38-P 56.5 86.8 11.8 38.1 5.21 1.26 4.4 0.65 2.91 0.5 1.35 0.18 1.14 0.18 211 199.7 11.31 17.65 0.78 0.76 33.49 6.83 3.04
A37-P 53.2 99 11.9 40.3 6.01 1.27 5.13 0.69 3.57 0.59 1.71 0.24 1.75 0.25 226 211.7 13.93 15.2 0.68 0.89 20.54 5.57 2.55
A36-P 87.6 144 17.9 61.1 8.55 1.86 6.58 0.93 4.55 0.64 1.79 0.24 1.43 0.21 337 321 16.37 19.61 0.73 0.81 41.4 6.45 3.9
A35-P 67.4 78.6 13.7 46.4 6.59 1.2 3.83 0.61 2.59 0.39 1.09 0.16 0.89 0.12 224 213.9 9.68 22.1 0.67 0.58 51.17 6.44 3.97
A34 80.8 145 13.1 45.2 9.13 2.41 9.99 1.82 10.3 1.84 5.34 0.88 5.2 0.85 332 295.6 36.22 8.16 0.77 0.96 10.5 5.57 1.46
A33-P 26.9 65.1 5.57 19.1 2.71 0.59 2.02 0.34 1.88 0.35 1.13 0.17 1.27 0.22 127 120 7.38 16.26 0.74 1.19 14.31 6.25 1.14
A32 70.5 127 12.1 44.1 9.45 2.15 9.22 1.52 9.27 1.75 5.07 0.81 4.9 0.77 299 265.3 33.31 7.96 0.7 0.95 9.72 4.7 1.49
A31 49.7 111 12 45 6.82 1.47 6.17 0.98 5.91 1.19 3.49 0.56 3.45 0.59 248 226 22.34 10.12 0.68 1.04 9.73 4.59 1.3
A30 26.3 60.9 7.08 26.4 4.45 1.02 4.81 0.81 4.86 0.97 2.94 0.53 3.1 0.47 145 126.2 18.49 6.82 0.67 1.03 5.73 3.72 1.27
A29 47.8 105 11.9 41.9 6.74 1.41 6.85 1.11 6.49 1.34 4.23 0.61 4.09 0.64 240 214.8 25.36 8.47 0.63 1.01 7.9 4.46 1.33
A28 18.8 33.5 4.16 17.4 3.38 0.86 3.77 0.62 3.9 0.75 2.65 0.42 2.65 0.42 93.3 78.1 15.18 5.14 0.73 0.86 4.79 3.5 1.12
A27-P 4.36 8.89 1.17 4.16 0.85 0.32 1.08 0.17 0.89 0.15 0.42 0.08 0.38 0.07 23 19.8 3.24 6.1 1.02 0.91 7.75 3.23 1.92
A26-P 20.5 33.4 3.13 9.3 1.67 0.41 1.91 0.37 2.16 0.39 1.3 0.19 1.45 0.21 76.4 68.4 7.98 8.57 0.7 0.89 9.55 7.73 1.13
A25 10.6 25.1 3.19 13.3 3.49 0.89 4 0.79 4.74 0.93 2.92 0.46 2.72 0.44 73.6 56.6 17 3.33 0.73 1.01 2.63 1.91 1.13
A24 44 73.9 8.88 33.2 4.98 1.72 5.31 0.78 4.39 0.77 2.26 0.35 2.15 0.35 183 166.7 16.36 10.19 1.02 0.84 13.83 5.56 1.89
A23 17.7 34.7 3.98 15.9 3.49 1.22 3.2 0.65 3.21 0.71 1.99 0.35 2.16 0.37 89.6 77 12.64 6.09 1.1 0.94 5.54 3.19 1.08
A22 26 50.9 5.4 15.7 2.35 0.56 2.51 0.44 2.72 0.53 1.64 0.26 1.71 0.24 111 100.9 10.05 10.04 0.7 0.96 10.27 6.96 1.3
A21 26.5 52.8 6.28 22.8 3.84 1.03 3.58 0.64 3.67 0.66 1.96 0.31 1.89 0.28 126 113.3 12.99 8.72 0.84 0.93 9.47 4.34 1.59
A20-P 28.8 47.8 4.92 15 2.16 0.52 2.35 0.4 2.3 0.44 1.38 0.25 1.52 0.23 108 99.2 8.87 11.18 0.7 0.87 12.8 8.39 1.27
A19 10.8 22.4 2.59 8.92 1.72 0.33 2 0.36 2.27 0.38 1.26 0.17 1.21 0.17 54.6 46.8 7.82 5.98 0.54 0.97 6.03 3.95 1.46
A18 24.5 46.1 5.16 15.9 1.95 0.42 2.15 0.35 2.15 0.39 1.24 0.21 1.17 0.19 102 94 7.85 11.98 0.62 0.92 14.15 7.91 1.41
A17 7.13 16 1.95 7.31 1.53 0.37 2.02 0.35 2.13 0.36 1.18 0.17 0.99 0.16 41.7 34.3 7.36 4.66 0.64 0.99 4.87 2.93 1.57
A16-P 24.8 46.1 4.95 16.7 2.66 0.47 2.93 0.48 2.89 0.55 1.79 0.27 1.93 0.27 107 95.7 11.11 8.61 0.51 0.93 8.68 5.87 1.35
A15 13.4 28.5 3.63 14.3 2.72 0.37 2.35 0.48 2.72 0.49 1.5 0.27 1.61 0.24 72.6 62.9 9.66 6.51 0.44 0.95 5.62 3.1 1.22
A14 11.8 20.2 2.36 8.17 1.7 0.27 1.61 0.26 1.54 0.31 0.98 0.19 1.06 0.16 50.6 44.5 6.11 7.28 0.49 0.85 7.52 4.37 1.25
A13 13.2 25.9 3.22 11.9 2.13 0.37 2.18 0.38 2.37 0.47 1.53 0.22 1.53 0.25 65.7 56.7 8.93 6.35 0.52 0.91 5.83 3.9 1.09
A12-P 118 180 14.4 32.3 2.36 0.46 2.78 0.34 1.97 0.41 1.45 0.25 1.7 0.31 357 347.5 9.21 37.73 0.55 0.88 46.9 31.47 1.12
A11 74 112 9.81 25.2 3.18 0.54 3.1 0.48 3.11 0.58 1.94 0.28 2.01 0.31 237 224.7 11.81 19.03 0.52 0.86 24.88 14.65 1.25
A10 50 122 13.5 45.6 8.25 1.27 6.7 1.28 7.67 1.49 4.58 0.75 4.66 0.75 269 240.6 27.88 8.63 0.51 1.09 7.25 3.81 1.11
A9 107 192 21.1 69.6 10.3 1.58 8.1 1.17 6.91 1.27 3.97 0.68 4.62 0.71 429 401.6 27.43 14.64 0.51 0.9 15.65 6.54 1.42
A8 27.2 53.3 5.92 20.5 3.08 0.57 3.02 0.6 3.44 0.67 2.05 0.31 2 0.35 123 110.6 12.44 8.89 0.56 0.95 9.19 5.56 1.07
A7 16.2 31.4 3.87 13.4 2.63 0.56 2.5 0.49 2.71 0.51 1.49 0.23 1.35 0.19 77.5 68.1 9.47 7.19 0.66 0.91 8.11 3.88 1.64
A6 26.6 59 7.13 25.6 4.82 0.91 4.75 0.82 4.88 0.92 2.86 0.43 2.73 0.43 142 124.1 17.82 6.96 0.57 0.99 6.58 3.47 1.38
A5 27.9 64.4 8.14 29.8 5.15 1.08 4.94 0.81 5.1 0.91 2.66 0.42 2.73 0.45 155 136.5 18.02 7.57 0.65 0.99 6.91 3.41 1.37
A4 21.9 33.6 3.48 12.2 2.37 0.53 2.43 0.42 3 0.57 1.86 0.29 1.98 0.31 84.9 74.1 10.86 6.82 0.67 0.83 7.47 5.82 0.98
A3 27.6 62.2 7.81 29 5.06 1.03 5 0.84 4.8 0.89 2.63 0.41 2.76 0.43 151 132.7 17.76 7.47 0.62 0.98 6.76 3.43 1.45
A2 32.2 56.3 6.33 22.4 3.8 0.91 4.19 0.71 4.57 0.79 2.35 0.32 2.1 0.36 137 121.9 15.39 7.92 0.69 0.88 10.36 5.33 1.45
A1 51.1 111 14.6 54.9 9.7 1.89 8.28 1.13 5.25 0.83 2.03 0.28 1.76 0.23 263 243.2 19.79 12.29 0.63 0.94 19.62 3.32 4.48
Av- Coal 33.19 66.19 7.42 26.56 4.72 1.05 4.6 0.78 4.61 0.86 2.62 0.41 2.61 0.41 156 139.1 16.91 8.13 0.67 0.96 8.71 4.56 1.44
Av- P 48.28 80.40 8.95 28.48 3.90 0.84 3.30 0.50 2.58 0.44 1.31 0.20 1.33 0.20 181 170.8 9.86 16.59 0.71 0.89 24.75 8.61 2.18
China a 22.5 46.7 6.42 22.3 4.07 0.84 4.65 0.62 3.74 0.96 1.79 0.64 2.08 0.38 117.7 102.8 14.86 6.92 0.59 0.90 7.31 3.48 1.52
World b 11 23 3.5 12 2 0.47 2.7 0.32 2.1 0.54 0.93 0.31 1 0.2 60.1 52.0 8.1 6.42 0.62 0.87 7.43 3.46 1.68

L/H, ratio of LREE vs. HREE; Eu/Eu*=2EuN/(SmN+GdN); Ce/Ce*=2CeN/(LaN+PrN); Av-Coal, average content of REEs in coal; Av-P, average content of REE in partings; a, from Dai et
al. (2011); b, from Ketris and Yudovich (2009). The chondrite-normalizing values for the calculations of Eu/Eu*, Ce/Ce*, (La/Yb)N, (La/Sm)N, and (Gd/Lu)N are from Taylor and
McLennan (1985).
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