International Journal of Coal Geology 253 (2022) 103968

Contents lists available at ScienceDirect

International Journal of Coal Geology

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/coal

Check for

Mineralogical and geochemical characteristics of tonsteins from the Middle [%&s
Jurassic Yan'an Formation, Ordos Basin, North China

Zhihui Zhang? Dawei Lv® ", Chengshan Wang ", James C. Hower ¢, Munira Raji ‘,
Tiantian Wang ¢, Jiangiang Zhang ', Yi Yang®

& Shandong Provincial Key Laboratory of Depositional Mineralization and Sedimentary Minerals, College of Earth Sciences and Engineering, Shandong University of
Science and Technology, Qingdao 266590, China

Y School of Earth Sciences and Resources, China University of Geosciences, Beijing 100083, China

¢ University of Kentucky, Center for Applied Energy Research, 2540 Research Park Drive, Lexington, KY 40511, United States of America

d University of Portsmouth, School of the Environment, Geography and Geosciences, St. Michael's Building, White Swan Road, Portsmouth PO1 2DT, United Kingdom
€ Institute of Earth Sciences, China University of Geosciences, Beijing 100083, China

f General Prospecting Institute of China National Administration of Coal Geology, Beijing 100039, China

8 Anhui Nuclear Exploration Technology Central Institute, Wuhu, Anhui 241000, China

ARTICLE INFO ABSTRACT

Keywords: Although the Jurassic features a considerable accumulation of coal worldwide, only a few tonsteins within coal

Ordos ‘Basm seams in this coal-forming period have been investigated. This paper presents the detailed mineralogical and

iuraSSIF geochemical compositions of six tonstein layers from the Middle Jurassic Yan'an Formation, Ordos Basin, North
onstein

China. Based on the typical evidence of the distinct field characteristics occurring as paler thin beds with lateral
continuity; conchoidal and flint-like fracture planes; sharp contacts with adjacent coals; and the mineralogical
compositions, such as vermicular kaolinite, angular quartz, and euhedral zircon crystals with a single U—Pb age
peak, the intra-seam clay beds of the Yan'an Formation were determined to have been mainly derived from a
significant pyroclastic source. However, rounded quartz, muscovite, and detrital zircon grains in the tonsteins
reflect minor contribution of terrigenous debris from sediment source regions. Moreover, a line of geochemical
features including low TiO3/Aly03 values, AloO3/TiO2-Nb/Yb, and Aly03/TiO»-Zr/TiO, diagrams; low REY
concentrations with high fractionation between light REE and heavy REY (REY, rare earth elements and Y; REE,
rare earth elements); and pronounced negative Eu anomalies, suggest that the tonsteins have a felsic (rhyolitic)
magma origin. A systematic geochemical analysis of enclosing coals of the tonsteins was also conducted to
determine the leaching behavior of the trace elements from the tonsteins into the enclosing coals. The results
show that Th, U, Nb, Ta, Zr, and Hf tend to be enriched in the overlying and underlying coals and have an
enrichment width of up to 30 cm. Similarly, the elevated concentrations of Zn, Rb, Cs, Pb, La, Ce, Pr, and Nd only
occur in a relatively narrow zone above and below the tonsteins. The width of the enrichment in the enclosing
coals may be mainly related to the properties of the tonsteins, e.g., thickness and original volcanogenic material,
the characters of elements including mobility and concentration, and the nature of coals, such as coal rank.

Minerals in coal
Elements in coal
Element mobility

1. Introduction

Tonsteins resulting from altered volcanic ashes have been found
worldwide in coal-bearing strata (Dai et al., 2011, 2017; Spears, 2012).
Typically, the beds are dominantly kaolinite-rich (> 50%) rocks occur-
ring as thin (< 10 cm) but laterally persistent bands within coal seams
(Dai et al., 2017 and references therein), which differ from normal
mudrocks with a paler color, conchoidal and flint-like fracture plane,
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and sharp contact with the adjacent sediments (Spears, 2012). The
distinctive appearance of tonsteins has been extensively used as excel-
lent chronostratigraphic markers for identification and correlation of
coal seams during exploration and mining programs (e.g., Bohor and
Triplehorn, 1993; Burger and Damberger, 1985; Dai et al., 2014a; Hong
et al,, 2019; Zhou et al., 2000). Furthermore, some of the primary
minerals (e.g., zircon, monazite, and sanidine) that survive weathering
and alteration in tonsteins can be wused for radiometric age
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Fig. 1. (A) Generalized tectonic map of China showing the position of the Ordos Basin and the study area (modified from Darby and Ritts, 2002). (B) Geological map
of the study area (modified from Zhang et al., 2021) showing the position of the five sampling mine sites. NG-Nangai, GXG-Gaoxigou, NY-Nayuan, CNL-Chao-
naoliang, LJL-Lijialiang. (C) Stratigraphic column of the Yan'an Formation in the Dongsheng Coalfield, Ordos Basin (Zhang et al., 2021), illustrating the lithos-
tratigraphy, coal seam number, and tonstein positions with corresponding names of sampling coal mines.

determination (Guerra-Sommer et al., 2008; Lyons et al., 2006; Rice extinction events in Earth's history (Altaner and Grim, 1990; Dai et al.,
et al., 1990; Wainman et al., 2015; Zhang et al., 2020, 2021), which is 2014a, 2014b, 2017; Erkoyun et al., 2019; Hong et al., 2019; Karayigit
important to provide globally chronostratigraphic calibration and cor- etal., 2020a, 2020b; Liu et al., 2020; Oskay et al., 2019; Sha et al., 2020;
relation (Dai et al., 2017). Detailed mineralogy and geochemistry of Shen et al., 2021; Spears and Arbuzov, 2019; Wang et al., 2020; Zheng
tonsteins may provide indicative information on the depositional con- et al., 2020). In addition, tonstein layers can introduce trace elements
ditions, regional tectonic evolution, nature of source magmas, and mass into the peat by groundwaters or hydrothermal solutions, which may
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Fig. 2. Field photographs of tonsteins within coal seams. Sample positions of the tonsteins and enclosing coals are shown on the right of the photographs. White thin

layers are the tonsteins and black beds are coals.

cause the enrichment of some elements in the underlying or overlying
coal benches, and in some cases, resulting in commercial deposits (e.g.,
Arbuzov et al., 2016, 2018; Crowley et al., 1989; Dai et al., 2003, 2014a,
Dai et al., 2010, Dai et al., 2017; Eskenazy, 2006 Ketris and Yudovich,
2009; Hower et al., 1999; Spears and Arbuzov, 2019; Zhao et al., 2015).

The Jurassic marks an important coal-forming interval in Earth's
history, characterized by massive coal-bearing strata widely distributed
worldwide, especially in northern China (Boucot et al., 2013). However,
a few studies have been carried out on Jurassic tonsteins from Iran
(Goodarzi et al., 2006), Russia (Admakin and Portnov, 1987; Arbuzov
et al., 2016; Chekin, 1973; Mikheeva et al., 2020), and China (China
National Administration of Coal Geology, 1996). Recently, Zhang et al.
(2020, 2021) reported the occurrence and age of tonsteins in the
Jurassic coals of the Ordos Basin in North China, but the mineral and
chemical composition of the beds have not been undertaken. This paper
systematically investigates the nature of six tonsteins in the Middle
Jurassic coal-bearing strata (Yan'an Formation) in the northeastern
margin of the Ordos Basin in North China. Petrographic, mineralogical,
and geochemical characteristics of the tonsteins were used to identify a
volcanic origin and source. Moreover, the mobility of trace elements
during alteration of the volcanic ash was presented based on the
enclosing coals.

2. Geological setting

The Ordos Basin is the second largest terrestrial sedimentary basin in

China and contains vast energy resources, such as coal, oil, natural gas,
and uranium (Ao et al., 2012). The basin developed on the western
margin of the North China-Korean Platform (Fig. 1A), which is mainly
Precambrian metamorphic rock basement upon which Cambrian
through Middle Ordovician carbonate rocks was deposited. During the
Caledonian orogeny, these Lower Paleozoic rocks were directly overlain
by alternating marine and terrestrial deposits of the Late Carboniferous-
Middle Triassic. After the Late Triassic, the basin entered a period of
entirely continental deposition with a series of unconformities due to the
Indosinian and Yanshan orogenies. Ultimately, the form of the Ordos
Basin is the result of the Late Cenozoic Himalayan orogeny (Johnson
et al., 1989).

The Dongsheng Coalfield, located in the northeastern margin of the
Ordos Basin, was chosen for this study (Fig. 1B). The Middle Jurassic
Yan'an Formation developed in fluvial and deltaic-lacustrine environ-
ments consisting of sandstone, siltstone, mudstone, coal, and minor
marl, is the principal coal-bearing strata in the Dongsheng Coalfield (Li
et al., 1992). It records continuous deposition, disconformably overlies
the Lower Jurassic Fuxian Formation or the Upper Triassic Yanchang
Formation on a weathered land surface and is disconformably overlain
by the fluvial Middle Jurassic-age Zhiluo Formation. The Yan'an For-
mation varies in thickness from 133 to 279 m and contains six main coal
groups labeled #2 to #7 from top to base (each consisting of several coal
seams) (Fig. 1C). The bituminous coals of the Yan'an Formation have
low ash, low sulfur, and high volatile matter (Wang et al., 2018). The
chronostratigraphic analysis shows that all coal seams of the Yan'an
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Table 2
Quantitative mineral contents of six tonsteins.

Table 1

Sampling information of six tonsteins.
Sample Latitude (E) Longitude Thickness  Coal Horizon

N) mine
R Above

DS3-1-T 110°10'8.37” 39°47'53.64" 1.3 cm NG #31
DS5-1-T 110°12'26.18" 39°43'53.15" 0.2 cm GXG #5-1
DS6-1-T 110°23'5.52" 39°48'25.92" 1cm CNL #6-1
DSTG'ZS' 110°24'19.44"  39°39'44.45" 3 cm LIL #6-2s
D ST6'2Z' 110°18'31.67”  39°47'48.15"  2cm NY #6-27
DS7-T 110°23'5.52" 39°48'25.92" 7 cm CNL #7

Formation in the Dongsheng Coalfield were formed during the Aalenian
Stage of the Middle Jurassic (Zhang et al., 2020, 2021).

3. Samples and analytical procedures
3.1. Sample collection

In this study, five open-pit mines in the Dongsheng Coalfield,
including the Nangai (NG), Gaoxigou (GXG), Lijialiang (LJL), Chan-
naoliang (CNL), and Nayuan (NY) sites (Fig. 1B), were chosen for sample
collection. All tonsteins within the coal seams in the coal mines have
distinctive features, such as gray to white color, persistent lateral extent,
sharp contacts with adjacent coals, and thin thicknesses varying be-
tween 0.2 and 7 cm (Fig. 2 and Table 1). To determine the nature of the
tonsteins and the mobility of its trace elements leaching into enclosing
coals, both tonsteins and coal benches underlying and overlying the
tonsteins were collected. All sample were named with a letter of T, U,
and O for tonsteins, underlying coal and overlying coal, respectively. A
total of six tonsteins samples were collected from NG (DS3-1-T within
60-cm-thick coal bed, 4-m above coal seam #3-1), GXG (DS5-1-T within
coal seam #5-1), CNL (DS6-1-T within coal seam #6-1 and DS7-T within
coal seam #7), LJL (DS6-2s-T within coal seam #6-2s) and NY (DS6-2z-T
within coal seam #6-2z) coal mines (Fig. 1C). The sampling width of the
adjoining coals is 30 cm above and below the tonsteins with a 10-cm
interval for each sample. Note that only one overlying coal sample for
DS5-1-T was collected due to 12 cm of length between roof strata and
#5-1 coal seam. Thus, a total of 34 samples of tonstein-bearing coals
were collected in detail in the five coal mines (Fig. 2). After collection,
all samples were directly packed into plastic bags to avoid weathering
and contamination. Details on the samples collected are shown in
Table 1. In addition, DS5-1-T intercalated coal seam #5-1 in the GXG
coal mine was collected for zircon U—Pb dating.

3.2. Analytical procedures

In order to analyze for mineralogical characteristics and composi-
tions of the six tonsteins samples, polished thin-sections were examined
using an optical microscope (Leica DFC550). Further analysis of the
minerals was carried out by X-ray powder diffraction (XRD) using a
PANalytical X'Pert Pro model instrument at the Micro Structure
Analytical Laboratory in Peking University Science Park. The samples
were powdered using a tungsten carbide mill, then prepared as back-
filled mounts to scan from 5 to 70° 26 with 0.02° steps. For compre-
hensive identification of the clay minerals, the clay (< 2 pm) fractions of
the samples were separated by ultrasonic dispersion in water with so-
dium hexametaphosphate (Calgon) and by subsequent settling for 2 h.
The clay fractions were placed evenly on glass slides and then scanned in
an air-dried state, then after saturation with glycol overnight and after
heat treatment at 450°C for 2.5 h. Quantitative mineralogical analyses
were performed by the software Siroquant™ (Taylor, 1991) based on the
obtained XRD patterns. Further details of this technique are given by Dai
et al. (2018).

Sample Kaolinite (%) Quartz (%) Chlorite (%) Smectite (%)
DS3-1-T 73 9 18

DS5-1-T 100

DS6-1-T 96 3 1

DS6-2s-T 94 2 4

DS6-2z-T 94 2 4

DS7-T 98 2

The modes and composition of occurrence of finely dispersed min-
erals of the six tonsteins samples were carried out using two scanning
electron microscopes (SEM, Phenom prox and Nova Nano SEM450)
combined with an energy-dispersive X-ray spectrometer (EDS) in the
Shandong Provincial Key Laboratory of Depositional Mineralization and
Sedimentary Minerals, Shandong University of Science and Technology.
Before the examination, specimens were coated with a conductive layer
of platinum.

Prior to analysis for major element oxides (SiOg, TiO2, Al;Os3, Fe3Os,
MnO, MgO, CaO, Nay0, K»0, and P50s), the powdered tonsteins samples
were ashed at a temperature of 960°C for 2.5 h in an inductive oven and
the residues were measured on an elemental analysis by wavelength
dispersive X-ray fluorescence spectrometer (XRF-1800). Trace elements
in the tonsteins were determined using an inductively coupled plasma
mass spectrometer (ICP-MS, Agilent 7500a). The powdered samples
were dissolved in a mixture of concentrated nitric, hydrofluoric, and
hydrochloric acids, and then subjected to a further nitric acid digestion
following the approach reported by Dai et al. (2011). The elemental
analyses of the tonstein samples were completed in the Lab. Center,
Institute of Earth Sciences, China University of Geosciences (Beijing).

For all 34 enclosing coal samples, trace elements contents were
determined using a high resolution inductively coupled plasma mass
spectrometer (HR-ICP-MS, Element XR) in the Analytical Laboratory
Beijing Research Institute of Uranium Geology following the procedure
as outlined by Wang et al. (2018). The samples were crushed and ground
to less than 200 mesh, and then subjected to digestion using mixed acid
reagents consisting of 1.5 ml HNO3 and 1.5 ml HF in oven at 190°C for
48 h. The solution was at ~140°C to dryness followed by adding 1 ml
HNOj3 and evaporating to the second round of dryness, and then re-
dissolved by ~3 ml of 30% HNOj3 and resealed and heated in the
bomb at ~190°C for 12-24 h. The final solution was diluted to about
100 g with mixture of 2% HNO3 for ICP-MS analysis.

For the DS5-1-T sample, zircon grains were extracted concentrated
through heavy-liquid techniques and then hand-picked using a stereo-
microscope. The extracted grains were mounted in resin and polished
until the center of the embedded grains was exposed on the surface.
Then, the zircon grain were examined using cathodoluminescence (CL)
images for morphology analysis. After imaging, the selected zircon
grains were subjected to U—Pb dating using Laser ablation-inductively
coupled plasma-mass spectrometry (LA-ICP-MS) at the State Key Labo-
ratory of Geological Processes and Mineral Resources, China University
of Geosciences, (Beijing).

4. Results
4.1. Mineralogical compositions

As the XRD result shown, apart from Sample DS3-1-T, the tonsteins
are composed of kaolinite (94%-100%) and quartz (0%-3%), with small
amounts of smectite (0%-1%) and chlorite (0%—-4%) (Table 2). Sample
DS3-1-T has the lowest kaolinite (73%) and highest quartz (9%) and
smectite (18%) contents. Some kaolinites are found as a well-ordered
crystal structure occurring as vermicular aggregates (Fig. 3A-C),
which are considered evidence of a volcanic origin (Dai et al., 2017;
Ruppert and Moore, 1993; Spears, 2012; Hower et al., 2018). Moreover,
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Fig. 3. Petrographic composition of the tonsteins. (A) vermicular kaolinite and angular quartz of DS6-2z-T, PPL (plane polarized light under optical microscope). (B)
vermicular kaolinite and angular quartz in kaolinite matrix of DS3-1-T, PPL. (C) Well-ordered kaolinite and angular quartz of DS6-2z-T, PPL. (D) Angular quartz
fragments of DS6-2s-T, UXP (crossed polarized light under microscope). (E) Spherical and needle-like quartz of DS7-T, PPL. (F) Spherical quartz in kaolinite matrix of

DS6-1-T, PPL.

the kaolinite occurs as a cryptocrystalline matrix surrounding other
discrete particles, such as vermicular kaolinite (Fig. 3B) and quartz
(Fig. 3E and F). The quartz fragments show angular (Fig. 3A-D) and
needle-like (Fig. 3E) shapes, which is associated with pyroclastic origin
rather than normal sedimentary processes (Arbuzov et al., 2016; Dai
et al,, 2017; Shen et al., 2021). However, minor spherical quartz
observed in sample DS3-1-T indicates a detrital origin (Fig. 3F) and may
be cause of an increase in quartz content in this tonstein.

In addition to the minerals detected by XRD analysis, biotite (Fig. 4A
and B), muscovite (Fig. 4C and D), and apatite (Fig. 4E and F) were only
identified using optical microscopy due to their low abundances. Some
biotite was subjected to chloritization with a sheaf- or broom-like form
(Fig. 4A and B) causing lesser chlorite in the XRD scans of DS6-2s-T and
DS6-2z-T (Table 1). The occurrence of biotite may provide evidence of

volcanic ash (Bouroz, 1967; Dai et al., 2017). The muscovite is usually a
terrigenous detrital material (Bohor and Triplehorn, 1993; Dai et al.,
2017), consistent with the observed spherical quartz indicating a detrital
origin in DS3-1-T. The apatite can usually be indicative of volcanic input
(Dai et al., 2017; Hower et al., 1999, 2016; Mardon and Hower, 2004;
Zhao et al., 2012) occurring as elongate grains (Fig. 4E and F). In some
cases, the delicate apatite grains have been fractured due to compaction
(Fig. 4E) (Spears, 2012).

Using SEM and EDS techniques, pyrite (Fig. 5A-C and F) and other
sulfides, such as barite (Fig. 5D and E), sphalerite (Fig. 5F and G), and
galena (Fig. 5H and I), which are thought to be generally epigenetic
(Arbuzov et al., 2016), were determined in tonsteins. As a resistant
accessory mineral, euhedral crystals of zircon with well-developed
crystal faces were mostly present in the tonstein samples (Fig. 6A, B,
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Muscovite

Quartz

Fig. 4. Petrographic composition of the tonsteins. (A-B) Sheaf-shape biotite and angular quartz of DS3-1-T, PPL and UXP. (C-D) Pseudomorph of muscovite in DS6-
1T, PPL and UXP. (E) Fractured apatite of DS3-1-T, PPL. (F) elongate apatite, vermicular kaolinite, and angular quartz in kaolinite matrix of DS6-1-T, PPL.

and G). In addition, some detrital zircons surrounded by cryptocrystal-
line kaolinite were observed in the tonsteins (Fig. 6C-E, H, and I) (Zhang
etal., 2021). Common euhedral zircon grains in tonstein are not only an
indicator of pyroclastic origin (Dai et al., 2014a; Dai et al., 2017), but
may suggest that the original ash composition was possibly felsic
(Arbuzov et al., 2016). However, Sutherland et al. (2016) found that
zircon crystals are also abundant in alkaline rocks. Due to a low abun-
dance and susceptibility to alteration, sanidine is only observed in DS6-
2z-T (Fig. 6F and J).

Radiometric dating of volcanogenic zircons in tonstein produces
near-concordant ages (Bohor and Triplehorn, 1993; Spears, 2012;
Nechaev et al., 2021). Zhang et al. (2021) have used radiometric age
determinations on zircons in five tonsteins (corresponding to the sam-
ples of DS3-1-T, DS6-1-T, DS6-2s-T, DS6-2z-T, and DS7-T) to determine
the absolute ages of the Yan'an Formation in the Ordos Basin, which

indicates the tonsteins are altered volcanic ash falls. In this study, 10
zircon grains from sample DS5-1-T were selected for dating using LA-
ICP-MS. Cathodoluminescence (CL) images suggest that the zircons
have an excellent euhedral morphology with length to width ratios >2
and clear oscillatory zoning, indicating a magmatic origin (Fig. 7A). The
zircon grains of DS5-1-T show similar 2°6Pb/?*U ages ranging from 172
+ 1 Mato 175 + 2 Ma (Table 3), with a weighted mean age of 173.07 +
0.53 Ma (MSWD = 1.5, N = 10) (Fig. 7), which is an agreement with the
chronostratigraphic framework for the Yan'an Formation of the Ordos
Basin (Zhang et al., 2021). Similar to the other five tonsteins, the DS5-1-
T also originates from the alteration of volcanic ash based on significant
evidence of the concordant zircon ages.
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Fig. 5. (A-B) SEM secondary electron images and EDS spectra of pyrite in DS3-1-T. (C) SEM back-scattered electron image and EDS spectrum of pyrite in DS6-1-T. (D)
SEM secondary electron image and EDS spectrum of barite in DS6-2s-T. (E) SEM back-scattered electron image and EDS spectrum of barite in DS6-2s-T. (F) SEM
secondary electron image and EDS spectra of barite and pyrite in DS6-2z-T. (G) SEM back-scattered electron image and EDS spectrum of barite in DS7-T. (H) SEM
secondary electron image and EDS spectrum of galena in DS3-1-T. (I) SEM back-scattered electron image and EDS spectrum of galena in DS6-1-T.

4.2. Geochemical compositions

4.2.1. Major elements

The results of whole-rock major element analyses of six tonstein
samples are given in Table 4. LOI values are high and widely range from
15.08 to 38.8% due to the high content of organic matter in the tonsteins
(Fig. 2F). In comparison with the clay shale (Grigor'ev, 2003), the ton-
steins contain high AlyO3 (23.64-36.01%) and SiO5 (34.16-57.75%);
low TiO3 (0.19-0.59%), Fe203 (0.16-1.68%), MgO (0.11-1.10%), CaO
(0.21-2.31%), Na0 (0.01-0.19%), and K20 (0.04-0.26%); and negli-
gible MnO (< 0.01%) and P20s (< 0.03%) (Fig. 8). SiOy/ AlyOg3 ratios of
the tonstein samples ranging from 1.24 to 2.44 are slightly higher than
an idealized kaolinite SiO5/Al;03 value (1.18) due to the small amount
of quartz and sanidine in the tonsteins as mentioned above.

4.2.2. Trace elements and rare earth elements and yttrium (REY)

The contents of trace elements and REY in the tonsteins and
enclosing coals are shown in Tables 5 and 6. Compared to the mean
composition of clay shale (Grigor'ev, 2003), all tonstein samples present
similar trace element abundances, which are substantially enriched in
Ga, W, Pb, Bi, Th, U, Nb, Ta, and Hf and depleted in Be, Sc, V, Cr, Co, Ni,

Cu, Zn, Rb, Sr, Cd, Sb, Cs, Tl, Zr, and REY (Fig. 9). Apart from the ton-
stein sample DS3-1-T, the enclosing coals of the remaining tonstein
samples (DS5-1-T, DS6-1-T, DS6-2s-T, DS6-2z-T, DS7-T) have a com-
parable enrichment characteristic of the trace elements with elevated
concentrations in Sr, Th, U, Nb, Ta, Zr, and Hf, compared with the values
for world hard coals (Ketris and Yudovich, 2009) (Fig. 10). However,
more trace elements are enriched in the enclosing coals of DS3-1-T,
including Be, Sc, V, Cr, Co, Ni, Cu, W, and REY (Fig. 10), especially
the concentration coefficient (CC = ratios of element concentration in
investigated coals vs. world hard colas, Dai et al., 2015) of Co reached an
abnormal 23.8 due to high concentrations of Co (>175 ppm) in
enclosing coal samples (DS3-1-U1, DS3-1-01, DS3-1-02, and DS3-1-03)
(Table 4). This high Co concentration level may be associated with
organic matter, sulfides, and aluminosilicates because a high degree of
uncertainty of modes of occurrence of Co (Finkelman, 1994; Dai et al.,
2021).

Rare earth elements and yttrium (REY) have been extensively used as
geochemical indicators for the altered volcanic ashes within coal-
bearing strata (Arbuzov et al.,, 2016; Dai et al.,, 2011, 2014a; Dai
etal., 2017; Hower et al., 1999; Zhou et al., 2000) due to their coherent
behavior during different geochemical processes and their predictable
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Fig. 6. (A) SEM back-scattered electron image of euhedral zircon in DS3-1-T. (B) SEM back-scattered electron image of euhedral elongate zircon in DS6-1-T. (C) SEM
back-scattered electron image of euhedral zircon in DS6-2s-T. (D) SEM back-scattered electron image of euhedral zircon in DS6-2z-T. (E) SEM back-scattered electron
image of euhedral zircon in DS7-T. (F) SEM back-scattered electron image of sanidine in DS6-2z-T. (G) EDS data for spot 1 in (A) of DS3-1-T. (H) EDS data for spot 1
i‘n (D) of DS6-2z-T. (i) EDS data for spot 2 in (D) of DS6-2z-T. (j) EDS data for spot 1 in (F) of DS6-2z-T.
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Fig. 7. (A) Cathodoluminescence (CL) images showing the internal structure for zircons of tonstein DS5-1-T. The analytical spots for U—Pb (small yellow circles) and
ages (in Ma) are shown. (B) U—Pb concordia plots for DS5-1-T. Weighted mean age are shown. (C) Weighted mean age diagram for zircons in DS5-1-T. Vertical bars
represent the 2°°Pb/?*®U date and 2c analytical uncertainty of individual analyses. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

patterns of fractionation (Bau et al., 2014; Dai et al., 2017; Spears,
2012). According to the classification of Seredin and Dai (2012), a three-
fold partition of REY are classified as light (LREY: La, Ce, Pr, Nd, and
Sm), medium (MREY: Eu, Gd, Tb, Dy, and Y), and heavy (HREY: Ho, Er,
Tm, Yb, and Lu). In general, REY concentrations in tonsteins can be
normalized to both chondrite (Arbuzov et al., 2016; Dai et al., 2011;
Hower et al., 1999; Zhou et al., 2000) and classic sedimentary rocks (e.
g., UCC, Upper Continental Crust) (Dai et al., 2014a; Shen et al., 2021),
because tonsteins in coal-bearing sequences have a combination of
igneous origin and subsequent sedimentary processes (Dai et al., 2017).
Compared with chondrite-normalized REY distribution patterns for in
tonsteins, UCC-normalized REY distribution patterns can not only
indicate the original magmatic sources but also evaluate changes during
the diagenetic and epigenetic stages of development (Dai et al., 2017;
Shen et al., 2021), with three enrichment types of L-type (Lay/Luy > 1),
M-type (Lay/Smy < 1, Gdy/Luy > 1), and H-type (Lay/Luy < 1) (Seredin
and Dai, 2012).

The concentrations of total REY in the tonstein samples range from

24.90 ppm at DS6-2s-T to 110.75 ppm at DS6-1-T with an average of
70.55 ppm (Table 4). On the chondrite-normalized (Taylor and
McLennan, 1985) REY patterns, all the tonsteins have a similar sub-
parallel trend of REY distribution characterized by high elevated LREY
concentrations with significant negative Eu anomalies (expressed as
Eun/Euy* = Euy /[(Smy x 0.67) (Tby x 0.33)], Dai et al., 2016),
ranging from 0.28 to 0.54 (Fig. 11A). Apart from the samples DS5-1-T
and DS6-2s-T, the UCC-normalized (Taylor and McLennan, 1985) REY
patterns of the other four tonsteins also show L-type enrichment, strong
negative Eu anomalies (Euy/Eun™ values from 0.56 to 0.85), and slight
negative Y anomalies (Yy/Hoy = 0.85-0.96) (Fig. 11B). In contrast, the
samples DS5-1-T and DS6-2s-T have a distinctly H-type enrichment with
negative Eu anomalies of 0.81 and 0.43, and a negative Y anomaly (Yn/
Hop = 0.83) for the tonstein DS6-2s-T (Fig. 11B).
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Table 3
Zircon LA-ICP-MS U—Pb analytical data of the tonstein DS5-1-T.
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Spot Isotopic ratios
207pp /206pp 16 207pp /235y 16 206pp /238y 16
DS5-1-T-01 0.04932 0.00122 0.18612 0.00463 0.02724 0.00023
DS5-1-T-02 0.04931 0.00103 0.18477 0.00377 0.02709 0.00025
DS5-1-T-03 0.05083 0.00101 0.18967 0.00362 0.02701 0.0002
DS5-1-T-04 0.04995 0.00204 0.18809 0.00793 0.02723 0.00019
DS5-1-T-05 0.04997 0.00113 0.18805 0.00428 0.02725 0.00023
DS5-1-T-06 0.05026 0.00096 0.19106 0.00406 0.02747 0.00026
DS5-1-T-07 0.04891 0.00142 0.18371 0.00515 0.02726 0.00027
DS5-1-T-08 0.04829 0.00094 0.18128 0.00362 0.02716 0.0002
DS5-1-T-09 0.04981 0.00118 0.18683 0.00393 0.02731 0.00027
DS5-1-T-10 0.04822 0.00105 0.18151 0.00368 0.02733 0.00024
Spot é\oge (Ma)
7Pb/°°Ph 1o 207pp/235y 1o 206pp/238y 1o
DS5-1-T-01 163 42 173 4 173 1
DS5-1-T-02 162 31 172 3 172 2
DS5-1-T-03 233 30 176 3 172 1
DS5-1-T-04 193 85 175 7 173 1
DS5-1-T-05 194 37 175 4 173 1
DS5-1-T-06 207 32 178 3 175 2
DS5-1-T-07 144 47 171 4 173 2
DS5-1-T-08 113 33 169 3 173 1
DS5-1-T-09 186 31 174 3 174 2
DS5-1-T-10 110 32 169 3 174 1
Table 4
Major element concentrations on whole-rock basis (%) in tonsteins.
Sample DS3-1-T DS5-1-T DS6-1-T DS6-2s-T DS6-2z-T DS7-T Mean Clay shale*
SiO, 57.75 34.16 46.40 43.81 44.56 53.29 46.66 50.30
TiOy 0.22 0.19 0.45 0.59 0.56 0.37 0.40 0.50
Al,O3 23.64 24.13 36.01 35.43 35.84 27.18 30.37 16.60
Fe,03 1.27 1.68 0.35 0.51 0.27 0.16 0.71 6.70
MnO 0.001 0.004 0.005 0.008 0.004 0.001 0.004 0.120
MgO 0.55 0.26 0.25 0.17 0.11 1.10 0.41 2.75
CaO 0.49 0.57 0.29 0.25 0.21 2.31 0.69 3.10
Na20 0.07 0.04 0.01 0.19 0.01 0.04 0.06 1.38
K>0 0.26 0.12 0.06 0.12 0.06 0.04 0.11 3.28
P,05 0.01 0.03 0.02 0.03 0.03 0.00 0.02 0.18
LOI 15.42 38.80 15.89 18.62 17.93 15.08 20.29 -
SiOy/ 2.44 1.42 1.29 1.24 1.24 1.96 1.54 3.03
Al,O3
Al,03/
TiO, 107.45 127.00 80.02 60.05 64.00 73.46 75.93 33.20

Note: * Grigor'ev (2003).
5. Discussion
5.1. Evidence for volcanic origin

The field characteristics and mineralogical compositions can provide
evidence for volcanic origin for tonsteins (Dai et al., 2017 and references
therein). Similar in macroscopically typical features to altered volcanic
ash in coal-bearing sequences (e.g., Arbuzov et al., 2016; Dai et al.,
2014a; Shen et al., 2021), six tonsteins of the Yan'an Formation in the
field are found as thin beds with a pale color, lateral continuity,
conchoidal and flint-like fracture planes, sharp contacts with enclosing
coals, and an absence of sedimentary layering structure (Fig. 2). The
presence of volcanogenic minerals, such as high-temperature quartz,
sanidine, micas, zircon, and apatite in the intra-seam clay beds may
indicate an ash fall origin (Bouroz, 1967; Dai et al., 2017; Spears, 2012;
Ward, 2002). Moreover, the quartz in altered volcanic ashes has an
angular habit in shape and common splinters, which form far from
normal sedimentary mudrocks (Spears, 2012). In the present study, the
tonstein samples have vermicular kaolinites (Fig. 3A-C) and irregular
quartz grains (Fig. 3A-D), and many euhedral zircon crystals (Fig. 6A-E)
with similar U—Pb ages (Fig. 7) (Zhang et al., 2020; Zhang et al., 2021),
indicating that the tonsteins were formed during a very short time
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interval. All of the above lines of evidence suggest that the six tonsteins
in the Yan'an Formation of the Ordos Basin are altered volcanic ashes.
However, the rounded quartz, muscovite, and detrital zircons are also
observed in the samples, indicating that a small amount of terrigenous
debris from the nearby orogenic belts have some contribution to the
tonsteins.

5.2. Identification of original magma source

The three groups of tonsteins have been referred to as felsic, inter-
mediate (or alkaline), and mafic tonsteins, indicating their original
magmas (Dai et al., 2011, 2017; Spears, 2012; Zhou et al., 2000). Some
of the euhedral pyroclastic minerals in tonsteins can interpret the orig-
inal magmatic composition, such as sanidine and zircon (Arbuzov et al.,
2016; Zhao et al., 2012). For example, Zhao et al. (2012) suggested that
sanidine crystals in two tonsteins intercalated with the Great Northern
coal seam of the Sydney Basin in Australia may represent members of the
anorthoclase-sanidine series or sodic sanidine and indicate a felsic to
intermediate volcanic ash. The presence of sanidine in the tonstein DS6-
2z-T shows that the original ash composition was also possibly felsic to
intermediate (Fig. 6F).

The geochemistry of altered volcanic ashes is more appropriate for
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Fig. 8. Major elements in tonsteins and clay shale (Grigor'ev, 2003).

volcanic ash classification (Spears, 2012; Dai et al., 2017). Generally,
some elements, including Al, Ti, Zr, Hf, Y, Nb, Ta, and rare earth ele-
ments, have distinct concentrations in different magmas and are mostly
used to constrain the original igneous sources of volcanic ashes due to
their relative immobility (Hayashi et al., 1997; Wesolowski, 1992; Zie-
linski, 1985; Ziemniak et al., 1993). The Aly03/TiO ratio is commonly
used for the classification of altered volcanic ashes (e.g., Anggara et al.,
2018; Dai et al., 2011, 2014a; Shen et al., 2021; Spears and Kanaris-
Sotiriou, 1979; Wang et al., 2020; Zhao et al., 2012). Typical Al,O3/
TiO4 values for corresponding felsic, intermediate, and mafic tonsteins
are >50, 12.5-50, and < 12.5, respectively (Dai et al., 2011, 2014a,
2017; Spears and Kanaris-Sotiriou, 1979; Winchester and Floyd, 1977).
For this study, the Al;03/TiO ratios of the studied samples range from
64.00 at DS6-1-T to 130.43 at DS7-T (Fig. 11C), suggesting that the
tonsteins in the Yan'an Formation were initially sourced from felsic
rocks.

In addition to AlyO3/TiO3, the Zr/TiOy versus Nb/Y plot of
Winchester and Floyd (1977) has also been widely used to deduce the
origin of altered volcanic ashes (e.g., Dai et al., 2011; Spears, 2012;
Arbuzov et al., 2016; Spears and Arbuzov, 2019; Wang et al., 2020),
which can classify tonsteins using the volcanic nomenclature, such as
rhyolitic tonstein. However, in the Zr/TiO2-Nb/Y diagram, the tonstein
samples plot within the rhyodacite-dacite (DS5-1-T), trachyte (DS3-1-T
and DS6-2z-T), and basanite-nephelinite (DS6-1-T, DS6-2s-T and DS7-T)
fields rather than the rhyolite field (Fig. 11D). This distribution may be
due to the loss of Y concentration in the tonsteins because Y can be
mobile in the peat-forming environment (Dai et al., 2016, 2017; Moeller,
2000; Wang et al., 2020), which is supported by negative anomalies of Y
in the tonstein samples (Fig. 11B). Hence, the classification diagram of
Winchester and Floyd (1977) could be less reliable as a provenance in-
dicator for the tonsteins in this study. In such a case, the diagrams of Zr/
TiO2-Al;03/TiO2 and Nb/Yb-Al,03/TiO, were used to discriminate
between volcaniclastic deposits of different origins (Shen et al., 2021;
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Zheng et al., 2020). The U—PDb ages of the zircon grains in the tonsteins
of the Yan'an Formation (Zhang et al., 2020, 2021 and this study)
constrain that the original volcanic eruption occurred in the Aalenian
Stage of the Middle Jurassic. Due to a small amount of geochemical data
of Aalenian pyroclastic rocks in the North China craton, we have used
the Mesozoic volcanic rocks to identify the original igneous sources in
the plotting Zr/TiO2-Aly03/TiO2 and Nb/Yb-Al,03/TiO, diagrams. As
shown in Fig. 12, all plots of six tonstein samples are situated in or near
the rhyolite field, which is consistent with a felsic composition for the
initial material of the tonsteins as deduced earlier. It is noteworthy that
elements Zr and Nb in the peat-forming environment could be relatively
mobile (Dai et al., 2017 and references therein; Spears and Arbuzov,
2019). Indeed, Zr and Nb in the tonsteins of the Yan'an Formation have
been leached into their enclosing coals (detail are discussed below).
Therefore, combinations of the Zr/TiO2-Al;03/TiO5 and Nb/Yb-Al,O3/
TiO4 diagrams with other geochemical indicators for provenance anal-
ysis would be more appropriate (Dai et al., 2017).

Another geochemical feature indicating a possible original magmatic
material of the tonsteins is the REY concentrations and distribution
patterns (e.g., Arbuzov et al., 2016; Wang et al., 2020; Dai et al., 2017;
Shen et al., 2021). In this study, the six tonstein samples characteristi-
cally have low REY concentrations and pronounced negative Eu anom-
alies with a distinctive fractionation between LREY and HREY,
indicating a typical felsic source. Thus, overall, all the tonsteins in the
Yan'an Formation of the Ordos Basin have a felsic (thyolite) composition
of the initial volcanogenic material.

It may be mentioned that the occurrence and abundance of smectite
are commonly observed in altered volcanic ashes of intermediate and
mafic compositions (Bohor and Triplehorn, 1993; Reinink-Smith, 1990;
Spears, 2012; Triplehorn et al., 1977; Turner et al., 1983) or thick layers
(Bohor and Triplehorn, 1993; Bouroz et al., 1983; Triplehorn and Bohor,
1981; Zaritsky, 1985). In this study, the tonstein within the coal layer
above coal seam #3-1 is thin, 1.3-cm thick (Fig. 2A), and has a parent
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Table 5
Trace element concentrations on ash basis (ppm) in tonsteins and enclosing coals.

Sample Li Be Sc \ Cr Co Ni Cu Zn Ga Rb Sr Mo Cd
DS3-1-03 3.3 8.2 9.9 237.0 58.9 179.0 64.1 37.6 22.6 13.0 10.6 151.0 1.0 0.02
DS3-1-02 7.2 5.3 6.5 17.7 13.8 177.0 45.9 33.3 22.1 11.4 11.6 137.0 1.1 0.07
DS3-1-01 6.4 4.9 5.6 13.3 11.6 221.0 48.0 35.5 24.7 8.7 7.2 138.0 1.1 0.07
DS3-1-T 84.2 0.9 5.6 3.2 2.0 2.9 11.3 4.9 23.0 28.2 10.2 123.0 0.3 0.14
DS3-1-U1 4.1 4.2 3.4 89.4 23.3 207.0 53.2 32,5 21.0 5.3 3.9 150.0 1.5 0.10
DS3-1-U2 7.3 4.9 3.4 46.0 21.0 65.1 23.7 34.4 24.7 5.2 7.6 141.0 1.1 0.03
DS3-1-U3 0.5 8.4 2.1 92.3 16.7 6.2 9.0 20.6 17.4 2.1 0.4 243.0 0.8 0.04
DS5-1-01 0.9 6.7 8.5 25.3 221 5.2 4.8 5.2 6.0 2.9 0.8 463.0 0.3 0.02
DS5-1-T 10.4 2.8 4.2 11.1 10.2 13.1 14.3 4.8 9.8 29.3 4.2 176.0 0.7 0.06
DS5-1-U1 3.2 4.5 5.9 8.5 9.4 6.0 5.5 3.1 7.7 8.9 1.0 429.0 0.2 0.03
DS5-1-U2 3.3 0.8 1.6 4.9 8.6 2.1 5.9 3.9 5.7 1.7 0.3 240.0 0.2 0.00
DS5-1-U3 0.3 2.5 0.4 3.0 2.5 12.8 8.6 22.0 7.0 1.7 0.2 380.0 0.4 0.02
DS6-1-03 7.2 0.7 0.5 5.0 4.4 6.6 5.0 21.1 10.0 0.4 0.4 148.0 0.2 0.05
DS6-1-02 6.4 0.7 0.5 186.0 22.3 5.8 10.8 22.3 22.0 5.4 0.5 129.0 1.3 0.03
DS6-1-01 4.0 0.6 2.0 127.0 20.0 5.7 8.6 9.4 22.6 8.3 1.5 113.0 3.9 0.08
DS6-1-T 46.5 0.2 1.3 10.7 5.9 4.0 2.7 14.8 22.3 41.5 6.0 23.6 1.7 0.09
DS6-1-Ul 6.8 0.5 1.6 11.2 11.0 5.1 7.8 27.6 12.2 3.9 1.4 170.0 1.6 0.08
DS6-1-U2 9.1 0.7 1.8 6.9 5.2 1.1 3.6 2.5 6.0 1.7 0.7 158.0 0.1 0.03
DS6-1-U3 8.3 0.8 1.6 6.0 5.4 1.2 4.4 3.4 7.2 1.3 0.8 177.0 0.1 0.04
DS6-25-03 14.7 1.3 3.1 5.4 5.7 7.3 6.5 4.0 6.5 3.2 0.7 236.0 0.1 0.04
DS6-25-02 12.2 1.5 4.1 11.0 11.0 7.4 7.5 25.8 11.3 4.8 2.1 268.0 0.4 0.08
DS6-25-01 10.0 1.6 4.6 16.7 16.3 6.5 6.6 10.7 17.9 11.3 4.0 384.0 0.8 0.07
DS6-2s-T 47.0 0.2 1.6 10.5 7.5 2.6 4.9 15.4 28.3 53.3 10.1 114.0 1.5 0.12
DS6-2s-Ul 9.2 0.9 2.8 15.1 12.7 9.7 10.3 25.1 20.8 4.2 0.5 194.0 0.3 0.12
DS6-2s-U2 171 0.8 2.8 7.8 9.9 5.2 7.4 3.7 17.3 3.7 0.6 210.0 0.1 0.07
DS6-2s-U3 24.9 1.2 2.6 5.0 8.9 3.4 7.5 2.4 9.8 2.3 0.5 290.0 0.1 0.03
DS6-2z-03 5.3 0.9 0.9 3.2 2.8 8.5 7.5 2.3 5.8 4.4 0.3 653.0 2.1 0.03
DS6-2z-02 7.1 0.9 1.0 1.9 4.0 6.3 6.3 1.8 5.4 4.0 0.3 670.0 1.1 0.03
DS6-2z-01 4.2 1.0 2.7 16.1 7.3 111 7.7 6.3 11.8 10.2 0.9 614.0 21 0.08
DS6-2z-T 30.2 0.3 1.0 9.9 5.6 2.9 3.6 20.3 34.3 27.7 3.7 99.8 2.3 0.17
DS6-2z-Ul 9.9 0.5 2.1 20.3 8.1 13.4 9.6 13.1 29.6 20.8 1.2 382.0 4.7 0.23
DS6-2z-U2 5.6 1.0 2.1 8.1 5.8 7.6 7.6 39.9 18.8 7.7 0.4 571.0 2.0 0.10
DS6-2z-U3 6.7 0.6 2.0 5.2 5.7 6.1 6.3 3.5 9.8 4.5 0.3 642.0 0.8 0.03
DS7-03 6.7 1.5 2.6 4.7 6.8 5.4 8.2 24.6 16.4 2.9 1.2 181.0 0.6 0.00
DS7-02 10.1 1.6 4.0 6.3 7.8 7.4 10.6 24.8 9.9 3.5 1.7 174.0 1.7 0.04
DS7-01 12.9 1.7 5.2 20.2 10.0 4.6 9.5 27.1 25.0 14.0 4.4 162.0 4.4 0.11
DS7-T 315 0.2 1.9 7.4 2.6 1.4 8.3 7.1 17.0 40.4 3.9 31.4 1.7 0.08
DS7-U1 129 1.7 5.1 16.5 9.5 4.9 9.2 26.6 12.7 3.2 0.9 407.0 0.8 0.03
DS7-U2 7.2 1.7 4.2 11.4 8.6 3.3 6.9 3.8 6.9 2.2 0.5 180.0 0.5 0.03
DS7-U3 4.8 1.4 2.6 5.2 10.6 2.8 7.0 3.2 6.1 2.0 0.4 210.0 0.3 0.06
World hard coals* 14.0 2.0 3.7 28.0 17.0 6.0 17.0 16.0 28.0 6.0 18.0 100.0 2.1 0.20
Clay shale' 46.0 2.8 15.0 120.0 76.0 19.0 47.0 36.0 52.0 16.0 130.0 240.0 1.6 1.00
Yan'an Formation coals* 2.4 8.3 4.6 34.4 31.9 8.2 11.3 6.6 9.5 3.6 0.9 159.0 1.1 0.05
Sample Sb Cs Ba w Tl Pb Bi Th U Nb Ta Zr Hf
DS3-1-03 1.21 1.05 42.4 1.23 0.07 4.33 0.30 3.32 5.15 6.47 0.33 50.4 1.45
DS3-1-02 0.92 0.89 43.5 1.13 0.08 7.99 0.18 5.67 3.97 7.31 0.57 122.0 3.23
DS3-1-01 0.59 0.63 31.4 0.96 0.09 6.82 0.23 28.80 5.23 20.80 0.90 266.0 3.96
DS3-1-T 1.25 0.68 124.0 0.30 0.05 79.80 1.14 26.90 1.81 9.48 3.19 121.0 10.30
DS3-1-Ul 0.43 0.31 22.4 0.77 0.05 3.91 0.13 9.70 5.92 17.60 0.35 125.0 1.98
DS3-1-U2 0.51 0.47 40.8 1.98 0.26 8.45 0.09 2.70 2.78 3.17 0.20 40.5 1.22
DS3-1-U3 0.21 0.02 12.2 1.24 0.01 3.26 0.05 1.06 0.89 0.41 0.04 3.2 0.14
DS5-1-01 0.86 0.09 8.6 0.15 0.01 3.58 0.18 7.89 3.47 7.28 0.64 57.3 2.38
DS5-1-T 0.59 0.43 16.0 0.55 0.23 30.70 1.30 37.60 1.41 3.06 2.06 79.3 5.14
DS5-1-U1 1.24 0.09 8.1 0.44 0.02 5.96 0.33 10.20 3.06 8.83 0.95 64.8 2.79
DS5-1-U2 0.03 0.06 10.1 0.16 0.00 1.33 0.09 2.33 1.41 1.08 0.09 10.8 0.40
DS5-1-U3 0.24 0.02 8.2 0.59 0.00 0.95 0.04 0.15 0.27 0.14 0.01 1.2 0.05
DS6-1-03 0.05 0.04 24.7 0.11 0.31 0.79 0.05 1.16 13.20 0.59 0.07 10.2 0.34
DS6-1-02 0.12 0.04 18.7 0.27 1.02 2.61 0.07 0.71 34.20 0.72 0.09 8.1 0.32
DS6-1-01 0.71 0.25 14.9 0.61 0.72 3.73 0.22 19.60 51.50 8.14 0.63 84.1 2.31
DS6-1-T 0.16 0.57 30.6 4.33 0.23 21.00 1.29 25.80 9.95 14.90 4.93 105.0 4.89
DS6-1-U1 211 0.13 50.0 0.10 0.16 47.40 0.39 15.80 2.96 3.20 0.39 55.8 1.87
DS6-1-U2 0.58 0.05 47.9 0.07 0.00 1.02 0.05 7.95 1.56 1.65 0.07 27.5 117
DS6-1-U3 0.03 0.08 98.9 0.09 0.01 1.02 0.04 3.21 1.68 1.78 0.10 30.1 1.19
DS6-25-03 0.28 0.05 28.3 0.09 0.01 3.90 0.13 3.83 2.22 2.94 0.14 39.7 1.26
DS6-25-02 0.37 0.25 229.0 0.38 0.03 9.18 0.24 15.00 2.44 4.79 0.41 84.0 2.78
DS6-2s-01 0.35 0.44 3998.0 2.50 0.05 20.70 0.79 60.30 3.35 8.56 1.54 129.0 4.66
DS6-2s-T 0.21 0.83 1701.0 9.03 0.05 11.30 1.11 19.40 4.19 22.60 4.55 104.0 4.80
DS6-2s-Ul 0.64 0.04 26.3 0.20 0.01 45.50 0.34 31.80 3.50 3.23 0.61 124.0 4.64
DS6-2s-U2 0.30 0.04 26.2 0.22 0.01 9.85 0.14 14.40 3.61 3.06 0.34 71.0 2.45
DS6-2s-U3 0.14 0.04 335 0.11 0.01 5.86 0.09 3.09 4.80 1.47 0.18 28.6 1.09
DS6-2z-03 0.22 0.02 51.6 0.14 0.11 3.80 0.07 0.72 1.97 0.50 0.06 6.8 0.33

(continued on next page)
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Table 5 (continued)

Sample Sb Cs Ba w Tl Pb Bi Th 0) Nb Ta Zr Hf

DS6-2z-02 0.24 0.05 73.6 0.17 0.04 4.20 0.07 0.68 2.01 0.41 0.06 4.6 0.23
DS6-2z-01 0.33 0.14 31.4 1.19 0.03 13.60 0.27 37.90 5.54 7.73 0.74 105.0 4.01
DS6-2z-T 0.13 0.69 179.0 7.53 0.05 15.70 1.75 28.90 5.62 22.00 5.41 131.0 5.06
DS6-2z-Ul 0.51 0.20 12.8 0.35 0.24 23.80 1.31 54.40 5.14 7.22 2.64 242.0 8.74
DS6-2z-U2 0.22 0.05 19.6 0.21 0.01 6.55 0.11 13.30 4.27 5.42 0.13 48.0 1.87
DS6-2z-U3 0.09 0.05 7.1 0.14 0.00 4.85 0.06 3.75 2.67 2.34 0.11 29.5 1.15
DS7-03 0.17 0.15 15.1 0.20 0.02 3.80 0.26 2.76 4.12 3.29 0.16 23.5 0.88
DS7-02 0.36 0.21 22.0 0.15 0.15 7.65 0.20 5.43 5.50 4.38 0.18 47.1 1.36
DS7-01 1.61 0.77 90.9 2.46 0.07 10.00 0.68 29.80 5.34 11.20 0.99 140.0 3.62
DS7-T 0.10 0.73 15.3 4.14 0.04 35.60 1.20 22.10 6.75 20.80 3.36 71.6 5.02
DS7-Ul 0.26 0.18 24.1 0.28 0.08 14.70 0.23 17.00 4.16 3.43 0.19 73.9 1.76
DS7-U2 0.06 0.08 9.1 0.13 0.03 3.77 0.10 4.69 3.42 2.45 0.13 45.5 1.35
DS7-U3 0.09 0.09 11.8 0.16 0.01 7.53 0.10 3.37 2.80 1.40 0.11 15.9 0.55
World hard coals* 1.00 1.10 150.0 0.99 0.58 9.00 1.10 3.20 1.90 4.00 0.30 36.0 1.20
Clay shale' 1.00 10.00 460.0 2.60 1.30 14.00 0.38 10.00 4.50 11.00 1.40 190.0 5.00
Yan'an Formation coals* 0.50 0.11 200.5 0.30 0.10 4.85 0.15 2.95 1.15 1.42 0.06 10.1 0.30

Note: * Ketris and Yudovich (2009); f Grigor'ev (2003); ¥ Wang et al. (2018).

Table 6
REY (rare earth element and Y) concentrations on ash basis (ppm) in tonsteins and enclosing coals.

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu REY
DS3-1-03 10.7 22.3 2.94 13.30 3.87 0.93 3.23 0.88 5.87 53.10 1.45 3.91 0.69 4.08 0.76 128.01
DS3-1-02 10.1 20.1 2.69 12.20 3.08 0.76 2.87 0.69 4.88 42.40 1.17 3.62 0.59 3.50 0.62 109.27
DS3-1-01 13.3 28.3 3.40 15.40 3.65 0.82 3.08 0.79 5.25 43.20 1.19 3.53 0.56 3.35 0.68 126.50
DS3-1-T 8.9 18.9 2.17 7.87 1.46 0.24 1.09 0.16 0.90 3.62 0.15 0.43 0.06 0.39 0.07 46.35
DS3-1-U1 7.1 14.9 1.91 8.79 2.34 0.55 1.91 0.46 3.23 31.30 0.80 213 0.36 2.21 0.40 78.37
DS3-1-U2 7.5 14.6 1.97 8.74 2.23 0.53 1.97 0.46 3.30 31.30 0.77 2.44 0.38 2.37 0.41 79.01
DS3-1-U3 7.3 14.8 1.90 8.29 2.30 0.57 2.08 0.44 3.14 32.20 0.70 2.08 0.29 1.76 0.29 78.17
DS51-01 4.4 9.1 1.28 6.39 1.91 0.48 1.46 0.44 3.36 21.80 0.74 1.98 0.31 1.88 0.31 55.83
DS5-1-T 10.4 26.8 3.12 12.40 2.66 0.46 1.93 0.40 2.44 12.00 0.41 1.31 0.17 1.17 0.21 75.87
DS5-1-U1 4.0 8.4 1.13 5.46 1.54 0.40 1.53 0.37 2.66 18.90 0.64 1.65 0.29 1.71 0.30 48.96
DS5-1-U2 10.1 20.2 2.27 7.75 1.44 0.29 1.31 0.23 1.41 9.07 0.31 0.94 0.15 1.06 0.17 56.70
DS51-U3 1.9 4.3 0.62 3.10 0.83 0.19 0.78 0.20 1.44 11.20 0.32 0.89 0.14 0.94 0.14 27.00
DS61-03 0.9 2.2 0.38 1.66 0.42 0.08 0.30 0.08 0.38 2.80 0.08 0.27 0.03 0.29 0.04 9.93
DS61-02 1.9 4.2 0.73 3.19 0.88 0.12 0.62 0.13 0.78 5.23 0.15 0.49 0.09 0.52 0.08 19.13
DS61-01 9.6 21.8 2.97 11.00 1.97 0.32 1.74 0.33 1.78 8.97 0.34 1.13 0.16 1.13 0.19 63.39
DS61-T 23.7 52.0 5.30 18.30 2.60 0.28 2.20 0.29 1.35 3.34 0.15 0.60 0.06 0.52 0.07 110.75
DS6-1-Ul 7.0 15.5 1.88 6.14 1.16 0.13 0.81 0.15 0.77 2.76 0.12 0.39 0.07 0.30 0.06 37.21
DS61-U2 4.0 9.1 1.26 4.81 1.07 0.15 0.71 0.13 0.84 3.40 0.14 0.38 0.07 0.43 0.08 26.54
DS6-1-U3 3.6 8.6 1.14 4.46 1.04 0.18 0.76 0.14 0.86 3.90 0.15 0.44 0.08 0.53 0.08 25.91
DS6-25-03 0.8 3.5 0.66 2.94 0.86 0.14 0.58 0.16 1.24 6.34 0.24 0.78 0.17 1.03 0.14 19.59
DS6-25-02 1.3 4.8 0.88 3.52 1.05 0.19 0.70 0.22 1.34 7.76 0.29 0.96 0.17 1.11 0.19 24.48
DS6-25-01 5.4 16.0 2.09 7.51 1.69 0.61 1.24 0.27 1.50 7.71 0.29 1.08 0.19 1.10 0.20 46.92
DS6-2s-T 3.5 9.8 1.27 4.70 0.82 0.07 0.68 0.11 0.70 2.29 0.11 0.34 0.06 0.40 0.05 24.90
DS6-2s-Ul 1.8 6.2 0.97 4.29 0.96 0.14 0.66 0.16 0.89 5.23 0.20 0.63 0.12 0.74 0.12 23.13
DS62s-U2 2.4 8.3 1.31 5.89 1.35 0.24 1.02 0.18 1.28 7.32 0.27 0.83 0.14 0.85 0.14 31.44
DS6-2s-U3 3.7 139 2.28 11.00 2.69 0.46 1.72 0.37 2.31 12.40 0.40 1.24 0.18 1.23 0.17 54.07
DS6-2z-03 1.3 3.7 0.62 2.68 0.74 0.12 0.61 0.13 0.90 4.64 0.17 0.54 0.09 0.50 0.11 16.86
DS6-2z-02 1.3 3.7 0.55 2.65 0.68 0.13 0.48 0.12 0.81 4.34 0.14 0.43 0.07 0.47 0.09 15.94
DS6-2z-01 3.2 8.5 1.19 4.68 1.13 0.18 0.84 0.18 1.15 5.70 0.23 0.66 0.12 0.85 0.13 28.79
DS6-2z-T 15.9 35.4 3.73 12.70 1.74 0.23 1.64 0.24 1.18 3.07 0.14 0.48 0.06 0.43 0.07 77.00
DS6-2z-Ul 13.2 32.0 3.57 12.00 2.11 0.26 1.81 0.24 1.38 5.02 0.22 0.67 0.10 0.76 0.10 73.45
DS6-2z-U2 2.2 6.5 0.96 4.03 0.92 0.12 0.64 0.14 0.91 4.56 0.17 0.54 0.11 0.68 0.12 22.51
DS6-2z-U3 2.1 5.7 0.90 3.68 0.92 0.14 0.69 0.14 0.98 5.03 0.16 0.57 0.11 0.68 0.10 21.90
DS7-03 10.1 20.0 2.20 8.41 1.69 0.30 1.48 0.30 1.84 12.70 0.37 1.15 0.22 1.74 0.26 62.75
DS7-02 9.2 19.1 2.08 7.73 1.44 0.27 1.37 0.25 1.61 9.90 0.31 0.98 0.21 1.33 0.21 55.97
DS7-01 25.4 50.2 4.72 15.40 2.43 0.40 2.39 0.42 2.26 12.50 0.45 1.50 0.26 1.66 0.31 120.30
DS7-T 21.2 43.4 3.82 11.10 1.46 0.18 1.58 0.22 1.03 3.12 0.13 0.57 0.06 0.52 0.08 88.47
DS7-U1 10.2 21.4 2.42 8.70 1.77 0.29 1.60 0.26 1.62 10.30 0.34 1.12 0.21 1.38 0.24 61.86
DS7-U2 8.8 18.0 2.08 7.39 1.54 0.24 1.31 0.24 1.50 9.00 0.28 1.02 0.19 1.28 0.23 53.07
DS7-U3 8.7 17.3 1.99 7.23 1.46 0.26 1.25 0.23 1.41 8.64 0.28 0.99 0.16 1.19 0.19 51.31
World hard coals* 11.0 23.0 3.40 12.00 2.20 0.43 2.70 0.31 2.10 8.20 0.57 1.00 0.30 1.00 0.20 68.41
Clay shale 48.0 75.0 10.00 36.00 8.00 1.20 5.80 0.83 4.40 31.00 0.70 1.90 0.60 2.50 0.39 226.32
Yan'an Formation coals* 3.4 8.5 1.11 4.91 1.43 0.42 1.63 0.38 2.39 17.60 0.58 1.56 0.25 1.41 0.22 45.71

Note: * Ketris and Yudovich (2009); ' Grigor'ev (2003); ¥ Wang et al. (2018).

felsic composition. Therefore, high smectite (18%) content detected in 5.3. Leaching of the tonsteins within coal seams
the sample DS3-1-T (Table 2) may be caused by the depositional envi-
ronment or degree of alteration (Dai et al., 2017). In some cases, tonsteins within coal seams have been leached by

groundwaters or hydrothermal solutions, resulting in the enrichment of
some trace elements in the underlying and overlying coal benches
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Fig. 9. Concentration coefficients (CC) of trace elements in tonsteins, normalized by the mean composition of clay shale (Grigor'ev, 2003).

Enclosing coals

Enclosing coals

Enclosing coals Average of Yan'an

cc of DS5-1-T cc of DS6-25-T cc of DS7- cc Formation coals
0.01 10 0.01 0.1 1 10 0.01 0.1 1 0.01_0.1 1__10(Wangetal., 2018)
Li Li
Be Be
Sc Sc
v \'
Cr Cr
Co Co
Ni Ni
Cu Cu
Zn Zn
Ga Ga
Rb Rb
Sr Sr
Mo Mo
Cd Cd
Sb Sb
Cs Cs
Ba Ba
w w
Tl Tl
Pb Pb
Bi Bi
Th Th
U U
Nb Nb
Ta Ta
Zr Zr
Hf Hf
REY REY
0.01 0.1 1 10 0.01 0.1 1 10 0.01 0.1 1 10 0.01 0.1 1 10
Enclosing coals ce Enclosing coals cc Enclosing coals cc Average of all cC

of DS3-1-T of DS6-1-T

of DS6-2z-T

enclosing coals
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hard coal (Ketris and Yudovich, 2009).

(Arbuzov et al., 2016, 2018; Crowley et al., 1989; Dai et al., 2006, 2013,
2014a; Eskenazy, 2006; Ketris and Yudovich, 2009; Hower et al., 1999;
Kalkreuth et al., 2006; Spears and Arbuzov, 2019; Spears et al., 1988;
Zhao et al., 2015). For example, Arbuzov et al. (2016) found that highly-
elevated concentrations of lanthanides, thorium, uranium, and tantalum
are characteristic of the coal immediately above and below the tonsteins
that may be related to the leaching of the felsic tonsteins. Wang et al.
(2018) indicated that only elements of Be, Sc, V, Cr, Co, Sr, and Ba are
enriched in the Yan'an Formation “normal” coals that are without vol-
canic ash (Fig. 10), compared with the average values for world hard
coals (Ketris and Yudovich, 2009). However, the enclosing coals of the
tonsteins in the Yan'an Formation have evident anomalously elevated
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Th, U, Nb, Ta, Zr, and Hf (Fig. 10), which may be attributed to the
leaching of the tonsteins by groundwaters or hydrothermal solutions
(Dai et al., 2017). Compared with the mean composition of clay shale
(Grigor'ev, 2003), the studied tonsteins are characterized by the high
concentrations of the elements mentioned above (Fig. 9). Moreover,
compared with the average trace element concentrations of the Meso-
zoic rhyolites in the North China craton (Gou et al., 2013), the studied
tonsteins are depleted in elements Th, U, Nb, Zr, and Hf (Fig. 13), sup-
porting these elements were leached into the enclosing coal. However,
only DS5-1-T obviously shows depletion in Ta (Fig. 13), which may be
caused by inaccurate equivalent rhyolites of the possible sources. In
addition, the elevated concentrations of Co, Ni, Cu, and Sr in the studied
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tonsteins may be sourced by the acidic solutions (Fig. 13), which can
also be responsible for leaching of Be, Rb, Cs, Th, U, Nb, Zr, Hf, and REY
(Dai et al., 2017; Nechaev et al., 2021). The evidence of above elements

released from the parent ash during the alteration process indicates that
these elements are not only hosted in resistate minerals, such as zircon
and phosphate minerals, but may be contained in volcanic glass or less
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Fig. 14. The vertical variation of concentration coefficients (CC) for trace elements of Nb, Ta, Zr, Hf, Th, and U in the tonsteins and enclosing colas, normalized by
average trace element concentrations of Yan'an Formation coals (Wang et al., 2018).

stable minerals (Zhou et al., 2000; Zhao et al., 2017; Dai et al., 2017; the tonsteins into its overlying and underlying coals, the element con-
Spears and Arbuzov, 2019). It is also of noted that mobility of these centrations in the tonsteins and enclosing coals have been normalized to
elements would impose some constraints on the use of corresponding the average values of the Yan'an Formation coals (Wang et al., 2018). As
discrimination diagrams for the interpretation of original ash composi- shown in Fig. 14, apart from the DS3-1-T and DS5-1-T, almost all other
tion and tectonic setting (Spears and Arbuzov, 2019). tonsteins (DS6-1-T, DS6-2s-T, DS6-22-T, and DS7-T) have an enrichment

Moreover, to investigate the mobile distance of the elements from width of up to 30 cm for elements Th, U, Nb, Ta, Zr, and Hf into its
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adjacent coals, and showing the concentrations decreasing with the
distance from the tonsteins (Fig. 13). The DS3-1-T and DS5-1-T only
have a narrower enrichment zone (~ 20 cm) in the enclosing coals,
possibly due to their thinner thicknesses (1.3 cm for the DS3-1-T and 0.2
cm for the DS5-1-T). It is worth noting that the distance of leaching
tonsteins into the underlying coals is longer than the overlying coals,
such as the overlying coals in the DS6-1-T and DS6-2z-T only with a 10
cm enrichment zone (Fig. 13).

Although a number of elements (e.g., Zn, Rb, Cs, and Pb) are also
depleted in the tonsteins (Fig. 13), the coal seams both above and below
the tonsteins do not have enrichment in these elements (Fig. 10). Except
for some directly underlying and overlying coals (e.g., DS6-2s-0O1, DS6-
2s-U1, DS6-2z-01, DS6-2z-U1, and DS7-01) with less elevated concen-
trations of the above-mentioned elements (Fig. 15). This may be caused
by the mobility of the elements and the character of interaction between
the tonsteins and adjacent coals (Arbuzov et al., 2016). Moreover,
Hower et al. (1999) and Arbuzov et al. (2016) identified that elevated
concentrations of lanthanides in the enclosing coals due to the leaching
of the felsic volcanic ashes that also can be served as the roof strata
(Ketris and Yudovich, 2009). In this study, possible leaching of lantha-
nides, such as La, Ce, Pr, and Nd, from the tonsteins and retention in the
adjacent coals, especially the coals in immediate contact with the ton-
steins, have also been recognized (Fig. 15).

6. Conclusions

Based on of petrographic, mineralogical, geochemical, and zircon
U—Pb geochronology analyses of six tonsteins and their enclosing coals
from the Middle Jurassic Yan'an Formation of the Ordos Basin, north-
eastern China, we mainly suggested the following conclusions:

(1) The line of typical evidence including thin beds, distinct lateral
continuity with paler color and sharp contacts, vermicular kaolinite, and
angular quartz crystals, and euhedral zircons with similar U—Pb ages
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indicates a significant pyroclastic origin of the tonsteins within coal
seams in the Yan'an Formation. However, rounded quartz, muscovite,
and detrital zircon grains reflect minor contribution of terrigenous
debris for the tonsteins.

(2) The felsic (rhyolite) composition for the initial volcanogenic
material of the tonsteins has been confirmed by both the mineralogical
and geochemical characteristics. The presence of sanidine may imply a
felsic to intermediate source magma. Particularly, the tonsteins have
low TiOy/Al,03 ratios (<0.02), plotting Al,03/TiO; against Nb/Yb, and
Zr/TiOy situated in or near the rhyolite field, and relatively lower REY
concentrations with pronounced negative Eu anomalies, but a greater
fractionation between LREY and HREY.

(3) The elevated concentrations of the enclosing coals in elements
Th, U, Nb, Ta, Zr, and Hf are attributed to leaching from the tonsteins
with mobile distance reached up 30 cm. Moreover, elements of Zn, Rb,
Cs, Pb and some of lanthanides including La, Ce, Pr, and Nd can also
have mobility with loss from the tonsteins and retention in a relatively
narrow zone of the overlying and underlying coals. The width of the
enrichment in the adjacent coals may be associated with the properties
of the tonsteins, such as the thickness and original magma source, the
features of the elements, e.g., mobility and initial concentration, and the
character of interaction between the tonsteins and enclosing coals.
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