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A B S T R A C T

Coal has formed in terrestrial and coastal-marine environments from sub-polar to equatorial regions since the
Devonian. It contains detailed long-term records of contemporaneous environment, climate, and subsequent
modifications. However, in general, direct chronological information in coal has been sparse. The coal in-
vestigated in the present study is from the Mile intermontane basin, Yunnan Province, China, north of an arm of
the Mesozoic Tethys Ocean. The coal contains marine geochemical signatures and syngenetic gypsum, common
in coastal-marine sediments. The gypsum contains marine-derived Sr and, hence, has geochronological potential.
The 87Sr/86Sr record (0.708350-0.708591) in the Mile coal agrees with time-calibrated 87Sr/86Sr records of
marine planktonic foraminifera obtained from core DSDP 588C, 22.25-18.27 Ma (Early Miocene). The peat of
the Mile coal was deposited over 4.6 Ma., which possibly is the longest deposition of a coal bed in the world to
have been found today, although this duration should include the period of non-peat deposition or erosion if
present during the time of the 4.6-Ma.

During this period, the regional geological structures were determined by the India-Eurasia collision, which
resulted in transform faults with extensive rift structures, including the Mile rhomb-shaped graben. This
structural setting enabled the flow of seawater from the South China Sea to reach inland graben structures,
including that of the Mile Basin, where peat was deposited. Subsequent deformation caused by the South China-
Indochina collision changed the regional structural and geographical-hydrological patterns. This affected the
hydrology of the Mile Basin and resulted in its uplift to its present-day elevation of 1350 m.

This study is, to our knowledge, the first to use the marine-derived 87Sr/86Sr indicator and chronometer in coal.
At present, marine-influenced peats generated in coastal salt marshes extend from the Arctic Ocean (Alaska and
Siberia) in the north, to Patagonia and New Zealand in the south, while mangrove forests abound in equatorial and
low-latitude coastal areas. The 87Sr/86Sr record of marine-influenced coal in this study area, provides a key for the
determination of age-duration-rate of geological processes in the inland basin, associated with the closure of the
Tethys Ocean. Results indicate that this method has potential for providing a temporal framework for geological
events and processes in other areas. These may be found near marine shore lines across the globe dating back to the
Devonian. Moreover, the 87Sr/86Sr signal in marine-influenced coal can be used for correlation with the well-
established 87Sr/86Sr chronology of marine planktonic foraminifera. In turn, the 87Sr/86Sr signal provides a basis
for correlating terrestrial records of climate and environment contained in this type of coal and associated sedi-
ments, with those of marine sediments, such as those based on δ18O in planktonic foraminifera.
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1. Introduction

Coal seams present complex systems composed of biogenic and non-
biogenic organic and inorganic components (Ward, 2002, 2016;
Finkelman et al., 2019). These can contain long-term (< 0.1 My to
several My) continuous and detailed geological records in their organic
matter, minerals, elements, and isotopes (Ward, 2016). These records
are of sufficient duration to span key events in Earth’s history, and can
provide detailed information on the flora, environment, climate, hy-
drology, and basin evolution during their deposition; thermal history
during burial; and other post depositional effects. Coal seams may re-
present longer periods than common terrestrial clastic sediments,
making them more comprehensive and detailed archives (Large et al.,
2003). However, this potential cannot be fully realised without sound
temporal information. The age of coal is currently derived from paly-
nomorphs, stratigraphic context (Cirilli, 2010; Greb, 2013), and
radiogenic isotope chronology, such as U-Pb zircon and 40Ar/39Ar sa-
nidine in tonsteins (Lyons et al., 2006; Dai et al., 2017) and Re-Os
isotopic data of marine incursions in coal (Tripathy et al., 2015).
However, the absence of tonsteins in coal limits the employment of
volcanic ash to provide age limits for coal beds. Palynology as a geo-
chronologic tool generally lacks precision, and, in many cases, in-
dependent verification of assigned age (Geboy et al., 2015). Some
limitations may affect the usefulness of Re–Os geochronometry for coal
beds (Geboy et al., 2015; Goswami et al., 2018). For example, although
not strictly for use in marine deposits (cf. Cumming et al., 2012), most
freshwater systems do not provide initial reservoirs that are both
homogenous with respect to Re and Os and large enough to provide
detectable amounts of these very rare trace elements (Geboy et al.,
2015).

Of great interest are coals associated with key features in Earth’s
history, such as the area of the present study which was affected by
major collision events: first by that of India and Eurasia, which resulted
in the closure of the Tethys Ocean (Tapponnier et al., 2001) and later by
that of China and Indochina (Leloup et al., 1995). The present study

concentrates on the gypsum identified in the coal. It occurs as idio-
morphic crystals in voids such as plant cells, indicating a process of
syngenetic formation, before compaction. This observation raised the
possibility of investigating its 87Sr/86Sr record as a potential geo-
chemical indicator, and of testing its applicability as a chronometer in
this key area of South East Asia, and potentially its wider application.

So far, the use of 87Sr/86Sr as a chronometer of marine sediments
was based on the extensive studies of marine calcareous sediments and
their carbonate biogenic components, in particular, planktonic for-
aminifera (Hodell et al., 1991). The temporal 87Sr/86Sr record of sea-
water, as preserved in chemical and biogenic carbonates, has become a
powerful tool for dating and correlating marine carbonates (e.g., Veizer
and Compston, 1974.; Burke et al., 1982; Elderfield, 1986; Hodell et al.,
1991; Veizer et al., 1997). Hodell et al. (1991) presented a very detailed
high-resolution study of 87Sr/86Sr in planktonic foraminifera in Mio-
cene sediments from cores DSDP 588A and DSDP 588C (Western Pacific
Ocean east of Australia, 26o06.7′S and 161o13.6′E). The 87Sr/86Sr depth
profile was calibrated on the basis of magneto-stratigraphy and oxygen
isotope stratigraphy of the same core and can serve as a reference for
the results of the present study. The relation plots of 87Sr/86Sr and age
for DSDP 588C and DSDP 588A of Early and Middle Miocene ages,
respectively (Hodell et al., 1991) are truly remarkable in their overall
linear relationships for the Early and Middle Miocene, with consider-
able ranges of 87Sr/86Sr values.

The Mile M1 coal seam in the lower part of the Miocene Xiaolongtan
Formation, is 27-m thick and is located at 1350-m elevation in the Mile
intermontane basin in southern Yunnan, China (Fig. 1; Wang, 1995).
The plan for the investigation of the 87Sr/86Sr record in the Mile coal
was: first, to determine whether or not the coal was deposited in an
environment affected by seawater, and whether the gypsum displays
features indicative of syngenetic origin. If these criteria are met then to
explore the use of the 87Sr/86Sr record of the gypsum as a chronometer
for the environmental record contained in the coal, and, furthermore, to
attempt to relate the 87Sr/86Sr record to the regional tectonic evolution.
Such approach could then be attempted in the study of many coals

Fig. 1. Structural map of Yunnan Province, China, and its Palaeogene-Neogene sedimentary basins. The Mile basin is located on right lateral Mile-Shizong fault. It
reaches the left lateral Red River Fault (RRF) and Ailao Shan Fault (ASF) which together form the Red River Ailao Shan Fault Zone (RRASFZ) (modified from Wang,
1995).
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showing geochemical indications of syngenetic seawater effects (e.g.,
most coals with total S> 1%), which have wide temporal and geo-
graphical distributions (Chou, 2012), although caution should be con-
sidered because high sulfur in some coals can result from marine in-
fluence after burial and diagenesis or from hydrothermal solutions,
which can happen in all stages of coal formation from peat accumula-
tion through diagenetic to latter epigenetic processes. Therefore, it is
crucial to identify whether or not the sulfur in coal was syngenetically
derived from seawater during peat deposition. For example, in this
study, no veins or other indicators for effects of post depositional fluids
were observed, as described below.

2. Geological background

The Mile Basin is structurally connected via the ~50-km long Mile-
Shizong Fault (MSF) to the Red River Fault (RRF)-Ailaoshan (ASF)
Transform Fault Zone (RRASTFZ), which reaches the South China Sea
(Fig. 1). The RRASTFZ resulted from the northward movement of In-
dochina, its collision with China, and the closure of the Tethys Ocean
during the Cretaceous (Fig. 2A; Cai and Zhang, 2009; Leloup et al.,
1995; Wang et al., 2000; Faure et al., 2014). The presence of seawater
in this region is indicated by the 87Sr/86Sr values in salt deposits in the
Simao Basin, south of the RRASTFZ (Figs. 1, 2A),ranging from
0.707121 (Jurassic seawater) to 0.709734 (Miocene seawater) (Zheng
et al., 2012). This region had also been affected by continental fresh
waters (Zheng et al., 2012). These features support the interpretation of
uplift of the Simao Basin, which was initially at near sea level during
the Miocene, with increasing contribution of surface water later (Zheng
et al., 2012).

Furthermore, within the RRASTFZ, Palaeogene sediments contain
gypsum and floral remains: the former indicates a similar

environmental condition, and the latter belong to the same species as
those of the Miocene Xiaolongtan Formation (Shoenbohm et al., 2005;
Wang, 1995), indicating a similar ecology and habitat of these floral
remains. These similarities indicate that there was a hydrological con-
nection between the RRASTFZ and Mile Basin through the Xiaojiang
Fault. This hydrological connection allowed sea water to reach the Mile
Basin (Blue circle in Fig. 2B) where peat was deposited as part of the
sedimentary sequence of the Xiaolongtan Formation (Fig. 2B).

The present-day MSF and the RRASTFZ (Fig. 1) are related to major
transform faults that extend to Tibet (Fig. 2B; Tapponnier et al., 2001),
the left-lateral Xianshuihe-Xiaojiang and right-lateral Jiali strike-slip
faults, which resulted from the earlier (~50 Ma) collision between the
Indian and the Eurasian plates (Tapponnier et al., 2001) (Fig. 2B). The
RRASTFZ extends to the South China Sea with an overall length of more
than 1000 km (Tapponnier et al., 1990; Faure et al., 2014). The
RRASTFZ started in the Permian or Triassic (Cai and Zhang, 2009;
Leloup et al., 1995), and was initially right-lateral (Fig. 2B, Tapponnier
et al., 2001; Fig. 2C, Schoenbohm et al., 2006). The fault subsequently
changed to left-lateral due to the Indochina-China collision; there are a
range of ages reported for this change, i.e., later than 27.5 Ma (Wang
et al., 2000), 21 Ma (Searle, 2006), 22-17 Ma (Leloup et al., 1995), and
17 Ma (Xu et al., 2012) (Fig. 1, Wang, 1995; Fig. 2A, Cai and Zhang,
2009).

During the Miocene, peat was deposited in the graben of the Mile
Basin (Wang, 1995). At that time, the graben of the Mile Basin (Fig. 2C)
was part of the Xianshuihe-Xiaojiang left lateral fault system, which
reached the RRASTFZ (Fig. 2B, 2C) (Tapponnier et al., 2001;
Schoenbohm et al., 2006). However, the current Mile-Shizong fault is
right-lateral and extends further to the North-East (Fig. 1; Wang, 1995).
Therefore, the Mile Basin could contain the sedimentary records for the
periods preceding and following the change in the regional structural

Fig. 2. Geological background of the Mile Basin. (A), Stages in the Indochina-South China collision which brought about the closure of the Palaeo-Tethys (modified
from Cai and Zhang, 2009); A1, Early Cretaceous, and A2, Paleogene-Neogene. Note the overall change in geographical location and the relationship between China
and Indochina. (B), Topography (present day) and principal faults in Tibet, Yunnan, and adjacent areas associated with earlier (~50 Ma) collision of the Indian and
Eurasian plates and the uplift of Tibet (modified from Tapponnier et al., 2001). Note the right lateral RRASTFZ and the left lateral Xianshuihe fault, and the Xiaojiang
Fault which contains the Mile Basin (Blue circle). (C), The NW-SE Red River Ailao Shan Fault Zone (RRASFZ) right lateral and the N-S Xianhuihe-Xiaojiang Fault
Systen (left lateral), which includes the Mile Basin graben structure during Miocene times (modified from Schoenbohm et al., 2006).
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patterns, as those originating from the India-Eurasia collision to those
originating from the Indochina-China collision. The Mile coal serves as
a long-term chronostratigraphic record of environmental, climatic, and
hydrological features in relation to the reginal tectonic evolution, based
on the coal characteristics and the geochemical compositions.

3. Samples and analytical methods

The coal mine of the M1 seam, Xialongtan Formation in the Mile
Basin, is located near the Shanxin Village (103°23′06″ - 103°24′53″E
and 24°13′06″ - 24°13′45″N), 142-km southeast of the province capital
Kunming and 148-km south of the county capital Mengzi. The 27-m
thick Mile (M1) coal seam is in the lower part of the 40-150-m thick
Miocene Xiaolongtan Formation (Fig. 3), which is unconformably
overlain by the Pliocene Shizongdu Formation. It uncomformably
overlies the 150-530m thick siliciclastic Eocene-Oligocene Muhuaguo
Formation, which in turn overlies the limestones of the Middle Triassic
Gejiu Formation.

Bench samples (continuous sub-layers through the seam section)
were taken from a vertical transect across the thickness of the Mile coal
seam at the face of the mine. The total thickness of the coal seam in this
section is 2700 cm. Each bench sample was between 6- and 50-cm
thick, 10-cm wide, and 10-cm deep. Samples were immediately bagged
in plastic to retain moisture and to diminish oxidation and con-
tamination. Numbers and bench thicknesses of all samples are given in
Table 1. From top to bottom, the 61 bench samples of coal are identified
as ML-1 to ML-61. The seam includes two partings (18- and 10-cm
thick; interbedded between the M-11 and M-13 and the M-46 and M-48

coal bench samples, respectively). Partings are referred to as non-coal
sedimentary thin layers within the coal seam. The sample numbers of
roof, parting, and floor samples (the top; intraseam non-coal layers; and
the base) are identified with the suffixes R, P, and F, respectively.

Proximate analysis, which includes moisture content, ash yield, and
volatile matter content, was performed following ASTM Standards
D3173/D3173M-17a (2017), D3175-17 (2017), and D3174-12 (2012),
respectively. The content of total sulfur (St,d) and those of the various
forms of sulphur (sulphate sulphur, Ss,d; sulphide sulphur, Sp,d; and
organic Sulphur, So,d) were determined following ASTM Standards
D3177-02 (2011) and D2492-02 (2007), respectively. Based on ASTM
standard D2798-11a (2011), huminite random reflectance (%Ro) was
measured using a Leitz Orthoplan microscope with a 547 nm bandpass
filter, 9-μm diameter measuring spot, and a photomultiplier calibrated
using a series of glass reflectance standards in the range of coal re-
flectance values.

A scanning wave-length dispersive X-ray fluorescence spectrometer
(XRF; Thermo ARL Advant’XP+) was used to determine the con-
centration of major element oxides (SiO2, TiO2, Al2O3, Fe2O3, MgO,
CaO, MnO, Na2O, K2O, and P2O5) in high temperature ashes (815oC) of
the samples. The concentrations of Sr and Ba were determined by in-
ductively coupled plasma mass spectrometry (ICP-MS; ThermoFisher, X
series II). ICP-MS analysis was carried out on samples prepared in the
following procedure: 50-mg coal and non-coal rock samples were di-
gested in a Milestone microwave digestion system (UltraClave
Microwave High Pressure Reactor); coal samples were digested with 5-
ml HNO3 (65%) and 2-ml HF (40%); and non-coal samples were di-
gested with 2-ml HNO3 and 5-ml HF. Standard references (Inorganic
Ventures CCS-4) were used for calibration of trace element concentra-
tions.

A field emission-scanning electron microscope (FE-SEM, FEI
Quanta™ 650 FEG), in conjunction with an energy-dispersive X-ray
spectrometer (EDAX; Genesis Apex 4), was used to study the general
features of the coal samples and features of the minerals and their
chemical compositions in particular. Polished block samples were
carbon-coated using a Quorum Q150T ES sputtering coater. The
working distance of the FE-SEM was 10 mm, beam voltage 20.0 kV,
aperture 6, and spot size 5. The images were captured via a retractable
solid-state back scattered electron detector.

The mineralogical compositions were determined by X-ray powder
diffraction after the coal samples were ashed at a low-temperature
(< 120oC) using an EMITECH K1050X plasma asher. X-ray diffraction
(XRD) analysis was performed on powdered sample aliquots after low-
temperature ashing. Analysis was performed on a diffractometer (D/
max-2500/PC XRD) with Ni-filtered Cu-Kα radiation and a scintillation
detector. The XRD pattern was recorded over a 2θ interval of 2.6–70°,
with a step size of 0.01°.

A total of 13 samples containing gypsum as detected by XRD were
chosen for 87Sr/86Sr analyses, which were listed in Table 1. These coal
samples for 87Sr/86Sr analyses have relatively higher Ca content (2.25-
4.76%, 3.65% on average) but lower ash yields (6.12-22.19%, 12.55%
on average), relative to those with non-detectable gypsum by XRD (Ca:
0.42-3.90%, 2.79% on average; ash yield: 3.6-50.1%, 15.06% on
average). The preparation of samples for 87Sr/86Sr analyses is based on
the methods described by Li et al. (2015). The first step of the procedure
is as follows: an aliquot (~ 6 g) of each powdered (< 200 mesh) coal
sample was loaded into a glass beaker, mixed with ultrapure water (300
ml, 18.2 MΩ cm), vigorously stirred and then left overnight to allow
gypsum to completely dissolve (Li et al., 2015). The solution was pre-
pared for 87Sr/86Sr determination by column separation (Li et al.,
2015). The 87Sr/86Sr isotopic measurements were performed at the
Institute of Geology and Geophysics CAS Beijing, on a Triton Plus TIMS
using a double Re filament configuration. The Sr isotopic data were
acquired in the static collection mode. Measured values were normal-
ized for mass fractionation to 86Sr/88Sr = 0.1194 (Li et al., 2015). NIST
standard reference NBS-987 was used to evaluate instrument stability

Fig. 3. Stratigraphic section in the Mile Basin. The M1 seam is located in the
lowermost Miocene Xiaolongtan Fm. (modified from Wang, 1995).
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Table 1
Sample number, depth (cm, from the top of coal seam), thickness (T, cm), proximate and sulfur analysis (%), huminite random reflectance (%Ro), elements, and
87Sr/86Sr in the Mile coals. M, moisture; A, ash yield; V, volatile matter; St, total sulfur; Ss, sulfate sulfur; Sp, pyrite sulfur; So, organic sulfur. ad, as-received basis; d,
dry basis; daf, dry and ash-free basis. CaO and P2O5 are in wt. %; Sr and Ba are in ppm. MV, mean value based on the interval thickness of coal benches. The elemental
concentrations are on a whole coal basis. Samples with 87Sr/86Sr values have detectable gypsum by XRD analysis.

Sample Depth (cm) T Mad Ad Vdaf St,d Ss,d Sp,d So,d Ro CaO P2O5 Sr Ba Sr/Ba 87Sr/86Sr

M-1-R 10 10 80.3 0.753 0.153 160.16 255.01 0.63
M-2 30 20 9.84 50.1 67.18 0.61 1.641 0.119 173.45 218.62 0.79
M-3 80 50 18.35 8.26 56.47 0.43 2.248 0.012 109.04 88.62 1.23 0.708573
M-4 130 50 18.48 11.62 55.88 0.85 2.875 0.033 151.24 137.34 1.10
M-5 180 50 17.45 7.78 53.62 0.50 0.43 2.322 0.008 120.47 98.97 1.22
M-6 197 17 18.58 11.5 54.24 1.26 0.33 0.07 0.86 3.286 0.015 153.96 130.57 1.18
M-7 230 33 18.06 11.05 57.89 1.42 1.23 0.19 bdl 3.008 0.017 124.80 92.72 1.35 0.708591
M-8 280 50 17.35 9.83 57.48 0.84 2.641 0.040 139.12 114.80 1.21
M-9 330 50 16.50 8.47 57.10 0.27 2.377 0.024 121.99 96.06 1.27
M-10 385 55 15.65 15.11 57.38 0.75 2.409 0.030 131.74 112.67 1.17
M-11 395 10 44.04 1.632 0.088 165.68 172.98 0.96
M-12-P 413 18 70.65 1.006 0.129 175.96 230.03 0.76
M-13 463 50 16.13 25.43 57.48 1.33 1.2 0.13 bdl 2.537 0.072 168.44 157.11 1.07
M-14 513 50 16.73 16.2 58.76 1.25 0.52 0.09 0.64 2.978 0.116 248.95 182.81 1.36
M-15 563 50 17.69 11.11 55.96 0.80 2.723 0.021 136.97 102.71 1.33
M-16 591 28 16.80 16.25 58.73 0.95 3.393 0.058 204.86 171.79 1.19 0.708562
M-17 606 15 15.78 10.66 63.11 0.60 3.354 0.048 174.13 142.29 1.22
M-18 636 30 16.31 8.62 58.95 0.40 0.38 2.783 0.023 131.91 96.77 1.36
M-19 658 22 13.28 10.97 66.28 0.42 2.533 0.095 223.21 155.94 1.43
M-20 708 50 14.99 7.68 58.40 0.24 2.668 0.019 137.95 102.25 1.35
M-21 758 50 16.90 6.79 57.83 0.35 2.375 0.010 125.19 88.40 1.42
M-22 808 50 18.56 10.48 56.32 0.46 3.249 0.013 186.39 147.90 1.26
M-23 848 40 19.06 9.78 54.25 0.58 3.715 0.013 206.29 156.61 1.32
M-24 854 6 13.39 14.65 66.21 0.68 3.040 0.019 160.07 137.53 1.16
M-25 904 50 19.70 11.48 57.10 0.82 3.586 0.015 185.18 126.84 1.46
M-26 954 50 18.77 9.45 42.48 0.40 2.963 0.018 156.68 105.14 1.49
M-27 1004 50 15.91 8.23 58.92 0.32 2.708 0.060 198.01 118.74 1.67
M-28 1054 50 16.57 7.59 58.84 0.05 0.32 2.646 0.066 209.71 120.31 1.74
M-29 1104 50 15.86 7.29 59.80 0.19 2.627 0.016 145.68 94.98 1.53 0.708402
M-30 1154 50 16.70 6.73 57.58 0.23 2.476 0.010 135.29 79.49 1.70
M-31 1204 50 16.80 6.68 56.79 0.30 2.419 0.019 140.72 81.21 1.73
M-32 1244 40 11.67 3.6 63.71 0.27 1.231 0.005 61.73 33.37 1.85
M-33 1294 50 16.01 6.66 58.97 0.26 2.508 0.005 140.09 82.42 1.70
M-34 1344 50 16.08 6.12 56.16 0.28 2.722 0.004 152.43 88.60 1.72 0.708480
M-35 1394 50 17.82 10.13 55.72 0.77 3.654 0.012 199.36 123.63 1.61
M-36 1396 2 10.04 19.2 69.07 0.79 2.889 0.364 645.46 299.82 2.15
M-37 1481 85 16.39 11.73 57.96 0.79 3.631 0.105 357.44 181.65 1.97
M-38 1542 61 16.03 11.25 58.51 0.87 3.573 0.223 485.66 233.82 2.08 0.708486
M-39 1546 4 12.06 14.54 67.26 0.63 0.40 3.219 0.589 1011.28 435.60 2.32
M-40 1601 55 16.32 12.43 57.73 0.61 2.879 0.025 189.49 122.97 1.54
M-41 1701 100 15.29 20.82 59.64 0.80 2.805 0.028 202.54 134.24 1.51
M-42 1786 85 16.58 13.78 59.23 0.67 3.462 0.057 281.34 168.75 1.67
M-43 1836 50 15.20 11.74 59.46 0.35 3.064 0.054 251.16 150.02 1.67
M-44 1896 60 14.77 16.55 59.49 0.48 3.088 0.025 212.58 148.81 1.43
M-45 1961 65 18.52 12.38 56.40 1.09 0.07 0.01 1.01 4.649 0.020 261.75 158.56 1.65 0.708445
M-46 2001 40 17.32 17.93 56.82 2.06 0.53 0.36 1.18 4.450 0.041 288.23 171.17 1.68 0.708358
M-47-P 2011 10 75.86 1.133 0.149 194.95 227.09 0.86
M-48 2061 50 17.86 22.19 61.43 3.60 1.3 0.45 1.85 4.758 0.033 310.33 196.24 1.58 0.708350
M-49 2111 50 16.86 17.39 58.91 3.78 1.52 0.44 1.81 0.45 4.569 0.019 272.59 163.48 1.67 0.708418
M-50 2161 50 16.45 17.46 61.87 1.57 0.82 0.02 0.73 4.342 0.025 263.53 193.78 1.36 0.708402
M-51 2221 60 16.57 17 59.96 0.89 3.521 0.022 215.64 149.51 1.44
M-52 2281 60 15.81 7.42 59.31 0.32 3.383 0.010 194.65 109.10 1.78 0.708380
M-53 2341 60 16.56 8.15 55.64 0.66 3.710 0.011 225.20 133.80 1.68 0.708433
M-54 2391 50 20.84 18.54 57.50 0.50 3.257 0.034 251.26 197.79 1.27
M-55 2441 50 16.32 7.66 56.91 0.39 3.254 0.015 218.30 133.97 1.63
M-56 2496 55 16.49 13.02 59.22 0.34 3.137 0.031 226.26 142.51 1.59
M-57 2561 65 17.81 9.56 54.81 0.64 3.900 0.033 249.65 136.33 1.83
M-58 2616 55 16.33 25.88 60.11 0.98 0.418 0.018 334.42 252.52 1.32
M-59 2671 55 12.67 45.3 66.28 1.00 2.566 0.039 243.53 225.32 1.08
M-60 2711 40 12.61 43.72 66.79 0.96 2.480 0.038 218.30 211.10 1.03
M-61-F 2741 30 53.24 2.100 0.049 203.14 241.78 0.84
MV 16.11 13.56 57.26 0.76 0.40 3.184 0.055 233.20 149.50 1.56
Choua > 3
Heshanb 2-8.5 2.9* 0.03* 704b 107b 6.58
Guidingc 6.51 1.11 0.012 182 68 2.67
Yanshand 10.65 0.85 0.022 186.5 76 2.45
UKe 2
Variscanf 4.19

bdl, below detection limit. *, on ash basis. a, marine-influenced coals around the world (Chou, 2012). b, marine-influenced coals in the Heshan Coalfield, Guangxi
Province, China (Dai et al., 2013). c, marine-influenced coals in the Guiding Coalfield, Guizhou Province, China (Dai et al., 2015). d, marine-influenced coals in the
Yanshan Coalfield, Yunnan Province, China (Dai et al., 2008). e, marine-influenced coals in the United Kingdom (Spears, 2017). f, marine-influenced coals from the
South Wales Variscan foreland basin, UK (Gayer et al., 1999).
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during the period of data collection. The measured average value of the
NBS-987 was 87Sr/86Sr = 0.710240± 0.000010, in good agreement
with the reported values (Li et al., 2015).

Technically, there are no uncertainties in age estimates associated
with this technique because the Sr isotopic compositions were ex-
clusively determined in the water-soluble gypsum in the coal. Any
acids, for example, HCl, HF, and HNO3 which are generally used for
coal sample digestion or leaching, were not used in this study, and
hence no Sr derived from aluminosilicates from coal samples was lea-
ched. Therefore, it is not necessary to further calibrate the age derived
from Sr isotopes in this study.

4. Results

4.1. Coal characteristics

The samples of floor, roof, and partings have high values of mineral
content/ash yield (Ad), with Ad>50%, whilst the coal benches have
low Ad values (3.6 to 40.0%, mean 13.6%; Table 1). The wide range of
Ad values largely reflects the variations in the input of surficial mineral
matter. The average values of huminite random reflectance (%Ro) and
volatile matter (dry and ash free basis) are 0.40% and 57.3%, respec-
tively (Table 1), indicating a subbituminous level of coalification.

The depth profiles of Ad and indicative elements of the coal seam
show distinct patterns (Fig. 4). Within the coal benches, the distribution
of CaO, St,d, P2O5, Sr, and Ba show two major sections bordered ap-
proximately at a depth of 1344 cm (red dash line in Fig. 4). The lower
section has higher concentration of these elements than the upper
section (Fig. 4). Both the upper and the lower sections contain a thin
ash-rich layer (parting), one at ca. 400-cm and the other at 2000-cm
depth. The two partings are marked by low values of CaO and St,d, low
Sr/Ba ratios, similar to the ash-rich coal benches close to the floor and
roof. A nearly pure coal (Ad=3.6%), occurs in the middle of the seam
(sample M32; at a depth of 1204-1244 cm).

4.2. Indications for seawater effects

The content of St,d ranges from 0.05 to 3.78% (Table 1) with a mean
value of 0.76%. It is high in part of the lower section 2000-2100 cm
(3.6-3.78%) but it is not higher than 1.57% elsewhere, with the ex-
ception of sample M42 with a total sulfur of 2.06% (Fig. 4). Overall, the
high values of St,d coincide with high values of Ca, Sr, and Ba. Con-
siderable parts of the section have St,d values> 1% (Table 1; also the
vertical black dash line in Fig. 4), and the organic and sulphate sulphur
contents account for ~50% and ~40% of St,d, respectively, indicating
seawater influence, as suggested by Chou (2012) for coals in other
areas.

The distribution of P2O5 shows the high values at 1394-1546 cm and
385-513 cm depth, coinciding with high concentrations of Ca, Sr, and
Ba (Fig. 4), which may be related to particularly strong effect of sea-
water (Morris et al., 1981).

The sea water related minerals in this study, i.e., gypsum
(CaSO4.2H2O) and the crandalite-goyazite-gorceixite series (Ca- Sr,- Ba-
) aluminophosphate hydrates, were identified as void fillings (Fig. 5C).

The global average concentrations of Sr and Ba in modern oceans
are 8.0 and 0.013 mg/l and in stream waters 0.07 and 0.02 mg/l, re-
spectively (Reimann and de Caritat, 1998). The concentrations of Sr
and Ba and their ratio may be used as indicators for ambient water, in
terms of seawater and freshwater and their mixtures (Schmitz et al.,
1991; Arai and Hirata, 2006). The Sr/Ba ratio could, therefore, indicate
a seawater/freshwater effect in coal. The profile of Sr/Ba in the Mile
coal (Fig. 4) shows high values in the coal benches, and low values in
floor, roof, partings, and coal benches that are in direct contact with
them and have slightly higher Ad values.

This distinction is further illustrated in the Sr/Ba vs. Ad plot (Fig. 6).
The samples with low-Ad (< 40%, mostly< 22%) have Sr/Ba va-
lues> 1.0, whilst those with high-Ad (44-80%) have Sr/Ba values<
1.0, and show a general negative correlation between Sr/Ba and Ad.
The boundary at Sr/Ba=1.0 provides a criterion for interpreting the Sr/
Ba depth profile as a marine/freshwater indicator (Fig. 6). Hence, coal

Fig. 4. Depth profiles of ash yield (Ad), CaO, P2O5, St,d (total sulphur) Sr, Ba, and Sr/Ba through the Mile M1 coal seam. The horizonal yellow strips marked in the
figure show the partings within the coal seam. Depth in cm.
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Fig. 5. Syngenetic minerals in the Mile coal: (A) and (B), gypsum filling plant cells and cavities in the organic matter. (C), Ca-, Sr-, and Ba-aluminophosphates
(representing members of the crandalite-goyazite-gorceizite group) as plant-cell fillings. (A)-(C), SEM backscattered electron images. (D), Energy Dispersive X-Ray
Spectrum of the test spot in (C). Gyp, gypsum; cell, coal-forming plant cell; Al-phos, Ca-, Sr-, and Ba-aluminophosphates.

Fig. 6. Diagram of ash yield (Ad, %) and Sr/Ba. Coal samples with Ad< 40% (mostly< 20%; blue circles in the figure) and Sr/Ba> 1.0 have been subjected to the
influence of sea water. Floor, roof, partings, and high-ash coal (red circles in the figure), all with Ad>40% and Sr/Ba< 1.0, have been subjected to the influence of
fresh water.
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with gypsum (Ad<40%, Sr/Ba> 1) shows the influence of seawater,
while floor, roof, and partings (Ad>40%, Sr/Ba< 1) seem to be as-
sociated with freshwater. The concentration of Sr in seawater is> 100
times higher than in river water (Reimann and de Caritat, 1998);
therefore, a minor seawater contribution to a freshwater reservoir
would dominate the 87Sr/86Sr values of the mixture.

The overarching trend of Sr/Ba and CaO in the coal benches with
stratigraphy (Fig. 4) is a steep increase followed by a gradual decrease,
reflecting variations in the relative contribution of seawater and
freshwater. This long term trend is punctuated by episodes of strong
freshwater influence as indicated by Sr/Ba< 1, occurring in layers rich
in terrigenous mineral matter, i.e., the partings. These episodes of fresh
water influx may primarily reflect a wet climate.

4.3. Gypsum in the coal and its 87Sr/86Sr values

Gypsum was identified by XRD in many coal benches of the seam.
Under the SEM-EDS, gypsum showed typical plate-like crystals in plant
cells or small vugs (Fig. 5A,B). These textures are indicative of synge-
netic formation (Ward, 2002, 2016), i.e. derived from the original pore
water before compaction. Gypsum may contain Sr and its 87Sr/86Sr
values would indicate the signature of the parent solution. The plot of
the 87Sr/86Sr values and the ash yields (Ad) (Fig. 7) does not show a
distinct relationship between them. As the high Ad values may reflect
episodes of enhanced deposition of detrital terrigenous mineral matter
likely transported by freshwater during peatformation, the 87Sr/86Sr
results perhaps do not show effects of the source of terrigenous mineral
matter but may reflect primarily the seawater effects.

4.4. Temporal interpretation of 87Sr/86Sr record in the Mile coal

The 87Sr/86Sr record of gypsum in the Mile coal was interpreted
with reference to the 87Sr/86Sr and age of planktonic foraminifera ob-
tained from core DSDP 588C (Hodell et al., 1991). The chronology of
these oceanic sediments was based on magneto-stratigraphy and
oxygen isotope stratigraphy (Hodell et al., 1991) as presented in
Fig. 8A. The analytical precision for the 87Sr/86Sr results (± 1.0×10-5,
2 sigma) in the present study is the same as that of Hodell et al. (1991).

The 87Sr/86Sr values of gypsum (water soluble), along the depth
profile of the coal (Table 1) range between 0.708350 (sample M48) and
0.708591 (sample M7) (Fig. 8B). The section of the record by Hodell
et al. (1991) relevant to that of the Mile coal seam is given in Fig. 8C.
The 87Sr/86Sr range from the Mile coal corresponds to the time span
between 22.25 and 18.27 Ma, an overall span of ca. 4.0 Ma in the Early
Miocene. The uppermost and lowermost samples M3 and M53 in the
coal seam section are ca. 30 cm below the roof and ca. 370 cm above

the floor, respectively, and therefore, ca. 400 cm of coal are un-
accounted for by the 87Sr/86Sr record. If these coal intervals are added,
assuming a similar rate of deposition, the total time span for the peat
deposition of the Mile coal seam would be ca. 4.6 Ma., which should
include the period of non-peat deposition or erosion if present during
that time. On the other hand, this coal seam is not a sequence of distinct
coal beds that are now correlated as a single bed, because the same coal
seam is distributed in a wider area.

Therefore, for the 27-m thick coal seam, 1 cm of coal may represent
ca. 1700 years. The estimated compaction associated with the increase
in coalification from peat to soft brown coal (Ro = 0.4%; Table 1) is
~2:1 (Stach et al., 1982). On this basis, 1 cm of the original peat may
represent ca. 850 years and the rate of accumulation may be about
0.012 mm/year. The topic of duration of coal has been addressed by
several approaches (Large and Marshall, 2014). The present new geo-
chronological results may be a contribution to the deciphering the
timing of events and rates of the processes.

During peat deposition, the Mile Basin was subsiding, but subse-
quently, the average rate of uplift from sea level at 18.27 Ma to 1350 m
at present, is on average ca. 0.074 mm/year. This process may be si-
milar to that of the older marine evaporitic Simao Basin located to the
Southeast of the Mile Basin (Fig. 1), the latter of which was increasingly
affected by surface water under a compressive tectonic regime (Zheng
et al., 2012).

5. Discussion

5.1. Geotectonic significance of the seawater-derived 87Sr/86Sr in the Mile
coal

The stratigraphic distribution of Ad and indicative elements in the
M1 coal (Fig. 4) shows variation in the influence of seawater and me-
teoric water, both controlled by climate and perhaps tectonism, within
the temporal framework recorded by the marine 87Sr/86Sr signal. The
location of the Mile Basin at more than 50-km to the north of the
RRASTFZ (Fig. 2B) renders sea-spray or tidal incursions to be unlikely
sources of gypsum with marine 87Sr/86Sr signature.

A likely hydrological connection between the inland Mile Basin and
the remnants of the Tethys Ocean in the RRASTFZ is a transform fault,
part of the left-lateral Xianshuihe-Xiaojiang fault system (Tapponier
et al., 1990; Schoenbohm et al., 2006), forerunner of the current Mile-
Shizong Fault (Fig. 1), as discussed above. The closure of this arm of the
Tethys Ocean was due to the China-Indochina collision with the left-
lateral displacement on the RRASTFZ. This collision brought about
compression deformation on a regional scale: the change from left- to
right-lateral displacement on the Mile-Shizong fault (Figs. 2B, C, and

Fig. 7. Diagram of ash yield (%) and 87Sr/86Sr values in the Mile coal seam, suggesting that there is no relation between these parameters.
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1A, respectively) and the uplift of the area to the north of the RRASTFZ
(Tapponnier et al., 1990; Schoenbohm et al., 2006). The new structural
setting of the Mile Basin related to the China-Indochina collision caused
the gradual decrease in the effect of seawater on the sedimentological
and geochemical features of the M1 peat.

The record of variations in the concentrations of CaO, P2O5, Std, Sr,
Ba, and the Sr/Ba ratio, which are the result of variations in the con-
tribution of seawater-derived solutes, and also of the occurrences of
floor, roof, and partings composed of mineral-rich terrigenous sedi-
ments, is placed and assessed in a chronological framework.

The seawater 87Sr/86Sr-based age span of the Mile coal (22.25-18.27
Ma) is within the range of the previously-suggested closure time of the
Tethys Ocean in the RRASTFZ, the China-Indochina collision zone
(Leloup et al., 1995). As discussed above, this fault zone was initially
right lateral as a result of the India-Eurasia collision but changed to left
lateral as a result of the China-Indochina collision (Fig. 2B2) (Leloup
et al., 1995). This geotectonic change was studied extensively using
radiogenic isotope geochronology, which generated a range of dates:
later than 27.5 Ma (Wang et al., 2000) and 22-17 Ma (Leloup et al.,
1995), and younger than 21 Ma (Searle, 2006) and 17 Ma (Xu et al.,
2012). The agreement between the seawater 87Sr/86Sr based age span
of the Mile coal (22.25-18.27 Ma) and the radiogenic isotope chron-
ology derived from various petrologic phenomena related to tectonic
activity along the RRASTFZ, part of the Jiali fault, indicates that the
marine derived 87Sr/86Sr values in the Mile coal record the period when
the Mile Basin was still controlled by, or under the influence of the left-
lateral Xianshuihe-Xiaojiang fault system.

5.2. Significance of seawater derived 87Sr/86Sr

The seawater-derived coal-based 87Sr/86Sr chronological framework
of the Mile coal provides a new tool for the temporal interpretation of
sedimentological, environmental, climatic and, potentially, biological
information. This information has previously been based on several
indicators such as geochemistry (Chou, 2012; Hentschel et al., 2016),
mineralogy (Ward, 2002, 2016; Finkelman et al., 2019), and paly-
nology (Jasper et al., 2010; Opluštil and Sýkorová, 2018).

The coal investigated was formed in a graben structure in a key area
for the understanding of the evolution of SE Asia, which was controlled
by two major tectonic processes: first the India-Eurasia collision and
later the China-Indochina collision. A similar setting of a fault con-
trolled inland basin is the Dead Sea Basin, part of the Syrian African
Rift. During the Pliocene, it was fed by the Mediterranean Sea, part of
the western Tethys via the ca. 50-km long fault-controlled Emek Ysreel
valley, which leads to the Jordan Valley and the Dead Sea in the Syrian-
African Rift (Zak, 1997; Stein et al., 2000; Katz and Starinsky, 2009).
The 87Sr/86Sr record of the evaporitic Dead Sea sediments consisting of

dolomite (0.7082-0.7083) and halite (0.7083-0.7087) differ from the
Pliocene seawater source (87Sr/86Sr ≈ 0.7090; Stein et al., 2000). The
discrepancy was attributed to interaction between the Pliocene sea-
water and Cretaceous calcareous wall rocks of the Dead Sea Basin
(87Sr/86Sr ≈ 0.7077), which caused the dolomitisation and Sr isotope
exchange (Stein et al., 2000).

The evaluation of the 87Sr/86Sr marine signal in coal requires the
consideration of the mineralogical (gypsum) and chemical (Sr/Ba)
characteristics indicative of seawater source. However, it is also ne-
cessary to take into account the lithology and geochemistry of the host
rocks, which may have come into contact with the seawater that
reached the coal. The contact may have been, for example, with the
host rock within the depositional basin or with the host rocks of the
RRASTFZ structurally-controlled seawater conduit. The interaction
could take place near the seawater source, such as during tidal in-
gression, or at a distance from the sea along the conduit. In the case of
the Mile Basin, the host rocks are pure siliciclastics (e.g., mudstone,
sandstone with various grain sizes; Fig. 3). Furthermore, the very good
agreement between the chronological indicators discussed above and
this new 87Sr/86Sr-based chronology confirms the absence of an effect
of the limestones of the Triassic Gejiu Formation which underlies the
Mile coal and is separated from the coal by the 150-530-m of the sil-
ciclastic sediments of the Muhuaguo Fm. (Fig. 3).

The occurrence of coals and other organic-rich sediments associated
with seawater depends primarily on the parent flora. Extensive halo-
phyte flora occurs widely in salt marshes (> 0.5% NaCl) in coastal
areas or around inland salt lakes. Coastal marine salt marshes extend
from high latitude coastal areas in Alaska and Siberia in the north to
Patagonia and New Zealand in the south, through mid-latitude tem-
perate zones, to wide areas of extensive growth in the tropics (Fig. 9;
Chapman, 1977).

Mangrove swamps are common in tropical seashore areas with
species richness increasing from low values of five species at 30o North/
South to>50 near the equator (Ellison, 2002). Forested wetlands in
freshwater were compared with those of salt-water environments, re-
vealing significant differences (Lugo et al., 1988). Major characteristics,
including net primary productivity, litter fall, and export of organic
matter, are higher in salt-water forested wetlands than in freshwater
ones (Lugo et al., 1988). Moreover, nutrient use efficiency by litter fall
and litter turnover are higher in tidal salt-water wetlands than in
freshwater wetlands (Lugo et al., 1988), indicating that they should be
abundant.

These features indicate that coal and other organic-rich sediments
deposited under the influence of seawater are probably common in the
geological record. These have the potential of hosting and providing the
seawater-derived gypsum which should contain the 87Sr/86Sr record of
the contemporaneous seawater.

Fig. 8. The 87Sr/86Sr record of the Mile coal and in contemporaneous deep-sea sediments. (A), 87Sr/86Sr values of planktonic foraminifera of Early Miocene age (from
DSDP 588C; Fig. 3 in Hodell et al., 1991). Mid., Middle Miocene. (B), 7Sr/86Sr values of gypsum in Mile coal seam. (C), the 87Sr/86Sr record in planktonic foraminifera
in the same compositional range as in the Mile coal (Part of Fig. 8B).
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6. Summary

The investigation of gypsum and its water-soluble strontium in the
Mile coal revealed that:

1) Gypsum in the coal occurs in platy crystals as fillings in plant cells
and vugs, indicating a syngenetic origin, i.e. before compaction.

2) The 87Sr/86Sr values of the gypsum increases systematically from
the base-floor to the roof of the Mile coal from 0.708350 to
0.708591, which corresponds to an age range of 22.25-18.27 Ma
(Early Miocene) based on DSDP data. This is the first age of Sr
isotopes derived from marine-influenced gypsum in coal. The peat of
the Mile coal was deposited over 4.6 Ma., which possibly is the
longest deposition of a coal bed in the world that have been found
today, although this duration should include the period of non-peat
deposition or erosion if present during the time of 4.6-Ma.

3) This age corresponds to radiometric ages determined in rocks in the
Red River-Ailaoshan Transform Fault Zone, a major rift structure
which extends to the South China Sea. This tectonic regime was
associated with the India-Eurasia collision. The Mile Basin, a rhomb-
shaped graben within the left-lateral Xiaojiang fault, was influenced
by seawater. The subsequent Indochina-China collision changed the
structural setting, ending the connection between the Mile Basin and
the South China Sea.

The seawater-based 87Sr/86Sr chronology of the Mile coal can serve
as a basis for the temporal interpretation of botanical, environmental,
and climatic information in the study area. On a wider scale, the
identification of marine-derived syngenetic gypsum in coal may lead to
the establishment of a detailed and long-term chronology for near-shore
terrestrial environments for the time span since the Devonian. Flora of
salt marshes occurs currently from the Arctic to Patagonia, and
Mangrove forests thrive in equatorial and low-latitude shores, sug-
gesting potential for finding fossil equivalents close to marine shore
lines across the globe, dating back to Devonian times. Moreover, the
87Sr/86Sr signal in marine-influenced coal can be used for correlation
using the 87Sr/86Sr chronology of marine planktonic foraminifera. In
turn, the 87Sr/86Sr signal provides a basis for investigating and corre-
lating terrestrial records of climate and environment contained in this
type of coal with those of marine sediments, such as the ones based on
δ18O in planktonic foraminifera and other calcareous taxa.
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