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Abstract:

Tin (Sn) is a redox-sensitive element and geochemically incompatible that accumulates in
evolved magmas and associated hydrothermal fluids. Here, a Sn stable isotope approach is used to
characterize sources and geochemical behaviors of Sn in magmatic intruded coal deposits by
combining with petrographic and elemental analysis. Sn isotope ratios of twelve coal samples with
various magmatic-affected degrees show a §'?Y118Sn variation from -0.06 to 0.22%0 (2 of 0.07%o,
relative to NIST 3161a). Basing on Sn isotope data and geochemical characteristics of the samples,
we suggest binary source mixing and redox state related isotope shift as two mechanisms
accounting for the isotope variations. The first mechanism 1is an admixture of
magmatic-hydrothermal fluids, characterized by high 8%!8Sn, into coal deposits with low
312011880, A binary mixing model is used to estimate Sn contributions of the two end-members.
The second process results in a positive isotope shift caused by an oxidation of sample states when

they are affected by magmatic intrusions. In fact, magmatic intrusions could trigger the oxidation
1
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of Sn, resulting in heavy Sn isotope enrichment in the magmatic affected samples. The change in
coal redox-state is supported by a concomitant change of redox proxies, such as V/(V+Ni), Mn/Cr
and V/Cr. The enrichment of heavy Sn isotopes in samples impacted by magmatic hydrothermal
fluids compared to normally-deposited coals could be explained by the conversion of dominant Sn
species from Sn (II)-S to Sn (IV)-O under the influence of oxidative magma, which favors the
enrichment of heavier Sn isotopes in Sn (IV)-O due to its shorter bond length. This study shows
that Sn isotope ratios are useful tools for investigating Sn geochemical behavior in different Earth
reservoirs and during redox sensitive processes.

Key words: tin; tin isotopes; magma intrusion; binary mixing models; redox states

1. Introduction

Magmatic intrusion is a commonly occurred process in coal deposit and severely affects the
safety and productivity of coal mining (Finkelman et al., 1998; Querol et al., 1997). The intrusions
are highly firm and thus are difficult to mine through. The emplacements usually form joints and
fractures that may cause instabilities of initial coal roofs and walls. Furthermore, the thermal
energy carried by magmatic intrusions can alter coals into cokes, and release methanes and carbon
monoxides, causing risks of spontaneous combustion and outbursting (Golab and Carr, 2004).

Tin (Sn) could be used as a proxy for magmatic intrusion in coal deposit. Sn is a
redox-sensitive element with two main oxidized states Sn (II) and Sn (IV) and able to behave as a
chalcophile or lithophile element in magmatic intruded coal deposits (Qu et al., 2016; Teng et al.,
2017; Wang et al., 2018; Witt-Eickschen et al., 2009). Despite the generally low concentration of
Sn in coals (2 pg/g, Dai et al., 2012; Ketris and Yudovich, 2009), magmatic activities might
deliver variable amounts of Sn from melts, magmatic-differentiated hydrothermal fluids into coals
(Haapala, 1997; Taylor and Wall, 1992). As a result, Sn levels in magmatic-affected coals could be
elevated by several folds compared to the background coals (Dai et al., 2013, 2012; Sun et al.,
2010). However, the sources and migration pathways of Sn in magmatic-affected coal deposits are
still rarely investigated.

High-precision measurement of Sn stable isotope ratios in last decade offers a new way to

constrain the sources and geochemical processes of Sn. Tin has 10 stable isotopes with a relatively
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large mass difference: ''?Sn, '4Sn, 5Sn, 116Sn, 117Sn, '18Sn, 119Sn, '2Sn, '22Sn and '**Sn. Up to
now, only few studies reported Sn isotopic compositions. Significant isotope fractionations up to
0.40%o in 8'>¥115Sn have been observed in a laboratory-controlled electrolytic plating experiment
between Sn (II) and Sn (IV) ions (Wang et al., 2019). Magmatic differentiation has been suggested
to cause small, but significant Sn isotope fractionation as well. For example, Creech et al. (2017)
found ~0.3%o difference in §'*!'8Sn between basalt and granite during the differentiation of
magmas. Even larger Sn isotope fractionation was observed by Yao et al. (2018) where the later
formed stannite (CusFeSnS4) is lighter than the earlier formed cassiterite (SnO2) by ~2%o in
3124/116Gn. The distinguishable isotope signatures of different magmatic components and the
discerned fractionation trajectories during magmatic differentiation processes provide an
opportunity to trace the Sn behavior in magmatic-affected coals.

Here, a series of coal samples taken from a magmatic-affected coal deposit in China were
measured for their Sn isotope ratios along with elemental and petrographic parameters. Our
objectives are 1) to investigate whether Sn isotope ratios are distinguishable among coals affected
by varying degrees of magmatic intrusion, 2) to trace Sn behaviors in magmatic-affected coals,

and 3) to quantify the contributions of Sn from different sources.

2. Materials and Methods

2.1 Study area

Zhuji Coalmine locates in the north of Huainan Coalfield, China (Fig. 1). The coal seams
deposited in the Permo-Carboniferous Period, and the fractures and faults highly developed in the
coalmine. The largest fault is the NWW-NW extending Minglongshan Fault, which cut through
the coalmine from the east to the west. The faults were considered to be formed in the Indosinian
orogeny at 257-205 Ma (Song et al., 2005; Yang et al., 2012).

The coal seams in Zhuji Coalmine suffered from multi-stage magmatic intrusions, forming a
series of magma intruded coals (Sun et al., 2010; Yang et al., 2012). Fig 1C graphically presented
the general area of the magmatic emplacement. According to the U-Pb dating of zircons, the
magma intrusion mainly occurred in the Late Yanshanian stage (~110 Ma). The pre-developed

faults and fractures acted as effective pathways for the magmatic intrusion (Chen et al., 2014;
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Yang et al., 2012).
2.2 Samples and regents

Twelve samples were taken from coal seams of Zhuji Coalmine (Sun et al. 2010). The sample
locations and other detailed information were respectively shown in Fig 1 and Table 1. More
details about the stratigraphic characteristics and the intrusion of the coal seams were described in
the study of Sun et al. (2010) and Yang et al. (2012). An international coal standard SARM 20
(CRPG) was used in this study for sample digestion recovery verification.

Teflon Savillex® beakers were used throughout the experiment for sample processing and
storage. The beakers were previously cleaned by aqua regia (HNO3: HCI=1:2, analytical grade)
and HF (50%, v/v), and further rinsed by ultrapure water from a Milli-Q system (Millipore,
France). For the whole sample processing and measurement, the bi-distilled HNO3z and HCI, and

ultrapure H>O, and HF (Merck, German) were used.

2.3 Mineralogical and Elemental analysis

The mineral composition of the samples was determined by an X-ray diffractometer (XRD,
Philips X'Pert PRO, Japan, with diffraction angle ranging between 3° and 60°. The mineral phases
were identified by the Jade 6.0 (Philips, Netherland).

The ash yield (Aq) of the coals was analyzed following the GB/T211-2008. 0.05g of
air-dried coal powder (200 mesh) was taken with a porcelain boat and ashed in the Muffle furnace.
The heating temperature was set to 815°C and kept for 2hs. After the heating procedure, the Aq
was calculated as following:

Ag=my/m;*100%,

where the m, was the mass of the ash yield after the furnace and the m; the initial mass of the coal.

The concentrations of major elements (Na, K, Ca, Mg, Fe, Al, Si and Ti) and trace elements
(La, Th, U, Pb, Zn, Cd, Sb, Rb, Cr, Mn, Cu, Sr, Ba, Nb, Mo, Ni, Co, V and Zr) were measured by
X-ray fluorescence and high resolution-inductively coupled plasma mass spectrometry
(Element-XR, Thermo-Scientific Inc.), respectively. For the HR-ICP-MS measurement, 0.05 g of
each sample was digested by acid mixture of HNO;: H>O.: HF (8mL: 2mL: 2mlL) within a
microwave system (Mars 5, CEM Inc.). The heating program was set as 120°C-15min-1200W,

150°C-10min-1200W and 190°C-30min-1800W. The digested solution was cooled down to room
4
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temperature and transferred to the Savillex beakers. Then, the sample solutions were dried at 70°C
and re-dissolved in 10 mL 2% HNO3 and 0.01% HF (v/v) before trace element measurement and
subsequent Sn purification by column chromatography. An indium (In) internal standard

(Lot#56875, Merck Inc.) was used to monitor the signal stability during the HR-ICP-MS analysis.

2.4 Tin stable isotope analysis

A two-step chromatographic method modified from Wombacher et al. (2003) and Yi et al.
(1995) was adapted to separate Sn from digested solutions (Table 2). An anion-exchange resin AG
1-X8 (100-200 mesh, Bio-rad Inc.) was firstly employed to separate Sn and Cd from major
elements of the digested solutions using a 10 mL polypropylene column (Bio-rad Inc.). Before the
sample loading, the digested solution was dried at 70°C and then re-dissolved by SmL 3M HCI. In
addition, 100pL HF (3M, v/v) was added into the re-dissolved solution to prevent Sn hydrolysis.
The final eluents of AG 1-X8 were collected for the following TRU-spec resin separation
(#TRU-B50-A, 100-150pm, Eichrom Inc.). After the two-step chromatographic purification, the
final eluents were concentrated and re-dissolved into a 3 mL solution for the isotope measurement
by using a MC-ICP-MS (Neptune, Thermo Finnigan). Before the isotope measurement, a Sn
recovery verification was performed on the HR-ICP-MS. A coal standard SARM 20 was
processed along with the samples. The Sn recovery for SARM 20 after digestion and
chromatographic purification was better than 90%. The procedural blanks were negligible
compared to the Sn mass in standards and samples.

The stable isotope ratios of Sn were determined by a multi-collector inductively coupled
plasma mass spectrometer (MC-ICP-MS, Neptune, Thermo Finnigan) at Geosciences
Environnement Toulouse Laboratory. The instrument equipped with a Jet sample cone and H
skimmer cone. A PFA micro-nebulizer and Scott type double pass spray chamber were used to
introduce the sample solutions. The sample uptake rate was approximately 100 pL/min. The
sample solutions were kept at 30 ng/mL doped with 60 ng/mL of Sb, which generated ~1V signal
intensity of '2°Sn. Six Sn isotopes (11°Sn, ''7Sn, ''8Sn, 1°Sn, 12°Sn and '??Sn), and two Sb isotopes
(121Sb, '23Sb) and '*Te were simultaneously collected by L4-H4 Faraday cups. One sample run
consisted of 35 measurements with 8s integration time of each scan.

Mass bias of the MC-ICP-MS was corrected by an internal NIST 3102a Sb standard and
5
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NIST 3161a Sn standard-sample bracketing method. For the internal correction, an exponential
law was used to obtain the mass bias factor  (equation 1) which was then applied to correct the
measured Sn isotope ratios:

In ( er/RSb )

123
In( 5P

B= (1)

121¢ b-)

where the rsp and Rgp respectively refer the true and observed isotopic ratios of internal Sb
standard solution. The 23Sb/!2!Sb refers the mass ratio of two Sb isotopes. A natural abundance

ratio of 123Sb/!21Sb = 0.7480 proposed by Meija et al. (2016) was used to represent the true ratio of

the Sb standard solution. The corrected Sn isotope ratios of the samples were expressed as

§120/118Q (%0)‘
sample _ _ standard
1203“1185’1 rlzo,-"nsqn
120/118 _ & 103 (040 .
6 Snsample - standard X 10% (%0) (2)
7'120,"‘11891

where the 2™l and rs@ndard represented the Sn isotopic ratios of the samples and standard NIST
3161a Sn solution. For the measured isotopic variations, '2°Sn and '"®Sn were selected for the
calculation because they were the most abundant Sn isotopes with the highest precision. The
one-day continuous measurement of the isotope ratios of the NIST standard was shown in Fig.2. A

long-term reproducibility for of §'27'8Sn of the SARM 20 was 0.07 %o (26, n=17, Fig 2).

2.5 Mathematic simulation

Based on a binary mixing model, the Sn input from two source end-members were simulated.
The simulation was performed by a Monte Carlo approach used by Jiskra et al. (2015). A
Pseudo-Random Function (i=1 to 1000) was settled as the iteration number and the computational

processes were operated as the following equations:

n
35 5 =L 3
j=1

ifj -1 @
=2
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where j referred to the Sn source members, fj referred to the Sn fraction of each source, Ijreferred
to Sn isotope values of each source member, Lample referred to the §'2¥!'8Sn measured for each
sample. Isotope values of Ij were taken from the samples which showed the most positive or
negative isotope variations. The computation was performed on the platform of Matlab (R2016b,

Mathworks).

3. Results and discussion

3.1 Mineralogical analysis

The XRD spectrums of coal samples were presented in Fig.3. For easy comparison, the
samples were re-ordered based on their intensity ratios of the highest peak and the mean spectrum
background (S/N). The highest S/Ns were found in coal samples #12-5-7, #15-5-7 and #16-4-5,
with a value of 93.02, 15.22 and 14.01, respectively. For the samples with high S/N, quartz was
dominant mineral followed by biotite, muscovite, amesite and chamosite. The lowest S/N value
was seen in samples #15-5-11 (2.44). Their dominant minerals were kaolinite followed by sulfide
and carbonates. The varied mineral assemblage between the high S/N samples and the low S/N
sample suggested that the samples experienced different forming processes. The high S/N sample
were probably intruded by magmatic materials, because the biotite, muscovite, amesite and
chamosite were common minerals found in metamorphosed or igneous rocks (Aarnes et al., 2011;
Andreani et al., 2013; Dai et al., 2008; Dai and Chou, 2007), whereas the low S/N samples were
commonly found in the normally deposited coals (Chou, 2012; Pinetown et al., 2007).

Ash yield (Aq) was a common index to evaluate the non-volatile mineral proportions of the
samples (mainly alumino-silicates) (Table 1). Sample #12-7-5, #15-5-7 and #16-4-5, showed the
highest Aq (78.53% for #12-7-5, 51.87% for #15-5-7 and 46.85% for 16-4-5), according with their
S/Ns. In contrast, sample with the lowest S/N ratios showed the lowest ash yield (10.53% for
#15-5-11). The high correlation between the ash yield and S/N was probably caused by the
magmatic intrusions of the coal deposit, as magma intrusions usually accompanied with a
significantly increase of silicates.

3.2 Elemental analysis

3.2.1 The high mineral content samples
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Three samples (#12-7-5, #16-4-5 and #15-5-7) would be mainly discussed in the following
elemental concentration comparison as they were the most represented high mineral content
samples. Relative to the elemental backgrounds of Huainan coal and Chinese coal averages (Chen
et al. (2014); Dai et al. (2012)), higher levels of Na, Mg, Al, Si, Ba, Sr, Cr, Mn, Nb, Th, Rb and Zr
were found in the three samples (Cinis study> both CHuainan and Cechinese), Whereas Fe was depleted
(Fig.4). However, compared with the other samples of this study, the highest Fe levels were shown
in the three samples. Among the enriched element collection, Na, Al, Si were elements according
with the higher proportions of quartz and minor minerals in the samples; Nb, Zr, Sr, Ba, Rb and La
were geochemically incompatible elements, which usually concentrated in the highly
differentiated magma melts or fluids; Mn and Rb were the elements with the highest enrichment
coefficient (ECs) in this study, 2.8-16.5 of Rb and 1.9-4.6 of Mn. In the studies of magmatic
intruded coal deposits (Golab and Carr., 2004; Querol et al., 1997), intensely increase of Mn in
coals (Table 1S, Supplementary Material) was usually interpreted as precipitation of carbonates,
which were caused by reactions of CO and CO, from magmatic fluids altered coals. Rb, Sr, Ba, Ca
and Mg were usually the main cations of the carbonates and they were able to substitute with each
other. Furthermore, in #15-5-7, chalcophile elements of Pb, Zn, Cd, Sb, Cu and Mo were more
enriched than that of #12-7-5 and #16-4-5 and other samples. The differences of elemental
associations between #12-7-5, #16-4-5 and #15-5-7 demonstrated that #15-5-7 experienced a more
S-rich intrusion than #12-7-5 and #16-4-5. Therefore, it could be concluded that #12-7-5, #16-4-5
and #15-5-7 affected by the magmatic intrusions, which were more likely the magmatic
hydrothermal fluids than the melts, and the fluids intruded #15-5-7 were more reduced than that
intruded #12-7-5 and #16-4-5.

To make a further explanation of why it was more probably of the hydrothermal fluids
intrusion than magmatic melts, an alumina saturation index A/CNK (molar ALO3/
(CaO+Nax0+K-0)) was introduced (Clarke, 2019; Gao et al., 2016). Basing on the published data
(Yang et al., 2012), we calculated the A/CNKs of the intrusive melt of Zhuji coalmine and
compared the values with the coal samples. The A/CNKs of the three samples with the highest
possibilities of magma intrusion were 3.87 (#12-7-5), 7.08 (#16-4-5) and 8.50 (#15-5-7), while the
intrusive melt ranged between 0.60-1.41, comparable to a peraluminous granite (Clarke, 2019,

1981; Pérez-Soba and Villaseca, 2010). Since the much higher A/CNKs of the coals than the
8
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intrusive melts, the samples were not likely directly intruded by magmatic melts, but the
hydrothermal fluids. This was also supported by Clarke (1981), who considers that rock samples
with A/CNK >> 1 could be caused by the interaction with hydrothermal fluids from silicate melts.

3.2.2 The low mineral content samples

Relative to the average of Huainan coals (22.1%, Chen et al., 2011), six samples showed
lower Aq (10.53-21.99%). Among the six samples, #15-5-11 showed the lowest Aq of 10.53%,
demonstrating that coal organics dominated in the sample. #16-4-4 showed the highest ash yield
of the six samples, probably owing to an enriched iron minerals (Fe 1.22%).

According to the mineralogy and elemental analysis, it was observed that the Aq and Mn level
were sensitive indicators to reflect variations of magmatic impact on the samples. Therefore, we
considered that three samples were severely affected by magmatic intrusions (#12-7-5, #16-4-5
and #15-5-7, A¢e>50% and Mn>200pg/g), while the other samples were less possible affected by

the intrusions.

3.3. Concentration and isotope variations of Sn

Sn levels and 8'2Y!13Sn values of the studied coals were listed in Table 1. The Sn levels
ranged between 0.94 and 4.48 pg/g, with an average of 2.06 pg/g. High Sn levels were found in
coals with the highest Aq (#12-7-5 4.48 pg/g, #15-5-7 2.28pg/g and #16-4-5 2.12 ng/g), while the
lowest Sn level was found in sub-bituminous coal #15-5-11 (0.94 pg/g) with the lowest A.
31201188 of the coals ranged from -0.06%o to 0.22%o (+0.07, 20).

Below we propose two major mechanisms to explain the observed variations of Sn isotopes
in coals: 1) a mixing of Sn isotope from different sources; 2) Sn isotope fractionation caused by
redox changes. With the current data, we were unable to identify which mechanism was dominant.
However, it was likely that both mechanisms were responsible for the Sn isotope variation

observed.

3.4 Possible contributing sources of Sn
As was shown in Fig.5, a linear correlation could be fitted between 1/Sn concentrations and
3120/118Gn values (r=0.64). This correlation suggested that the Sn isotope variations in the coals

might be controlled by the mixing of two end-members with different §'2¥!''8Sn. The two
9
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end-members were most likely the Sn carried by the intruded magmatic hydrothermal fluids and
the Sn from the original deposited coals. In this study, the magmatic affected samples (#12-5-7,
#15-5-7 and #16-4-5) had higher §'Y'18Sn values (0.09-0.22%c), and the most represented coal
samples (#15-5-11 and #16-4-4) had the lowest '2”'18Sn variations (-0.04%o and -0.06%o).

Based on the mineralogical and elemental evidences, the samples with the higher '2118Sn
values were affected more by magmatic-intrusion, and thus a higher fraction of magmatic-derived
Sn was expected in these samples. As a chalcophile and lithophile element, Sn showed the highest
affinities with either oxygen or sulfur at different redox states. According to the study of
Badullovich et al. (2019), the species of Sn depended on the levels of f (O2) of the intruded
magmatic materials. In coal deposits, Sn could associated with alumino-siliates, sulfide minerals
(mainly pyrite (FeS)) or coal organic matters (Qu et al., 2016). In this study, the f (O2) of #12-7-5
and #16-4-5 were obviously higher than #15-5-7. Thus, the Sn in #12-7-5 and #16-4-5 were most
likely in Sn(IV)-O form, whereas the Sn in #15-5-7 more possible occurred as Sn(II)-S. In contrast,
the samples with the lowest 8'?Y!!8Sn ratios (#15-5-11 and #16-4-4) were unlikely affected by
magmatic-intrusion as they had lower A4 and mineral contents. Due to the studies of Sn modes of
occurrence in coals, the Sn in low Aq coals could either associated with the coal organics to form
functional groups or associated with sulfide minerals, such as FeS and CuyFeSnSs. In our study,
the Sn in #15-5-11 was mostly likely associated with the coal organic, while the Sn in #16-4-4
more tended to associate with sulfide minerals, as there was a high level of Fe (1.22%).

The Sn isotope variations of the coals in this study was further compared with other
published Sn isotope ratios (Fig. 6). Sn isotope variations of magmatic rocks were more positive
with respect to the samples from other geochemical reservoirs, indicating an enrichment of heavy
Sn isotopes in earth mantle and crust. The most positive coal §'”!8Sn (#12-7-5 and #16-4-5)
corresponded closely to the isotopic ranges of the highly-evolved acidic magmatic rocks, which
was supported by Yang et al. (2012). Sample #15-5-11 and #16-4-4, which had the most negative
31201188 variations, were observed on the upper limit of the isotopic range of sulfide-associated
Sn minerals (CuFeSnS3) (-0.06 to -0.56%o). Since the Sn in coals could either associated with the
coal organic sulfur or sulfide minerals , the negative 8'°”!''8Sn in #15-5-11 and #16-4-4 may
therefore indicate a partial coordination of Sn (II) by the coal organic and sulfide minerals

respectively.
10
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A binary mixing model was applied to estimate the contributions of the two end-members
(magmatic hydrothermal fluids and original coal deposit) to the Sn budget in coals. In this model,
published 8'2%!8Sn of granite was used to represent the Sn end-member in magmatic
hydrothermal fluids (Fig. 6), since it was considered that no isotope fractionation occured during
Sn crystallization of silicates (Badullovich et al., 2017). For the §'>%118Sn of the other end-member
(coal organics), the upper limit of stannite isotope variation (Fig. 6), which was close to the
isotope variation of #16-4-4 and #15-5-11, was used to represent the Sn coordinated to S. Based
on the following equations (5) and (6), Sn contributions by the two end-members in each coal
samples were calculated. The detailed calculations were listed in the Supplementary Material

Table S2 (csv file).

~120/118 1 120/118 — £120/118 e
fi Xé Sny+f, X6 Sn,=26 SN ampte (5)

htlfa=1 (6)

According to the simulation, the Sn input carried by the magmatic sourced hydrothermal
fluids contributed 86% (£9.5%, 1o) of the Sn in the sample with the most positive isotope
variation (#12-7-5), while only 14% (+11.5%, 1o) of the Sn in the sample from the coal organics

(#15-5-11). The detailed calculation results could be seen in the Supporting material.

3.5 Isotope variations of Sn caused by redox changes

In addition to the mixing of Sn from two geochemical reservoirs, changes in redox states of
Sn in coals could be responsible for the isotope variation of this study as well, since redox changes
between Sn (II) and Sn (IV) had been proved to cause small, but detectable isotope fractionation
(Wang et al. 2019). In this study, an oxidation of magmatic affected coal seams probably happened
because comparing to the reductive coal deposition environment (usually Sn occurred as Sn (II)-S),
the intruded magmatic hydrothermal fluids could be more oxic when it had a high oxygen fugacity
(f (O2)). According to the calculation by Badullovich et al. (2017), Sn could occur as Sn (IV) in
magmatic liquids at f (O,) of Fayalite-Magnetite-Quartz (FMQ) and temperature of ~1200°C. In
this study, since the temperature of hydrothermal fluids partitioning from melts was usually lower
than 800°C, and trace amount of biotite and muscovite (usually Fe (IIT) rich) were detected in the

hydrothermal fluid impacted samples, the f (O,) of the samples were apparently higher than the
11
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estimation of Badullovich et al. Therefore, the hydrothermal fluids were able to transfer the initial
organic associated Sn (II) to oxidized Sn (IV) and contribute isotope shifts of Sn isotopes in this
study.

To evaluate redox condition of the coal samples, a series of well-developed paleo-redox
proxies, V/(V+Ni), Mn/Cr and V/Cr (Hatch and Leventhal, 1992; Jones and Manning, 1994; Nico
et al., 2009; Rimmer, 2004), were examined in this study. High V/Cr ratios (>2) in coals were
thought to empirically indicate dysoxic conditions, and V/(V+Ni) (>0.2) predict dysoxic to euxinic
conditions. Mn and Cr were considered as a pair of elements with reverse behaviors of solubility
in both oxic and reducitive conditions. It was usually considered that the higher ratios of Mn/Cr,
the more reductive the condition was. As shown in Fig. 7A, the samples were re-ordered by their
drill hole locations. A profile of §'2”''8Sn of the samples were compared with the three
paleo-redox proxies (Fig 7A). They were also compared with Ag, Na and Si (Fig 7B), which were
characteristic properties for magmatic intrusions. It was striking to find that all three redox proxies
indicated relatively more oxic conditions for the samples with the most positive 3'>!18Sn (#12-7-5
and #16-4-5) than the less positive §'2"118Sn (#15-5-7), and the samples with the most negative
3120/M18Gn  (#15-5-11 and #16-4-4) (Fig. 7A). Furthermore, positive correlations were found
particularly between the most positive 8'>118Sn samples and the contents of A4, Na and Si (Fig.
7B), which were characteristic properties for magmatic intrusions. Combing the two sets of
evidences, we suggested that the magmatic hydrothermal fluid intrusion into coal seams might
have shifted the redox conditions of coals to be more oxic, and also the redox states of the Sn in
the coals.

The magmatic hydrothermal fluids intrusion could change the redox states of Sn in coals
through a Sn re-mobilization process (Golab and Carr, 2004). Carrying with large amounts of
thermal energy and mineral contents, the intruded fluids were able to alter the coals by either
pyrolyzation or mineral contamination (Dai et al., 2004). The former could partially decompose
the coal organic matters and sulfide minerals, leading to a volatilization of the associated Sn. The
latter demonstrated that a material exchange took place between the coals and the fluids, and
partial Sn of the coals could be leached out by the fluid. Hence, a Sn re-mobilization happened
while the coals was intruded by a magmatic hydrothermal fluids.

Basing on the analysis of §'2"!'8Sn variations of the samples and Sn geochemistry in
12
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hydrothermal fluid affected coals, we proposed a conceptual model to explain the mechanism of
the possible 8'2¥!!8Sn variations. As was discussed above, the chemical species of Sn highly
depended on the levels of f (O,). In oxidizing condition, Sn usually associated with O in Sn(IV)-O,
while under reducing condition, Sn was in Sn (II) and had a high affinity with S. Since Sn(IV)-O
had much shorter bond length (~2.18A) than Sn(I)-S (~2.48A), the heavier Sn isotopes were more
likely enriched in Sn(IV)-O species with shorter and stiffer chemical bonds (Badullovich et al.,
2017; Bigeleisen and Mayer, 1947; Giirel et al., 2011; She et al., 2019; Yao et al., 2018). In this
study, since the organic matters of #15-5-11 and #16-4-4 accounted for 80% to 90% of the total
coals, most of the Sn in the samples should associate with the reduced organic matters and thus a
more negative isotope shift of 3!2”!8Sn was observed. For #12-7-5 and #16-5-4, as they were
affected by magmatic hydrothermal fluids with high f (O,), the Sn of the initial coals could be
either oxidized to Sn (IV) or leached out, resulting in an enrichment of heavier Sn isotopes in the
residue phase. For sample #15-5-7, because it was intruded by a S-rich hydrothermal fluid, a
negative 5'2%118Sn isotope shift relative to #12-7-5 and #16-4-5 could be observed.

Summarily, the mixing of two end-members and the redox changes that could both
fractionate Sn isotopes were proposed to explain the isotope variations of the coals. However,
considering the similar Sn content (ppm level) in coals and magma fluid (e.g. MORB) and the lack
of direct evidence, we were not able to distinguish the effect of redox change from magmatic input
on Sn isotope variation at this stage, further systematic study was thus needed to better constrain

Sn isotope fractionation during hydrothermalism.

4. Conclusions

In this study, Sn stable isotope variations in twelve coals with various magmatic-affected
degrees from a coal deposit of China vary from -0.06 to 0.22%o in 3'2”!18Sn. The Sn stable isotope
variations demonstrate clear difference between the magmatic affected samples (0.20 to 0.22%o)
and the normally deposited coals (-0.04 to -0.06%c). Two possible interpretations are suggested to
explain the isotopic variation of the samples. The first, the isotope variation is attributed to a
mixture of magmatic hydrothermal fluids and coal deposits with different Sn isotope ratios, as

demonstrates by the linear relationship between Sn and its isotopes in a mixing diagram. The
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second, an oxidation of the coal seams probably take place when they are intruded by the
magmatic hydrothermal fluids. In fact, the higher oxidation states of the intruded coals leads to an
enrichment of heavy Sn isotopes. This enrichment can be roughly explained by the relatively
shorter bond length of Sn (IV)-O than Sn (II)-S. Both of the two geochemical processes were
considered responsible for the variation determined in this study. Finally, our work shows that Sn
isotope ratios are useful tools for investigating Sn geochemical behavior in different Earth

reservoirs and during redox-sensitive processes.
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empirical thresholds of V/Cr and V/(V+Ni) for redox states were from Hatch and Leventhal (1992),
Nico et al. (2009) and Rimmer (2004). Mn/Cr only quanlitatively indicates redox state changes as Mn



and Cr behave inversely in terms of solubility under oxic and reduced contions (Jones and Manning,

1994; Rimmer, 2004). B) The spatial distribution of §'2¥!18Sn, ash content, Si and Na concentrations.



Table 1 Sample information

Coal Degree of the Aq .Total s 31201118g
Sample* Depth (m) . in sample 2SD

seam coalification® (%) (%0)

(ngle)

12-7-5  Seam 5 1182.6 Natural Coke 78.53 4.48 0.22 0.07
16-4-5  Seam 5 1107.42-1106.77  Bituminous 46.85 2.12 0.20 0.07
16-4-8  Seam 8 1041.42-1038.78  Bituminous 27.66 1.85 0.17 0.07
16-4-4  Seam 4 1121.40-1116.92  Bituminous 21.99 1.65 -0.06 0.07
7-8-5 Seam 5 1105.82-1104.52  Bituminous 37.95 2.28 0.00 0.07
12-6-7  Seam 7 1018.40-1017.15 Bituminous 15.79 1.60 0.02 0.07
15-5-7  Seam 7 1080.7-1079.98  Natural Coke 51.87 2.49 0.09 0.07
15-5-11 Seam 11 987.75 Sub-bituminous  10.53 0.94 -0.04 0.07
16-5-4  Seam 4 1125.22-1122.92  Bituminous 31.63 1.63 0.08 0.07
16-5-8  Seam 8 1050.50-1046.90  Bituminous 17.99 1.95 0.06 0.07
20-4-8  Seam 8 1064.10 Bituminous 17.68 2.09 0.10 0.07
17+1-4  Seam 4 1121.25-1117.80  Bituminous 10.53 1.61 0.06 0.07

a.  These samples were firstly reported in the study of Sun et al. (2010)

Table 2 Procedures for Sn separation from coal matrix (modified from Wombacher et al., 2003; Yi et

al., 1995)

Operation Solvents

First step 2mL AG 1-X8 (resin loading)

Washing 10mL 2M HNO3, then 2mL Milli-Q

Conditioning 10mL 3M HCI

Loading SmL 3M HCI (sample Sn in presence of 100 uL. 3M HF)
Matrix Elution 1 35mL 0.5M HCl

Matrix Elution 2 10mL 1M HCI

Matrix Elution 3 10mL 2M HCI

Matrix Elution 4 12mL 8M HCI

Sn Collection 12mL 2M HNO3  Add 100 pL 3M HF to recipient
Washing 10mL 4M HNO3

Second step 2mL TRU resin

Washing 10mL 0.5M HNO3,10mL Milli-Q 2 cycles
Conditioning 10mL 0.5M HCl

Loading 8mL 0.5M HCI (add100 pL 3M HF)

Matrix Elution 1 16mL 0.5M HCl

Trace Elution 2 10mL 0.25M HCl

Sn Collection 10mL Milli-Q  (Add 100pL 3M HF to recipient)

Sn Collection

Washing

5mL 0.4M HNO3
10 mL 0.5M HNO3, 10mL Milli-Q






