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Effects of light intensity on infrared microthermometric results (a) and ore-forming fluid evolution in the Xingiao deposit (b).

Public summary
m Lower light intensity results in smaller temperature deviation during infrared microthermometry.
m Sphalerite-hosted fluid inclusions in the Xinqiao deposit are aqueous and have two groups with contrasting salinity.

m The Xingiao deposit is formed by two-stage metallogenic events including sedimentary exhalative and magmatic-hydro-
thermal mineralization.
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Abstract: Infrared microthermometry allows direct measurement of fluid inclusions hosted in opaque ore minerals and can
provide direct constraints on the evolution of ore-forming fluids. This study presents infrared microthermometry of spher-
ite-hosted fluid inclusions from the Xingiao deposit in the Middle-Lower Yangtze Metallogenic Belt and sheds new light
on the ore genesis of the deposit. Considering that infrared light may lead to non-negligible temperature deviations during
microthermometry, some tests were first conducted to ensure the accuracy of the microthermometric measurements. The
measurement results indicated that using the lowest light intensity of the microscope and inserting an optical filter were ef-
fective in minimizing the possible temperature deviations of infrared microthermometry. All sphalerite-hosted fluid inclu-
sions from the Xinqgiao deposit were aqueous. They show homogenization temperature ranging from ~200 to 350 °C, but
have two separate salinity groups (1.0-10% and 15.1-19.2% NaCl equivalent). The low-salinity group represents sedi-
mentary exhalative (SEDEX)-associated fluids, whereas the high-salinity group results from modification by later magmat-
ic hydrothermal fluids. Combined with published fluid inclusion data, the four-stage fluid evolution of the Xingiao deposit
was depicted. Furthermore, our data suggest that the Xinqiao deposit was formed by two-stage metallogenic events includ-

ing SEDEX and magmatic-hydrothermal mineralization.

Keywords: Infrared microthermometry; fluid inclusion; sphalerite; the Xingiao deposit
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1 Introduction

Fluid inclusion studies can provide a unique perspective for
deciphering complex geological processes, particularly for,
constraining ore-forming fluid evolution and precipitation
mechanisms of ore-forming materials for a given ore deposit.
Because of the opaque signature of most ore minerals under
visible light, previous studies have generally been conducted
on transparent gangue minerals (such as quartz), with the in-
ference that gangue minerals were co-precipitated with ore
minerals from the same fluid. This inference is generally
based on field observation, which means that the relationship
between gangue and ore minerals is doubtful in many cases.
Even intimately intergrown mineral pairs have frequently
been shown to precipitate from different fluids or at different
stages' " Fortunately, a few ore minerals that are opaque un-
der visible light are transparent to translucent under infrared
light. Therefore, infrared light microscopy allows direct ob-
servation of opaque ore minerals and the direct microthermo-
metry of the fluid inclusions hosted by them !>/,

The middle-lower Yangtze River region is one of the most
important metallogenic belts in China and has developed a
series of middle-large porphyry-, skarn-, and porphyrite-type
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polymetallic deposits. Although numerous studies have
demonstrated intimate relationships between mineralization
and Yanshanian magmatism (~120-150 Ma)!"*~*'}, the ore gen-
esis of these deposits remains highly debated. Among these
deposits, the Xingiao Cu-Au-Fe-S deposit in the Tongling
district represents a typical polymetallic deposit involving a
complex and probably multi-stage ore-forming process. Two
metallogenic events have been proposed: (1) skarn-type min-
eralization associated with Yanshanian magmatism and
(2) marine volcanic exhalation during the Paleozoic .
Both metallogenic events have been verified by sulfide Re-Os
dating which generally shows two separate isochron ages
(~319-393 Ma and ~138 Ma)**!, Previous fluid inclusion
studies have also been conducted, but mainly on gangue min-
erals such as quartz and diopside " In particular, Wang et
al. ! revealed that fluid boiling and fluid mixing between
magmatic fluid and meteoric water played a significant role in
the Yanshanian metallogenic event. Similarly, Li et al. * de-
picted a continuous fluid evolution associated with skarn
formation and proposed an Early Cretaceous carbonate re-
placement origin for the Xinqgiao deposit. It should be noted
that both studies assumed that the gangue minerals and ore
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minerals (mainly sulfides) precipitated from the same fluid ***"1.
Direct studies of fluid inclusions hosted in sulfides are thus
required to validate this assumption to help build a compre-
hensive metallogenic model of the Xingiao deposit.

By employing infrared microthermometry, we conducted
fluid inclusion studies on spherite from the Xingiao deposit to
provide direct constraints on ore-forming fluids and to help
improve our understanding of this type of deposit. Before-
hand, we provide a simple review of infrared microthermo-
metry to elaborate on its principles and on some key technic-
al issues when applied to natural samples.

2 An overview of infrared microthermo-
metry

2.1 Background to infrared microthermometry

The transmittance of a mineral depends on its band structure
and light energy. Many minerals (particularly ore minerals)
are classified as semiconductors. According to band theory,
there is a band gap between the valence and conduction bands
of a semiconductor. The gap represents the minimum energy
for exciting an electron to move from valence band to con-
duction band . Each mineral has a unique band gap ©'. As
visible light energy is around 1.7-3.3 eV, any minerals (such
as quartz or carbonate) having band gap energies higher than
1.7 eV will not absorb all the visible light and thus be trans-
parent or semi-transparent. In contrast, minerals with a band
gap energy lower than 1.7 eV absorb all visible light and are
thus opaque, which is the case for the majority of ore
minerals.

Infrared light has a longer wavelength (0.73 to 1000 pm),
and thus lower photon energy (0.00124 to 1.7 eV) than vis-
ible light. Consequently, when minerals have band gap ener-
gies lower than 1.7 eV, they allow at least some infrared light
to pass through, i.e., they are transparent or semi-transparent
under infrared light. For example, chalcopyrite has a band gap
energy of ~1.1 eV [ which means it absorbs all light with
wavelengths less than 1130 nm but light can pass through it at
higher wavelengths.

Infrared microscopy provides an opportunity to conduct
petrological observations of opaque minerals. This can be
realized after a few modifications to a traditional microscope,
for example, by mounting an infrared light source and an in-
frared light-specific objective lens. In addition, because in-
frared light cannot be observed with the naked eye, a specific
piece of equipment must be mounted on the microscope to
capture the image. Commercially available equipment in-
cludes a tube camera (such as the Hamamatsu tube camera)
and a digital camera (such as an indium gallium arsenide
camera, also called an InGaAs camera). They are both sensit-
ive to different wavelength ranges, but are restricted to near-
infrared light (730 to 2500 nm)"“. Owing to this limitation,
infrared microscopy is only applicable to minerals that near-
infrared light can pass through. In theory, the observation of
minerals with very low band gap energy requires a more ad-
vanced camera that is sensitive to mid and even far-infrared
light. Nevertheless, direct fluid inclusion studies using a com-
bination of infrared microscopy and a microthermometry
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stage or other in-situ analytical techniques have been conduc-
ted on various minerals, including pyrite, wolframite, stibnite,
enargite, sphalerite, and rutile 75774,

2.2 Warming effects of infrared radiation during micro-
thermometry

The “warming” effects of infrared radiation may cause a sig-
nificant deviation to the microthermometric results of fluid in-
clusion. Thus, possible temperature deviations between the
microthermometric results obtained using infrared and vis-
ible light should be carefully inspected before applying in-
frared microthermometry to natural samples. It should be
noted that there are some minor discrepancies between two
commercial microthermometry stages (Linkam and United
States Geological Survey, also called USGS) when measur-
ing the same inclusion. By using a USGS stage, Lindaas et
al. ® found a standard deviation for a final melting temperat-
ure of + 0.4 °C for five-time repeated measurements of the
same inclusion. By contrast, a Linkam heating/freezing stage
decreased the deviation to + 0.1 °C. Many studies have repor-
ted limited temperature deviations when using the same stage
but different light sources. For instance, after careful calibra-
tion of the thermocouples of the USGS stage by multiple
measurements of synthetic fluid inclusion standards, Pflug-
beilt reported consistent microthermometric results between
visible and infrared light. This good consistency was further
supported by subsequent studies on fluid inclusions in semi-
transparent minerals (such as Fe-poor sphalerite) and some
transparent minerals (such as quartz and fluorite) U7,
Even infrared microthermometry of fluid inclusions in some
opaque minerals, such as pyrite and hematite, has had limited
temperature deviations “**!,

The temperature deviations, however, may be significant
for many other minerals. Moritz'™ first reported significant
temperature deviations during infrared microthermometry of
fluid inclusions in enargite. The measured ice melting temper-
ature (7,) and homogenization temperature (7},) decreased
with increasing infrared light intensity. Subsequently, an in-
creasing number of studies observed similar temperature de-
viations “>*1. Recently, Peng et al. ™ provided a thorough
evaluation of temperature deviations during infrared micro-
thermometry. They found that temperature deviations were
mineral-dependent and closely related to light intensity. Fi-
nally, they proposed that the infrared light intensity should be
as low as possible to minimize or using improved cycling
methods to avoid the effects on microthermometry*.

The host mineral must be transparent to infrared light dur-
ing the entire microthermometry process to ensure complete
temperature recording. However, the transmittance of miner-
als to infrared light decreases with increasing temperature. By
employing Fourier transform infrared (FT-IR) spectroscopy,
Liiders"" found that the infrared light absorption edge of a
wolframite crystal from Panasqueira, Portugal shifted to
longer wavelengths with increasing temperature. Thus, the in-
frared light transmittance of wolframite decreases, consider-
ing the invariable detection wavelength range of the infrared
camera'’. This is similar to later observations of wolframite
from San Cristobal!'”. The temperature dependence of trans-
mittance has been reported for many minerals including
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stibnite, enargite, and pyrite!”. Observable minerals become
opaque when the temperature increases to a very high value,
and the transition temperature depends on mineral composi-
tion and light wavelength”. Decreasing transmittance during
the heating process may hinder the measurement of homogen-
ization temperature, particularly when the host mineral be-
comes opaque before the fluid inclusion inside homogenizes.

2.3 Cycling microthermometry method

Considering the “warming” effects of infrared light radiation
and the decreasing transparency of host minerals during mi-
crothermometry, a cycling microthermometry method was
proposed by Goldstein and Reynolds “? and then improved
and widely used by Zhu et al. “" and Peng et al. !, to obtain
accurate temperature records. This method takes full advant-
age of the undercooling signature (lower temperature than the
phase transition temperature but with no phase changes) for
the fluid phase and avoids infrared light irradiation during the
heating process. For T, measurements, changes in mineral
transmittance are generally limited, and more attention should
be paid to the thermal effects of infrared light radiation. The
recommended measurement process includes four steps
(Fig. 1a): 1) Freezing the inclusion by cooling to a very low
temperature (7)); 2) Turning off the infrared light and heating
the inclusion to a temperature (73) that is slightly higher than
the estimated eutectic temperature (75) of the inclusion sys-

]
Q Cooling @ Cooling @

{Trun off IR light

4 3}
Heating
—_—

¥ Trun on IR light

@  Cooling__ @

abrupt change
of bubble

no abrupt
change of bubble

Trun off IR light
9
Heamg
{Trun off IR light
10,
no abrupt Coolmg
change of bubble
Trun off IR light
‘ Heating 13‘
JTrun off IR light
® . 14
abrupt change Cooling
of bubble
/ Tm
1 1 1 1 1 N > T
T T To Ta Ts To
(<80°0) >-25°C) (room temperature)

tem; 3) Cooling the inclusion to T, with the infrared light on
and observing whether the bubble changes abruptly. There is
generally no abrupt change in the bubble during this step; and
4) replacing Tj at a slightly higher temperature 7, and repeat-
ing Steps 2 and 3. The final temperature for heating during
the repeat of Step 2 could be recorded as T,, once an abrupt
change in the bubble is observed during cooling in the repeat
of Step 3. Because temperature T, during the measurement is
generally very low, which prolongs the measurement process,
an alternative method can be used by modifying Step 3. Us-
ing the new method (Fig. 1b), the inclusion is cooled to tem-
perature 7, (estimated eutectic temperature for the inclusion
system) in Step 3. During cooling, the bubble gradually
changes if the frozen inclusion does not melt completely at
Step 2. In contrast, T,, can be recorded when the bubble is
first observed to remain unchanged during cooling in Step 3.
The above cycling method is also applicable for measuring
T,, for a fluid inclusion, in which the final temperature during
Step 3 cooling is set slightly lower than the estimated 7}, and
the key point for observation is whether there is a bubble in
the inclusion (Fig. 2). The T, is recorded when no bubble ap-
pears during the repeat of Step 3 cooling. Additionally, this
method provides a possible way to measure inclusions that
homogenize before the appearance of heating-induced opa-
city in their host mineral. Under these circumstances, the fi-
nal temperature during Step 3 of cooling (75 in Fig. 2) can be
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Fig. 1. Cycling method for infrared microthermometry to measure final ice melting temperature (7;,,) of opaque minerals (modified after Goldstein and
Reynolds ““and Peng et al.™). T,, 7| and 7, represent room temperature, a temperature low enough for freezing (generally < -60 °C) and estimated eu-
tectic temperature of the target inclusion system. (a) The inclusion is cooled to T, to ensure freezing during every cooling step with infrared (IR) light on.
During every heating step, the IR light is turned off and the final temperature for heating is set to be a little higher than the front heating step (75>7,>T3).
The final temperature for heating is regarded as T,, once abrupt change of bubble is observed during the subsequent cooling step. (b) After the first cool-
ing to freeze the inclusion, the final temperature for every cooling step is set to be around estimated eutectic temperature of the target inclusion system.
T,, could be recorded when no bubble change is observed during the cooling step.
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Fig. 2. Cycling method for infrared microthermometry to measure homo-
genization temperature (T},) of opaque minerals (modified after Gold-
stein and Reynolds "’and Peng et al. ™). T, represents room temperature.
T, is the temperature slightly lower than the estimated T, or lower than
the transition temperature for the host mineral to become opaque. For
every heating step the infrared (IR) light is turned off and the final tem-
perature is set to increase step by step. The IR light is turned on during
the cooling steps in order to observe whether there is a bubble in the in-
clusion. The final temperature for heating during the cycles could be re-
garded as T, when the bubble disappears after the subsequent cooling
step.

set as the transition temperature at which the mineral be-
comes opaque (Fig. 2). However, the method is incapable of
measuring the fluid inclusions that have Tj, far higher than the
“opacity-transition temperature” of their host mineral. On this
occasion, the inclusions will consistently contain a bubble at
“transition temperature” after cooling from any higher tem-
perature, thus more advanced equipment (mid- and far-in-
frared light microscope) is required for further measurements.

The cycling microthermometry method has been success-
fully applied to various types of opaque ore minerals, contrib-
uting significantly to understanding the detailed evolution of
ore-forming fluids "**l. In many cases, infrared microthermo-
metry studies of ore minerals have revealed a fluid evolution
that is different from that recorded in gangue minerals, result-
ing in a significant improvement in the metallogenic mechan-
ism 53,

3 Geological settings and sample de-
scription

The Xingiao deposit is the largest Cu-Au-Fe-S polymetallic
deposit in eastern China. The Jitou monzodiorite is the main
magmatic rock related to mineralization in this region. It was
dated at 140.4 + 2.2 Ma by zircon SHRIMP U-Pb geochrono-
logy“”. Among all the exposed strata from the Upper Devoni-
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an to the Lower Triassic in the region, the Upper Carbonifer-
ous dolostone and limestone are the dominant strata that are
closely related to the ore body (Fig. 3). In addition to bedded
sulfide along the strata, the skarn sulfide associated with the
Jitou monzodiorite is the other type of ore body in the
Xiaoqiao deposit but only accounts for ~10% of the gross re-
serves. The ore minerals of the deposit (including bedded and
skarn ore bodies) include pyrite, chalcopyrite, pyrrhotite,
magnetite, sphalerite and galena, and the gangue minerals
comprise dolomite, calcite and quartz.

In this study, sphalerite from a bedded ore body was collec-
ted for infrared microthermometry. Sphalerite generally has
an intergrowth relationship with pyrite and other sulfides,
confirming the same genesis as that of the entire bedded ore
body. The collected sphalerite was rufous or black in the hand
specimens. Different colors, ranging from reddish-orange to
black, were observed in different parts of the sphalerite crys-
tals under a polarizing microscope. These probably suggest
compositional variations (such as iron content) although the
color variations were irregular. Overall, all sphalerites
showed poor transmittance when visible light microscopy was
used. Therefore, it was impractical to perform traditional mi-
crothermometric measurements. Using an infrared micro-
scope, it was observed that the sphalerite contained abundant
fluid inclusions (Fig. 3). The inclusions typically showed neg-
ative crystal or elliptical shapes and generally had two phases
(liquid and vapor with no daughter minerals) with a bubble
filling degree lower than 30% (Fig. 3). They were commonly
isolated or gathered together as a fluid inclusion assemblage
far from mineral boundaries or cracks. Based on the petrolo-
gical criteria, these inclusions were classified as primary. It
should be noted that some primary inclusions were dark,
which may have been due to large differences in the refract-
ive index at the inclusion boundary. In addition, a few small
inclusions were distributed along the mineral boundaries and
cracks, showing typical signatures of secondary origin.

4 Methods

With the cycling microthermometry method, microthermo-
metric measurements of the primary inclusions were conduc-
ted at the University of Science and Technology of China, us-
ing a combined Olympus BX-53 infrared microscope and
Linkam THMSG 600 heating/freezing stage with operating
temperatures from —193 to 600 °C. The light intensity of the
microscope was continuously adjusted from degree 1 (low) to
degree 11 (high), whereas the field and condenser dia-
phragms were adjusted from fully open to fully closed, cor-
responding to values from 0.65 to 0 and from 1 to 0, respect-
ively. A high-resolution infrared camera (sensitive to infrared
light with a wavelength of 400-900 nm) and a medium-resol-
ution infrared camera (sensitive to 900—1700 nm) were moun-
ted on the microscope for image capture. The microthermo-
metry stage was calibrated using synthetic fluid inclusions
(USGS) with a visible light microscope. The precision was
0.2 °C and 1 °C for temperatures lower and higher than 31
°C, respectively. Prior to this, a synthetic CO, inclusion in
quartz (from the USGS) and a saline inclusion in sphalerite
from the Xingiao deposit were selected for test measure-
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Fig. 3. Simplified geological map for the Xinqiao deposit (a) and fluid inclusions in sphalerite (b-g). The sample location is marked as blue star. All the
fluid inclusions show primary signature except for the right bottom photo (g) in which the fluid inclusions are of secondary origin. (f) shows the relative
age of different groups (low salinity versus high salinity) of fluid inclusions. 1: liquid; v: vapor.

ments using the combined equipment to evaluate the possible
deviation of microthermometric data from different light in-
tensities, field and condenser diaphragms. The microthermo-
metry steps were as described by Wang et al. .,

The test measurements demonstrated that low infrared light
intensity, small field and condenser diaphragms, and the in-
sertion of an optical filter could help reduce temperature devi-
ations during microthermometry. The measurements of
sphalerite-hosted fluid inclusions in the Xingiao deposits fol-
lowed optimized parameters that minimized any possible tem-
perature deviations. Because the optical filter available in the
laboratory (1200 nm) could only match the medium-resolu-
tion camera, an optical filter was not used for the majority of
measurements. Moderate field and condenser diaphragms
were used because very small diaphragms darkened the inclu-
sion boundary in the digital image, making it difficult to ob-
serve the phase change of the fluid inclusions. Nevertheless,
according to the test measurements, the lowest light intensity
was sufficient to guarantee accurate results for most of the
measurements. For some suitable inclusions (large in size and
having thin boundary), repeated measurements were per-
formed by reducing the diaphragms and inserting the 1200-
nm optical filter. All of them showed temperature deviations
that were much smaller than the measurement errors.

5 Results

5.1 Test measurements

Test measurements of quartz-hosted CO, inclusion and
sphalerite-hosted saline inclusion showed different deviations
for the measured T, and T,. The measured CO, melting and
homogenization temperatures were identical to the recom-
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mended values when light with the lowest intensity was used
(Fig. 4). However, the brightest light decreased the measured
temperatures by 1.1 °C and 1.5 °C for CO, melting and ho-
mogenization temperatures, respectively (Fig. 4), which were
much larger than the measurement errors. If light intensity is
fixed, increasing the field or condenser diaphragms can de-
crease the measured temperature, similar to the effects of in-
creasing light intensity. It should be noted that the measured
temperatures were identical to the recommended values with-
in error under a very small field or condenser diaphragms but
under high infrared light intensity (degree 5-6 in the test
measurements, Fig. 4b); this probably demonstrated the signi-
ficant effects of the field and condenser diaphragms in de-
creasing the irradiation light intensity on the sample. After in-
serting the 1200-nm optical filter, the measured results were
also identical to the recommended values even if the light in-
tensity was very high and all the diaphragms were fully open.
The test measurements of sphalerite-hosted saline inclu-
sions showed similar variation trends to those of quartz-hos-
ted CO, inclusion. As there is no recommended value for the
target inclusion, we took the value measured with the im-
proved cycled method under conditions of the lowest light in-
tensity, smallest field and condenser diaphragm, and insert-
ing the 1200-nm optical filter as the reference value (Fig. 5).
By changing light intensity, the deviations could be up to 10.2
°C and 12.8 °C for ice melting and homogenization temperat-
ures, respectively (Fig. 5a). Similarly, decreasing the field and
condenser diaphragms (with the same light intensity of 5) or
inserting an optical filter could reduce or even eliminate the
deviations (Fig. 5b).
5.2 Sphalerite-hosted fluid inclusion in the Xinqiao de-
posit
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Fig. 4. Effects from infrared light intensity (a) and condenser and field
diaphragms (b) on the temperature deviations during infrared microther-
mometry on the standard quartz-hosted CO, inclusion (USGS). (a): The
colors inside the symbols represent different light intensities used during
microthermometry. The light intensity number is proportional to the light
powder but not real powder value in watt. (b): The colors inside the sym-
bols represent different condenser diaphragms whereas symbol styles rep-
resent different field diaphragms. The light intensity of Degree 6 is used
during these measurements.

The eutectic temperatures of the studied inclusions ranged
from -28.1 °C to -20.1 °C, indicating the inclusion solute was
dominated by NaCl with minor dissolved Ca*, Mg* and K".
The final ice melting temperatures of the inclusions were in
two groups. The major group was higher than -6.6 °C, while
the minor group had lower values ranging from —15.7 °C to
—11.1 °C. Based on the equation describing the degree of tem-
perature depression with salinity provided by Bodnar™”, they
corresponded to salinity of 1.0 to 10 wt. % and 15.1 to 19.2
wt. % NaCl equivalent, respectively (Fig. 6). The low- and
high-salinity groups had differences in distribution, with the
former showing a slightly higher abundance in the core of
sphalerite crystals than in the rim, and the latter having an in-
verse pattern. In the overlapping areas, inclusions with high
salinity occurred along trails that cut through the trails of low-
salinity inclusions (Fig. 3f), implying a late-stage origin for
the high-salinity group of fluid inclusions. During heating, the
transmittance of sphalerite decreased significantly at ~200 °C,
but in most cases the mineral remained observable under in-
frared light. Moreover, after ~5 min unremitting irradiation,
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Fig. 5. Effects from infrared light intensity (a) and condenser and field
diaphragms (b) on the temperature deviations during infrared microther-
mometry on a sphalerite-hosted saline inclusion. (a): The colors inside
the symbols represent different light intensities used during microthermo-
metry. The light intensity number is proportional to the light powder but
not real powder value. (b): The colors inside the symbols represent differ-
ent condenser diaphragms whereas symbol styles represent different field
diaphragms. The light intensity of Degree 5 is used during these measure-
ments.

the transmittance increased to a value even higher than that
under room conditions. The reasons for these changes require
more detailed compositional, structural and spectroscopic
studies, which are beyond the scope of the present study. For-
tunately, the sphalerite remained transparent when the stud-
ied inclusions homogenized. All the inclusions homogenized
to liquid via bubble disappearance at temperatures ranging
from 192 °C to 338 °C with the majority being at ~250-300 °C.

6 Discussion

6.1 Recommended procedure for infrared microthermo-
metry

It has been demonstrated that infrared light can cause signific-
ant negative temperature deviations in microthermometric
results, which may result in overestimation of salinity and un-
derestimation of the T, of fluid inclusions'*!. This deviation
is essentially due to the temperature discrepancies between
the inclusion interior and the thermocouples mounted inside
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Fig. 6. Violin statistics diagrams for salinity (a) and homogenization tem-
perature (b) of inclusions in different host minerals from the Xingiao de-
posit. Data of sphalerite-hosted inclusions are from this study, where the
other data sources are listed in the abscissa labels. Quartz SK: quartz in
skarn. Quartz SS: quartz in sand stone.

the microthermometry stage. The higher temperature in the
inclusion interior was attributed to the absorption of infrared
light energy. The test measurements indicated that the tem-
perature deviations were controlled by light intensity and the
combined effects of the mineral species and inclusion type.
Although a higher light intensity generally results in larger
temperature deviation, the relationship between light intens-
ity and temperature deviation is not linear and cannot be pre-
cisely predicted by any equation. Under the same light condi-
tions, the temperature deviation for the T,, of an inclusion was
comparable to that for T, indicating that the deviations may
be an essential feature of the mineral and/or the inclusion. In
addition, quartz-hosted CO, inclusion showed smaller tem-
perature deviations than sphalerite-hosted saline inclusion
(Figs. 6 and 7), which may be due to the limited absorption
by quartz considering its large band gap energy, although the
possible effect of the inclusion type cannot be precluded. In
this study, the large deviations for the sphalerite-hosted sa-
line inclusions were in significant contrast to previous obser-
vations that showed limited deviation for sphalerite-hosted sa-
line inclusions even when light intensity was very high %,
This may indicate that infrared light intensity-induced tem-
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perature deviations during microthermometry are related to
mineral composition, as revealed by Peng et al."". Even dif-
ferent endmembers of a solid solution series can result in dis-
crepant temperature deviations. Therefore, the arbitrary ap-
plication of previous observations or conclusions regarding
the temperature deviations of fluid inclusions in minerals may
give rise to incorrect results, which means that systematic test
measurements must be performed before any microthermo-
metric measurements of the mineral or of the type of inclu-
sion.

Infrared light intensity is the key factor controlling temper-
ature deviations during microthermometry for a particular
mineral and inclusion type. All efforts, including decreasing
the field and condenser diaphragms and inserting an optical
filter, were made to decrease the intensity of the light irradiat-
ing the samples. Therefore, the use of the lowest possible
light intensity is highly recommended during infrared micro-
thermometry. Although decreasing the field and condenser
diaphragms can help reduce possible temperature deviations,
they are not recommended because very small diaphragms
will probably bedim the phase boundaries of inclusions and
increase the difficulty of recognizing possible phase changes.
An optical filter is another recommended device, especially
when test measurements showed that the lowest light intens-
ity of the microscope was insufficient for eliminating temper-
ature deviations. During application, the filter must match the
band gap energy of the target mineral to ensure observability.

The above procedures, including test measurements, using
as low as possible light intensity and inserting an optical fil-
ter, generally provide an accurate microthermometric result.
However, the cycling microthermometry method (Figs. 2 and
3) is required to achieve double insurance. In most cases, the
cycling microthermometry method can be used for random
inspections, which may significantly reduce the measurement
tasks.

6.2 Different fluids recorded by quartz and sphalerite in
the Xinqiao deposit

Aqueous inclusions were the only inclusions observed in
sphalerite from the Xingiao deposit, which was consistent
with the records in quartz and diopside ***’\. However, hyper-
saline inclusions with halite daughter minerals were found in
gangue minerals but were absent in sphalerite. Quartz-hosted
inclusions were reported to have T}, ranging from ~140 °C to
~432 °C, recording fluid mixing between high-temperature
magmatic fluid and low-temperature meteoric water and fluid
boiling at ~250 °C 1. By contrast, homogenization temper-
atures of sphalerite-hosted inclusions were more concen-
trated at ~250 to ~300 °C (Figure 6), probably representing
crystallization temperature for sphalerite. Although the inclu-
sion salinity was distributed in two separate groups, seem-
ingly conforming to fluid boiling as was recorded by quartz >,
they cannot result from fluid boiling, as the contemporaneous
inclusion assemblage has similar salinity. Furthermore, fluid
boiling generally results in two types of inclusions with dif-
ferent degrees of vapor filling. After continuous heating, they
will homogenize to vapor and liquid phases, respectively'.
This is the opposite of the inclusions studied as they all ho-
mogenized to the liquid phase. Therefore, the contrasting sa-
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Fig. 7. Fluid inclusion microthermometric data of global sphalerite-bearing deposits. Every colorful line represents data of a particular inclusion series
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values (homogenization temperature and salinity) for the particular inclusion series. The alternative color regions between solid horizontal lines represent
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linities of the sphalerite-hosted inclusions likely represent two
independent fluids with different sources and/or evolutionary
paths.

Fluid inclusion data from global sphalerite-bearing depos-
its show that fluid inclusions in sphalerite and quartz
differ '***>*1 Depending on the metallogenic mechanism,
fluid inclusions in quartz can record fluid evolution ranges
from >500 °C to room temperature with salinity from 0 to >
50 wt.%. By contrast, sphalerite-hosted fluid inclusions gen-
erally had temperatures of 100-400 °C with salinity ranging
from ~0 to <20 wt. % (Fig. 7). Hence, sphalerite-hosted fluid
inclusions may provide more precise constraints on ore-form-
ing fluids related to sphalerite formation. In addition, global
sphalerite-bearing deposits always involve high-temperature
and high-salinity fluids when the sphalerite is associated with
a magmatic-hydrothermal process, whereas sphalerite in sedi-
ment-hosted deposits is generally crystallized from medium-
low temperature and low salinity fluids (Fig. 7). In particular,
ore-forming fluids in sedimentary exhalative (SEDEX) de-
posits exhibited higher temperatures than those in non-SE-
DEX sediment-hosted deposits. For the sphalerite-hosted flu-
id inclusions in the Xinqgiao deposit, the low-salinity group re-
sembled those in the SEDEX deposit in terms of both salinity
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and temperature signatures. In contrast, the high-salinity
group had a slightly higher temperature and salinity than
those in the normal sediment-hosted mineralization group,
showing a closer affinity with magmatic-hydrothermal fluids.
Consequently, the fluid inclusions in the Xingiao deposit
likely record a complex ore-forming fluid evolution
volving SEDEX mineralization and magmatic-hydrothermal
circulation. This interpretation is consistent with the distribu-
tion characteristics and relative age of the two groups of fluid
inclusions (Fig. 3f) which implies that the high-salinity group
(probably representing magmatic-hydrothermal fluids) was
superimposed on the low-salinity inclusions (representing SE-
DEX fluids). This was further verified by the highly similar
fluid inclusion data in gangue minerals from the Xinqgiao de-
posit with those from deposits such as the Anjing Hitam Pb-
Zn deposit in Indonesia® and the Talate Pb-Zn deposit in
Xinjiang province 7, which were all first mineralized during
the sedimentation process and then overprinted by late-stage
magmatic-hydrothermal fluids.

in-

6.3 Implications for the metallogenic mechanism of the
Xingiao deposit

Previous fluid inclusion studies on the Xingiao deposit sug-

DOI: 10.52396/JUSTC-2023-0054
JUSTC, 2024, 54(5): 0502


https://doi.org/10.52396/JUSTC-2023-0054
https://doi.org/10.52396/JUSTC-2023-0054
https://doi.org/10.52396/JUSTC-2023-0054
https://doi.org/10.52396/JUSTC-2023-0054
https://doi.org/10.52396/JUSTC-2023-0054

Zzsrg "

Wang et al.

gested a carbonate replacement genesis associated with the
Yanshanian Jitou monzodiorite™. However, the sphalerite-
hosted inclusions in this study demonstrate that SEDEX-re-
lated fluids played a significant role. The SEDEX-related
metallogenic event has been verified by sulfide Re-Os isotop-
ic dating™”>l,  pyrite composition®***** and tectonic
evidence!™. Additionally, such a metallogenic event is fre-
quently reported with respect to other deposits in the
Tongling mineralization district™ ) further demonstrating
the significant role of sedimentary exhalation in regional min-
eralization.

As fluid inclusion data for other sulfides are lacking, fluid
inclusions in gangue minerals are still the best proxy for
metallogenic fluids in the magmatic-hydrothermal stage of
the Xingiao deposit. After compiling all the published fluid
inclusion data, a clear four-stage fluid evolution was ob-
served (Fig. 8). Stage I was characterized by low-salinity flu-
id inclusions hosted in the sphalerite. This record was highly
consistent with ore-forming fluid signatures in the SEDEX
deposits which generally involved seawater (low salinity) as
the ultimate fluid source "**. Moreover, fluid inclusions in
quartz vein hosted in sandstone showed similar temperature
and salinity signatures ), and could be regarded as a supple-
mentary record for SEDEX-related fluids. The fluid inclu-
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gram of the data in Stage I box. SEDEX: sedimentary exhalative deposit.
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sions in Stage II had high temperatures and salinities. The in-
clusions were mainly hosted in diopside and a small section
of quartz in the Jitou monzodiorite, likely representing an
early stage of magmatic fluid . Stage III was probably the
main stage of magmatic hydrothermal mineralization. Fluid
inclusions during this stage were of medium temperature,
from ~220 to 380 °C, but with complex salinity records. The
fluid boiling process in this temperature range was clearly
demonstrated in a previous study ©, particularly based on in-
clusion pairs with similar homogenization temperatures but
contrasting salinities and different homogenization modes
during microthermometry. The fluid inclusions in the banded
quartz vein from skarn ore were reported to have similar tem-
perature (~-280-380 °C) but low salinity (~3—12 wt. %)™\
Although the homogenization modes for the inclusions have
not been reported™, at least some of them could be inferred to
have homogenized to the vapor phase based on the reported
high filling degree of the vapor (as high as 50%). Hence, they
represent the low-salinity group after fluid boiling process.
Wang et al.” found that the high-salinity group from the flu-
id boiling process was characterized by quartz-hosted inclu-
sions. Additionally, in this study, the high-salinity inclusions
hosted in the sphalerite had similar signatures, probably re-
cording trails associated with fluid boiling. Because the fluid
boiling process was restricted to magmatic hydrothermal cir-
culation and because the sphalerite in this study was collec-
ted from bedded ore bodies, the high-salinity fluids in some
crystals indicated a certain degree of modification of the SE-
DEX ore bodies by magmatic hydrothermal fluids. Stage IV
fluid inclusions had low temperatures and low salinities, rep-
resenting meteoric water after the major metallogenic stage.
In addition, from Stage II to Stage IV, i.e., the entire magmat-
ic-hydrothermal fluid evolution, the salinity decreased with
decreasing temperature, indicating fluid mixing between the
magmatic fluid and meteoric water .

The above four-stage ore-forming fluid evolution indicates
that fluid-boiling and magmatic-meteoric water mixing
played a significant role in the magmatic-hydrothermal metal-
logenic stage (skarn-type). Furthermore, fluid inclusions in
the sphalerite confirm that the Xinqgiao deposit was formed by
early SEDEX mineralization and then replaced by later mag-
matic-hydrothermal fluids.

7 Conclusions

Infrared light can cause non-negligible deviations in the tem-
perature measured during microthermometry. Our test meas-
urements indicate that the lowest light intensity is highly re-
commended for infrared microthermometry. Compared with
decreasing the field and condenser diaphragms, an optical fil-
ter is more effective, especially when test measurements show
that the lowest light intensity of the microscope is insuffi-
cient to eliminate temperature deviations. In addition, consid-
ering that the extent of deviation differs depending on the
host mineral and fluid inclusion type, before employing in-
frared microthermometry, systematic test measurements are
indispensable in depicting the ore-forming fluid evolution for
a target geological process.

The fluid inclusions hosted in sphalerite collected from
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bedded ore bodies in the Xingiao deposit were aqueous
without CO,. They show homogenization temperature of
~200-350 °C, but with two separated salinity groups, prob-
ably representing two separated fluids unrelated to fluid boil-
ing. Bulk fluid inclusions were highly similar to those of de-
posits that involved a combination of SEDEX and magmatic
hydrothermal mineralization. In summary, a four-stage fluid
evolution can be depicted, including (I) medium-temperature
and low-salinity SEDEX-associated fluid (fluid inclusions
hosted in sphalerite), (II) high-temperature and high-salinity
magmatic fluid (fluid inclusions hosted in diopside and
quartz), (IIT) medium-temperature and medium-salinity mag-
matic fluid with a fluid boiling process (fluid inclusions hos-
ted in quartz and sphalerite), and (IV) low-temperature and
low-salinity meteoric water (fluid inclusions hosted in
quartz). Fluid mixing between the magmatic fluid and met-
eoric water probably played a role during Stages II-IV. The
fluid evolution confirmed that the Xinqiao deposit was
formed by two-stage metallogenic events including SEDEX
and magmatic-hydrothermal mineralization.
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