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Abstract: The minerals in the hydrothermal and cold seep system form at different temperatures
and show responses to the laser power to varying degrees. Here, we focus on the heat-induced by
laser to study thermal transformations of the chalcopyrite, covellite, pyrite, barite, and aragonite
based on Raman spectroscopy. Chalcopyrite mainly transforms into hematite, and covellite mainly
transforms into chalcocite with the increase of laser power. Interestingly, comparing with the previous
study, the pyrite can transform to the marcasite firstly, and form hematite finally. We also find that
high-temperature opaque chalcopyrite is more likely to occur thermal transformations due to the
smaller absolute energy difference (JAE;|) based on the frontier orbital theory. In contrast, the oxysalt
minerals won’t transform into new components under high laser power. However, the structure
of the barite has been destroyed by the high laser power, while the more transparent aragonite is
not affected by the high laser power due to the laser penetrates through the transparent aragonite
crystal and causes little heat absorption. Finally, we established the minimum laser power densities
for thermal transformations of these minerals formed under different environments. The above study
provides a simple way to study the thermal transformations of minerals by the local heat-induced by
laser and also enlightens us to identify the minerals phases precisely.

Keywords: Raman spectroscopy; sulfide minerals; oxysalt; thermal transformations; laser
power densities

1. Introduction

The hydrothermal and cold seep system is one of typical extreme environments in the deep-sea.
The shocking discoveries of deep-sea hydrothermal in the 1970s have been crucial for the formation of
ore resources, the supply of exotic deep-sea ecosystems, and even for the origin of life [1,2]. Sulfides are
typical mineral resources, provide important evidence of hydrothermal activity, and reflect different
physicochemical environments [3-5]. Furthermore, hydrothermal chimneys are mainly composed
of sulfides that form at different temperatures and reflect differences in the hydrothermal fluids [6].
In addition to high-temperature hydrothermal systems, the low-temperature cold seep systems are
significant for exploring gas hydrates. The study of authigenic carbonates is a key to understand
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the seepage activity [7,8]. The carbonate minerals in the cold seep system indicate different fluid
compositions, such as S0,2~ concentration, alkalinity et al. [9,10]. The minerals from hydrothermal
and cold seep system form at different temperatures reflect different physicochemical environments.
The study of the formation and transformations process of sulfide and oxysalt mineral is conducive for
identifying theses minerals, indicating the fluid activities and assessing the ore resources precisely.

As an optical technique, Raman spectroscopy is nondestructive, convenient, does not require
special or complex sample preparation, and has been used in various fields and environments [11-14].
Raman spectroscopy has been used to identify minerals efficiently [15-18]. The Raman point-count
method was used to identify the main mineral phase in rocks [19]. Changes in band positions may
result from slight compositional differences under the same peak fitting routine [20,21]. The technique
can also provide structural information on the minerals, especially for the polymorphism minerals
that two or more minerals have the same chemical composition but different crystal structures. The
full width at half maximum (FWHM) of Raman peaks reflects the degree of crystallinity, and a
wider FWHM represents a lower degree of crystallinity [11,21,22]. The lowering in crystallinity can
disrupt the regularity of the crystal structure by ion substitution in the crystalline lattice. The Raman
spectroscopy has also been used to monitor the changes of minerals, such as structure, component, by
controlling various complex devices of temperature and pressure [23,24]. In addition, the lasers can
induce heat in the local area under high laser power [25,26]. Such laser heat can have great effects
on the samples themselves as well as the wavenumbers and peak width [27,28]. Whether the heat
caused by high laser energy affects the transformation process of hydrothermal sulfides and carbonate
minerals is worthy of studying. Furthermore, there is also a lack of systematic research comparing the
thermal transformations of minerals formed at different temperatures in the hydrothermal and cold
seep system.

Here, we focus on the thermal transformations of typical sulfides and oxysalt minerals formed at
different temperatures based on the heat-induced by laser. The study mainly discusses the thermal
transformation process of minerals and also enlightens us to pay attention to the detailed thermal
alteration of minerals under high laser powers. In addition, we can deepen the cognition of optical
characteristics of minerals via the responses of different minerals to laser energy.

2. Samples and Methods

2.1. Samples Characteristics

During the RV Kexue cruise in 2015, we collected valuable hydrothermal sulfides at hydrothermal
vents with different temperatures in the PACMANUS (Papua New Guinea—-Australia-Canada Manus)
hydrothermal fields, Manus Basin, Papua New Guinea, with a water depth of 1680 m. Authigenic
carbonate rocks were collected in the Formosa cold seep area, Southwest Taiwan Basin, South China
Sea, with a water depth of 1123 m (Figure 1).

Hydrothermal minerals form at different temperatures, sulfides, are also called volcanogenic
massive sulfide (VMS) and show various characteristics. The hydrothermal minerals that represent
different fluid environments in this study are chalcopyrite (CuFeS,), pyrite (FeS,), covellite (CuS), and
barite (BaSO,). The typical cold seep carbonate mineral in this study is aragonite (CaCO3). The three
sulfide minerals and two oxysalt minerals are widely distributed in the hydrothermal and cold seep
systems, respectively, and represent typical fluid environments. The formation and transformations
processes of minerals are significant for studying the evolution of fluids (Table 1).
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Figure 1. Areas in the deep-sea vent fluid environment. (a) Regional location map of the research area
constructed with the GeoMap App (www.geomapapp.org). (b) Topographic map of the low-temperature
cold seep area at the Formosa Ridge in the South China Sea; (¢) Sampling authigenic carbonate at the
Formosa Ridge via the ROV (remote operated vehicle) Faxian; (d) Topographic map of hydrothermal
vents with different temperatures in the PACMANUS (Papua New Guinea-Australia-Canada Manus)
hydrothermal area, Manus Basin, Papua New Guinea; (e) Collecting a hydrothermal chimney in
PACMANUS hydrothermal area via the ROV (Remote Operated Vehicle) Faxian.

Table 1. Information on minerals formed at different temperatures.

Sample ID Mineral Type Location Formation Temperature

High temperature
(>300 °C) [29-31]
Moderatelow temperature
(100-200 °C) [29-31]
Moderate-low

YC Covellite VMS Sampling-3 temperature
(120-180 °C) [32]
Low temperature

YC Chalcopyrite VMS Sampling-4

DZ3 Pyrite VMS Sampling-3

Ro30 Barite Sulfate mineral Sampling-2 (<100 °C) [31]
CS1 Aragonite Carbonate mineral Sampling-1 LO(‘Z ;;I?g)e f;i;l]lre
2.2. Methods

All Raman measurements were performed by using a confocal Raman microscope (WITec alpha300
R system, WITec Company, Ulm, Germany) at the Institute of Oceanology, Chinese Academy of Sciences.
The laser excitation wavelength was 532 nm. Two gratings were applied in the spectrometer: 600 g/mm
with a spectral resolution of 3 cm™!, and 1800 g/mm with a spectral resolution of 1 cm~!. A ZEISS EC
Epiplan (Carl ZEISS, Jena, Germany) 50x/0.75 was used with a focus spot size of 1.5 um. The true
power function of the WITec system (WITec alpha300 R system, WITec Company, Ulm, Germany),
which can control the output laser power exactly, was critical to this study (Figure 2). The laser power
will decrease during the transmitting process in the fiber. The true power on the sample takes up 90%
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of the set laser power. The calculated laser powers were applied in this study. To obtain a more precise
reference laser power, we collected Raman spectra at 0.50 mW intervals from 1.47 mW to 40.20 mW.
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Figure 2. A schematic diagram of the WITec system. (a) The diagram shows the optical components
and the light path. The true power of the system is used to exactly control the laser power. The focus
point on the surface of the sample is controlled by the Z-axis motor, which makes the Raman signal
strong. Samples in air and water were all subjected to Raman measurements under different laser
powers (blue dotted box). (b) The enlarged view at the blue dotted box. The high laser power causes
local heat at the spot area.

Raman spectra of samples are collected directly. However, samples are usually rough. To obtain
higher-quality Raman spectra, we cut and polished some samples to yield smooth surfaces. We
collected the Raman spectra of samples at the same position, and increased the laser power at 30 min
intervals after finishing one measurement under one laser power, time conducive for reducing the
cumulative heat on the sample. In addition, we also chose 10 other sample positions to obtain the
minimum laser power for thermal transformations. For comparison with Raman measurements in
air, we also added water drops to the samples to explore the effects of water on the samples under
different laser powers.

Raman spectra of the samples were collected by using Control FIVE software (Control Five 5.0,
WITec Company, Ulm, Germany) over a range of 0-4000 cm™!. Each spectrum was collected using five
accumulations and an integration time of 10 s, which caused a high signal-to-noise ratio (SNR). The
software can also take large-area scans of samples, and the spatial resolution of the system is up to 0.4
um. The data processing software Project Five 5.0 (Control Five 5.0, WITec Company, Ulm, Germany)
and GRAMS Suit® 9.3 (Thermo Fisher Scientific, Inc., Waltham, MA, USA) were used for baseline
calibration and peak fitting. Gaussian peak fitting was used to obtain the peak position, FWHM, and
peak area.

3. Results and Discussion

3.1. Thermal Transformations on the Sulfide Minerals

All of the Raman spectra of samples in air and water were collected under the same conditions.
The samples are mainly composed of sulfide and oxysalt minerals. The effects of laser power on
samples formed at different temperatures show obvious differences, especially in sulfide minerals from
the hydrothermal system. New Raman peaks appear in the Raman spectra of sulfide minerals with
increasing laser power (Figure 3). Here, we discuss the thermal transformations of sulfide minerals.
The sulfide minerals in this study are mainly chalcopyrite, pyrite, and covellite.
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Figure 3. Raman spectra of sulfide minerals at different laser powers in the air. (a) Raman spectra of
chalcopyrite in air at different laser powers, new Raman peaks at 216 cm~!, and 278 cm~! begin to
occur at 2.87 mW. (b) Raman spectra of covellite in the air at different laser powers; the new Raman
peaks occur at 218 cm~! and 282 cm™! for 5.72 mW and 392 cm™! for 6.27 mW. (c) Raman spectra of
pyrite in the air at different laser powers. A new Raman peak occurs at 325 cm™! for 2.87 mW in stage I;
the new Raman peaks occur at 215 cm™! and 278 cm™! for 7.12 mW in stage II. (d) Gaussian fitting of
the Raman spectra of the pyrite sample (black) at 2.87 mW. The blue spectrum represents pyrite, while
the red spectrum shows the existence of marcasite.

3.1.1. Thermal Transformations of High-Temperature Chalcopyrite

Chalcopyrite (CuFeS;) shows a tetragonal crystal structure [34]. The main band of chalcopyrite
at 290 cm™! is assigned to the A; symmetric vibration mode, the bands 321 cm™! and 351 cm™!
belong to B,/E modes, which is consistent with chalcopyrite reference data in the RRUFF database
(An integrated study of the chemistry, crystallography, Raman and infrared spectroscopy of minerals.
http://rruff.info/) [35] as well as the report [20]. In this study, we collected the Raman spectra
of chalcopyrite with 10 s integration time firstly. The Raman spectra at 10 s showed low SNRs
(signal-to-noise ratios) due to the high noise. To increase the SNR, the integration time was increased
to 50 s. With increasing laser power at one position, the Raman measurements in air show obvious
changes starting at 2.87 mW, and micro-observations of the samples show obvious alterations (Figure
S1), the Raman spectra also showed new peaks at 216 cm™! and 278 cm~! (Figure S2a). Chalcopyrite is
not as stable as pyrite under local heating, and the bonding within the crystal structure is weak [26].
The two new Raman peaks at 216 cm~! and 278 cm™! suggest the occurrence of a new component
(Figure 3a), which is consistent with the reported Raman peaks of FeS at 215 cm~! and 278 cm™! [36].
The results indicate chalcopyrite has been oxidized into FeS firstly at 2.87 mW.

The Fermi level is a hypothetical energy level of an electron and is related to the electronic band
structure in determining electronic properties. Usually, it refers to the highest electron energy levels at
absolute zero temperature for a metal. An electronic system in thermal equilibrium has a uniform
Fermi level, where electrons transfer from the higher Fermi level to the lower Fermi level [37,38].
Important physicochemical reactions always occur near the Fermi level because the electrons near the
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Fermi level are active [39,40]. Chalcopyrite, which has similar characters as metal, may undergo some
physicochemical reactions. Furthermore, the density of states (DOS) is an important concept in the
research of solid physics, which refers to the number of states per interval of energy at each energy
level available to be occupied; the DOS near the Fermi level of chalcopyrite is composed of Fe 3d and S
4p orbits. The energy of the d electron orbit is higher than that of the p electron orbit. Fe is more active
than Cu and reacts with O, in the air to form new minerals, such as hematite (Fe;O3) and magnetite
(Fe304). The Raman maps of the alteration area indicate the existence of hematite (Figure 4). The
focused laser radiation of the WITec system can result in a local high-temperature environment at the
sample. Therefore, the chalcopyrite transforms into hematite under high laser power finally.

Chalcopyrite
Hematite

201
411 513

291

Raman Intensity

352
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100 200 300 400 500 600 700 8OO
Wavenumberscm-

Figure 4. Raman analyses of thermal transformations of the chalcopyrite. (a) Photograph of the
alteration area (black area). (b) Raman map showing the obvious component differences in the area. (c)
Average Raman spectra of the components in the area. The green area represents chalcopyrite, and the
red area represents hematite produced by the transformations of chalcopyrite.

We also chose 10 additional points to measure the laser alteration of chalcopyrite with a 50 s
integration time. The chosen chalcopyrite samples were all altered by the heat-induced by the laser
power. The minimum transformations laser powers focus on 2.87 mW (Figure S3a). The results
show that the chalcopyrite suffers from thermal transformations with elevated laser powers. The
integration time is also a key factor for thermal degradation. Long integration times at high laser power
irradiation can damage samples to a certain extent. To increase the SNR, the integration time in this
study was 50 s. We found that there were common alterations in the chalcopyrite samples (Figure S3a).
Considering the thermal transformations under long integration time, we changed the integration
time to 10 s to observe any changes. The micro-observations do not reveal alteration phenomena.
The Raman spectra of chalcopyrite with a 10 s integration time barely show any new peaks, which
suggests chalcopyrite doesn’t change under the low integration time (Figure S3a). The maximum size
of chalcopyrite analyzed in this study is 20 um. The heat induced by the laser at the small grain size
because such small particles cannot transfer heat sufficiently. Furthermore, the spot size on the sample
in this study is 1.5 pm. The smaller spot size in this study also causes a high laser power density on the
sample, which makes alterations possible. It is more likely that chalcopyrite with a smaller spot size
suffers from thermal transformations under long integration time.

3.1.2. Thermal Transformations of Moderate- to Low-Temperature Covellite

Covellite (CuS) belongs to the group of layered sulfides. The main Raman band at 473 cm™! and a
minor band at 267 cm™! correspond to the vibrational mode of Cu-S band (Figure 3b) [20,34], which
is also consistent with the covellite reference data in the RRUFF database [35]. In this study, there
are transformations of covellite (Figure Slc) and new peaks with the increase of laser power in one
position (Figure S2b). The new peaks at 217 cm~!, 282 cm~!, and 392 cm™~! that become more obvious
at 5.72 mW (Figure 3b), which suggests the occurrence of new compositions. The above phenomena
suggest that covellite also suffers from thermal transformations at elevated laser powers. The heat



Minerals 2019, 9, 751 7 of 16

induced by high laser powers oxidizes covellite in the air to a great extent. One of the products in the
thermal oxidation of covellite is chalcocite [41]. The new peaks at 217 cm™1, 282 cm™!, and 392 cm™!
are consistent with the Raman spectra of chalcocite (Cu,S) reported in the RRUFF database (RRUFF
ID: R050067.2). The Raman mapping of the alteration area shows obvious differences in covellite and
chalcocite (Figure 5). The thermal oxidation of covellite is a continuous process with increasing heat.
We also chose 10 other points to collect the Raman spectra of covellite with 50 s integration time. The
covellite at 5.22 mW does not show any change, which is in contrast to the alteration at 5.72 mW
(Figure S3b). Therefore, the minimum thermal transformations laser power is focused on 5.72 mW. We
also changed the integration time to 10 s, and the covellite sample hardly alter at 5.72 mW, which also
suggests that a long integration time is a key factor for inducing alteration.

a b c

i

Chalcocite

217
282

Raman Intensity

392

200 300 400 500 600 700
Wavenumber/cm’
Figure 5. Raman analyses of the thermal transformations of covellite. (a) Photograph of the alteration
area (dark area). (b) Raman map showing obvious component differences in the alteration area.
(c) Average Raman spectra of the components in the area. The green area represents covellite, and the
red area represents chalcocite that produced by the thermal transformations of covellite.

3.1.3. Thermal Transformations of Moderate- to Low-Temperature Pyrite

Pyrite (FeSp) has a cubic symmetric structure. The two dominant Raman peaks of pyrite at
346 cm™! and 382 cm™! correspond to the A, and E, vibrational modes, respectively [20] (Figure 3c).
In addition, the minor band at 432 cm™! belongs to the Ty vibrational mode [20], which is consistent
with the pyrite reference data in the RRUFF database. The pyrite becomes altered gradually at
the microimages (Figure S1b) and Raman spectra (Figure S2c¢) with increasing laser power at the
same position.

Interestingly, there are changes in the peak shapes of pyrite from 2.87 mW. The peaks become
asymmetric, and a minor peak occurs at the shoulder (Figure 3c). After fitting the peaks based on the
Gaussian function in the GRAMS Suit® 9.3, the peaks at 325 cm~! and 382 em™! at 2.87 mW show the
occurrence of marcasite due to the enhanced laser power (Figure 3d). In addition, clear Raman peaks
at 215 cm™! and 278 cm™! appear (Figure 3c), which suggests that other compositions start appearing
at 7.12 mW. Raman spectra of pyrite at other positions and samples were also collected, and the peaks
at 325 cm™! and 382 cm™! still occur after Gaussian fitting.

Previous research has implicated the chain reaction of pyrite [42]. In this study, the occurrence of
marcasite suggests a more detailed process occurs during the oxidization of pyrite in air. During thermal
oxidization in air, pyrite may transform into marcasite firstly, and then the marcasite continues to be
oxidized to FeS. Marcasite (FeSy) has the same chemical formula as pyrite; however, the orthorhombic
structure of marcasite makes it distinct from pyrite in terms of its physical and crystal characteristics.
Research has also shown that marcasite is more likely to be oxidized in the air [43]. FeS peaks begin to
occur at 7.12 mW, while the peaks of pyrite disappear gradually at elevated laser powers. When the
laser power is 10.14 mW, the Raman peaks at 221 cm~!, 287 em™!, 407cm™!, and 606cm ™! indicate the
existence of hematite (Figure 6).
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Figure 6. The thermal transformations chain of pyrite at elevated laser power in the air. The pyrite
transforms to marcasite, ferrous sulfide, and hematite, gradually.

The results of Raman mapping in the alteration area show the existence of hematite (Figure 7).
Thus, pyrite will ultimately be oxidized to hematite, which is consistent with the previously reported
results [42]. To obtain the minimum thermal transformations laser power, we also collected Raman
spectra of pyrite at other sample positions, which shows that pyrite is not altered at 2.37 mW but is
altered at 2.87 mW (Figure S3c). Therefore, the minimum transformations laser power of pyrite is also
2.87 mW. The Raman spectra of pyrite under these laser powers change and coexist with marcasite
at 2.87 mW. We changed the integration time to 10 s; the pyrite sample remains unaltered with a
minimum alteration laser power of 2.87 mW (Figure S3c). The smaller spot size also causes higher
laser power densities on the thermal transformations of pyrite in this study.

Hematite
Pyrite

346

Raman Intensity

1 pym

T T T T T
200 400 800 800 1000 1200
Wavenumber/cm-

Figure 7. Raman analyses of the thermal transformations of pyrite. (a) Photograph of the alteration
area (dark area). (b) Raman map showing the obvious component differences in the alteration area. (c)
Average Raman spectra of the components in the area. The blue area represents pyrite, and the red area
represents hematite produced by the transformations of pyrite.

3.1.4. Possible Explanations for the Thermal Transformations of Sulfide Minerals

The above results show that laser-induced heat can cause the thermal transformations of
hydrothermal sulfide minerals. Metal sulfides formed in hydrothermal environments are more
likely to react with O, in air. The heat-induced by high laser powers can lead to the thermal oxidization
of these metal sulfides due to long integration time and small spot size. Chalcopyrite formed at high
temperatures is more likely to suffer from thermal oxidization in air.

Based on frontier orbital theory [44], the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) are collectively referred to as the frontier orbital. The
electrons in the front-line orbitals, such as the valence electrons in atomic orbitals, are the most reactive
electrons in the chemical reactions. Molecular characteristics are dependent on frontier orbitals, and
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the HOMO and LUMO are the keys to determine the chemical reaction of a system. During a reaction,
the electrons in the HOMO of molecule A and molecule B flow to each other’s unoccupied LUMO,
causing the formation and breaking of chemical bonds and chemical reactions. Electrons flow easily
only if the HOMO of molecule A (or B) is close to the LUMO of molecule B (or A), and the reaction is
more likely to occur. The extent of interaction between the HOMO and LUMO is related to the absolute
energy difference (JAE;[). A smaller |AE4|is conducive to reactions among molecules [45-47]. In this
study, the altered metal sulfides all react with O, in the air under high laser powers. Therefore, the
frontier molecular orbitals of sulfides and oxygen are the keys to the oxidation reaction. |AE;] in this
study is defined as

__ |pHOMO LUMO
|AEl|chalcopyrite - Echglcopyrite ~ “oxygen (1)
_ |sHOMO LUMO
|AE1|pyrite - |Epyrite B onygen @
__ |pHOMO _ pLUMO
|AE1lcovettite = |Ecopeltite ~ Eoxygen ©)

A small |AE| suggests intense and possible interactions [48]. The values of the HOMO and LUMO
energies of chalcopyrite, pyrite, covellite, and oxygen, as well as the absolute energy differences (|AE4]),
are shown in Table 2.

Table 2. HOMO and LUMO energies of chalcopyrite [49], pyrite [48], covellite [49], and oxygen.

Mineral Exomol/eV Erumol/eV |AE;]
Chalcopyrite —-5.622 —4.883 1.022
Pyrite —6.477 -5.732 1.837
Covellite -3.096 -1.887 1.504
Oxygen —6.900 —4.610 -

“_n

means no data. “Epopmo” means the energy of highest occupied molecular orbital, “Erijpo” means the energy of
lowest unoccupied molecular orbital, “AE;” means absolute energy differences.

|AEq|chatcopyrite < |BE1lcovetiite < |AE1lpyrite, SUggesting a stronger interaction between chalcopyrite
and oxygen. Therefore, the order of difficulty of the thermal oxidation of sulfides from easiest to most
difficult is chalcopyrite, covellite and pyrite. In this paper, the lowest laser powers for the system
resulting in thermal oxidization in chalcopyrite, covellite, and pyrite are 2.87 mW, 5.72 mW, and 7.12
mW, respectively, which is consistent with frontier orbital theory. Furthermore, the theory and results
suggest that chalcopyrite formed at high temperatures is more likely to suffer from thermal oxidization
in air.

The above three types of sulfide minerals suffer from thermal oxidation under high laser powers
in air. However, micro-observations show that chalcopyrite (Figure S4a), pyrite (Figure S4b), and
covellite (Figure S4c) do not undergo alterations at elevated laser powers after adding water drops.
Furthermore, the Raman spectra do not show new peaks under higher laser powers (Figure 8), which
suggests that there are no changes in the sulfide minerals at elevated laser powers. Water can protect
these sulfide minerals from alterations because it can help dissipate heat induced by laser energy due
to the high specific heat capacity of water.
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Figure 8. Raman spectra of chalcopyrite, pyrite, and covellite in water under high laser power.
(a) Raman spectra of three sulfide minerals in the range of 160-320 cm™'; (b) Raman spectra of three
sulfide minerals in water at 160-3800 cm™!, the wavenumber at 3000-3800 cm ™! (v1(H,O)) shows the
existence of water.

3.2. Thermal Transformations Study of the Oxysalt Mineral

Oxysalt minerals are important components in hydrothermal and cold seep systems. Compared
with the thermal transformations of sulfide minerals, it remains unclear whether oxysalt minerals are
altered by high laser powers. In this study, we chose barite and aragonite as the target samples.

3.2.1. Thermal Transformations of the Low-Temperature Sulfate Mineral Barite

As a component of the hydrothermal chimney, barite (BaSO,) has an orthorhombic structure. We
observed 7 Raman peaks of SO42~. The main peak at 988 cm™! belongs to the symmetric stretching
vibration vi. The Raman peaks at 452 cm™! and 462 cm™! belong to the symmetric bending vibration
vy [20,50]. The reference Raman peaks can be seen in the RRUFF database entry for barite [35]. In
addition, the Raman peaks at 1083 cm™! and 1139 cm™! are attributed to the antisymmetric bending
vibration v; (Figure 9a). The Raman peaks at 618 cm™! and 646 cm™! belong to the antisymmetric
bending vibration v4. Firstly, we collected Raman spectra of barite in the same position with increasing
laser power (Figure S1d). Barite suffers from alterations at elevated laser powers. The Raman peaks
at 452 cm™! and 646 cm™!, representing symmetric bending vibrations and antisymmetric bending
vibrations, respectively, begin to disappear at 5.72 mW (Figure S5a). Although the micro-image does
not show obvious alterations in air; the Raman spectra show changes in the wavenumber and FWHM
of the main peak of barite. The Raman spectra collected from 10 points show similarities, the Raman
spectra at 5.22 mW are similar; however, the main peak wavenumber begins to decrease at 5.72 mW
(Figure S6a). Therefore, the minimum thermal transformations laser power focuses on 5.72 mW. The v,
(SO4%7) band peak shifts to a lower wavenumber due to the changes in the vibration of the S-O band,
and the larger FWHM of the v; (SO4%) band suggests the irregularity of the crystal structure, which
may be due to disordered ion-ion interactions [51] (Figure 9b). The decrease in crystallinity induces
substitution in the crystalline lattice of ions and disrupts the regularity of barite to a certain extent.
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Figure 9. The characteristics of Raman spectra of barite at different laser powers in the air and water.
(a) Raman spectra of barite near 5.72 mW in the air. The spectra indicate the disappearance of two weak
Raman peaks at 452 cm~! and 646 cm™! for a laser power at 5.72 mW. (b) The wavenumber and FWHM
of the main band of barite in air. (c) The wavenumber and FWHM of the main band of barite in water.

We added water drops on the barite sample. In contrast, barite in water shows high stability (Figure
S4d) and does not suffer from thermal transformations (Figure S5b). Furthermore, the wavenumber
and FWHM of the main Raman peak of barite in water do not change relative to barite in the air with
increasing laser power (Figure 9c). However, adding water drops is not suitable for all mineral systems.
Some minerals can react with water and produce new components. The new components may damage
the samples and devices under heating conditions. Therefore, it is necessary to consider the formation
environments and physicochemical properties of minerals before taking micro-Raman analyses and
adding water drops on the samples.

3.2.2. No Thermal Transformations of the Low-Temperature Carbonate Mineral Aragonite

The low-temperature oxysalt mineral aragonite (CaCOs) has an orthorhombic crystal structure.
The main Raman peak at 1086 cm™! is due to the symmetric stretching vibration v; of carbonate
(CO327). The Raman peaks at 155 cm~! and 206 cm™! are lattice modes, while the Raman peak at 703
cm ™! is attributed to the in-plane bending vibration v4 of carbonate (CO3%7) [20,52,53] (Figure 10a).
The reference Raman peaks can also be seen in the RRUFF database entry for aragonite [35]. The
Raman spectra of aragonite at the same point with different laser powers show no differences (Figure
S5c). We also collected Raman spectra of aragonite at 10 point positions, and the micro-images and
Raman spectra do not show any changes (Figure S6b), which suggests the aragonite is not affected
by higher laser powers. Aragonite also has high stability at elevated laser powers, and the Raman
spectra do not show any thermal transformations (Figure S6b), changes in the wavenumbers of peaks,
or FWHM (Figure 10b). Noting that aragonite distributes widely in different geological environments.
Therefore, there are differences at the grain size, inclusion-bearing, chemically impure et al., Here,
the aragonite in the authigenic carbonate is from deep-sea cold-seep system, our results show the
aragonite is not affected by the high laser power. However, variations in aragonite composition or
grain size may show different responses to the laser beam to varying degrees. More comparisons of
aragonites from different areas will be taken in the future.
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Figure 10. Raman characterization of aragonite in the air. (a) Raman spectra of aragonite at different
laser powers. (b) Wavenumber of the main band and FWHM (full width at half maximum) of aragonite
in the air at different laser powers.

The absorption of laser-induced heat by minerals is related to the transparency of these minerals.
Regardless of grain size, translucent mineral crystals are more likely to suffer from scattering effects
caused by anisotropy within the crystal [20]. Opaque sulfide minerals lower the laser penetration
depth and absorb more laser heat, causing higher laser power density. Therefore, the opaque sulfide
minerals in this study are more susceptible to occur thermal oxidation induced by high laser energy
in the air. Compared with sulfide minerals, barite and aragonite are oxysalt minerals, and the
transparency of these minerals is higher. Although the less transparent barite won’t be oxidized, the
disorder of barite structure will increase with the increase of heat-induced laser. Aragonite is a more
transparent mineral than a barite. The laser penetrates through the transparent aragonite crystal and
causes little heat absorption. Furthermore, in addition to the effects of pressure, the aragonite-calcite
transition temperature at room pressure is 480 °C [54], and the heat induced by the laser on the mineral
cannot cause alterations or changes. Therefore, the laser power of the system in this study does not
affect aragonite.

3.3. Minimum Laser Power Densities for Thermal Transformations of Minerals

The above results show that the minimum transformation laser powers for chalcopyrite, pyrite,
covellite, and barite are 2.87 mW, 2.87 mW, 5.72 mW, and 5.72 mW, respectively. The power density (D)
is defined as the laser power per unit area:

4p

D=— (4)

where D is the power density (MW/cm?), P is the laser power (MW), and d is the spot diameter (cm).
In this study, the focus spot diameter is 0.00015 cm, with the 50x/0.75 objective. Therefore, the
power densities of the chalcopyrite, pyrite, covellite and barite are 0.16 MW/cm?, 0.16 MW/cm?, 0.32
MW/cm?, and 0.32 MW/cm?, respectively. Our results regarding laser thermal transformations of
hydrothermal sulfide and sulfate minerals help establish minimum laser power densities for other
minerals from hydrothermal and cold seep systems (Figure 11). The color gradient corresponds to the
change associated with the laser power, and a darker color represents a higher laser power density.
The darkest color represents the minimum thermal transformations laser power density. In contrast,
the laser power does not affect aragonite, and the light color for aragonite indicates that no alterations
occur. Although we realized the observation of thermal transformations of these minerals by the high
laser power, when to identify the hydrothermal minerals and cold seep minerals in air precisely, we
also need to pay attention to the alterations induced by high laser powers. Adding water drops is a
good way to prevent sulfides from becoming altered at high laser powers. The above establishment of
laser power densities is not only conducive for studying the thermal transformations of minerals but
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provides safe laser powers for the precise identification and analyses of hydrothermal minerals and
cold seep minerals in a lab.
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Figure 11. (a) The thermal transformations of the chalcopyrite, pyrite, covellite, barite at different
laser powers. (b) Minimum transformation laser power densities for Raman measurements of typical
minerals from hydrothermal and cold seep systems. Darker colors indicate a greater likelihood that a
certain laser power or higher will cause thermal transformations of the mineral.

4. Conclusions

In this study, we focus on the thermal transformations of the minerals from hydrothermal and
cold seep system by controlling the heat-induced by laser power. Compared with moderate- to
low-temperature pyrite and covellite, high-temperature chalcopyrite is more likely to suffer from
alterations based on the frontier orbital theory, and chalcopyrite is oxidized thermally in the air
and forms hematite under high laser powers. Here, we find that pyrite is initially transformed into
marcasite, then marcasite continues to be transformed into FeS in the next stage due to marcasite is less
stable than pyrite, and finally forms hematite. Covellite is oxidized into chalcocite under high laser
power. As an oxysalt mineral, although translucent barite does not react with O, in air and produce
new compositions, the laser-induced heat affects the peak position of sulfate, and the larger FWHM
of sulfate shows that the structure of barite is damaged to a certain great extent. More transparent
aragonite does not suffer from any alterations with increasing laser power. It is more likely that the laser
penetrates through the transparent mineral, resulting in little heat absorption induced by the laser. We
establish minimum laser power densities for the thermal transformations minerals from hydrothermal
and cold seep systems. The works not only provide a simple way to study the thermal transformations
of minerals but enlighten us to identify the mineral precisely by controlling the laser power.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/9/12/751/s1,
Figure S1: The micro observations of samples at the same position with the increase of laser power in air, Figure
S2: The Raman spectra of metal sulfide minerals at the same position with different laser powers, Figure S3: The
Raman spectra of metal sulfide minerals at different sample positions with different laser powers and integration
times, Figure S4: The micro observations of samples at the same position with different laser powers in water,
Figure S5: The Raman spectra of oxysalt minerals at the same sample position with different laser powers,
Figure S6: The Raman spectra of oxysalt minerals at different sample positions with different laser powers and
integration times.
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