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Abstract: Establishing exploration vectors to infer the properties of ore-forming fluids, locate blind ore
bodies with the aid of visible to near-infrared (VNIR) and short-wave infrared (SWIR) spectroscopy,
and infer the chemistry of minerals, is a new research interest for economic geology. Common
alterations and clay minerals, including sericite, chlorite, epidote, alunite, kaolinite, tourmaline,
etc., are ideal objects for the study of exploration indicators due to their sensitivity to variations
in the nature of hydrothermal fluid. The diagnostic spectral feature and chemistry vary spatially
and systematically with physicochemical change. VNIR spectroscopy can characterize the REE-
bearing clay minerals directly. Obtaining spectral or chemical parameters with the aid of VNIR-SWIR
spectroscopy, electron probe micro-analyzer (EPMA) or laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) can help to establish exploration vectors. This paper systematically
summarizes recent advances in mineral exploration indicators (MEIs) of VNIR-SWIR spectroscopy
and chemistry, and compares them in different regions or deposits. We found that some MEI
spatial variation trends are random, even the same type of deposit can show an opposite trend.
The controlling factors that limit the application of the established MEIs are vague. Conducting
further research on petrology and mineralogy with the aids of observation under microscopy, X-ray
diffraction (XRD), TESCAN Integrated Mineral Analyzer (TIMA), and EPMA are suggested to
discover alteration mineral assemblage, alteration stages, and behaviors of “the pathfinder elements”
related to mineralization. Based on the above research, the physicochemical properties of ore-
forming fluids and their control over MEIs can be inferred. Refining the theoretical basis is critical to
understanding and popularization of spectral and chemical MEIs.

Keywords: VNIR-SWIR and mineral chemistry; exploration indicators; controlling factors; advances;
research directions

1. Introduction

Arising from the era of blind ore body exploration, exploration technology based on the
characteristic parameters of minerals was born. Short-wave infrared (SWIR) spectroscopy
with high resolution can detect characteristic spectral absorption by particle vibrations from
sources such as hydroxyl (OH™), carbonate (CO327), and possible water molecules (H,O) in
target minerals [1-4]. The visible to near-infrared (VNIR) region includes sharp absorption
bands of REE-bearing minerals, which are mostly the result of 4f-4f intraconfigurational
electron transitions [5-8]. The above spectral features will help confirm the mineral species
and relative content effectively. The shift of the SWIR feature absorption peak also reflects
the feature of ion substitution in the mineral lattice. Modern mineral LA-ICP-MS micro-
region in situ analysis technology can obtain information on the variety of element content
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in the tens of micron intervals of a single mineral [3,9-12]. Combining VNIR-SWIR and LA-
ICP-MS can obtain spectral parameters and chemical parameters that vary systematically
with the spatial change of physicochemical conditions. Mineral exploration indicators
(MEIs) can be established after extracting those parameters comprehensively, which is an
effective tool for predicting mineralization centers and locating blind ore bodies [10,12-16].

Alteration minerals, as the footprints of the hydrothermal mineralization process,
are the focus of ore geology and exploration indicator research [12,17-24]. The properties
of alteration minerals are more stable than bulk-rock, thereby allowing for the direct
indication of the mineralization process. The alteration scale is generally much larger than
the ore body. Effective alteration mineral exploration indicators can largely expand the
scope of prospecting forecasting and help understand the metallogenic mechanisms and
hydrothermal evolution processes precisely [16,25].

Since 2000, Australia, the United Kingdom, China, and other countries have begun to
research exploration indicators with the aid of spectroscopy and mineral chemistry [2—4,12,25-27].
Recently, the research on “alteration mineral exploration identification” led by the National
Mineral Research Center of the University of Tasmania in Australia has yielded some
noteworthy achievements [12,16,28]. However, the mineralization is in an open system
where the chemical variation of alteration minerals is controlled by multiple factors such
as hydrothermal fluid conditions (temperature, pressure, oxygen fugacity, pH, etc.,) and
protolith properties, and the variation rules in different regions or deposits are not the same.
So far, the main control factors for most of the systematic changes in mineral chemistry
observed are still unclear. More research cases and multi-method combinations are needed
to understand the MEIs, which is significant for refining the theoretical basis.

2. Research Advances and Problems of MEIs

The target minerals for MEI research mainly include sericite, chlorite, epidote, alunite,
REE-bearing minerals, pyrite, quartz, tourmaline, and calcite. Specific research objects
are often selected according to different mineralization types and alteration features. The
target mineral must be widely available and be sensitive to changes in the physicochemical
environment.

The common spectral MEIs include sericite AI-OH absorption peak (Pos2200) shift and
illite crystallization (IC) [1,2,29-36], chlorite Fe-OH absorption peak (Pos2250) shift [1,4,33,37-40],
alunite 1480 nm absorption peak (Pos1480) shift [3,41] and REE-bearing mineral absorption
features at the bands of 640-870 nm [5-8,42]. The common chemical MEIs include contents
of Ti, Sr, Mn, Pb, and their ratio values in chlorite [4,43-47], contents of Si, Al, Mn, Zn,
and their ratio values in sericite [30,48], contents of As and Sb, and their ratio values in
epidote [45,46,49] and contents of K, Na, La, Sr, Pb, and their ratio values in alunite [3,41].
Meanwhile, contents of Al and Ti in quartz, contents of Sn, Li, Ni, V, and Zn in tourmaline,
and contents of Cl and F in biotite are also potential exploration indicators [50-53].

Illite crystallization (IC) is a terminology proposed by Kiibler (1967) [54], which refers
to the ratio of Pos2200 peak depth to near 1900 nm absorption (Pos1900) peak depth of
sericite (Figure 1). IC value can be used to indicate the formation temperature of sericite.
The higher the IC value, the less water content the mineral contains and the higher the
formation temperature [2]. The shift of Pos2200 reflects the substitution of Si and Al in the
tetrahedral and the substitution between Al, Mg, and Fe in the octahedral of the sericite
lattice. Pos2200 value decreases with the increase of Al content in the lattice (Figure 2a).
The shift of Pos2250 reflects the substitution of Al, Mg, and Fe in the octahedral of the
chlorite lattice. Pos2250 value increases with the increase of Fe content in the lattice [55-57]
(Figure 2b). The shift of Pos1480 reflects the substitution of K and Na in the alunite lattice.
Pos1480 value increases with the increase of Na content in the lattice [3,58] (Figure 2c).
The REE-bearing mineral absorption features reflect rare earth element anomalies and
protolith variations. In addition, there are also extensive substitutions of interlayer ions
and trace elements such as Ti, Sr, Mn, Pb, and Zn, and their substitution characteristics can
be obtained by LA-ICP-MS and EPMA in situ micro-regions.
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Figure 1. Typical SWIR absorption spectra (Hull quotient corrected) of white mica and a mixture
of white mica and chlorite (modified from [1]), showing the absorption band position and depth of
Al-OH, Mg-OH, and H;O (hydroscopic water).
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Figure 2. Schematic showing the correlation between the shift of diagnostic absorption peak, mineral
chemistry, and controlling factors. (a)—correlation of the Pos2200 value, the Al content, temperature,
the pH value, and the IC value of sericite; (b)—correlation of the Pos2250 value, the Fe/Mg value,
and temperature of chlorite; (c)—correlation of the Pos1480 value, the Na/K value, and temperature
of alunite.

2.1. Exploration Indicator of Sericite

Sericite is the most common indicative alteration mineral in magma-hydrothermal
type deposits. lIllite and fine-grained light-colored mica with hydrothermal origin are
often collectively referred to as "sericite." Sericites are mainly developed in the sericitic
phyllic zone of porphyry deposits, and are an important sign of the transition from the
alkaline alteration stage to the acidic alteration stage. During the sericite alteration stage, the
concentration of alkali metal ions, pH, and temperature of the ore-forming fluid are reduced,
and the stability of the metallogenic element complex is greatly reduced, which results in
the unloading of Cu, Au, Mo and their accompanying critical elements, As, Re, Se, and
Te. For most ore bodies of low sulfidation (LS)—intermediate sulfidation (IS) epithermal
deposits occurred in the illite—smectite zone. A large number of ion substitutions occurred
in sericite during alteration, suggesting sericite is extremely sensitive to the changes in the
hydrothermal environment. The subspecies—illite, muscovite, and phengite—formed in
different physicochemical environments. Exploration indicators—Po0s2200 and contents of
Si, Al, Ti, Sr, Mn, Pb, and Zn—are usually applied in two major types of “porphyry” and
“epithermal” mineralization systems. The combination of SWIR and chemistry vectors are
proposed to indicate mineralization centers, indicate heat sources, locate ore bodies, and
infer hydrothermal fluid properties and mineralization types.

According to the research on typical Cu-Au porphyry deposits of Yerington, Red
Chris, Galore Creek, Butte, Christmas, and Highland Valley, Halley et al. (2015) [26]
found Pos2200 value reduces regularly from the core of ore body upwards with a range of
2210-2200 nm, inferring that the composition of phengitic muscovite gradually decreased.
From the host rock to the wall rock, an opposite change is presented [26] (Figure 3). The
regular variation of Pos2200 value is controlled by Tschermak substitution [59]: Si IV (Fe,
Mg)Vi <+ A1V A1V (iv and vi represent tetrahedral and octahedral coordination numbers,
respectively). Generally, when the hydrothermal fluid migrated from deep to shallow, the
fluid property evolved from a neutral condition to an acidic condition, and the pH value
gradually decreased. Meanwhile, when the fluid migrated laterally to the wall rocks, the
water/rock ratio decreased rapidly, and the pH value was buffered by the surrounding
rock [26]. Yang et al. (2012) [2] used IC > 1.6 and Pos2200 < 2203 nm as indicators to
infer a higher fluid temperature and a mineralization potential in the northeast area of
the Niancun porphyry Cu deposit, Tibet, China. Tian et al. (2018) [34] also found similar
rules in the Gangjiang porphyry Cu-Mo deposit, Tibet, where a higher IC value (>1.5) and
lower pos2200 value (<2205 nm) appeared near the ore bodies. Pos2200 value has a good
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correlation with Cu-Au grade in the Chating porphyry Cu-Au deposit of Anhui province,
China, which can help to interpret fluid evolution combined with the ore geology: there
are no significant spatial changes in Pos2200 value and the Cu-Au grade is barren or low
in depth, reflecting stable physicochemical conditions. After the fluid upflowed to the
shallow level, the fluids migrated along several channels respectively. The pH of the fluid
is relatively lower, the sericite is Al-rich, and the P0s2200 value is lower in the channel
interior, where high-grade Cu-Au mineralization occurred. Relatively, the pH and Pos2200
values are higher in the channel exterior due to the buffer of surrounding rocks [36].

intermediate ¢ advanced argillic
argillic

—1C, + Cu, Zn of sericite
A—emem—— s A

epidote

non-magmatic fluids

wavelength of white mica
SWIR(2200)

2210 nm

2205 nm

2200 nm

+Added
— Depleted

element concentratio

Figure 3. Vertical cross section of a typical porphyry Cu deposit showing the distribution of hy-
drothermal alteration, sulfide minerals, and generalized contours of the 2200 nm peak (modified
from [26]). Also shown are generalized spatial variations in mineral chemistry of sericite and epidote.
Cpy—chalcopyrite; Bn—bornite; Py—pyrite; Sph—sphalerite; Gn—galena.

In the porphyry Cu-Mo deposit of the Highland Valley region, Canada, the sericite
with a lower Pos2200 value belongs to light-gray phengitic muscovite that coexists with
bornite-chalcopyrite—-molybdenite assemblage, suggesting a higher formation temperature
and Na-rich composition. The sericite with a higher Pos2200 value is grey-green and mainly
occurred in the phyllic zone. Cu and Zn contents and their ratio in sericite vary regularly
with the distance from the porphyry center: the contents of Cu and Zn near the porphyry
center are the lowest, possibly because the availability of H,S leads to the precipitation
of Cu-Fe sulfide minerals, reducing the Cu content in the fluid. The higher alteration
temperature at the porphyry center tends to result in Zn being distributed around the
periphery of the deposit [26,60] (Figure 3). This research supplies a useful vector for the
exploration of porphyry Cu deposits. Additionally, the contents of Tl and Rb in sericite
have a positive correlation but are not correlated to mineral paragenesis and spatial location,
which may reflect that fluid composition and temperature are primary control factors for
the behaviors of Tl and Rb, that are less affected by the surrounding rocks [48].

The SWIR and chemical features of the Laowangou Au deposit in the Qinling orogenic
belt are very different from the magmatic-hydrothermal Au deposit, which is proposed to
be evidence for the metamorphic genesis of the deposit. P0s2200 > 2210 nm and IC > 1.2 are
available vectors for high-grade (>1 g/t) Au ore bodies [47]. Pos2200 of the Sunrise Dam
and Kanowna Belle orogenic Au deposits in western Australia present regular variation,
together with Au mineralization and key alteration minerals such as quartz, chlorite,
carbonate, and sulfide. Sericite of the Kanowna Belle Au deposit is dominated by phengitic
muscovite, and the fluid is alkalic, oxidized, and Si-rich. Sericite of the Sunrise Dam Au
deposit is mainly composed of Na-rich muscovite and normal muscovite, and the fluid
is acidic, reduced, and Na-rich with a higher Fe/(Fe + Mg) value. High-resolution SWIR
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spectroscopy can measure Tschermak substitution effectively, which can be used as a useful
vector tool for mapping alteration at Archean Au mineralization systems [30].

The above cases show two opposite P0s2200 trends: (1) the Pos2200 value decreases
as the distance to the mineralization center decreases [1,2,57,61], and (2) the P0s2200 value
increases as the distance to the mineralization center decreases [62-66]. Otherwise, there is
no obvious correlation between Pos2200 and the distance to the mineralization center in
some cases [67-69]. The main factors controlling the spatial variation of Pos2200 have not
been identified, and the knowledge of the behaviors of trace elements such as Cu, Zn, Tl,
and Rb of sericite is based only on the observation of limited data, lacking the evidence
and interpretation from other studies such as petrology and mineralogy.

Most cases show the same change rule of IC: the IC value becomes larger near the
mineralization center and smaller outwards. In the ideal environment where only sericite
exists, accurate and reliable IC value calculation results can be obtained by using the
relevant absorption parameters measured by SWIR spectroscopy, and the crystallinity
degree and formation temperature of sericite can be finely characterized by the IC value.
However, the actual alteration minerals are fine-grained and various, resulting in spectral
curves mixed by various minerals. Pos1900 (caused by hydroscopic water) is jointly
contributed by sericite, chlorite, and other hydrous minerals (Figure 1). The interference to
Pos1900 must be eliminated before calculating the IC value, but it is difficult to perform in
practice. At the same time, the concept of clay mineral crystallinity originated from low-
grade metamorphic petrology. The higher the temperature, the weaker the IC value change,
and the indication of the formation temperature will be limited, hence, the successful
application of IC value is usually obtained by the epithermal systems.

2.2. Exploration Indicator of Chlorite

Chlorite, as a hydrous aluminosilicate mineral, is a kind of common alteration mineral
in the intermediate to low temperature hydrothermal mineralization environment. Hy-
drothermal chlorite, dominant in the prophylitic zone, is a critical sign for the exploration
of porphyry deposits. Biotite, amphibole, and other mafic minerals are easily altered by
chlorite. Chlorite alteration under different physicochemical conditions produces Mg-rich
chlorite, Fe-rich chlorite, and general chlorite, indicating significant ion substitution be-
tween Mg and Fe in the chlorite lattice, accompanied by content variations of trace elements
such as Ti, Sr, Mn, Pb, Zn, La, and Sr, spatially.

Chlorite can be used as an exploration indicator in porphyry type, skarn type, VMS
type, and orogenic deposits. In the porphyry system, the changes of trace element content
such as Ti and Sr can effectively approximate the porphyry or heat source that produces
chlorite alteration. The contents of Cu, Pb, Sr, Ca, and Li can distinguish between hy-
drothermal and metamorphic chlorite. The shift of Pos2250 can be used to indicate ore
bodies or mineralization centers in the skarn, VMS, and orogenic deposits.

Based on high-density sampling and systematic analysis, He et al. (2018) [43] found
the contents of Ti, Ba, Co, K, Pb, Sr, Fe, and V/Ni values in chlorite are higher near the min-
eralization center of the Shaxi porphyry Cu-Au deposit in the Yangtze River metallogenic
belt. The contents of Mn and Mg present an opposite trend [43]. Pacey et al. (2020) [70]
found the concentrations of chalcophile elements (Cu, Pb, etc.) of chlorite can be used to
distinguish between metamorphic and hydrothermal chlorite in the North Parkes porphyry
mineralization system, Australia. The Mn and Zn contents of chlorite formed a peak halo
at about 800 meters of the mineralization center (Figure 4). Combined with the ore geology,
ore-forming fluid property, and the law of element migration, preliminary interpretations
of the geochemical behaviors of relevant elements can be made [70].
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Figure 4. Schematic showing the natural log of the Ti/Sr ratio and the spatial variations of Mn and
Zn contents in chlorite as functions of radial distance from the centers of El Teniente, Batu Hijau, and
North Parks (modified from [9,45]).

The concentrations of Zn and Mn in chlorite also can identify metamorphic or hy-
drothermal chlorite at the El Teniente porphyry Cu mineralization system, Chile. Based
on spatially systematical sampling and analysis of chlorite, the linear negative correlation
between Ti/Sr value and distance from mineralization center is observed, suggesting chlo-
rite Ti/Sr value is a powerful indicator for approaching the heat source [9,45,71] (Figure 4).
Cooke et al. (2020) [72] conducted a blind test of chlorite Ti/Sr indicator to predict the
mineralization center of the Resolution porphyry Cu-Mo deposit, Arizona, USA. Limited
chlorite samples from drill holes are tested by LA-ICP-MS and an empirical formula for
calculating the distance to the mineralization center is obtained based on Ti/Sr data and
their spatial positions. The result showed that the gap between the inferred mineralization
center and the factual mineralization center was less than 200 m [72]. Similar variation
rules of Ti and V content and Ti/Sr value from mineralization center to periphery were
documented in the Batu Hijau porphyry Cu-Au deposit, Indonesia, the North Parkes por-
phyry Cu-Au deposit, Australia and the Tuwu—-Yandong porphyry Cu deposits, Xinjiang,
China. However, the slopes of the formula in different deposits are not the same due to
their geological features.

Chen et al. (2019) [4] suggested that P0s2250 > 2249 nm and P0s2340 > 2333 nm can
be used as effective exploration indicators in the Tongshankou skarn—porphyry Cu-Mo-W
deposit, Hubei province. Fe-rich chlorite is a useful exploration vector for the Tonglvshan
skarn Fe-Cu-Au deposit in Southeast Hubei [4].

The factors that control Fe content in chlorite include temperature (Fe content is
positively correlated with temperature), Fe content of the precursor minerals (e.g., biotite),
and Fe content in hydrothermal fluids [9,57,69,73]. Even though the concentrations of some
trace elements and Ti/Sr values in chlorite present obvious spatial regularity in typical
porphyry systems, most deposits have undergone multi-stage alteration superposition
and later reformation. Whether exploration indicators such as Pos2250 and Ti/Sr ratio
are effective in those deposits needs further verification. At the same time, it is significant
to understand the migration law of “the pathfinder elements” by combining the specific
geological setting and mineralogy study.

2.3. Exploration Indicator of Epidote

Epidote, which is the altered product of plagioclase, hornblende, pyroxene, and the
like, is common in porphyry systems. Epidote can also replace early-stage alteration
minerals such as garnet and diopside in skarn deposits. Several element content variations
of epidote can be used as proximitors to the blind porphyry or heat source. The contents
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of As, Sb, and Pb rise with distance from the porphyry, while the contents of Cu and Mg
decrease. Contents of As and Sb in epidote appeared abnormal in the range of 4 to 5 km
away from the porphyry body, but bulk-rock geochemistry does not detect any anomaly.
In addition, the content of As and Mn can help with judging the deposit scale and type.
Compared with metamorphic epidote, the contents of Ca and Mn associated with the
propylitic zone are higher [70].

Wilkinson et al. (2015, 2020) [9,45] found the Protolith composition had little effect on
the epidote chemistry of the El Teniente porphyry Cu-Mo deposit, Chile. The Fe content
shows a clear spatial variation law, gradually rising from the mineralization center to the
periphery, reaching a maximum at about 1 km from the mineralization center, and then
gradually decreasing [9,45] (Figure 3). Except for Ba, Pb, Sr, and Zr, the contents of other
elements in epidote that occurred in different rocks are similar. Further interpretation is
needed to understand those geochemical behaviors. The Mn and Pb contents in epidote,
together with the Mn and Zn contents in chlorite, formed an Mn-Pb-Zn peak halo at
about 800 m outside the mineralization center of the North Parkes porphyry system,
Australia [70].

2.4. Exploration Indicator of Alunite

Alunite is a kind of indicative alteration mineral in epithermal deposits, whose for-
mation is due to strong acidic leaching. Alunite, together with pyrophyllite and quartz,
constitutes the lithocap, which is defined by a large range of native siliconization, advanced
argillic, and intermediate argillic zones. As an important prospecting indicator, lithocap
often develops HS-IS epithermal deposits and is closely associated with porphyry Cu-Au
deposits and secondary Cu deposits [16,74]. Na/(Na + K) value and Pos1480 value of
alunite have a positive correlation, with higher Pos1480 value corresponding to higher Na
content [58]. Higher Na content in alunite implies higher formation temperature, which is
experimentally proven [75] (Figure 2c).

Chang et al. (2011) [3] documented the variation of Pos1480 and Na/(Na + K) values
in the Lepanto HS epithermal Cu-Au deposit, Philippines: K-rich alunite results in lower
Pos1480 value, and Na-rich alunite corresponds to higher Pos1480 value. Pos1480 is
a reliable vector to the heat source or porphyry that causes high sulfidation (HS) type
mineralization, thereby it is helpful to detect high-grade epithermal Au ore bodies near the
intrusion or the hidden porphyry orebody. The trace element contents of alunite obtained
by LA-ICP-MS can more clearly track the ore body or porphyry. The Pb content in alunite
decreases near the intrusion center, while Sr, La, La/Pb and Sr/Pb increase [3].

2.5. Exploration Indicator of REE-Bearing Minerals

The REE-related absorptions in the VNIR-SWIR bands for these LREE-enriched miner-
als can be largely attributed to the intraconfigurational 4f-4f electronic transitions of Pr**,
Nd3?*, and Sm®*. Experimental studies about spectral features of economic REE-bearing
minerals are conducted by Turner et al. (2014, 2016, 2018) [5-7]. The results show that
REE fluorocarbonates (bastnésite, synchysite, and parisite) are characterized by strong
absorption peaks at 523, 580, 625, 676, 741, 792-798, 864, and 889 nm. REE phosphate
minerals (monazite, xenotime, and britholite) can be defined by obvious absorption peaks
at 745, 800, and 763-879 nm, but the spectral feature of monazite is relatively complex [5,6].
Tan et al. (2021, 2022) [8,42] conducted a systematic VNIR spectroscopy study on ion-
exchangeable REEs. Several synthetic REE-adsorbed clay minerals and natural regolith
samples were tested and compared. The results show that ion-exchangeable Nd**, Dy>*,
Ho3*, Er** and Tm?* have diagnostic absorption peaks at 641, 652, 684, 730-870, and
805 nm. The Nd>* related absorption peak at ~800 nm of regolith samples is suggested
to characterize REE anomaly. The maxima of second derivative curves derived from the
absorption peak at ~800 nm can be used to quantify variations of ion-exchangeable REEs in
kaolinite, halloysite, illite, and montmorillonite [42] (Figure 5). The spectral parameter of
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near 800 nm is effectively used to estimate the total REE concentrations in regolith profiles
of the Renju regolith-hosted REE deposit, China [8].

Lt o 865
| Nd-Kaol ﬁ’\
Raw Kaol
g'waﬁmf N s VA s
=
S v Nd-Hal-7A
= —N
2V ~—\
= Raw Hal-7A
.Z p——— bl e N
'
)
= o |\Nd-ll L
" N\
'§ —'WI \_”—\/‘
(¥]
= - RawlIl
o — (\-\\M\//‘ Nd-Mt F/\—/"\
Raw Mt
N ——— S T e e e
L} ' L} l L l L}
700 750 800 850 900

wavelength (nm)

Figure 5. Secondary derivative reflectance spectra in the range of 700-900 nm (modified from [42]).
RS—sample from the Renju REE deposit with a total REE concentration of 3340 ppm; Nd-Kaol—
kaolinite with Nd content of 666.6 ppm; Raw Kaol—kaolinite with total REE concentration of below
50 ppm; Nd-Hal-7 A—halloysite (7 A) with Nd content of 1112.6 ppm; Raw Hal-7 A—halloysite 7 A)
with total REE concentration of below 50 ppm; Nd-Il—illite with Nd content of 1154.0 ppm; Raw
Il—illite with total REE concentration of below 50 ppm; Nd-Mt—montmorillonite with Nd content of
1087.3 ppm; Raw Mt—montmorillonite with total REE concentration of below 50 ppm.

2.6. Other MEIs

Mineral chemistry, with the aid of LA-ICP-MS technology, expands the range of
prospecting forecasting, which is as effective as geophysics and geochemistry. More and
more minerals can become research objects for MEIs.

The study conducted by Tian et al. (2019) [51] on secondary quartz of the Jiguanzui
skarn Au-Cu deposit in Southeast Hubei revealed that the Al contents in metasomatic
quartz and epithermal altered quartz are close, and they are both significantly higher than
the quartz developed in an orogenic Au deposit and porphyry Au deposit. The Ti content of
quartz in Jiguanzui is higher than in epithermal Au deposits but lower than in porphyry Au
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deposits, and the variation of Ti content in quartz is positively correlated to the formation
temperature. Al and Ti contents are potential exploration indicators [51].

Qiao etal. (2019) [52] and Li et al. (2020) [76] conducted detailed mineral chemistry and
boron isotope studies on the tourmaline of the Hadamiao and Bilihe porphyry Au deposits
in Yangzi Craton, Inner Mongolia. Six stages of tourmaline formation developed in the
Hadamiao area consist of magmatic tourmaline, Au-bear quartz-tourmaline-chalcopyrite
vein, carbonate-tourmaline-quartz vein, and so on. The tourmaline with hydrothermal
genesis has higher contents of Ba, Cu, and Y compared with magmatic tourmaline. The
tourmaline in Au-bear quartz-tourmaline-chalcopyrite vein has the lowest 611B (from
—8.7%o to —5.4%o), contrasting with the magmatic tourmaline with the highest §11B (from
+15.1%o to +21.2%0). The magmatic-hydrothermal fluid is proposed to supply light boron
for hydrothermal tourmaline, and the widely distributed marine carbonate is proposed to
supply heavy boron for magmatic tourmaline. The tourmaline of Bilihe presents similar
features, and systematic contrasts in mineral chemistry suggest that V vs. Zn, (Y REE + Y
+ Zr) vs. (Ni+ V + Zn) and (Sn + Li) vs. (Ni + V + Zn) are potential elemental groups for
identifying tourmaline in different environments [52,76].

Tang et al. (2019) [50] tried to distinguish the porphyry Cu (Mo) system and porphyry
Mo (Cu) system of the Gangdise metallogenetic belt in Tibet with the aid of hydrothermal
biotite chemistry. The hydrothermal biotite in the Cu (Mo) system has higher concentrations
of Al,O3, S5i0,, MgO, K0, Na,O, and F with lower contents of TiO,, FeO;, MnO, and
Cl, contrasted to the Mo (Cu) system. Based on the biotite chemical data, the formation
temperature and the fluid oxygen fugacity in Cu (Mo) systems are also estimated to be
higher and lower, respectively. It is implied that the two types of mineralization systems
are formed by different magmatic-hydrothermal fluids [50]. Moshefi et al. (2018) [77]
compared the geochemical characteristics of magmatic biotite and hydrothermal biotite in
Sungun porphyry Cu-Mo deposits and found that the CI content of biotite can be used as a
vector for hydrothermal processes after the magmatic stage, and the F content is a potential
indicator showing whether a porphyry system is fertile or barren [77].

2.7. Integrated MEIs from Multiple Alteration Minerals

The integrated MEIs are based on alteration mineral assemblage controlled by the
physicochemical conditions of the mineralization fluid. MEI combinations can be more
reliable predictors for prospecting and constraining the fluid features.

Spectroscopy big data show the spatial distributions of IC value, Pos2200 value, and
Pos2250 value in the Fukeshan porphyry Cu-Mo deposit, Greater Xing’an Mountains: a
high value of IC, Pos2200, and Pos2250 appeared where diorite and late magmatic veins
developed. The highest Pos2200 and Pos2250 values are detected in the magmatic complex
of the south Fukeshan area, which is regarded as the heat source. Further, the temperature
is considered to be the critical factor controlling the MEIs in the Fukeshan area [76]. Fe-rich
chlorite (P0s2250 > 2253 nm), kaolinite with high crystallinity (absorption peak value >2170
nm and absorption depth >0.18 of near 2165 nm), abnormal Pos2200 value (>2212 nm or
<2202 nm) can be useful integrated MEIs in the Tongshankou skarn-porphyry Cu-Mo-W
deposit [4].

With the aid of SWIR technology, You et al. (2021) [78] identified the mineralization-
related alteration assemblage—pyrite-quartz—sericite—in the Aschele VMS Cu-Zn deposit,
Xinjiang. The Pos2200 value decreases towards the direction of ore bodies and Pos2200
< 2205 nm corresponds to high-grade ore bodies. The Pos2250 value drops down from
2260 nm to 2250~2255 nm when approaching ore bodies [78]. Jones et al. (2005) [1]
conducted a SWIR measure at the Myra Falls VMS deposit in Canada and found that the
Po0s2200 value near the ore body is relatively low and increases with regularity away from
the ore body. This rule possibly occurs in every individual layer. Further analysis suggested
the influence of rock composition on Pos2200 near the ore bodies is weak, but it is the most
important factor for the Pos2200 of weakly altered rock. The Pos2250 value varies positively
in correlation with Pos2200, given that Pos2200 < 2197 nm and P0s2250 < 2240 nm are the
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potential vectors for prospecting [1]. Herrmann et al. (2001) [61] studied the Rosebery VMS
Pb-Zn polymetallic deposit in Australia and found that the Pos2200 value declines from
the distal end to the ore body, but the P0s2250 value seems random [61]. It is practicable
to mark the bonanza with a relatively high Pos2200 value in the Hellyer VMS deposit in
Australia and the Aroyo Rojo VMS deposit in Argentina [79,80].

3. Controlling Factors for the Behaviors of “The Pathfinder Elements”

The VNIR-SWIR and chemical indicators with regular spatial changes are defined
by the geochemical behaviors of related elements (called the pathfinder elements), which
are controlled by the physicochemical conditions of the mineralization environment. The
existing element geochemistry knowledge can help with understanding the evolution of
mineralization fluids, and with revealing the controlling factors of MEIs.

3.1. Temperature

In mineralization systems where temperature is the main variable, as the temperature
increases; the lower the AI3* content in sericite, the higher the IC value [2,66,81] (Figure 2a);
and the higher the Fe content in chlorite [9,57,69,73] (Figure 2b), the higher the Na content
in alunite [75] (Figure 2c).

The Ti content in chlorite has a clear positive correlation with temperature [9,40,71].
Titanium, which belongs to HFSEs, does not easily migrate in hydrothermal fluids, and the
spatial variation of chlorite Ti content associated with propylitic zone has little correlation
with fluid migration. Although there is no experimental evidence on the controlling factors
for the geochemical behavior of Ti in chlorite, previous studies have proved that the Ti con-
tent of biotite is controlled by temperature. Chlorite has a similar lattice structure to biotite,
thus it is reasonable that the Ti content of chlorite is also controlled by temperature [9].

Xiao et al. (2020) [40] studied the elemental migration of the alteration process from
pyroxene, hornblende, and biotite to chlorite by using EPMA in three large porphyry Cu
deposits of the Tuwu, Xinjiang, China, Atlas in the Philippines, the Atlas in the Philippines,
and the Xiaokelehe in Daxing’anling, China. The TiO, content gradually decreased from
biotite to chlorite, and titanite was also generated during the alteration process, suggesting
that Ti** was supersaturated [40] (Figure 6). Further research suggests that the TiO, content
in titanite may be controlled by the composition of the precursor minerals. The TiO, in
chlorite has no obvious association with precursor minerals.
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Figure 6. Concentration profiles of TiO, through biotite and hornblende to chlorite (modified
from [40]). Bt—biotite; Chl—chlorite; Hbl—hornblende; Ttn—titanite.
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3.2. The pH Value

In the epithermal environment with low lithostatic pressure, the most important
controlling factors for the Al content of sericite are temperature and pH value [82]. Al
content is higher in acidic environments due to the Tschermak substitution, which allows
some of the AI** in the sericite lattice octahedron to be replaced by Fe?* and Mg?*. Taking
muscovite and phengitic muscovite as an example, the following reaction occurs between
them [26]:

2KAL (AlSiz)O;0(OH), + K* + 1.5Fe?* + 4.5510, + 3H,0 <« 3KFeq 5Al; 5(Aly5Sis 5)010(OH), + 4H* 1)

That means the acidic environment will promote A13* entering the sericite lattice.

3.3. Other Controlling Factors

Wilkinson et al. (2015) [9] suggested that the spatial variation of chlorite Mn and Zn in
porphyry systems may be related to the migration and spread of hydrothermal fluids. The
content peak halo of chlorite Mn and Zn at about 800 m out of a porphyry-type ore body
can be understood by the occurrence of the base metal (Pb, Zn, Mn, etc.) deposits at the
periphery of the ore body of porphyry deposits [9]. Further explanation of the Mn and Zn
behaviors of chlorite in the Batu Hijau deposit is that: the pyrite alteration halo, developed
on the periphery of the potassic zone, hosted most of the Mn and Zn cations that entered
the pyrite lattice, resulting in low Mn and Zn contents in chlorite and epidote. Outwards
to the propylitic zone, the S>~ ions are almost exhausted, resulting in Mn and Zn cations
entering the chlorite and epidote lattice, forming anomalies in mineral chemistry [9].

4. Research Directions

The development and research of MEIs are still in the initial stage and the previous
work focused on the observation and statistics of the spatial variation of MEIs. The
mineralization in different regions is distinct, which probably makes some MEIs invalid in
the same type of deposits. Most MEI controlling factors have not yet been proven, which
seriously restricts the promotion and application of MEIs.

Many MEI research cases have faced problems with the ambiguity of controlling
factors. Feng et al. (2019) [83] regarded high Pos2250 value (>2245 nm) and low IC value
(<0.8) as exploration indicators in the Xiaokelehe deposit due to their positive correlation
and the directivity to the ore bodies. This is not easily explained by the single controlling
factor of "temperature". Meanwhile, the chlorite chemistry and the other SWIR parameters
seem spatially random [83]. Chen et al. (2019) [4] found the sericite SWIR parameters in the
Tongshankou deposit show good correlation with a few ore bodies, but that the MEIs cannot
be applied in the whole deposit. The regularity of chlorite Ti/Sr, Ti/Pb, and Mg/Sr values
was not obvious [4]. Huang et al. (2018) [33] documented that the Pos2200 and Pos2250
values of the Honghai VMS Cu-Zn deposit in Xinjiang decreased when approaching the ore
body, reflecting the sericite became relatively Al-rich and chlorite became relatively Mg-rich.
The vicinity of ore bodies is characterized by a high temperature, making it unreasonable
to simply use “temperature” to explain the spatial changes of the two indicators. Mg-rich
seawater is considered to supply Mg?* to chlorite, but further examination is lacking [33].

Alteration minerals are fingerprints left by hydrothermal mineralization processes,
which are controlled by physicochemical conditions such as temperature, pressure, pH
value, oxygen fugacity, sulfur fugacity, and the properties of the surrounding rock [17,18,84]
(Figure 7). The study of ore deposits with an aim of examining the dividing alteration
stage and fine alteration zone will help identify the possible spatiotemporal stage of fluid
evolution, which is critical to the understanding of MEIs and their control factors. Based on
the study of geological setting, lithology, mineralogy, and hydrothermal fluid, combined
with alteration mapping, SWIR spectroscopy, and mineral chemistry, the MEIs of individual
deposits can finally be confirmed. Before extracting the mineral chemical parameters, a
small number of BSE, EPMA, and LA-ICP-MS tests are necessary to check whether the
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test signal is straight and whether there are obvious zonal textures and inclusions in the
mineral grains to ensure the mineral composition is homogeneous.
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Figure 7. Phase diagram showing the alteration zones and their controlling factors in porphyry
Cu-Au system and epithermal system (Modified from [84]). The phase boundaries are schematically
constrained. The path of magmatic fluid on the left represents a fluid-dominant alteration sequence,
whereas the one on the right illustrates rock-buffered alterations. A late influx of meteoric water into
the porphyry environment forms the widespread rock-buffered intermediate argillic alteration.

Advances in effective spectral characterizing, with a focus on of REE deposits, inspired
us to develop more direct exploration indicators for some of the critical minerals that
play a significant role in our economy, and in renewable energy development. Further
experiments on critical element-bearing minerals through the use of infrared spectroscopy
are advised. A significant knowledge gap exists between the fields of hyperspectral
reflectance spectroscopy and critical mineralogy.

More spectral and chemical data accumulation for relevant minerals, more cases, and
more multi-method joint research activities are needed to reveal the controlling factors of
MEIs and the properties of mineralization fluid, and to improve the theoretical foundation.
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