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Abstract: Field measurements of the thermal infrared (TIR) reflectance from drill hole samples
proved to be an effective method to map variations in garnet species associated with hydrothermal
alteration zonation of the Jiama porphyry-skarn Cu deposit 1 skarn orebody, Tibetan Plateau,
China. The TIR mineral spectral information was combined with electron probe micro-analysis
(EPMA) measurements to provide geological insights on effectively determining (a) garnet end
components and providing a format for further research on the type and genesis of the deposit; (b) the
significance of the characteristic spectrum of garnet to the variation of mineralization environment;
(c) the relationship between the characteristic spectrum of garnet and Fe/Al content; (d) the garnet
characteristic spectrum to the economic mineralization. The results suggest that garnet characteristics
of the thermal infrared spectrum can be used as an indicator for skarn deposit prospecting.

Keywords: garnet; thermal infrared technology; Jiama; 1# skarn

1. Introduction

Garnet occurs in a large variety of magmatic and metamorphic rocks [1] and can form
major or minor accessory phases in many hydrothermal deposits [2]. Numerous studies
have reported that hydrothermal garnets record the process of fluid-rock interactions
and can, therefore, reveal the physicochemical conditions of hydrothermal mineralisation,
which include the fluid temperature, oxygen fugacity, fluid flow rate, pH and chemical
compositions [3-7]. In the last decade, many studies have been conducted using garnet
geochemical composition, U-Pb geochronology [8-10] and a fluid inclusion temperature
measurement [11] to gain an understanding of the mechanism of trace element substitution
in garnet mineral compositions. These methods can also be used to determine ore-forming
age [12,13] and hydrothermal fluid evolution processes [14,15] during garnet growth.

Reflectance spectroscopy is used increasingly in the resources sector as a tool for
both greenfield and brownfield exploration, as well as for resource characterisation [16].
In recent years, a large number of successful applications of short-wave infrared technology
for mapping minerals associated with different stages of hydrothermal alteration have been
developed [17-23]. Due to the physiochemistry and the respective vibrational modes of
the minerals, short-wave infrared technology can only identify relatively low-temperature
minerals containing OH- (sheet silicates or OH-bearing sulphates) or carbonate complexes
(salts or calcite) [24-26]. It shows great limitations for skarn minerals such as felspars,
pyroxenes and garnets under a higher temperature [27]. Thermal infrared reflectance (TIR)
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(TIR: 6500 nm to 14500 nm) provides opportunities for mapping exchange vectors in nomi-
nally anhydrous silicates (garnets, feldspars and pyroxenes) [28], as well as carbonates [29].
Thermal infrared reflectance spectroscopy has only been used for the analysis of mineral
systems in a few cases, such as porphyry-skarn [30], orogenic gold [31] and VMS-style
mineralisation [32].

Jiama is a giant porphyry-skarn Cu deposit of great economic value and scientific
research significance in the eastern Gangdise metallogenic belt. This geological area
completely preserves the information relating to the formation and evolution of the skarn.
A significant amount of garnet has been found in field exploration and subsequent sample
testing. This paper uses TIR and electron probe micro analysis (EPMA) to study the garnet
characteristics as the indicator for skarn deposits. It includes: (1) determining the garnet
spectral characteristics by TIR, (2) completing the garnet mapping and (3) interpreting
the relationship between garnet spectral characteristics and the respective ore-forming
processes.

2. Geological Setting
2.1. Deposit Geology

The Jiama mining area is located in the eastern section of the Gangdise metallogenic
belt in the Tethys structural domain in Tibet [33] (Figure 1a). The strata exposed in the
mining area mainly comprise the Lower Cretaceous Linbuzong Formation (K;/) and the
Upper Jurassic Duodigou Formation (J3d), as well as a small amount of Quaternary (Q)
(Figure 1b). The Jiama mining area can be observed between the Duodigou and Linbuzong
formations [34-37].

Magmatic rocks are well-developed and widely distributed. This rock type exposes a
huge area of plutons in addition to a thick layer of sedimentary rocks of volcanic origin.
It is distributed to the north of the Yajiang fault, which is also an important part of the
Gangdese volcanic arc [33,38]. Magmatic rocks in the mining area are observed as veins in
shallow formations, whereas there are ore-bearing porphyries in the deep formations. The
main types of rock and their emplacement order are quartz diorite porphyry — granite
porphyry — monzonitic granite porphyry — granodiorite porphyry. The main diagenetic
age of magmatic rocks is concentrated in the range 16.5-15.0 Ma [39,40].

Contact metamorphism develops around plutons, generating both hornfels and skarn
alteration [41]. Magmatism, resulting in hydrothermal alteration, occurs along structurally
controlled pathways, yielding a variety of metasomatic alteration minerals, including
skarn (e.g., garnet, pyroxene and wollastonite), silicic, phyllic (e.g., white mica), propylitic
(e.g., epidote, chlorite and carbonate) and argillic (e.g., kaolinite and montmorillonite)
minerals. The wide range of mineralogy reflects the mobility of elements such as Si, K, Ca,
Al, Fe and Mg, as well as compounds such as H,O and CO, [20].

The ore-controlling structures in the Jiama deposit mainly consist of a thrust nappe
structure and a gliding nappe structure. The nappe structure was the primary control on
porphyry intrusions and on the formation of the 1* skarn, hornfels and porphyry orebodies.
The gliding nappe structure controlled the formation of the 2# skarn orebody [42,43].

The Jiama copper polymetallic deposit is mainly composed of copper metallogenic
elements, such as symbiotic molybdenum, lead, zinc, gold and silver. These observations
can be derived according to the different ore-forming surrounding rocks produced by the
main and symbiotic minerals. Jiama copper polymetallic deposits are mainly composed
of three types of ore bodies [41]: Cu—polymetallic skarns, Cu—-Mo hornfels and Mo £ Cu
porphyry mineralisation (Figure 2). The different structural settings described above further
define two subtypes of skarn mineralisation, referred to as 1# skarn and 2* skarn [41,44].
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Figure 1. Geology of the Jiama Cu polymetallic ore deposit showing sedimentary and intrusive rocks, faults and the location

of drill holes, including the two transects of drill holes measured by thermal infrared reflectance (TIR) spectra (red lines,
“A-A"" and “B-B"”). (adapted from Tang et al. [38]). (a) Tectonic framework of the Tibetan Plateau. (adapted from Guo
et al. [20]). (b) Geology of the Jiama Cu polymetallic ore deposit. (adapted from Tang et al. [38]).

2.2. 1% Skarn Orebody

The 1* skarn orebody is formed in the contacting zone between porphyry mineral
formations and marble, as well as in the interlayer detachment zone between the Linbuzong
Formation hornfels and the Duodigou Formation marbles [45] (Figure 3). The orebody
occurs as a lamellar, or thick plate, and generally lies at an elevation of 4000 m to 5000 m.
It strikes west-northwest and dips to the northeast. The upper part of the orebody dips at a
steep angle (on average 60-80°), whereas the lower part is much flatter, with an average
dip of 10-30° (Figure 3). The thickness of the skarn orebody controlled by the interlayer
detachment zone is generally 10 m to 50 m; however, this reaches 50 m to 100 m in the
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anticlinal core. The thickness of the skarn orebody controlled by the intrusive body and
marble contact belt is typically greater than 100 m, with a maximum of 328 m [41].

wQO0L8TE

Geological section with hyperspectral

ws98TE

Figure 2. 3-D view of orebodies in Jiama Cu-polymetallic system, including the 1# skarn orebody, the 2# skarn orebody,
the porphyry orebody, and the hornfels orebody (adapted from Zheng et al. [41]).

The average grade of 1* skarn orebody is approximately Cu @ 0.8%, Mo @ 0.06%, Pb
+7Zn @ 2.0%, Au @ 0.26g/t and Ag @ 15 g/t [45]. Cu mineralisation in the skarn occurs
as massive, disseminated vein chalcopyrite with bornite (Figure 4a,b). Mo mineralisation
occurs as disseminated molybdenite (Figure 4c). Pb—Zn mineralisation is dominated by
banded and disseminated galena and sphalerite (Figure 4d). This mineralisation is found
above an elevation of 4800 m and is distributed throughout the outer zone of the entire
1# skarn orebody. Au and Ag are hosted mainly within chalcopyrite, bornite and other
Cu minerals and are by-products of Cu extraction. The gangue minerals in the 1# skarn
orebody are mainly skarn minerals (e.g., garnet, wollastonite and epidote) and quartz
(Figure 4e,f).

Previous studies have shown that a set of typical calcareous skarn mineral combina-
tions are developed in Jiama skarn, including garnet, diopside and wollastonite [42,46]. It
has been observed that garnet is the most widely distributed and most abundant skarn
mineral in the Jiama deposit. Its colour changes significantly and it can be seen in various
shades of dark brown, reddish brown, brown, khaki, dark green, emerald green and light
yellowish green. Garnet mainly occurs as massive strip and vein structures (Figure 4f-j).
It shows multi-stage development due to the observation of ring-shaped hyperplasia of
garnet (Figure 4f), where the early ore-free garnet skarn was randomly cut through the later
vein-like ore-bearing garnet (Figure 4e). The garnet ring structure (Figure 4i) is developed
and can be seen in a hand specimen and under the microscope. Under plane polarized
light of the microscope, garnet is mainly light brown or yellowish brown. The crystal forms
of garnet under the microscope is mostly hexagonal (Figure 4k). Garnet is closely related
to chalcopyrite and molybdenite, and metal minerals are mostly filled with garnet particles
in other shapes (Figure 41). The metals can also have gangue minerals or be produced in
the skarn with strong silicification (Figure 4e).
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Figure 3. Drillholes with TIR which lie on transect A and transect B.

Figure 4. Hand-specimen photos and thin-section microphotographs from the 1# skarn orebody in Jiama Cu-polymetallic
system. (a): vein Bn in the garnet-wollastonite skarns; (b): massive Bn + Cp in the garnet skarns; (c): disseminated Mol
in the garnet skarns; (d) massive Gn + Cp in the skarnized marble; (e) the early garnet veins are cut by the later garnet
veins and then by the late Q + Mol + Grt veins in the garnet skarns; (f) vein Grt + Wo + Bn in the skarnized marble, and
ring-shaped garnets can be seen, in which the outer garnet is reddish brown and the inner band is green; (g) the red brown
garnet veins are produced in the skarn hornstone, which is the result of selective metasomatism; (h) the light khaki garnet
in the skarnized marble is produced in a massive form; (i) hexagonal garnet ring structure;(j) layered garnet; (k) self-shaped
granular garnet; (1) Cp + Bn is filled between pomegranate seeds. Q = quartz, Cpy = chalcopyrite, Mol = molybdenite,
Gn = galena, Bn = Bornite, Cp = Chalcopyrite Grt = garnet, Wo = Wollastonite.
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3. Methods and Samples
3.1. TIR Technique

More than 1000 samples collected from the 2400 m drill core (ZK1205-ZK1218, ZK4903-
ZK4105) in the Jiama deposit were scanned using 2 m intervals across two transects
(Figure 3) to generate a cruciform section covering the 1# skarn body. TIR (TIR: 6500 nm to
14500 nm) spectra were measured using a HyLogger3™ at the Natural Geological Data
Center of China, Langfang, China. The HyLogger3™ enables the simultaneous collection
of hyperspectral reflectance spectra in the visible near infrared (VNIR) (350 nm to 1000 nm),
SWIR (1000 nm to 2500 nm) and TIR (6000 nm to 14,500 nm) wavelength ranges [25,47,48].
The TIR wavelength ranges collected using the HyLogger*™ allow rapid mapping of
nominally anhydrous minerals (e.g., quartz, feldspar, garnet) by identifying particular
absorption features specific to a certain atomic vibration [25,49]. The instrument was
operated with a spot size of 10 mm x 14 mm [48]. All the mineral identification databases
and comparative analyses were obtained using the The Spectral Assistant (TSA) analysis
system. The data enhancement processing was based on the second derivative method,
and the extraction of the mineral information was accomplished by script programming.

Figure 5 shows different end member components of garnet spectrums measured by
Commonwealth Scientific and Industrial Research Organisation (CSIRO) Canberra, Aus-
tralia and garnet spectrums in samples, a diagnostic double-peak absorption characteristic
from 10,000 nm to 13,000 nm (CSIRO minerals spectral database, CSIRO.2016.). A shift
of the garnet-related SiOy tetrahedra stretching modes between 10,000 nm and 12,000 nm
towards shorter wavelengths could be observed [16]. This phenomenon was exacerbated
by an increasing grossular component of the andradite series (i.e., increasing Al/Fe) [30].

T T T T =T T T T T
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1
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Figure 5. Characteristic spectra of garnet minerals (standard spectra from CSIRO TIR spectral database).

3.2. EPMA Measurements

Twenty-two typical samples of garnet measured with TIR and selected from each
drill hole on the A-A’ section for the scanning electron microscopy (SEM) and electron
probe microprobe analysis (EMPA) were directly conducted on the polished thin section
that was cut from the hand specimens. Each garnet sample has been observed carefully
under a microscope and SEM to investigate their internal textures. For zoned garnets, one
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measuring point is arranged for each zoning. We then use the average value from the
thin section measured by EPMA plotted against the average value of garnets from the
core portion from which the thin section has been extracted. Backscatter electron (BSE)
images of garnet were obtained at the Guangzhou Tuoyan Analytical Technology Co., Ltd.,
Guangzhou, China, using an Analytical Scanning Electron Microscope (TESCAN MIRA 3).
The chemical composition of garnet was determined by using a 1720 EPMA (SHIMADZU,
Japan) at Chengdu Institute of Comprehensive Utilization of Mineral Resources, China
Geological Survey, Chengdu, China. Analysis conditions included a 20 nA beam current
with 15 kV voltage. The counting time was 10 s for Na, Si and K, 15 s for Ca, and 20 s for Mg,
Ti, Al, Mn and Fe. The analyses were calibrated using hematite (Fe), bustamite (Mn), rutile
(Ti), microcline (K), clinopyroxene (Si, Ca), plagioclase (Al), olivine (Mg) and anorthoclase
(Na) standards. The detection limits for most elements are 0.01 wt%. The precisions are
<1% for element concentrations above 10 wt%, <5% for element concentrations between 1
and 10 wt%, and >5% for element concentrations below 1 wt%.

3.3. Cu and Mo Concentrations

This study collects the Cu and Mo data of ZK1205, ZK1208, ZK1212, ZK1213 and
ZK1218 on the B-B” section, and ZK024 on the A-A’ section of the Jiama deposit. The sam-
pling interval is 1 m, and the samples are processed by rod milling to —200 mesh (—0.074 mm)
and sent to the Southwest Metallurgical Testing Center, Chengdu, China, for grade analysis.
Cu and Mo are dissolved by aqua regia + hydrofluoric acid + perchloric acid and measured
by full-spectrum direct reading plasma emission spectrometry.

4. Results
4.1. Spectral Characteristics of Garnet
4.1.1. Colour Variations

Numerous studies have reported that colour behaviour in skarn garnet is strongly
related to intrusions and mineralisation zones [50-52]. The colour of garnet in the Jiama
deposit varies significantly [42,46], and it can be seen in dark brown, reddish-brown,
brown, khaki, dark green, emerald green and light yellowish green (Figure S1). The main
absorption peaks with different colours vary from 11,220 to 11,585 nm. The absorption
peak of dark brown garnet is between 11,560 and 11,585 nm (Table 1). More dark brown
garnets are observed in the 11,570 to 11,585 nm range, for example the sample from ZK1218
(Figure Sla), for which the absorption peak is 11,575 nm. The absorption peak of brown
garnet is between 11,530 and 11,560 nm (Table 1). Specifically, the focus is on the 11,540
to 11,550 nm range. For example, the sample from ZK024 (Figure Slc) has an absorption
peak of 11,545 nm. The absorption peak of light brown garnet is between 11,220 and
11,450 nm (Table 1). There are more observations between 11,220 and 11,250 nm. For
example, the sample from ZK4903 (Figure Sle) shows an absorption peak of 11,227 nm. In
summary, it can be concluded that the samples with dark colour have longer wavelengths
and the light colour samples have shorter wavelengths (Table 1).

Table 1. Relationship between garnet colour and spectral characteristic value.

Colour Absorption Peak Position
Dark brown, black green 11,560-11,585 nm
Brown, brown yellow, reddish brown 11,530-11,560 nm
Emerald green, brown black 11,510-11,530 nm
Light yellow-green, khaki 11,450-11,510 nm
Light khaki, light brown 11,220-11,450 nm

4.1.2. Lithology Bariations

Previous studies have shown that the type of metal mineralisation in the Jiama deposit
is related to skarn lithology [42,53]. The skarn in Jiama was divided into skarnised hornfels,
garnet-diopsite skarns, garnet skarns, garnet-wollastonite skarns, wollastonite skarns and
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skarnised marbles according to the lithological variations by logging (Figure S2). The
absorption peak of garnet in skarnised hornfels is between 11,220 and 11,350 nm, with
more focus on 11,270 to 11,320 nm. For example, the absorption peak of sample from drill
hole ZK1208 is 11,281 nm. The absorption peak of garnet in skarnised marble is between
11,520 nm 11,580 nm, with more focus on 11,550 to 11,560 nm. For example, the sample
from ZK1213 shows an absorption peak of 11,558 nm (Figure S2). In summary, it can be
concluded that the garnet in skarnised hornfels with shorter wavelengths lies on the top
and the garnet in skarnised marbles with longer wavelengths lies on the bottom. Therefore,
the wavelength of garnet’s absorption peak increases, accompanied by the enhancement of
thermal metamorphism.

4.2. Elements Measured by EMPA

Figure 6 shows that the spectral characteristic absorption of garnet is significantly
negatively correlated with Al content (R? = 0.9679) and significantly positively correlated
with Fe content (R? = 0.968) (Table 2). Thus, the wavelength variation of garnet has a
positive correlation with the ratio of Fe/Al content.

AlO, FeO
257 307 °
25 o
209 o e
.. ® 201 °
5 151 s . P
B E e
z 104 ¢ 3
y=-0.051x+592.16 @ 101
2=0.9679 e y=0.0667x - 745.94
54 ° 54 @ R*=0.968
0 : : ; ; ; ; — 0 : : : : : : . .
11,200 11,250 11,300 11,350 11,400 11,450 11,500 11,550 11,600 11,200 11,250 11,300 11,350 11,400 11,450 11,500 11,550 11,600
wavelength in nm wavelength in nm
(a) (b)
Figure 6. Correlation between garnet wavelength and content of Al,O3, FeO (a,b).
Table 2. EPMA analysis results (wt%) and absorption peak of garnet.
Sample ZK1218- ZK1616—- ZK1616- ZK1616- ZK817- ZK1522- ZK1616- ZK3905-
(Dill Hole-Depth) 619 m? 768 m 2 737.6m? 700.96 m 494 m? 331.5m? 603.1m? 1524 m?
Absorption peak 11,575 nm 11,553 nm 11,544 nm 11,498 nm 11,450 nm 11,380 nm 11,310 nm 11,223 nm
SiO, 35.73 36.27 36.25 37.29 36.54 37.72 38.76 38.33
TiO, 0.03 0 0 0.25 0.05 0.37 0.18 0.63
Al O3 0.1 2.58 4.1 6.83 8.88 11.08 16.84 18.45
Cr,05 0 0.04 0 0 0 0.03 0.04 0.06
FeO 28.67 25.18 22.67 19.26 17.23 14.18 7.07 3.89
MnO 0.39 0.24 0.27 0.27 0.52 0.44 0.61 08
MgO 0.07 0.12 0.04 0.33 0.01 0.12 0.26 0.1
CaO 33.7 34.26 34.37 3493 34.95 35.48 35.93 36.63
Total 98.69 98.69 97.7 99.16 98.18 99.42 99.69 98.89
Si 297 2.98 2.99 3 296 2.98 2.98 2.96
Ti 0 0 0 0.01 0 0.02 0.01 0.04
Al 0.01 0.25 0.4 0.65 0.85 1.03 1.53 1.68
Cr 0 0 0 0 0 0 0 0
Fe* 2 1.73 1.57 1.29 1.17 0.94 0.45 0.25
Fe?* 0 0 0 0 0 0 0 0
Mn 0.03 0.02 0.02 0.02 0.04 0.03 0.04 0.05
Mg 0.01 0.01 0 0.04 0 0.01 0.03 0.01
Ca 3.01 3.02 3.04 3.01 3.03 3 2.96 3.03
Andradite 98.42 85.18 76.65 63.34 57.04 46.13 225 12.18
Grossular 0.39 13.66 22.58 34.78 41.79 52.36 75.08 85.58
Almandine + Pyrope + 1.19 1.04 0.77 1.87 1.18 143 232 2.07

Spessartine

Note: The calculations are based on 12 oxygens; Spectral data comes from this study; * data from Leng. [42].
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Table 3. EPMA analysis results (wt%) of the zoned garnet.
Samples ZK1213- ZK1213- ZK1213- ZK1213- ZK1213- ZK1213- ZK1213- ZK1213-
70-1 70-2 70-3 704 70-5 70-6 70-7 70-8
Si0; 36.36 36.32 37.12 36.94 36.85 37.04 36.48 36.8
TiO, 0.01 0 0 0 0 0 0.01 0
Al O3 3.93 2.12 1.65 0.66 0.5 1.41 0.92 4.68
Cr;03 0 0 0 0 0 0.03 0 0
FeO 21.39 24.25 22.78 24.76 25.15 23.4 24.87 19.31
MnO 0.44 0.21 0.25 0.26 0.25 0.47 0.56 0.42
MgO 0.12 0.15 0.03 0.03 0.01 0.04 0.02 0.16
CaO 34.89 34.12 34.93 34.96 34.88 34.48 34.84 34.78
Total 97.14 97.05 96.8 97.61 97.64 96.85 97.68 96.16
Si 3.04 3.07 3.13 3.11 3.1 3.13 3.07 3.09
Ti 0 0 0 0 0 0 0 0
Al 0.41 0.22 0.17 0.07 0.05 0.15 0.1 0.49
Cr 0 0 0 0 0 0 0 0
Fe3* 1.3 1.42 1.41 1.5 1.52 1.43 1.51 1.2
Fe?* 0.2 0.3 0.19 0.23 0.23 0.22 0.24 0.16
Mn 0.03 0.02 0.01 0.01 0.02 0.03 0.04 0.03
Mg 0.02 0.01 0 0 0 0.01 0 0.02
Ca 3.13 3.09 3.15 3.16 3.15 3.12 3.15 3.13
Andradite 76.95 87.04 89.54 95.86 96.86 91.06 94.32 72.15
Grossular 1.2 12.26 9.51 3.24 2.23 7.3 3.96 25.83
Almandine
+ Pyrope + 1.84 0.69 0.93 0.9 0.9 1.64 1.72 2
Spessartine
Sample ZK1213- ZK1213- ZK1213- ZK1213- 7K 024 ZK024- ZK024- ZK024-
70-9 70-10 70-11 70-12 515-1 515-2 515-3 5154
SiO; 36.31 36.49 36.36 36.44 35.68 35.6 35.73 36.9
TiO, 0 0 0 0 0.05 0.04 0.04 0.62
Al,O5 227 1.65 0.87 0.25 4.62 5.21 3.85 2.57
Cr,03 0 0 0 0 0 0 0 0
FeO 23.48 23.01 24.65 24.98 22.33 21.42 23.19 229
MnO 0.48 0.37 0.25 0.23 0.19 0.19 0.18 0.17
MgO 0.02 0.03 0.03 0.03 0.22 0.23 0.21 0.15
CaO 34.43 34.96 35.2 335.54 34.63 34.35 34.23 339
Total 97 96.51 97.38 98.36 97.73 97.04 97.44 96.67
Si 3.07 31 3.08 3.06 2.98 2.99 3 3.11
Ti 0 0 0 0 0 0 0 0
Al 0.24 0.18 0.09 0.03 0.46 0.53 0.4 0.27
Cr 0 0 0 0 0 0 0 0
Fe3* 14 1.44 1.52 1.58 1.29 1.24 1.34 1.35
Fe2* 0.25 0.19 0.22 0.24 0.27 0.26 0.29 0.27
Mn 0.03 0.02 0.02 0.02 0.01 0.01 0.01 0.01
Mg 0 0 0 0 0.03 0.03 0.03 0.02
Ca 3.12 3.18 3.19 3.2 3.1 3.09 3.08 3.06
Andradite 86.16 89.69 94.63 98.45 73.9 70.61 77.78 84.03
Grossular 12.34 9.06 444 0.69 24.53 27.78 20.7 14.68
Almandine
+ Pyrope + 1.49 1.24 0.93 0.85 1.56 1.6 1.5 1.28
Spessartine
Sample ZK024-515-5 7K 024-515-6 7ZK024-515-7 7K 024-515-8
510, 36.08 35.87 35.36 36.04
TiO, 0 0.02 0.06 0
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Table 3. Cont.

Al,O3 0.46 1.43 2.12 0.26
CI‘203 0 0 0 0
FeO 26.26 25.82 24.76 26.7
MnO 0.12 0.14 0.23 0.11
MgO 0.1 0.09 0.06 0.1
CaO 34.3 34.37 34.51 34.49
Total 97.32 97.74 97.1 97.7
Si 3.07 3.03 3 3.06
Ti 0 0 0 0
Al 0.05 0.15 0.23 0.03
Cr 0 0 0 0
Fe3* 1.56 1.51 1.47 1.59
Fe2* 0.31 0.32 0.29 0.31
Mn 0.01 0.01 0.02 0.01
Mg 0.01 0.01 0.01 0.01
Ca 3.13 3.11 3.14 3.14
Andradite 97.15 91.36 87.4 98.4
Grossular 1.95 7.76 11.65 0.75
Almandine
+ Pyrope + 0.88 0.87 0.91 0.83
Spessartine

.

200flm

Note: The calculations are based on 12 oxygens.

100

Concents(wt.%)

0.1
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Figure 7. BSE images (left) and compositional variation profiles of the zoned garnet at Jiama deposit. Yellow dots and white
numbers represent the electron probe micro analysis (EPMA) locations and spot numbers, respectively. (a,c) were sample

ZK1213-70; (b,d) were sample ZK024-515. Abbreviations: And-andradite, Gro-grossular.
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Oscillatory zoning is common in Jiama garnets [42,44,53,54]. Major element com-
positions of zoned garnet are shown in Table 3. Garnet has compositional zoning and
falls within a compositional range of Andy; 15 9845Groge9-212Alm + Sps + Pyre9-1.84,
And70‘61_98.4Gr00.75_27.78A1m + SpS + Pyr0_83_1.6 (Figure 7) The results show that these
garnets belong to grossular-andradite solid solution. From the core to the edge, the Fe
and Al content of the garnet oscillatory zones vary widely (Figure 7; Table 3), and the Fe
content increases while the Al decreases. Generally, the core is relatively rich in Al, and
the edges are relatively rich in Fe. Therefore, the variation of Fe/Al content in oscillatory
zoning may affect the shift of the spectral absorption peak parameters of garnet.

5. Discussion
5.1. Relationship between the Wavelength Variation and Geochemistry

It is suggested that the composition of garnet is related to mineralisation [2,51,55,56].
Garnet with different content of chemical elements shows shifts of wavelengths (Figure S3;
Table 2). Samples measured by EPMA were verified as andradite (And > 50%) and grossu-
lar (Gro > 50%). Andradite (And > 50%) wavelengths vary from 11,450 to 11,585 nm, and
grossular (Gro > 50%) wavelengths vary from 11,220 to 11,450 nm (Figure S3). The sample
from ZK1218 (Andog 4pGrog 39Pyr + Spe + Alm;j 19) shows an absorption peak of 11,575 nm.
The sample from ZK817 (Andsy 04Gros; 79Pyr + Spe + Alm; 1g) has an absorption peak
of 11,450 nm. The sample from ZK3905 (Andi;158Grogs sgPyr + Spe + Almyg7) has an
absorption peak of 11,223 nm (Figure S3). Therefore, it can be interpreted that when the an-
dradite component in the garnet end-member component decreases (Andgg 4o—Andiz 13),
the wavelength shifts to the short-wave direction.

Meinert’s [2,51] statistical analysis of the composition of garnets in the world’s large-
scale skarn deposits shows that the garnets in the copper skarn belong to grossular-
andradite solid solution series, and the content of andradite is slightly higher than that of
grossular. Figure 8 shows the comparison of garnet’s composition with spectral absorption
characteristics between the Jiama deposit and different kinds of skarn deposits in the world.
The range of composition variation of Jiama garnet is the same as that of garnet in copper
skarn in the world and overlaps with garnet in Mo, Fe and Zn skarn. Therefore, the Jiama
grossular-andradite solid solution series is closely related to the mineralisation of Cu, Mo,
Fe, and Zn, which is consistent with the current geological exploration results. In summary,
the garnet end components can be determined effectively by TIR.

5.2. Metallogenic Environment Variation

The changes in the content and chemical composition of garnet and pyroxene in cal-
careous skarn are important indications of the metallogenic environment variation [57-62].
Following the examination of a number of skarn deposits in China, Zhao et al. [62] sug-
gested using the iron content ratio (Kp) of the symbiotic pyroxene-garnet mineral pair
in the deposits to measure the index of properties in skarn fluid (Figure 9a) The formula
is: Kp = NEe"X(1 — NEe©) / NpeS'(1 — Nge), where NgeF represents the iron content in
pyroxene and Ng.C" represents the iron content in garnet. Various minerals’ iron content
can be calculated from garnet and pyroxene electron probe data (Tables 4 and 5). Figure 9a
shows that the range of Kp change is not large, indicating that during the early metamor-
phic skarn formation of the Jiama deposit, the pH and redox state of the fluid did not
change significantly. Early skarn minerals are formed in a relatively stable environment
and are generally in a weakly acidic and strongly oxidised state.

Figure 9b shows that the wavelength of garnet has a negative linear correlation with
the Kp value (R? = 0.968). It can, therefore, be concluded that long-wave garnets suggest a
mineralisation environment with relatively high oxygen fugacity and low acidity.

Using Kriging interpolation, the garnet spectrum mapping was completed. The higher
value distribution is close to the porphyry intrusion centre while the lower value distribution
is at the edge (Figure 10). Previous studies have shown that the oxygen fugacity of the fluid
at the centre of the Jiama mining area is —35.8 Mpa, while the oxygen fugacity at the edge
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drops to —46.8 Mpa [63]. This is consistent with the results of spectrum mapping of garnet
(Figure 10). Such a distribution law is restricted by the activity of oxygen fugacity, and the
crystallisation of the andradite aggravates the reduction of fluid oxygen fugacity, which
indirectly leads to the precipitation of sulphides [54].

5.3. Relationship between the Spectra and Mineralisation

In hydrothermal deposits, the Al-OH absorption feature of sericite group minerals
may point to the hydrothermal and mineralization centre of the mine area [20,21,63-65], but
reports on successful SWIR applications on skarn deposit prospecting are fairly limited [20].
As for skarn deposits, garnet can be used as a guide in prospecting Cu skarn deposits [66].
However, garnet could only be observed in TIR, due to the fact that some atomic group
vibrations in garnet can be detected in TIR. Therefore, this study attempts to explore the
relationship between the characteristic absorption peak of garnet and ore mineralization.

Taking drilling ZK024 as an example, comparing Figure 11a—c shows that the majority
of Mo mineralisation is found in samples with short-wave garnets (<11,450 nm) while
long-wave garnets (>11,540 nm) are related to Cu enrichment.

Figure 12 demonstrates that when the garnet wavelength is greater than 11,540 nm,
the Cu grade is increasing rapidly and it is positively correlated with the grade of Cu,
whereas when the wavelength of garnet is less than 11,450 nm, Mo grade began to increase
and it has a negative correlation with the grade of Mo. There may be many reasons for
this phenomenon. Previous studies have shown that Cu and Mo in the Jiama deposit have
zoning characteristics, which is caused by different periods of magmatic intrusion [43]. Cu
caused volatile components to move and Mo in the fluid with MoO,Cl* to migrate [63].
The precipitation of Mo is not only related to temperature, pressure and Eh, but also to the
value of pH in the fluid [41].

Al+Py+Sp+Uv
0,100

A\
Gm/ . . LAMM

20 40 60 80

<> 11,560~11,585nm <> 11,550~11,560nm O 11,530~11,550nm
A 11,450~11530nm A 11,300~11450nm 11,220~11,300nm
Figure 8. Triangular classification of garnet in the Jiama deposit (the base map according to [2].

Abbreviations: Adr = andradite; Gro = grossular; Al =almandine; Py = pyrope; Sp = spessartine;
Uv = uvarovite).
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Figure 9. The relationship between garnet wavelength and redox properties. (a) Kp calculation diagram (adapted from
Zhao et al. [62]), (b) Correlation between garnet wavelength and and Kp.
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Figure 10. Spectrum mapping of garnet. A-A’ (top) et B-B’ (bottom).

Guo et al. [20] use SWIR and found that Cu and Mo show the highest grades in the skarn of the Jiama deposit,
accompanied by abundant white mica. This is because SO, dissolved in the magmatic hydrothermal fluid phase
progressively disassociates to HyS and H,SO; as the fluid cools below ~400 °C [67,68]. Then, it will generate hydrogen
sulphide, which initiates abundant precipitation of sulphide minerals (i.e., chalcopyrite, molybdenite). Garnetization
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can be considered as an early ground preparation process for later ore mineralisation [69]. Garnet formation increased
brittle behaviour which facilitated further development of fractures and cracks and precipitation of ore minerals during
later hydrothermal activity [42]. The TIR characteristics of garnet seeds in the prograde skarn and the SWIR spectral
characteristics of sericite in the retrograde skarn can better predict the mineralisation potential of the deposit.

Table 4. EPMA analysis results (wt. %) and NES of garnet.

Samples

Absorption

Elements (%)

. N Gr
(Drill Hole-Depth) Peak Si0, TiO, ALO; Cr,03; FeO MnO MgO CaO  Total Fe
ZK4903-153.3 m 2 11,480 nm 37.92 0.07 10.19 0 15.82 0.52 0.05 35.14 99.71 0.16
ZK3905-152.4 m @ 11,223 nm 38.33 0.63 18.45 0.06 3.89 0.8 0.1 36.63 98.89 0.04
ZK1522-356.84 m @ 11,540 nm 36.69 0.13 4.34 0 22.2 0.16 0.12 33.62 97.26 0.23
ZK721-423 m 2 11,548 nm 36.47 0.07 4.1 0 23.22 0.28 0.04 34.18 98.36 0.24
ZK817-494.3 m 2 11,380 nm 38.63 0.08 14.75 0 9.94 0.81 0.1 36.04 100.35 0.1
ZK817-515.1m? 11,450 nm 36.87 0.88 10.38 0 15.14 0.42 0.06 34.81 98.56 0.15
ZK817-595.7 m @ 11,558 nm 36.3 0.1 2.12 0.02 25.84 0.15 0.09 33.99 98.61 0.26
ZK1616-737.6 m 2 11,544 nm 36.25 0 4.1 0 22.67 0.27 0.04 34.37 97.7 0.23
ZK4015-925m 2@ 11,572 nm 35.75 0.04 0.26 0.06 28.67 0.27 0.09 33.94 99.08 0.3
Note: Spectral data comes from this study; * data from Leng [42].
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11.6001 --------------
P SRR Y W = ». > .
: : i’ggg . i %a:,..._"‘-,,.,.~~ Related
E=ERD) [ . e 0 o elated to
= L1450 @ rgn oo Borrorrrrnn e Mo mineralization
[5) Related to
S Cu mineralization
11,200 e ' ' ' ' '
400 450 500 550 600 650
depth (m)
(a)
0.2 Mo
0.175 4
0.15 A
_0.125 1 . .
?\: 0.1 7° . o . Mo industrial
£0.075 1 oo o o . 0o, @ ° grade(0.5%)
0.054 *°, Teete a0, ¢ . .' . o, Mo cut-off
0.025 1 : A et = grade(0.03%)
0.001 : , — [ . .
400 450 500 550 600 650
depth (m)
(b)
Cu
4 .
3.5 °.
3 A oo ®e -
~ 2.5 1
£, . Cu industrial
= . grade(0.5%)
z 1.5 °* %0 . 0. E Cu cut-off
11 . . o 0 e grade(0.2%)
05 ®--c-omcmcmmmonoaee SR R X e STttt ) 'i'."."'". """""""""" !"' """
0.05 e o,0a00" 'ool" ve T oo : LX) . . .
400 450 500 550 600 650
depth (m)

(©)

Figure 11. Comparison of garnet wavelength versus Cu, Mo content. (a) Variation of garnet spectral absorption peak down

the drill hole, (b) Mo grade changes down the drill hole, (¢) Cu grade changes down the drill hole.
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Table 5. EPMA analysis results (wt. %) and Ng."* of pyroxene.

Samples Elements (%) NePx
(Drill Hole-Depth)  §j0, TiO, AlLO; Cr,03 FeO MnO MgO CaO Na,O K,O Total Fe
ZK4903-1533 m?2  54.77 0 0.11 0.03 2.75 091 16.85 259 0.01 001 10134 0.03
7ZK3905-1524m?  54.08 0 0.38 0.09 3.63 127 1615 2572  0.14 0 101.46  0.04
7ZK1522-356.84 m?®  55.31 0 0.18 0 0.74 032 1863 259 0.05 0.01 10114 0.01
ZK721-423 m @ 54.61  0.02 0.13 0 1.74 0.72 178 2603  0.09 0.02 101.16 0.02
7ZK817-4943 m?  53.74 0 0.25 0 6.27 122 1425 2527  0.09 0 101.09  0.06
ZK817-5151m? 5371  0.05 0.16 0.01 6.44 1.21 1421 254 0.13 0 101.32  0.06
ZK817-595.7m?  55.02 0 0.69 0 1.05 0.51 185 2632 0 0 102.09  0.01
7ZK1616-737.6 m?  54.84  0.01 0.17 0 1 053 1817 26.1 0 0 100.82  0.01
ZK4015-925 m @ 53.43 0 0.08 2.58 1 054  18.03 2538 0 0.03 10107 0.01
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Figure 12. Correlation between garnet wavelength and content of Cu, Mo (a,b). The samples are from drillhole ZK024 and
all drillholes with TIR on B-B’ section.

6. Conclusions

Garnet is typically an alteration mineral in skarn deposits. On the whole, the dark
colour garnets are associated with the longest wavelengths while the light colour garnets
have the shortest wavelengths. In addition, accompanied by the enhancement of thermal
metamorphism, the garnet in skarnised hornfels with shorter wavelengths lies on the top
and the garnet in skarnised marbles with longer wavelengths lies on the bottom.

Through TIR spectrometry, the garnet end components can be determined effectively
and thus provide a format for further research on the type and genesis of the deposit.

Long-wave garnets suggest an environment of mineralisation with relatively low
amounts of acidity and high oxygen fugacity. Thus, the characteristic absorption peak of
garnet can indicate the variations in metallogenic environment variation.

The spectral characteristics of garnet are closely related to mineralisation. The orebody
coexists in the garnet zone, where the wavelength location at 11,200-11,600 nm plays
an important role in mineralisation in skarn deposits. Furthermore, short-wave garnet
(<11,450 nm) is closely related to Mo, while long-wave (>11,540 nm) garnet is closely
related to Cu enrichment.

It is important to relate garnet wavelength changes in skarn to a specific deposit.
Furthermore, it can be used as the indicator of Fe/Al, mineralisation grade and in alteration

mapping.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2075-163
X/11/1/5/s1, Figure S1: Spectral curves of garnets with different colours; Figure S2: Spectral curves
of garnets with different lithology; Figure S3: Spectral curves of garnets with different end component.
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