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Abstract: The Jiaodong Peninsula hosts the main large gold deposits and was the first gold production
area in China; multisource and multiscale geoscience datasets are available. The area is the biggest
drilling mineral-exploration zone in China. This study used three-dimensional (3D) modeling,
geology, and ore body and alteration datasets to extract and synthesize mineralization information
and analyze the exploration targeting in the Zhaoxian gold deposit in the northwestern Jiaodong
Peninsula. The methodology and results are summarized as follows: The regional Jiaojia fault is the
key exploration criterion of the gold deposit. The compression torsion characteristics and concave–
convex section zones in the 3D deep environment are the main indicators of mineral exploration
using 3D geological and ore-body modeling in the Zhaoxian gold deposit. The hyperspectral detailed
measurement, interpretation, and data mining used drill-hole data (>1000 m) to analyze the vectors
and trends of the ore body and ore-forming fault and the alteration-zone rocks in the Zhaoxian gold
deposit. The short-wave infrared Pos2200 values and illite crystallinity in the alteration zone can
be used to identify 3D deep gold mineralization and potential targets for mineral exploration. This
research methodology can be globally used for other deep mineral explorations.

Keywords: 3D geological modeling; 3D ore-body modeling; spectral interpretation and 3D modeling;
mineral exploration and deep targeting; Zhaoxian gold deposit

1. Introduction

As a universal currency, gold has anti-inflation and safe-haven functions. It has always
played an important role in the global financial system, especially during financial crises,
which highlights its safe-haven function. As such, gold is currently used as a reserve by
most governments to maintain economic and material stability. In addition to the official
gold reserves, gold is essential for industry, healthcare, and high-tech fields. For China,
gold is a credit instrument related to foreign trade and economic cooperation [1]. The
Jiaodong Peninsula is the most important gold-producing area in China and the third
largest gold-mining area in the world, with proven gold resources exceeding 5000 t [2]. For
a long time, researchers have carried out geological, geophysical, and geochemical works
in the Jiaodong Gold Mine and accumulated abundant data, which provided an important
basis for deep prospecting [2–6]. Since the implementation of the exploration breakthrough
strategic action in 2011 [5–7], major exploration breakthroughs have been made in im-
portant gold belts such as Sanshandao, Jiaojia, and Zhaoping in Jiaodong [7]. By 2020,
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the prospecting depth had expanded from 500 m to 4000 m, forming large gold deposits
such as Sanshandao, Jiaojia, Linglong, and Denggezhuang. Because of the metallogenic
background, the mineralization and production environment are significantly different
from those of other types of gold deposits known in the world; this type of deposit is named
the Jiaodong-type gold deposit [5]. According to the different mineralization patterns, the
gold deposits in this area can be subdivided into Jiaojia-, Linglong-, and Pengjiakuang-type
gold deposits [6]. The Zhaoxian gold deposit is located in the northwest of the Jiaojia Gold
Mine and is currently the mining area with the largest average exploration depth in China.
In-depth analysis of the ore-body geological characteristics of this large gold mine will be
of great significance for promoting deep ore prospecting in the Jiaojia ore field [8].

Recently, short-wavelength infrared (SWIR) spectroscopy has been widely applied in
mineral exploration. Its wavelength range is between 1300 nm and 2500 nm, which can
effectively identify minerals containing hydroxyl groups, amino groups, partial carbon-
ates, and sulfates according to the difference between the reflection absorption of SWIR
light and characteristic absorption peaks of the functional groups [9–12]. This method can
quickly identify deep minerals and alteration zones in actual exploration and has been
successfully applied to porphyry deposits, epithermal deposits, volcanogenic massive
sulfide deposits, and some iron oxide–copper–gold (IOCG) deposits [13–16]. With the intro-
duction of computer three-dimensional (3D) modeling technology, geological prospecting
prediction has gradually developed from the two-dimensional (2D) plane to 3D space
prediction. Three-dimensional geological modeling is a technology that provides 3D visu-
alization through the integration of multisource and multiscale geoscience data [17–19].
Three-dimensional geological modeling allows capturing the geometry of structures at
regional and local scales, visualizing the subsurface architecture of deposits and intrusions,
and understanding fluid transport processes [20]. Data-driven geographic information
system (GIS) based methods for integrating multisource and multisource spatial geoscience
datasets have been widely used in mineral-potential mapping for exploration targeting in a
data-rich mining area [18].

With the deep mineral-exploration work, SWIR-spectrum 3D alteration mapping has
also been applied. For example, Harraden et al. (2013) carried out drill-hole SWIR explo-
ration on the pebble-porphyry Cu–Au–Mo deposit in eastern North America, divided the
wall-rock alteration zones in detail on the 3D scale of the mining area, and established
the 3D geology and alteration model of the pebble deposit [21]. Chen et al. (2019) [22]
performed mineral alteration mapping on the Tonglushan copper–gold deposit and estab-
lished 3D attribute modeling based on the parameters of chlorite Pos2250 and kaolinite
Pos2170, thus establishing altered-mineral-exploration targets in this area. Predecessors
have conducted significant research on the altered minerals in the Jiaodong area, but most of
them were based on element geochemistry, and no study has combined the SWIR spectrum
and 3D modeling in this area. Therefore, this work aimed to use the SWIR spectroscopy
measurement and interpretation of the altered-mineral datasets (depth > 1000 m) of the
Zhaoxian gold deposit to identify the altered-mineral assemblage and zonation characteris-
tics in the deep part of the mineralization area. By combining the SWIR and 3D geological
modeling, the 3D multiparameter model of the altered minerals and the ore body can be
quickly established; therefore, it is possible to compare and study the characteristics of
alteration-zone minerals in depth and the spatial distribution of the mineralization in one
dimension (1D), 2D, and 3D, and then make a 3D comprehensive prediction to optimize
the favorable finding area and provide a basis for drilling verification.

2. Deposit Geology and Mineralization

The Zhaoxian gold deposit is located in the Jiaojia ore field of the northwestern
Jiaodong Peninsula in China, which is approximately 15 km northeast of Laizhou City
(Figure 1) [23]. The gold deposits in the region are controlled by NNE-trending faults,
and their gold ore bodies are mostly hosted in the altered rocks within the footwalls of
NNE–NE-trending faults. The deep part (1400 m to 2400 m) of the mining zone is bounded
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by the Jiaojia main fault surface [2,24]. The wall-rock lithology is Linglong granite and
metamorphic rock of the Jiaodong Group, and the footwall is ore-bearing altered-rock
zones and Linglong-series monzogranite (ca. 160 Ma) and Guojialing-series granodiorite
(ca. 130 Ma) [18].
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Figure 1. Simplified regional geologic map of the Jiaodong Peninsula (modified by [23]).

The altered rocks in the study area are distributed in strips, which are characterized
by the superposition of various alterations and obvious alteration zoning (Figure 2) [3,18].
The altered rocks can be divided into the components of the main regional Jiaojia fault
according to the alteration type, degree, and mineral assemblage. The hanging wall of
the Jiaojia fault has sericite-granitized cataclastic rock and sericite granite zones, and the
footwall has pyrite–sericite–quartz granitized cataclastic rock and pyrite–sericite–quartz
granite zones. The gold ore body is mainly in disseminated, veinlet-disseminated, and
veinlet forms (Figure 2). Pyrite is the main gold-bearing mineral, and the shallow zone is
mostly enriched in pyrite–sericite–quartz cataclastic rocks, whereas the deep zone is mostly
enriched in pyrite–sericite–quartz cataclastic rocks and pyrite–sericite–quartz granitized
cataclastic rocks. The alteration develops along the wall rock of the fault structures, includ-
ing potassium feldspar, hematite mineralization (reddenization), pyrite–sericite–quartz
alteration, and carbonation, as well as chloritization, kaolinization, etc. Pyrite–sericite–
quartz alteration is a general term for sericitization, silicification, and pyritization [8].
Pyrite-sericite-quartz altered rock and potassium-altered (reddenized) rock are usually
gold-enrichment zones. The study area has multiperiod and multistage hydrothermal pro-
cesses, which show the evolution and metasomatism of hydrothermal functions, coupled
with multistage tectonic activities. According to the metallogenic relationships among the
ore-controlling fault structures, hydrothermal veins, and gold mineralization, previous
researchers have divided the hydrothermal metallogenesis into four stages, which are
summarized in Table 1 [7,8,25].
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Figure 2. Pyrite-type hand samples and ore-body microscope photos show the occurrence state of
transparent minerals and gold (modified by [23]). (a)—Type I pyrite in sericitized granites (PyI);
(b)—Type II pyrite in quartz pyrite veins (PyII); (c)—Type III pyrite in quartz sulfide ores (PyIII);
(d)—Type IV pyrite in pyrite calcite vein ores (PyIV); (e–h)—transparent mineral forms under
polarized light microscopy; (i–l)—occurrence state of gold in different types of pyrite. Py—pyrite;
Ser—sericite; Qtz—quartz; Cal—calcite; Pl—plagioclase; Ap—apatite; Ttn—sphene; Au—natural
gold; Gn—galena.

Table 1. Characteristics of hydrothermal metallogenesis and pyrite in different stages.

Metallogenic Stage Pyrite Distribution Paragenetic Mineral
Assemblages Pyrite Form Degree of

Mineralization

Pyrite-quartz–sericite stage (I) Irregular granular or idiomorphic
coarse-grained crystals Pyrite, quartz, sericite Pyrite quartz vein Weak

Quartz–pyrite stage (II) Fine-grained heteromorphic,
veinlet, reticulate Pyrite, sericite, chlorite Pyrite quartz crushing Strongest

Quartz–polymetallic sulfide
stage (III)

Fine-grained, veinlet, and
disseminated

Quartz, pyrite (chalcopyrite),
galena, sphalerite, etc.

Quartz–polymetallic
sulfide assemblage Strongest

Quartz–carbonate stage (IV) Veinlet or reticulate Quartz, carbonate, and a small
amount of pyrite

Intercalation of quartz
calcite veins No

3. Materials and Methods
3.1. 3D Geological Modeling

Three-dimensional geological modeling technology uses the knowledge of geology,
geostatistics, space science, and other fields to model the possible extent of geological
objects in deep geological bodies based on surface geological data, underground drill-hole
data [26,27], etc. Modeling software enables 3D visualization, spatial feature analysis,
geological interpretation, and resource evaluation [26,27]. This study used SKUA-GOCAD
18.0 (18.0, Emerson, St. Louis, MI, USA) to establish a 3D geological model of the Zhaoxian
gold deposit. In this work, the geological data used included a geological map, several
exploration sections, and 19 drill holes of more than 1400 m depths. The four-step 3D
geological modeling method is given as follows.

(1) A 3D fault model is created based on 1:2000 exploration-line profile data. The image
coordinates are corrected by MapGIS (6.7, Wuhan Zhongdi Information Engineering Co.,
Ltd., Wuhan, China) to obtain the fault-boundary lines, and then SKUA-GOCAD is used to
connect the fault-boundary lines of adjacent profiles and perform surface smoothing.



Minerals 2022, 12, 1272 5 of 26

(2) Based on the exploration-line profile and drill-hole data, the ore-body boundary
vectorization is carried out to construct a 3D ore-body model of the developed gold deposit.

(3) According to the geological map, exploration-line profile, and drill-hole data, the
formation surface profile is extracted. Based on the workflow of SKUA-GOCAD software,
stratum modeling is carried out and the geological significance of curves is given. The
block model is established to generate a 3D stratum model.

(4) A kriging spatial interpolation model is established using drill-hole geochemical
data. The specific steps are to extract Au grade information first, then establish a grid
model and generate ellipsoids using variogram analysis, and, finally, apply kriging for
spatial interpolation.

3.2. Spectral Analysis

SWIR spectroscopy is based on the selective absorption characteristics of some specific
groups in minerals to SWIR light. The spectral curves can be matched with the standard
minerals or mineral assemblages in the spectral library through algorithms (such as The
Spectral Assistant in Spectral Geologist (TSG8) software (TSGTM 8, CSIRO, North Ryde,
Australia)) to identify minerals (Figure 3) [28,29]. When a sample is illuminated by light in a
spectrometer, the molecular bonds in the minerals stretch and bend causing vibrations that
result in the adsorption of certain wavelengths of light. In phyllosilicates (including white
mica, kaolinite, and montmorillonite), the molecular bonds that cause such vibrations are
mainly those in water and hydroxyl groups, including Al–OH, Mg–OH, and Fe–OH [30,31].
Furthermore, a scalar-extraction method has been constructed. This method takes the
specific absorption characteristics of the spectrum as the research object (Figure 3), extracts
the scalar in the spectral curve, and provides information about the mineral composition
and displacement caused by changes in the cationic composition (for example, Tschermak
substitution in muscovite) according to the scalar [32,33]. The use of scalars can improve
traceability and comparability between different datasets [21].
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To comprehensively analyze the spectral characteristics of the study area and establish
a 3D spectral model, the data involved in this work included five exploration lines in
the Zhaoxian gold deposit area and a total of eight drill holes, of which the No. 88 Ex-
ploration Line was mainly used for the scalar extraction of layered silicates (Figure 4).
Sample locations are roughly equidistant, and intensive sampling was carried out near the
mineralization. The sample locations included the surrounding rock, alteration zone, and
mineralization center. The spectral analysis of these samples identifies the fluid migration
and element migration in the study area.
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The SWIR spectrometer used in the study area is an oreXpress mineral analyzer
(oreXpressTM, Spectral Evolution, Haverhill, MA, USA). The effective test wavelength
range of the instrument is 350–2500 nm, which has a good signal-to-noise ratio (SNR) [23].
When the contact probe is used to test the sample, real-time mineral identification is carried
out by spectral matching through proprietary EZ-ID spectral data acquisition software (1.4,
Spectral Evolution, Haverhill, MA, USA), which has the United States Geological Survey
and SpecMIN mineral libraries built in. The sampling bandwidth of the spectrometer is
1 nm, and the minimum scanning speed is 100 milliseconds. When performing spectral
testing, the instrument needs to be preheated for 10–30 min, and then an international
standard spectral whiteboard is used for calibration. During the testing process, the core
was strictly guaranteed to be dry and clean.

Spectral Geologist software (TSG8) (TSGTM 8, CSIRO, North Ryde, Australia) was
used to process the spectral data. The software matches the waveform of the spectral curve
and the position of the absorption peak with the spectral library to determine mineral types
and extract spectral information [34]. In the data processing, a Hull quotient removal of the
spectral data was carried out. A baseline (Hull) was fitted to each reflectance spectrum. At
each wavelength, the reflectance was divided by the corresponding value on the baseline
(the Hull quotient) to remove the background effect [32,35]. The absorption characteristics
of the spectrum can be enhanced by correcting the baseline [30].

This work adopted the PFIT (A TSG-provided method for extracting scalars to extract
more accurate spectral feature parameters)processing method, which is based on the
polynomial fitting of the spectral curve after removing the Hull quotient to extract the
spectral features [9,10,36]. When analyzing layered silicate minerals in this work, the fourth
derivative is calculated after removing the Hull quotient to obtain the fourth-derivative
spectrum and extract the scalars. The minimum absorption peak position of Al–OH at
2200 nm and the absorption depths at 2200 nm, 1900 nm, and 2160 nm are extracted. The
specific meanings are shown in Table 2.
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Table 2. Scalar quantity and extraction used to identify white mica, chlorite, and kaolinite in TSG8
(modified by [37]).

Scalar Name Mineral Group Plain Description Base Algorithm

Al–OH feature
depth (2200D) White mica Relative depth of the absorption feature

near 2200 nm wavelength.

On the spectrum with the hull quotient removed,
the fourth-order polynomial fitting is performed

near the relative absorption depth (near 2200 nm).

Al–OH feature
wavelength (Pos2200) White mica

Shift of the absorption feature near
2200 nm because of Tschermak’s
substitution of Al in white mica.

On the spectrum with the hull quotient removed,
the fourth-order polynomial fitting is performed

near the position of the minimum absorption peak.

Kaolin group
crystallinity (2160D) Kaolin group

The crystallinity order of the kaolinite
group minerals can be indicated by 2160D.
The larger the relative value of 2160D, the

better the crystallinity order.

On the spectrum with the hull quotient removed,
the fourth-order polynomial fitting is performed

near the relative absorption depth (near 2160 nm).

Fe–OH feature
depth (2250D) Chlorite

Relative absorption depth of absorption
feature at 2250 nm wavelength; indicative

of Fe–OH mineral abundance.

On the spectrum with the hull quotient removed,
the fourth-order polynomial fitting is performed

near the relative absorption depth (near 2250 nm).

Fe–OH feature
wavelength (W2250) Chlorite

Estimation of Mg/(Mg+Fe) in chlorite,
where the wavelength position is caused

by Mg, Fe, or relative Al, Fe3+,
or Ca content.

The minimum wavelength of 2250 nm absorption
of the continuous medium is removed near 2250

nm, which is determined by four-band polynomial
fitting around the band with the lowest reflectivity.

Mg–OH feature
depth (W2350) Chlorite

Depth of 2350 nm feature, evident in white
mica, chlorite, and carbonate; used to

separate white mica from Al-smectites,
when Al–OH feature is present.

On the spectrum with the hull quotient removed,
the fourth-order polynomial fitting is performed

near the position of the minimum absorption peak
(near 2350 nm).

4. Results
4.1. 3D Geological Model

The 3D geological model used for alteration modeling in the Zhaoxian mining area in-
cludes a 3D fault model and a 3D ore-body and grade-interpolation model. A 3D structural
alteration-zone model is constructed to constrain the spatial range of the alteration-zone
mineral parameters and the Au grade-interpolation modeling.

4.1.1. 3D Fault Modeling

Using SKUA-GOCAD software, 3D ore-body and fault models of the Xincheng, Zhaox-
ian, Sizhuang, and Wang’ershan deposits were established from drill holes and geological
sections, which can reflect the spatial location and geometry of the fault structures in the
region, as well as the spatial correspondence between them and the main ore bodies. The
3D fault and ore-body model shown in Figure 5a was established by the location of the
fault clay in the drill holes. The main fault surface is continuous and stable, extending
from west to east; the fault controls the Xincheng, Zhaoxian, and Sizhuang gold deposits.
The secondary faults in the footwall of the main fault zone, such as the Sanshandao and
Wang’ershan faults, are relatively developed, and the occurrence changes of the main
and secondary faults are in a gentle wave shape in the strike and tendency. The concave
or convex zones in Figure 5a,b are the intrusion body boundaries of the Linglong-series
monzogranite and the Guojialing-series granodiorite at depth. Additionally, the regional
structure controls the distribution of gold ore bodies, keeping them close to the footwall
with good continuity (Figure 5b).

4.1.2. 3D Ore-Body and Au Grade-Interpolation Modeling

The 3D gold-deposit ore-body modeling of the area uses the traditional explicit model-
ing method, including roughly determining the ore-body range using the ore-body bound-
ary line determined from mining engineering and drill-hole datasets (Figures 5a and 6). For
this work, additional gold grade geochemistry datasets were acquired in the drill holes [18].
The constructed ore-body model is shown in Figure 6. The ore body has inclined veins and
stable shape, and its occurrence is consistent with the fault (Figure 5b), most of which are
distributed in the pyrite–sericite–quartz alteration zone (Figure 6). There is a close spatial
and temporal relationship between the ore body and pyrite–sericite–quartz alteration zone.
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Figure 5. (a)—Northwestern Jiaodong Peninsula three-dimensional (3D) fault and ore-body model;
(b)—3D ore-body and fault model of Zhaoxian gold deposit.

To intuitively display the spatial distribution behavior of the gold grades in the study
area, this study used the drill-hole datasets to perform 3D explicit modeling. Through
the geostatistical analysis of the gold grade data at different depths in the drill hole and
calculations of the variograms in different directions, each ore block is given a search
radius ellipsoid. This process estimates the average-grade space allocation of each ore
block (Figure 7a). The 3D grade-interpolation model is shown in Figure 7b. The 3D
grade-interpolation model is constrained by the alteration zone. From the interpolation
results, there are numerous high-grade ore areas within the alteration zone, and within the
constrained range, the grade gradually increases from shallow to deep.
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4.1.3. 3D Alteration-Zone Modeling

Here, the alteration-zone model is constructed based on the pyrite–sericite–quartz
alteration lithology that is symmetrically distributed on the hanging and lower walls of
the fault [38]. The outline of the unit is extracted from the 1:2000 exploration-line profile.
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The structural morphology and spatial distribution of the altered zone can be described
by the altered structure model. The final 3D alteration-zone model is shown in Figure 8.
The 3D model can better demonstrate the spatial correlations among the fracture structure,
ore body, and alteration zone. The gold ore is mainly distributed in the footwall of the
fault, and the morphology and distribution are controlled by the fracture. The range of the
alteration zone is larger than the mineralization range, and its distribution is in the form of
a belt, intersected by the main fracture surface.
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4.2. Interpretation Based on SWIR Spectra

SWIR spectroscopy results identified the main alteration-mineral groups in the eight
holes collected in the Zhaoxian gold deposit as white mica, carbonate (siderite and magne-
site), kaolinite, smectite, and chlorite, with most minerals co-occurring with white mica.
According to the spectral interpretation, the white mica of the Zhaoxian deposit mainly
consists of muscovite, paragonite, phengite, muscovitic illlite, paragonitic illlite, and phen-
gitic illlite; muscovitic illlite, for example, is an intermediate product of the conversion of
muscovite to illite (the latter three are classified in this work as muscovite, paragonite, and
phengite and not separately discussed).

Kaolinite is the most widely distributed clay mineral, an Al-rich silicate that forms
through acidic alteration. The crystallinity of kaolinite can be identified by SWIR spec-
troscopy [34]. The mineral has typical double absorption peaks near 2160 nm and 2206 nm,
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the intensities of which depend on the type of kaolinite mineral and its crystallinity. There-
fore, the influence of kaolinite on Pos2200 needs to be considered when a mixture of white
mica and kaolinite is present [16,39,40]. In the Zhaoxian gold deposit, the kaolinite is mainly
combined with white mica as a second major constituent, with only a small proportion
being found as a single mineral.

In the Zhaoxian main ore-body zone, the chlorite is mainly found in deep granite
in small quantities and always associated with muscovite and carbonate. Chlorite has
diagnostic Fe–OH and Mg–OH absorptions centered at 2250 and 2350 nm. Because the
Mg–OH in chlorite may be affected by the presence of carbonate, Fe–OH absorption is
commonly used to determine the composition in the chlorite.

4.3. Alteration Features and Zonation

The ore bodies in the study area are controlled by the Jiaojia Fault and are mainly
distributed in fractured, altered rocks [8]. Drill-hole cores are mainly concentrated in the
northern part of the Zhaoxian gold deposit, and most of the ore bodies are present. The
distribution of ore bodies along Line 88 is continuous, and their thicknesses are stable.
Therefore, this study mainly focused on the Line 88 drill holes to study the cross-section
of the ore body and host rock and to illustrate the spatial distribution of SWIR alteration-
zone minerals.

4.3.1. No. 88 Exploration Line

The No. 88 Exploration Line includes drill holes 88ZK01, 88ZK03, and 88ZK05 and
crosses the hanging wall and footwall of the main fracture. The hanging wall of the main
fracture is composed of medium-grained monzogranite and sericite-quartz altered rock.
The ore bodies developed in the footwall of the fault zone, including most of the I, II-1,
and II-2 ore bodies. Both ends of the ore bodies are pinched out, and their occurrence is
controlled by the Jiaojia fault. From the center of the ore body to the outside, there is a sym-
metrical distribution of pyrite–sericite–quartz altered rock, pyrite-sericitized granitic altered
rock, sericite–quartz altered rock„ and medium-grained monzonitic granites (Figure 9).
The ore body is relatively simple, with strong continuity, and has good metallogenic con-
ditions [8,23]. Ore body I is present in the pyrite–sericite–quartz cataclastic rocks and
sericite-quartz granitic cataclastic rocks. Ore body II mainly exists in sericite-quartz granitic
cataclastic rocks. All the drill holes penetrated the intact alteration zone.

Drill-hole 88ZK01 is an oblique drill with a test depth of 905.46 m to 1594.99 m. SWIR
spectroscopy indicates that it contains diorite and porphyrite interlayers. The lithology
histogram can be described as follows. Five main alteration-zone mineral groups were
extracted by SWIR spectroscopy, mainly white mica, kaolinite, smectite, carbonate, and
other-Al–OH minerals; white mica was the main alteration-zone mineral (Figure 10). The
mineralization is concentrated at approximately 1300 m to 1469 m. The type of sericite
is muscovite, and its distribution basically corresponds to the mineralization. Kaolinite
is less developed, and the muscovite–carbonate alteration zone is also developed. The
distribution of alteration-zone minerals near the mineralization can be divided into five
zones. The shallow depth of 1070 m is alteration-zone V, and the corresponding lithology is
monzogranite. The main minerals are Al-rich sericite, carbonate, and a small quantity of
montmorillonite, among which the carbonate is well-developed. The mineral assemblage
can be preliminarily classified as the quartz–carbonate mineralization stage [23]. Alteration-
zone IV extends from 1070 m to 1300 m, where large quantities of Al-rich sericite–kaolinite
alteration-zone minerals are developed, and montmorillonite and carbonate are generally
developed. This layer has a unique kaolinite mineral with good crystallinity (kaolinite-wx).
The 1469–1546.2 m deep mineralization is alteration-zone II, and the mineral assemblage is
sericite–carbonate and a small quantity of low-crystallinity kaolinite (kaolinite-px). The
Pos2200 value of sericite in this zone is lower than it is in zone IV. Chlorite is developed
only in the monzonitic granite formation of alteration-zone I at 1546.2 m, and the mineral
assemblage is sericite–carbonate–chlorite. Generally, sericite is widely distributed in drill-
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hole 88ZK01, and there are obvious high Pos2200 values near the mineralization, which is
developed in the pyrite–sericite–quartz cataclastic rock. The content of montmorillonite is
low, there is no obvious regularity, and the carbonate alteration is relatively continuous
(Figure 10).

Drill-hole 88ZK03 was vertically drilled and spectroscopically tested at depths of
870.39 m to 1679.77 m. There are gabbro interlayers near the mineralization, and potassic
granite gneiss is developed in the deep part. There are tectonic cataclastic rocks near the
Jiaojia fault zone. The lithology histogram is described as follows (Figure 11). The zoning of
the mineral assemblages is the same as that of 88ZK01, where the shallow 870.39–1123.32 m
area is alteration-zone V, and the corresponding lithology is monzogranite and sericite–
quartz granite, mainly consisting of Al-rich muscovite and carbonate. Alteration-zone IV
is located near the fault, with depths of 1123.32–1345.09 m, and the pyrite sericitization
is obvious. The mineralization is roughly concentrated at 1345.0–1500 m in alteration-
zone II, and strong pyrite–sericite–quartz and sericite alterations are developed in the
cataclastic rock (Figure 11). A large quantity of phengite appears in this layer, and kaolinite
is rare. Alteration-zone I, which is developed in potassic granitic gneiss at depths of
1621–1679.77 m, contains unique chlorite minerals with relative contents higher than those
of 88ZK01.
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of the mineral assemblages is the same as that of 88ZK01, where the shallow 870.39–
1123.32 m area is alteration-zone V, and the corresponding lithology is monzogranite and 
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Figure 10. Distribution of alteration-zone minerals in drill-hole 88ZK01. 1©—Sericite–quartz gran-
itized cataclastic rock; 2©—sericitized granite; 3©—biotite monzogranite; 4©—white diorite por-
phyrite; 5©—sericite–quartz cataclastic rock; 6©—pyrite–sericite–quartz granitic cataclastic rock;
7©—pyrite–sericite–quartz cataclastic rock; 8©—potassic sericite–quartz granitic cataclastic rock.

2200D indicates relative abundance of sericite minerals; 2160D indicates relative abundance of kaoli-
nite; I—sericite–carbonate–chlorite alteration-zone; II—sericite–carbonate–kaolinite-px alteration-
zone; III—phengite–carbonate–kaolinite-wx alteration-zone; IV—phengite–carbonate alteration-zone;
V—sericite–carbonate alteration-zone.

The sampling depth of drill-hole 88ZK05 is deeper than that in the previous two drill
holes, ranging from 1055.05 m to 1800 m. The drill hole passes through many ore veins,
which pinch out on both sides. Compared with the previous two drill holes, the shallow
area lacks pyrite–sericite–quartz granitoid cataclastic rock. The lithologic histogram for drill-
hole 88ZK05 can be described as follows (Figure 12). Owing to the increased acquisition
depth, there was no alteration-zone V. Alteration-zone I is located in the granitic cataclastic
rocks and sericite–quartz cataclastic rocks at 1774.5–1800 m. Compared with the other
two drill holes, the content of montmorillonite in this alteration zone is relatively high.
Alteration-zone II developed at 1599–1774.5 m. Alteration-zone III is the mineralized zone.
Unlike the other drilling holes, there is a small quantity of kaolinite near the mineralization.
Alteration-zone IV is shallower than 1475 m. The 88ZK05 drill hole is quite different from
the previous two drill holes owing to the mineralized area and multiple ore bodies. A large
quantity of sericite and carbonate are continuously distributed in the drill hole, with high
relative contents, including abundant kaolinite-wx (Figure 12).
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Figure 11. Distribution of alteration-zone minerals in drill-hole 88ZK03. 1©—Biotite monzonitic granite;
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clastic rock; 5©—tectonic cataclastic rock; 6©—lithified cataclastic rock; 7©—gabbro; 8©—sericite–quartz
cataclastic rock; 9©—potassic granitic gneiss. 2200D indicates relative abundance of sericite-group min-
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zone; II—sericite–carbonate–kaolinite-px alteration-zone; III—phengite–carbonate–kaolinite-wx
alteration-zone; IV—phengite–carbonate alteration-zone; V—sericite–carbonate alteration-zone.

4.3.2. Spatial Distribution of Alteration-Zone Minerals in the Section of No. 88
Exploration Line

The No. 88 Exploration Line has obvious alteration zoning, clearly recording the
mineralization and alteration characteristics of the deposit area, and the deep mineralization
is typical. The SWIR results can be used to divide the alteration-zone mineralization
into five alteration zones. Alteration-zone I, which is located in the monzogranite strata,
consists of sericite–chlorite and only appears in the deep mineralization. Additionally,
with increasing depth, the relative content of chlorite also increases. Alteration-zone II
is a sericite–carbonate zone, containing a small quantity of kaolinite-px, usually near the
intersection of the pyrite–sericite–quartz granitized cataclastic rock and deep potassic
granite zone. Alteration-zone III is a mineralized zone with abundant pyritic sericite;
its lithology is mainly pyrite–sericite–quartz cataclastic rock and pyrite–sericite–quartz
granitic cataclastic rock. The alteration-zone minerals are phengite–carbonate, with a few
other minerals. Alteration-zone IV is the sericite–kaolinite-wx–carbonate zone, which is
located in the hanging wall of the fault zone, and is characterized by the development of
unique kaolinite-wx. Alteration-zone V is the sericite–carbonate zone, containing small
quantities of kaolinite and montmorillonite. Generally, the minerals have obvious zonal
distribution, in which phengite is mostly developed near the mineralization (Figures 10–12).



Minerals 2022, 12, 1272 15 of 26

Kaolinite-wx develops on the hanging wall of the fault zone, and the position near the
ore body contains almost no kaolinite. Moreover, chlorite only exists in the deep granite
plutons far from the mineralization.
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granite; 2©—sericite–quartz granitic cataclastic rock; 3©—diorite porphyrite; 4©—sericite–quartz cata-
clastic rock; 5©—pyrite–sericite–quartz granitic cataclastic rock; 6©—pyrite–sericite–quartz cataclastic
rock; 7©—biotite-bearing monzonitic granitic cataclastic rock. 2200D indicates relative abundance
of sericite-group minerals; 2160D indicates relative abundance of kaolinite; I—sericite–carbonate–
chlorite alteration-zone; II—sericite–carbonate–kaolinite-px alteration-zone; III—phengite–carbonate–
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4.4. Spectral Characteristics of Sericite

Sericitization is the main alteration type of the Zhaoxian deposit; sericite is distributed
in the center of the alteration zone and is closely related to gold mineralization [3]. Sericite
is commonly used to describe fine-grained white mica (muscovite, phengite, and/or illite)
developed in hydrothermally altered rocks [28]. Muscovite is a dioctahedral layered
silicate. When the octahedral coordination cation undergoes Tschermak substitution,
the octahedral aluminum is replaced by other cations (such as iron and magnesium) to
form three common end members: muscovite, paragonite, and phengite [28]. Tschermak
displacement is common in phengite solid solutions and involves coupled displacement
between tetrahedral and octahedral layers ((Al↔Si)tet = (Al)↔{Fe2+,Mg}oct) [9]. When
the temperature and pressure are changed, the Al in the octahedral position is replaced by
other cations, and the ratio of Si to Al becomes greater than 3; that is, Al-poor muscovite
(phengite) is formed [41].
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The muscovite group has a diagnostic Al–OH absorption signature centered at 2200 nm,
which is associated with the vibrations of the octahedral coordination atoms, the wave-
length positions of which provide information about the mineral composition and shifts
owing to changes in the cationic composition [21,31,41]. A useful parameter is the wave-
length of the Al–OH band (Table 2), which increases with a decrease in Alvi. Because mont-
morillonite has similar SWIR spectral characteristics (1900 nm and 2200 nm) to muscovite,
illite crystallinity values (IC=2200D/1900D) are also widely used to evaluate muscovite and
montmorillonite crystallinity [21,37]. Other octahedral silicate minerals, such as kaolinite
and montmorillonite, also have absorption features near 2200 nm that overlap with many
muscovite features, even though they can be identified and separated on the basis of other
specific spectral properties.

4.4.1. Al–OH Feature Wavelength Pos2200

The substitution of octahedral Al by other cations such as Fe and Mg is the main reason
for the change in muscovite composition. Therefore, the wavelength of the Al–OH band can
be used to spectroscopically quantify the octahedral cation composition (Alvi) of muscovite,
reflect compositional changes, and infer fluid characteristics [31,40,42]. Sericite exhibits
strong absorption near 2200 nm, which is called Pos2200. When Tschermak substitution
occurs, the composition of cations in the octahedron changes; usually, Pos2200 > 2205 nm
is Al-poor muscovite with high Fe and Mg content [41]. Furthermore, because kaolinite
and montmorillonite also have absorption peaks near 2200 nm, when the muscovite-group
minerals are mixed with these minerals, the absorption peak position of Al–OH will
slightly change.

The sericite minerals identified by SWIR in the eight drill holes in the Zhaoxian mining
area mainly include muscovite, paragonite, phengite, and illite. The minimum absorption
peak position (Pos2200) of Al–OH is concentrated around 2200 nm, approximately at
2185–2220 nm with a normal distribution, indicating that the dolomite minerals in the
study area are distinct (Figure 13). It can be seen from Figure 10 that Pos2200 > 2205 near
the ore body is Al-poor muscovite. In the deep part of the mineralization, the Pos2200
value decreases, which reflects the significant correlation between mineralization, depth,
and Al–OH wavelength. For the convenience of distinction and description, this study
used Pos2205 as the division between muscovite and phengite.
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The Pos2200 values of the four selected drill holes passing through the main ore bodies
are all in a normal distribution, which roughly shows that the Pos2200 wavelength of the
shallow sericite is relatively short, generally less than 2204, indicating Al-rich muscovite.
With the increase in depth, the Pos2200 value of sericite gradually increased to approxi-
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mately 2208. According to Figure 13, the Pos2200 values of the selected drill holes passing
through the main ore body at 800–1500 m depths have almost a normal distribution; as the
depth increases, the Pos2200 values also increase (Figure 14). Conversely, because of the
depth of 88ZK05, the Pos2200 value actually decreases in the deepest part. The study of
the offset of Pos2200 reflects that the gold mineralization corresponds to high values of
Pos2200. This phenomenon is more obvious in the contour profile, and the high value area
of Pos2200 is basically consistent with the mineralization trend (Figure 15).
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4.4.2. Al–OH Feature Depth 2200D

The quantity of infrared radiation absorbed is a function of the quantity of absorbing
material in the sample. However, the absorption intensity is also affected to varying
degrees by the physical conditions of the sample, such as the particle size and orientation
of the absorbing minerals [15]. As a first approximation, the intensity of the Al–OH band
was taken as an indication of the relative abundance of muscovite by assuming similar
sample conditions for all pulverized core samples [31]. The intensity of the Al–OH band
is the relative absorption depth of layered silicate minerals such as muscovite, kaolinite,
and montmorillonite around 2200 nm, which is a fourth-order polynomial fitted between
2180 nm and 2220 nm of the Hull quotient. The derivative is followed by an extraction of
relative depth, which indicates muscovite abundance. According to the contour profile, the
2200D in the No. 88 Exploration Line profile has a slight change in the vertical direction,
and the correlation with the mineralization is not high, but the relative content of muscovite
gradually increases from 88ZK01 to 88ZK05 in the horizontal direction (Figure 16).
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4.4.3. Illite Crystallinity SWIR-IC Value

The illite crystallinity (SWIR-IC) value refers to the ratio of the absorption depth of
sericite at 2200 nm to the absorption depth at 1900 nm. Numerous experiments have been
conducted by predecessors. Compared with X-ray diffraction illite crystallinity (XRD-IC),
the two have a good negative correlation [21]. Therefore, SWIR-IC, such as XRD-IC, can
indicate the crystallinity of sericite minerals. The characteristic absorption peak at 1900 nm
may indicate the water absorption of sericite. When the fluid temperature is relatively high,
the muscovite minerals contain less crystalline water and have a high SWIR-IC value, so
the degree of change in crystallinity can be used to reflect variations in mineral formation
temperature [21,37,43].

The SWIR-IC values in the study area varied from 0.2 to 3.8 with a majority concen-
trated between 0.5 and 1.5 (Figure 17). The crystallinities of the muscovite-group minerals
in the drill holes were extracted and combined with the spatial locations of the drill holes
to make a 2D contour map. As shown in Figure 16, the SWIR-IC values are relatively
high near the ore body in the vertical direction, gradually decrease from the center of the
mineralization to the sides, and are lower in the deeper areas of the mineralization. In the
horizontal direction (Figure 17), the distribution of high IC values is generally consistent
with the mineralization strike, thus confirming that the center of mineralization can be
indicated by the IC values.
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5. Discussion
5.1. Metallogenic Center Indication

The purpose of auxiliary exploration can be achieved by tracking the migration of
ore-forming fluid and change in fluid composition through alteration zoning [21]. By using
the SWIR-spectrum test, the alteration type in the rock core can be intuitively interpreted
at the micron scale, and the boundary of the alteration zone can be refined through the
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spectral characteristic parameters and mineral abundance changes [21]. Based on spectral
(hyperspectral) imaging, determining the best stratigraphic combination and mineralogical
alteration type related to mineralization is carried out to determine the mining probability
with similar stratigraphic and structural conditions [44,45].

At the deposit scale, the common spatial zonation pattern in the Jiaojia gold deposit
advances toward the hydrothermal center. According to the SWIR results, by establish-
ing 3D alteration-zoning models (Figures 18 and 19), the spatial distribution of mineral
assemblages can be determined [46,47]. The model shows the location and geometry of
the five alteration zones in the area, clearly reveals their spatial distributions, and confirms
the 2D alteration-zoning model (Figure 18). The alteration zoning in this area is obvious,
and the distribution is relatively stable. The phengite–carbonate alteration zone intersects
with the ore body (Figure 19), which agrees well with, and can be a good indication of, the
spatial distribution of the mineralization center. The alteration-zone minerals in the sur-
rounding rocks are controlled by the original rock composition and structural zoning. The
pyrite–sericite–quartz alteration zone in the footwall of the fault is close to the main fault
plane. The pyrite–sericite–quartz alteration is strong, and the main alteration-zone minerals
are developed in the center of the ore body. There were large quantities of phengite and
carbonate minerals, followed by montmorillonite and a small quantity of kaolinite. Sericite
and carbonate rocks are mainly developed in the monzogranite, in the quartz–carbonate
stage, and are basically not mineralized. A small quantity of chlorite is developed in the
deep granite. In addition to sericite, kaolinite has the most obvious spectral characteristics.
The sericite–quartz granitized cataclastic rock on the hanging wall of the main fault surface
is rich in kaolinite-wx, indicating an acidic and water-rich environment. Kaolinite was
basically undeveloped in the mineralized section. The petrological and SWIR spectral
characteristics show that the distribution of these minerals is related to mineralization
temperature changes. To sum up, the presence of alteration-zone minerals such as phengite,
kaolinite, and chlorite can be used as a direct indicator of the deep ore body of the Zhaoxian
gold deposit.

In addition to refining the distribution of layered silicate mineralogy, the Al–OH
datasets can be used to track the fluid path that forms the clay alteration and mineralization
center [21]. Temperature and pH are the most important factors affecting the hydrothermal
system [40]. Taking muscovite and phengite as examples, the increase in the pH value helps
to replace Alvi with Fe2 + or Mg2 +, so that the Si/Alvi ratio increases and Pos2200 moves
toward the long-wave direction. Therefore, muscovite is formed at a lower pH, whereas
phengite is formed at a relatively high pH. According to previous studies, the crystallinity
of layered silicate minerals can be used to infer the relative temperature change [9,29]. The
greater the crystallinity, the higher the formation temperature [40]. Based on the results
of the above analysis of the Al–OH spectral characteristics of sericite in the 1D and 2D
space (Section 4.4), the Pos2200 and SWIR-IC values of Al–OH are strongly correlated
(Figure 20) and closely associated with mineralization. As the spectral test data for the
drill holes are relatively continuous, the 3D modeling for these two parameters can be
established by referring to the method of grade modeling in Section 4.1.2. Figures 21 and 22
are constructed by ordinary kriging interpolation in SKUA-GOCAD; the ranges of Pos2200
and SWIR-IC interpolation are constrained in the 3D space by the tectonic alteration zone,
clearly reflecting that both Pos2200 and SWIR-IC have high values within the tectonic
alteration zone and coincide with the ore body. The range of high values for Pos2200 is
wider than the range of high values for SWIR-IC. Therefore, Pos2200 and illite crystallinity
can be used as vectors and exploration tools to delineate hydrothermal centers.
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5.2. Mineral-Exploration Indications

The 3D alteration-zoning model (Figure 19) shows the location and geometric shape
of each alteration zone and the gold mineralization and ore body [21,48]. The model clearly
displays the spatial relationships among different alteration types and the ore bodies and
fault structures and confirms the relative positions of alteration zones. The alteration
zone is relatively continuous, and the phengite zone and underlying kaolinite zone are
basically consistent with the ore body enrichment [34,48]. Based on the regional spreading
of 3D fracture structures and ore bodies, the main Jiaojia fault was shown to be the key to
conducting mineral exploration in the area. By developing a 3D model, it is possible to
visualize the geological characteristics of the hanging wall and footwall of the ore body’s
occurrence stratum and their variations along the strike [49]. Understanding the spatial
range of alteration-zone mineral assemblages and the relationship between the ore body
and fault is of great significance for exploration around the deposit and is conducive to
developing the mining plan [49]. In addition, based on the 3D geological model, the
predecessors proposed a new method of building 3D mineral prospect with a convolutional
neural network (CNN), thus reducing the uncertainty of exploration targets [50].

When the quantity of alteration-zone mineral data in the study area is sparse, the
mineralized center can be roughly determined through the IC value, which is associated
with the sulfide ore-forming stage in the gold deposit, and then the characteristic IC
parameters of muscovite can be introduced to delineate the high-temperature core zone of
the gold deposit [16]. In the Zhaoxian gold deposit, the exploration targets can be accurately
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located along with datasets such as the distribution of Al–OH absorption characteristics
of sericite (Pos2200 and IC) with pyritization alteration, sericite–kaolinite and phengite
alteration zones, the change in kaolinite crystallinity, hand specimen observation and
microscopic identification, and geochemical data.

The results of alteration zoning provide an important reference for metallurgical test
design. An accurate and comprehensive alteration combination diagram is crucial for
optimizing the beneficiation process. The study of gold migration in the Zhaoxian gold de-
posit showed that each type of alteration accounts for different proportions of chalcopyrite
and pyrite [25]. With the support of SWIR analysis, the alteration model established for
the Zhaoxian gold deposit describes the precipitation characteristics of gold in different
occurrence states, which is essential for the possible grinding and concentration processes
in future prefeasibility work [21]. Additionally, because different layered silicate minerals
have different flotation reactions, the layered silicate mineral assemblages identified by
scalar extraction can help to understand the clay mineral content changes, thus helping to
reduce the impact of clay minerals on flotation and bringing obvious economic benefits to
mineral processing [51].

6. Conclusions

The analyses of the SWIR spectra show that muscovite, carbonate, kaolinite, montmo-
rillonite, and chlorite are the main alteration-zone minerals in the Zhaoxian gold deposit,
among which phengite is closely related to gold mineralization. The mineral assemblages
in the study area have obvious zonality, and the changes between zones are gradual.
Alteration-zone I consists of sericite–carbonate–chlorite and developed in deep granite.
Phengite–carbonate zones are mainly distributed in alteration-zones II and III. Strong pyrite–
sericite–quartz alteration is developed in alteration-zone III, and kaolinite is not developed,
whereas alteration-zone II contains a small quantity of kaolinite-px. Sericite–carbonate–
kaolinite-wx is developed in sericite–quartz granitized cataclastic rock (alteration-zone IV).
Alteration-zone V (sericite–carbonate) is located in the monzogranite.

The 3D geological and spectral scalar models show that the study area has obvious
tectonic control features, with spatial correlation between alteration zones, fracture struc-
tures, and ore bodies. The mineralization zone is a semiopen shear space and provides
sufficient space for the water–rock metasomatic reaction of the fluid. The compressive
torsional features and concave–convex section zone (depth 3000 m) are the main signs of
3D geological ore-body modeling in the Zhaoxian gold deposit for ore prospecting. A large
quantity of high-crystallinity phengite was found near the mineralization and in the deep
area, which indicates that a large quantity of gold in the fracture was precipitated in a
hydrothermal environment with gradually lower temperatures and relatively higher pH.

The SWIR spectral features indicate that phengite is the proximal alteration-zone min-
eral to gold mineralization in a strong pyritic sericitization zone. Phengite with relatively
high Pos2200 values (>2205 nm) as well as relatively high SWIR-IC values can correspond
well to gold mineralization. Both Pos2200 and SWIR-IC can be used as mineralization
indicators for the study area.
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