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Preface

Gold has been coveted for thousands of years due to its rarity in nature, beauty and physical

properties such as durability and ductility. From the early Egyptian civilization to the California gold

rush, the prospection and exploitation of gold ores have aroused considerable interest. Gold represents

a reserve asset material, as a safe haven for capital in times of crisis. Since the stock market crash in

October 1987, gold has acquired notable interest from economies worldwide. Recent advances in the

study of gold mineralization require a multidisciplinary approach based on geological, geochemical,

and geophysical data. The integration of remote sensing techniques and hyperspectral imagery

with soil, water, and biogeochemical data has led to the recognition of potential economic deposits

across a variety of tectonic settings. The development of aeromagnetic surveying has also enabled

large-scale prospecting in remote or difficult-to-access areas of the planet, improving the geological

characterization of near-surface deposits. Studies range from the analysis of macro- and micro-scales

based on traditional geological prospection and metallogenetic relations observed in new and different

types of gold deposits to the advanced analysis of isotope geochemistry and fluid inclusions using the

latest techniques to gain insight into the genesis and evolution of mineralization. This Special Issue

aims to contribute to understanding the origin and structure of gold mineralization using different

methods and techniques. The main goal is to provide readers with a comprehensive and updated

overview via studying primary and secondary gold occurrences.

Javier Fernández-Lozano, Erik Melchiorre, and Pablo Caldevilla Domínguez

Guest Editors
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Editorial

Editorial for Special Issue “Structure and Origin of Gold
Mineralization: From Primary to Placer Gold Deposits”

Javier Fernández-Lozano 1,*, Erik Melchiorre 2 and Pablo Caldevilla 1

1 Área de Prospección e Investigación Minería, Escuela Superior y Técnica de Ingenieros de Minas,
Universidad de León, 24071 León, Spain; pcald@unileon.es

2 Department of Geological Sciences, California State University, San Bernardino, CA 92405, USA;
emelch@csusb.edu

* Correspondence: jferl@unileon.es

The high price of gold reached in recent years—exceeding USD 5000/oz in 2026 and
expected to continue rising—has generated renewed interest in this precious metal.

The study of the structure and origin of gold deposits is a dynamic area of economic
geology, not only because of the strategic importance of gold but also because of the
complexity of the processes involved in its formation, redistribution, and concentration.

The main objective of this Special Issue is to adopt a multidisciplinary approach that
offers new perspectives by integrating field observations, mineralogical and geochemical
analyses, and remote-sensing data for prospective modelling and deposit assessment.

The studies presented in this volume demonstrate that gold research is advancing
toward increasingly integrative models, in which structural controls, geochemical finger-
prints, geophysical signals, and supergene processes are analysed as parts of a single
mineral system.

To achieve this goal, this collection brings together ten contributions, organised in
by geographic location and main thematic focus. Some studies focus on geophysical and
remote-sensing methods for gold exploration, as well as integrated lithostructural and
mineral-potential modelling. Other contributions examine sedimentological and placer-
related processes, together with the geochemical and mineralogical characterisation of
gold systems. In addition, several studies apply machine learning-based techniques to
prospectivity analysis and target modelling. Together, these contributions provide a broad
overview of current research on the structure, genesis, redistribution, and exploration of
gold deposits in different geological contexts.

Abdelrahman et al. (Contribution 1) explore the use of geophysical methods—specifically
magnetic surveying, widely used in the exploration and mapping of precious metals, as
well as in the detection of structures capable of hosting mineral deposits—in the Harrat ad-
Danun area of Saudi Arabia. This area is characterised by metamorphic and plutonic rocks
that form part of the western Arabian Shield and demonstrate the value of aeromagnetic
data in delineating structures favourable to Au/Ba mineralisation. The authors identify
several favourable aeromagnetic trends and magnetic anomalies associated with faults,
shear zones, and subsurface dykes, and conclude that these structural elements directly
control the location of mineralisation. The main contribution of this paper is showing
that regional tectonic architecture can be accurately reconstructed from potential-field
geophysics and, therefore, used as a first-order tool for the exploration of gold deposits.

Modern gold exploration integrates surface and subsurface signals to reduce uncer-
tainty and prioritise exploration targets, as demonstrated by El-Raouf et al. (Contribution
2). They present a methodological workflow for identifying hydrothermal zones and deep

Minerals 2026, 16, 556 https://doi.org/10.3390/min16050556
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structures with potential for gold. The combination of Landsat imagery, topographic data,
and the processing of gravity lineaments—on which an oriented principal component
analysis (PCA) was performed—allowed for the delineation of alteration areas and the
establishment of their relationship with regional structural corridors.

The research of Craw et al. (Contribution 3) utilises the role of unconformities on
an extensive regional scale in New Zealand. Based on the analysis of extensive marine
unconformities in the South Island of New Zealand, the authors draw analogies to the fa-
mous Archean gold-bearing succession of the Witwatersrand Supergroup and examine the
importance of transgressive sedimentary settings in concentrating gold in placer-type de-
posits. This article offers a valuable conceptual reflection on the need to establish analogues
among certain gold deposits through sedimentological studies, basin-evolution analyses,
and metallogeny, particularly in discussing the origin of paleoplacers and stratabound
gold systems.

Australia is a major producer of gold. The integrated study of the central-eastern
Yilgarn Craton in Western Australia by Kreuzer et al. (Contribution 4) provides a new
lithostructural interpretation using geophysical and remote-sensing tools specifically tai-
lored to the area. The mineral potential modelling workflow used five complementary
techniques. Kreuzer et al. (Contribution 4) identified significant spatial relationships be-
tween gold mineralisation, gravity ridges and edges, K/Th radiometric anomalies, and
certain spectral signatures linked to goethite, clays, and iron. The authors’ integrated
strategy can drastically reduce the search space and highlight underexplored areas with
high gold potential.

Melchiorre et al. (Contribution 5) incorporate geochemical studies into the investiga-
tion of the La Cholla placer gold deposits in Arizona and document how late geothermal
fluids can modify pre-existing placers, generating apparently contradictory features. The
authors demonstrate that placers should not be interpreted solely as products of mechanical
concentration, but also as open systems in which post-depositional chemical processes may
operate, reconfiguring the mineralogy and texture of gold.

The Batouri goldfields in eastern Cameroon, South Africa, were studied by Vishiti
et al. (Contribution 6). Their research stands out for its combination of soil geochemistry
and the microchemistry of particulate gold, and they use both approaches to locate possible
source lithologies. The morphological and compositional variability of the gold particles
suggests a proximal source in quartz veins hosted by the granitic basement. This article
broadens the scope of the Special Issue by connecting gold genesis, regolith exploration,
and the impact of artisanal mining activity on the surface geochemical signal.

Li et al. (Contribution 7) analyse the geochemical dimension of the mineralising fluids
in the Alin Sb-Au orebodies of the Shuixie metallogenic field in southwestern China. They
examined the use of trace and rare-earth elements in auriferous pyrite and the host rock,
enabling reconstruction of fluid evolution, and combine an integrated study of mineral
microgeochemistry, fluid evolution, and ore formation to provide new insights into this
polymetallic gold-bearing deposit.

Shevyrev and Boriskina (Contribution 8) present a k-means machine learning model
for Carlin-type gold deposits that enables unsupervised classification of areas of interest
using only predictor variables. Their study of such deposits through the analysis of
lineaments extracted from remote imagery and digital terrain models, using the pyLEFA
software, provides deeper insight into the role of crustal fracture fields in controlling
gold concentrations detectable by remote sensing. They demonstrated how combining
tectonic information and remote sensing can be used to map the prospectivity of Carlin-type
deposits, even in the absence of direct evidence of magmatic sources.

https://doi.org/10.3390/min160505562
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The occurrence of significant gold deposits in Archean conglomerates at Maljavr, in
northwestern Russia, adds a particularly relevant temporal and metallogenic dimension.
The research by Kalinin et al. (Contribution 9) proposes a complex evolution of gold
mineralisation, including an initial stage of metasomatism and a subsequent redistribution
of gold associated with the intrusion of a tourmaline-bearing pegmatite. The authors
highlight its significance as one of the first recognised examples of gold mineralisation
in Archean conglomerates in the Fennoscandian Shield. This study contributes to the
volume’s objective by showing that the history of a gold system may be polyphase and that
the mineralisation observed today may result from superimposed events of different ages
and origins.

Finally, the auriferous quartz-vein deposits of the Eastern Kazakhstan Gold Belt, an
important black-shale-hosted gold province, are also noteworthy. Konopelko et al. (Contri-
bution 10) differentiate mineralisation styles and document associations with auriferous
sulphides and veins containing visible gold. They demonstrate the value of alteration zones
and Au–As–Pb–Sb geochemical associations for regional prospecting.

Overall, the contributions brought together in this Special Issue show that the study
of gold mineralisation can no longer be approached from a single perspective and that
geological structure continues to play a fundamental role in controlling gold mineralisation.
The interpretation of the structural setting becomes more powerful when integrated with
other techniques, such as geochemistry, geophysics, remote sensing, spatial modelling, and
advanced mineralogical characterisation. This volume confirms that gold deposits result
from complex histories of formation, reworking, overprinting, redistribution, and more,
and its contributions are at the intersection between origin, structure, exploration, and
mineral behaviour.

Thus, this collection may contribute to the detection of new deposits in deep-crustal
domains by integrating geological knowledge accumulated in recent years through scien-
tific research applied to mineral exploration. The context of exploration today is one in
which a large proportion of the resources cropping out near the Earth’s surface are already
known, and thus, future exploration must be directed toward concealed targets hosted in
deeper levels of the crust. Exploration will likely be supported by predictive geological
models, robust metallogenic criteria, and geophysical, geochemical, and remote-sensing
tools, combined with advances in artificial intelligence, to successfully explore deep-crustal
levels that are not directly accessible.

Author Contributions: J.F.-L.: conceptualisation, writing—original draft, and writing—review and
editing; E.M.: writing—review and editing; P.C.: writing—review and editing. All authors have read
and agreed to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.
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Geological Structures Controlling Au/Ba Mineralization from
Aeromagnetic Data: Harrat ad Danun Area, Saudi Arabia

Kamal Abdelrahman 1, Reda Abdu Yousef El-Qassas 2, Mohammed S. Fnais 1, Peter Andráš 3

and Ahmed M. Eldosouky 4,*
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Abstract: Positive and negative magnetic anomalies occupied the total aeromagnetic (TM) map of
the Harrat ad Danun area, Saudi Arabia. Reduction to the pole (RTP) maps display the range of
magnetic values (−312.4 to 209.4 nT) that vary in shape, size, and magnitude. These anomalies
generally follow the NNW–SSE (Red Sea axis trend), NE–SW, and NNE–SSW trends. The NNW-SSE
linear negative and positive magnetic anomalies could be brought on by buried faults, shear zones,
or subsurface dikes. In the central part, the position of Au and Ba mineralization was connected to
this trend. It is concluded that the principal structures are represented by the NNW–SSE, NE–SW,
and NNE–SSW tendencies. Based on gridded RTP magnetic data, the 2-D power spectrum was
computed and revealed the frequency of the near-surface and deep magnetic components. It is
believed that the depths of the shallow and deep magnetic sources are typically 80 m and 570 m,
respectively. Additional negative and positive magnetic anomalies with varied amplitudes and
frequencies, trending in the NNW–SSE, ENE–WSW, and NE–SW directions, are seen when the
high-pass and low-pass maps are closely examined. Many faults in various directions cut into these
anomalies. The occurrence of negative linear magnetic anomalies (−36.6 nT to −137.3 nT) at this
depth (80 m) is also confirmed by this map. The TDR filter and the Euler deconvolution method were
used to identify the horizontal variations in magnetic susceptibility as well as the source position and
depth of magnetic sources. The linear clustering rings are thought to be caused by contacts or faults
with depths between 1 m to 474 m that are oriented WNW–ESE, NNE–SSW, and NNW–SSE. These
faults or contacts are thought to be particularly prominent in the western, eastern, southern, northern,
and central zones. The majority of felsic and mafic dikes are found to be connected to subsurface
structures, showing that three structural trends—WNW–ESE, NNE–SSW, and NNW–SSE—affect the
studied area. This demonstrates that important features and shear zones control the majority of Saudi
Arabia’s gold deposits. A negative magnetic anomaly that is centered in the area, trending NNW–SSE
and crossing the NNE–SSW fault, is connected to the plotted gold and barite mineralization in the
study area. This may imply that these two tendencies are responsible for mineralization. This result
raises the possibility of mineralization in the NNW negative magnetic feature located in the western
part of the area. The occurrence of gold and barite was significantly impacted by the NNW–SSE and
NNE–SSW structural lineaments.

Keywords: gold mineralization; aeromagnetic map; shear zones; Harrat ad Danun; Saudi Arabia

1. Introduction

Saudi Arabia has not historically been known for its mining industry. Nonethe-
less, significant mining production has been observed at least three different times over

Minerals 2023, 13, 866. https://doi.org/10.3390/min13070866 https://www.mdpi.com/journal/minerals5
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the past three thousand years [1]. The Abbasid Caliphate (750–1258 A.D.), the reign
of King Solomon (961–922 B.C.), and the era of the Saudi Arabian Mining Syndicate
(1939–1954) were the last three periods when gold was mined at Mahd ad Dahab, a mine
that had produced gold intermittently since King Solomon’s time and has been reopened
since 1984 [2]. The former mining history of this nation is not reported in any other notable
ways. Since 1947, Saudi Arabia has expressed interest in the use of its natural resources, but
it was not until the 1950s and 1960s that infrastructure geology and exploration began in
earnest. The massive entry of mineral raw materials into the post-World War II reconstruc-
tion of Europe at this time led to a boom in the global mining sector [3]. The Saudi Arabian
government formed a separate ministry for petroleum and mineral resources in 1967 and
provided it with a sizable budget, laying the groundwork for a well-organized program
of mineral exploration. Since then, Saudi Arabia has pursued an aggressive exploration
agenda with the help and assistance of some foreign agencies, resulting in the discovery of
a diverse range of minerals, including precious and base metals, energy minerals (other
than petroleum), industrial minerals, construction minerals, and ornamental stones. While
some of these discoveries have already been turned into working mines, others are still
being researched and investigated [4,5].

Saudi Arabia is acutely conscious of the need to diversify its economy and attain
self-sufficiency in its many industrial sectors despite having 25% of the world’s known oil
reserves and deriving a fairly consistent income from them. Everything in their country’s
thinking and planning is based on this fundamental idea. Furthermore, it is believed that
mineral resources and their exploitation are crucial to a nation’s efforts to develop [2]. The
development of mineral resources has also taken on a unique significance in Saudi Arabia
given this context. Mineral development, on the other hand, will unleash a variety of bene-
fits and multiplying effects into the process of national economic and social development.
This will open up new doors for investment and the growth of other industries with the
specific goal of extending their economic and industrial base. Saudi Arabia thus keeps up
concerted efforts to look for, assess, and exploit its mineral resources.

There are two main geological settings in Saudi Arabia, each having a clear age and
lithological difference. The Precambrian metamorphosed rocks from the Arabian Shield, the
main source of mineral occurrences and discoveries, make up the western region of Saudi
Arabia. The country’s western region has exposed Shield rocks, which make up nearly
one fourth of Saudi Arabia [6]. The alternative setting consists of more recent sediments
from the Paleozoic, Mesozoic, and Tertiary eras that have not been altered or significantly
disturbed. These cover rocks are dispersed across the north, east, and south of the Shield
region and sit atop the stable Precambrian basement. Moreover, from the Tertiary to the
present, there have been sporadic volcanic eruptions with some alkaline basaltic outflows,
primarily in the Shield region. However, in Saudi Arabia, the most impressive Quaternary
deposits are sands and gravels that cover rocks to create massive sand deposits [7–9].

The Shield area, which comprises stratiform deposits, veins, contact metamorphic
deposits along the borders of igneous rocks, and magmatic and late magmatic deposits in
igneous rocks, is the region with the best potential for finding metallic minerals. In contrast,
non-metallic resources are dispersed across the entire nation, including the Shield, and are
not limited to any particular region. Also abundant are several evaporites. The coastal
region between the Red Sea and the Shield yields several minerals [6,10]. Investigation
of the Red Sea’s mineral deposits on the seabed has also produced promising results. In
conclusion, Saudi Arabia offers a potential host environment that is rich in a range of
metallic and non-metallic minerals, where numerous gold (Au) occurrences and other
deposits have been found in the AS (more than 800); some of them, such Mahd ad Dahab,
Al-Sukhaibarat, and Bulghah, are currently in production [10,11]. In addition, the base
metals (copper, zinc, and lead) are demarcated in select AS areas, such as Al-Nuqrah,
Al-Amar, and Jabal Sayid [10].

The authors of [12] concluded that mining is crucial to the process of development
because it transforms mineral resources into a form of capital that boosts a country’s
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output. Additionally, according to the conventional perspective, mining, like other eco-
nomic activities, plays a vital role in the development process and may turn a mineral
resource into sustained improvements in people’s lives [13]. Together with the size of
mineral resources over time, environmental costs, such as large amounts of solid waste,
diminishing ore grades, energy, chemical, and water inputs, as well as pollution outputs,
particularly greenhouse gases, are crucial components in determining how sustainable
mining can proceed [8]. In order to properly control and encourage the sector’s sustainable
development, the Saudi government must increase the sectoral institutions’ capabilities.
A new mining code will also simplify the licensing processes and increase predictability
and transparency by removing the administrative and legal barriers that prevent private
sector participation in the minerals sector [14]. Recently, some research was conducted
to assess Saudi Arabia’s mineralization activities and structures [15–22]. Several areas in
Saudi Arabia are promising because they hold great reserves of mineralization and have
yet to be investigated in detail.

The magnetic survey was widely used in different applications such as mineral ex-
ploration, geological mapping, engineering, detect magnetic sources and their boundaries.
Additionally, it was utilized to detect geologic structures (faults, contacts, folds, and shear
zones) that might be relevant to the search for minerals [23–36].

2. Geological Setting

The study area is situated in Saudi Arabia’s Western province, 158 km northeast
of Jeddah. It covers the area between 21◦50′ and 21◦56′ north and 39◦48′ to 39◦56′ east
(Figure 1a,b). The study area is situated in the Arabian Shield’s western region. A simple
geological map of the area under study (Figure 1c), which is a portion of the Makkah
Quadrangle map created in [37], is shown in Figure 1c. A combination of metamorphic
and plutonic rocks makes up the Western Arabian Shield, which includes the investigation
area. The tertiary-layered rocks of the Rahat group make up the Harrat Rahat area, which
serves as the region’s southern boundary. Shaw Hit, Amah Basalt, and some alluvial debris
make up this collection. Sedimentary rocks from the Tertiary period make up the lowest
portion of the study area, which is covered in flows of basaltic lava. Precambrian–Cambrian
complexes, Tertiary–Quaternary–Recent alluvial deposits, and Cretaceous–Tertiary sedi-
mentary successions make up the area. Gabbro rocks in the east eventually ascend into
Precambrian intrusions of biotite granodiorite and monzogranite from the north to the
southeast [38]. The study area contains the following types of rocks:

1. Precambrian rocks: the Fayiadah Formation, which includes felsic volcaniclastic
rocks, andesitic rhyolitic and basaltic lavas, as well as andesitic volcaniclastic rocks, is
attributed to this group.

2. Precambrian intrusive rocks: belong to the Hishash Complex (igd), which is com-
posed of granodiorite, and the Shiwan Complex (Kwtn), which is composed of
hornblende tonalite.

3. Tertiary rocks: these rocks primarily come from the Haddat ash Sham (Tsh) and
Hammah Basalt formations (Tmhb). Whereas the latter is made up of alkalic olivine
basalt, the former is composed of pebbly sandstone and siltstone and is exposed in
the study area’s north and south.

4. Quaternary deposits: these make up a significant component of the study area and
are mostly the result of weathering of the existing rocks. The alluvium’s thickness
varies from place to place, rarely exceeding 4 m in the study area’s higher terrain
while rising in the lower terrain and increasing to 29 m [37]. The Wadi Hishash soils
are highly rich in quartz sand. In this region, the elevation decreases from 425 m to
roughly 200 m. Pebbly sandstone and siltstone, which are composed of sand and
gravel, surround the alluvial deposits.
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Figure 1. (a) Location map of Harrat ad Danun area, (b) Google Earth image, and (c) Geologic map
of Harrat ad Danun area (after Moore and Al-Rehaili, 1989), Kingdom of Saudi Arabia.

3. Materials and Methods

The study area was flown by a consortium of Aero Service Corporation, Hunting
Geology and Geophysics Limited, and Lockwood Survey Corporation Limited under
the supervision of the Bureau de Recherches Géologiques et Minières for the Ministry of
Petroleum and Mineral Resources of the Kingdom of Saudi Arabia between 1965 and 1966.
This survey was carried out by the Fluxgate Gulf Mark III magnetometer with analog
recording. The aeromagnetic survey flight lines were flown along parallel traverse lines
oriented in a NE–SW direction, with an azimuth of 30◦ from true north and 800 m spacing.
The tie lines were flown in an NW–SE direction, at a right angle to the flight line direction,
with an azimuth of 150◦ from true north [39]. The tie line spacing was chosen as 16 km
intervals. The total magnetic intensity (TMI) was conducted at a nominal sensor altitude of
300 m of terrain clearance [39].

The TMI grid was reduced to the pole (RTP) grid map in order to properly locate the
magnetic anomalies across the magnetic source bodies. In the current experiment, residual
and regional magnetic component maps were generated from the RTP aeromagnetic data
using Fast Fourier transformation (FFT). The RTP aeromagnetic map was further subjected
to Tilt Derivative (TDR) and Euler Deconvolution in order to find the characteristics that
might be important in mineral prospecting.
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The ratio of the potential field’s first vertical derivative to its horizontal gradient
serves as a proxy for the tilt angle [40]. When employing the zero-contour line to locate
the margins of sources at shallow and deep depths, tilt angle derivative (TDR) offers an
advantage [40,41]; the tilt derivative (TDR) method is expressed as the following:

TDR = tan−1
(

VDR
HGM

)
(1)

where VDR is the vertical derivative of the magnetic field, and HGM is its horizontal
gradient magnitude.

Reid et al. (1990) employed gridded data and generalized the Euler deconvolution
to show the position and depth of the magnetic sources. This technique has successfully
been utilized for regional interpretation and has proven its effectiveness in identifying
lineaments and geological structures (contacts and faults). The authors of [42] suggested
modifications to Euler deconvolution for application to magnetic data.

∂T
∂x

(x − x0) +
∂T
∂y

(
y − y0

)
+

∂T
∂z

(z − z0) = N(B − T) (2)

where T is the total field detected at (x, y, z) by the magnetic source at position (x0, y0, z0),
B is the background value of the total field, and N is the degree of homogeneity or geo-
physics related to the structural index (SI).

In the current study, aeromagnetic data were gridded, processed, and mapped using
the Geosoft Oasis Montaj program. Furthermore, the results obtained from structural
lineaments were presented as rose diagrams using the RockWorks program.

4. Results and Discussion

The total aeromagnetic (TM) map (Figure 2) shows positive and negative magnetic
anomalies. The positive anomalies vary from 2.6 nT to 220.9 nT with orange, red, and
magenta colors. The highest positive magnetic anomalies (more than 47.7 nT to 220.9 nT)
occupy the central, southeast–central, western, eastern, and northern parts. The negative
magnetic anomalies (−7.8 nT to −288.3 nT) are characterized by yellow, green, and light-to-
deep-blue colors (Figure 2). The western region is home to the highest negative magnetic
anomalies, which extend from −288.3 nT to −95.9 nT (Figure 2).

The RTP map (Figure 3) displays the range of magnetic values, which range in size,
shape, and magnitude from −312.4 to 209.6 nT. These anomalies generally follow the
NNW–SSE (Red Sea axis trend), NE–SW, and NNE–SSW trends. It is possible that hidden
faults, shear zones, or subsurface dikes are the cause of the NNW–SSE negative and positive
magnetic anomalies (Figure 3). In the center of the research region, the position of Au and
Ba mineralization was connected to this trend. According to [43], the NNW–SSE linear
magnetic anomalies in the Kingdom of Saudi Arabia are related to mineralization.

Gridded RTP magnetic data were used to determine the 2D power spectrum (Figure 4).
An examination of the power spectrum curve reveals the frequency of the near-surface and
deep magnetic components. The shallow and deep magnetic sources are thought to have
typical depths of 80 m and 570 m, respectively (Figure 4).

When looking at the high-pass (residual) map (Figure 5) of RTP data, it is possible to see
a number of different negative and positive magnetic anomalies with varying amplitudes
and frequencies, trending in the NNW–SSE, ENE–WSW, and NE–SW directions. These
anomalies are dissected by many faults in different directions. In addition, this map
confirms the existence of negative linear magnetic anomalies (−36.6 nT to −137.3 nT) at
this depth (80 m). The negative and positive magnetic anomalies are depicted on the
low-pass (regional) map of RTP data with varying amplitudes and frequencies (Figure 6).
They are trending in the NNW–SSE and NE–SW directions.

The TDR filter was applied to the RTP grid to highlight structures such as faults and
contacts to help in the mineral exploration research, to find magnetic sources’ edges. The
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zero-contour line, which shows the location of changes in magnetic susceptibility on the
TDR map (Figure 7), is highlighted.

 

Figure 2. Total intensity aeromagnetic map, Harrat ad Danun area, Kingdom of Saudi Arabia (Aero
Service, 1966).

 

Figure 3. Reduction to the pole (RTP) aeromagnetic map, Harrat ad Danun area, Kingdom of Saudi
Arabia (Aero Service, 1966).
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Figure 4. Radially averaged power spectrum and depth estimate from RTP aeromagnetic map, Harrat
ad Danun area, Kingdom of Saudi Arabia.

 

Figure 5. High-pass filtered (residual) aeromagnetic map at 80 m depth, Harrat ad Danun area,
Kingdom of Saudi Arabia.
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Figure 6. Low-pass filtered (regional) aeromagnetic map at 570 m depth, Harrat ad Danun area,
Kingdom of Saudi Arabia.

 

Figure 7. Tilt Derivative (TDR) aeromagnetic map, Harrat ad Danun area, Kingdom of Saudi Arabia.
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The research area’s RTP aeromagnetic data grid was subjected to the Euler deconvo-
lution algorithm. The lower structural indices from 0 to 1 are superior depth estimators,
as [44] showed. In order to characterize connections and faults in the regional interpretation
of the study area, one structural indicator (SI) with a value of 0.0 has been chosen. The
Euler deconvolution technique’s produced findings are shown as colored circles placed on
maps to show the source position and depth.

The Euler map (Figure 8) was created by applying Euler deconvolution with SI = 0.0,
which displays clusters of circles in linear and curved shapes to represent the nature of
probable contacts between the rock units. It is believed that faults or contacts with depths
between 1 and 474 m are what caused the linear clustering rings.

In the studied area, the linear solutions of depths (1 m–208 m) are widely dispersed
(Figure 8). The main trends of these solutions are NNW–SSE, NW–SE, NE–SW, and NNE–
SSW. These solutions relate to contacts and faults (Figures 3 and 8). While this examination
was being carried out, it was discovered that several areas of the negative and positive
magnetic anomalies, particularly in the western, eastern, southern, northern, and central
areas (Figures 3 and 8), were associated with solutions that have depths between 208 m
and 474 m (Figures 3 and 8).

The subsurface features (faults) that impacted the research area are depicted in Figure 9
by converting the zero-contour lines of the TDR map to lineaments. It is concluded that
the primary structures in the study region are represented by the NNW–SSE, NE–SW, and
NNE–SSW tendencies (Figure 9). It is notable that it was found that the majority of felsic
and mafic dikes are connected to subterranean structures by comparing the geological map
(Figure 1) with the TDR map and its lineaments (Figures 7 and 9). According to Figure 10’s
analysis of lineament structures using Euler deconvolution, the research area is impacted
by three structural trends: WNW–ESE, NNE–SSW, and NNW–SSE [30].

 

Figure 8. Euler deconvolution solutions with structural index 0.0 (SI = 0.0) of the RTP aeromagnetic
map, Harrat ad Danun area, Kingdom of Saudi Arabia. Geologic map as background.
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Figure 9. The lineament structures as traced from the TDR aeromagnetic map (Figure 7) and rose
diagram (inset), Harrat ad Danun area, Kingdom of Saudi Arabia.

 

Figure 10. The lineament structures as traced from Euler deconvolution solutions with struc-
tural index 0.0 (SI = 0.0) (Figure 8) and rose diagram (inset), Harrat ad Danun area, Kingdom of
Saudi Arabia.
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Most Au deposits in Saudi Arabia are controlled by major structures and shear
zones [29,30,45,46]. The study area’s mapped gold and barite mineralization corresponds to
a negative magnetic anomaly that is centered there and trends in the Red Sea fault system’s
NNW–SSE direction, intersecting with the NNE–SSW fault (Figures 3 and 5–7). This may
suggest that mineralization is controlled by these two trends. Based on this finding, the
NNW negative magnetic feature in the western portion of the area (Figures 3, 5 and 7)
may likely contain mineralization. It is clear that mineralization is connected with both
source depths of 80 m and 570 m for the residual and regional findings. Moreover, the
mineralized zones are connected to the NNW–SSE direction. This is in agreement with the
results of [22,43].

5. Conclusions

On the total aeromagnetic (TM) map, alternately distributed positive and negative
magnetic anomalies are shown. The reduced to the pole (RTP) map exhibits a range of
magnetic values (−312.4 to 209.6 nT) that differ in shape, size, and magnitude. These
anomalies’ general patterns include NNW–SSE (Red Sea axis trend), NE–SW, and NNE–
SSW. Subsurface buried dikes, faults, or shear zones could explain the NNW–SSE linear
negative and positive magnetic anomalies. This trend was linked to the presence of Au and
Ba mineralization in the research area’s center. It is concluded that the principal structures
in the studied area are the NNW–SSE, NE–SW, and NNE–SSW tendencies. The gridded
RTP magnetic data were used to estimate the 2D power spectrum. The power spectrum
curve analysis reveals the frequency of the deep-seated and near-surface magnetic com-
ponents. The estimated average depths of the shallow and deep magnetic sources are
80 m and 570 m, respectively. A variety of other negative and positive magnetic anomalies
with differing amplitudes and frequencies are also visible when comparing the high-pass
and low-pass maps, with the majority of them trending in the NNW–SSE, ENE–WSW,
and NE–SW directions. Many faults cut through these anomalies in different directions.
This map also shows the presence of negative linear magnetic anomalies at this depth
(80 m) (−36.6 nT to −137.3 nT). The TDR filter and Euler deconvolution technique were
utilized to identify horizontal variations in magnetic susceptibility as well as the source
position and depth of magnetic sources. With depths ranging from 1 m to 474 m and orien-
tations in the NNW–SSE, NW–SE, NE–SW, and NNE–SSW directions, the linear clustering
rings are thought to be the result of contacts or faults. They exhibit both positive and
negative magnetic anomalies, especially in the western, eastern, southern, northern, and
central zones.

The majority of felsic and mafic dikes have been discovered to be connected to sub-
surface structures, demonstrating that three structural trends influence the study area:
WNW–ESE, NNE–SSW, and NNW–SSE. This indicates that significant structural and shear
zones regulate the majority of the Au deposits in Saudi Arabia. The plotted gold and barite
mineralization in the study region corresponds to an area-centered negative magnetic
anomaly with an NNW–SSE trend that crosses the NNE-SSW fault. This could imply that
these two trends are responsible for mineralization. The NNW negative magnetic feature
in the western part of the area is anticipated to have mineralization based on this detection.

A detailed ground magnetic survey should be conducted around possible Au and
Ba locations to identify the subsurface structures framework that affected the area. Fur-
thermore, electromagnetic (EM) and induced polarization (IP) surveys should be applied
to the existing mineralization (Au, Ba) to explore any subsurface extensions. In addition,
geochemical studies should be carried out at the known mineralization (Au, Ba) locations
and similar areas to determine the grade of mineralization.
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Abstract: This article aims to aid in exploring and forecasting hydrothermal minerals and gold
deposits in Central Saudi Arabia (SA), with a focus on structural contexts. Remote sensing (RS) and
satellite-based Bouguer gravity (SBG) data were integrated in order to create a mineral prediction map
for the researched location. Data from the Landsat Operational Land Imager (OLI) and Shuttle Radar
Topography Mission (SRTM) were transformed and enhanced using a variety of approaches. The
delineation of hydrothermal alteration zones (HAZs) and highlighting of structural discontinuities
in the OLI data were made possible using band ratios and oriented principal component analysis
(PCA). Additionally, the underlying structural features were successfully exposed by processing the
SBG using a variety of edge detection techniques, like the analytical signal (AS), total horizontal
derivative (THD), tilt angle (TA), horizontal tilt angle (TDX), theta map (TM), horizontal derivative of
the tilt derivative (HD_TDR), horizontal gradient of the tilt angle (HGTA), tilt angle of the analytical
signal (TAAS), and soft sign function (SF). As a result, more prominent lineaments were found in the
NW–SE, NNW–SSE, NE–SW, and NNE–SSW directions than in the N–S and E–W directions. The
GIS incorporated surface/subsurface geological structure density maps with zones of hydrothermal
alteration. It was found that the lineaments derived from the analysis of the RS and SBG data
were more in line with the HAZs, which demonstrated the common connection between alteration
zones and deep lineaments. The findings revealed a mineral prediction map with extremely low to
extremely high probabilities. Overall, combining RS and SBG data effectively identified probable
mineralization sites associated with hydrothermal processes and made it easier to create this study’s
final predictive mineralization map.

Keywords: remote sensing; Bouguer gravity; hydrothermal alteration; gold; Saudi Arabia

1. Introduction

The Arabian Shield (ASh) is considered an economically significant shield worldwide,
as it has promising possibilities for exploring metallic ore deposits. The ASh of Saudi Arabia
(SA) consists of stratiform, vein, and magmatic to late magmatic contact metamorphism
deposits [1]. Over 800 occurrences of gold (Au) and other metal deposits are found
throughout the ASh, including porphyry copper, volcanic-hosted massive sulfide (VHMS)
(Al-Amar, Gabal Sayid, and Al-Nuqrah), and Au ore deposits, such as those in the Bulghah
and Mahd Ad Dahab mines (in the production stage) [1,2].
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Significant gold mineralization is found in the central zones of the Najd fault system
(NFS), specifically in Ghadarah, Fawarah, Hamdah, and Gariat Avala. Major fault zones
parallel to the Red Sea also run northward from the south, becoming more connected as
they go deeper underground, and they overlook several gold mines, including the Wadi
Bidah, Jadmah, Wadi Laif, and Mamilah mines (Figure 1a) [3].

The Arabian-Nubian Shield (ANS) is considered significant for gold exploration and
mining in SA. It is crucial for relationships between gold genesis and orogenic tectonics.
Based on the tectonic settings and gold host rocks, primary gold mineralization can be
divided into three basic types [4], as described in the following paragraphs.

The first type includes volcano-sedimentary connections, such as the Siham Group,
and epithermal deposits, like the Mahd Ad Dhahab and Al-Amar ore deposits, as well as
volcanogenic massive sulfide (VMS) gold deposits.

Based on Al-Shanti [5], the second type of gold mineralization is found in listwaenite
rocks, which were formed after ophiolitic rocks were carbonatized. These rocks have several
suture zones. For the Saudi Ma’aden Mining Company (SMMC), Bi’r Tawilah (study area,
e.g., Masarah and Al Mansourah) is a suitable candidate for gold-mineralization-hosted
listwaenite in the Nabitah suture (NS) zone and the western section of the Afif terrane
(AT) [4].

The third form of gold deposit is hosted by late- to post-tectonic (640–610 Ma) plutons
of diorite–granite and/or their subvolcanic substitutes that intruded the Bani Ghayy and
Murdama Groups, chiefly abundant in the western (AT) and eastern (NS) zones, such as
in Bi’r Tawilah, Sukhaybarat, Bulghah, Zalm, Jabal Ghadarah, and Ad Duwayhi [6–10].
Mesothermal quartz-vein-type gold ore mineralization, developed in intraplate settings,
controls these deposits, which are magmatically and/or structurally controlled [11].

The majority of gold is found as loose microscopic specks along arsenopyrite, pyrite,
and occasionally chalcopyrite fractures, which were produced by CO2-rich ore fluids within
these deposits, which are connected through quartz veins and stringers [4,9].

Traditional field geology surveys are extremely costly, time-consuming, and difficult
for mineral exploration in hydrothermal alteration zones (HAZs). Furthermore, interpola-
tions are widely used in the outcomes achieved. In this situation, the combination of RS and
SBG data may be considered as a substitute method for carrying out regional geological
mapping with tolerable precision in a manageable amount of time.

The major goal of the current research is to recognize the best locations for mineral
resources and gold deposits, using a combination of surface and subsurface structure
components and HAZ areas. RS data (Landsat 8 OLI and SRTM data) and SBG data
were used in conjunction in order to identify HAZs and structural lineaments in the area
under investigation.

Reconnaissance investigations frequently utilize remote sensing technology. Remote
sensing is a crucial method for understanding several aspects, including geological, geomor-
phic, structural, and mineral deposits. Multiple generations of unmanned satellites, called
Landsat, ranging from their initial generation to generation 9, have been developed and
released by the National Aeronautics and Space Administration (NASA). These satellites
collect vital RS data regarding mineral resources, structural aspects, and land use/land
cover. Geomorphic and geological components are described in [9,12–23]. In order to
emphasize the spectral contrasts between the bands, ratio images have been employed.
This method has been applied in remote sensing in order to map lithology and HAZs, and
to mark spectral differences [24], so that a high contrast range of spectral properties—not
possible with separate bands—may be displayed.

Based on fluctuations in rock density, SBG data play a vital role in finding sub-
surface structures. These geological formations serve as conduits for mineral deposits
connected to hydrothermal systems. An essential problem to address when examining
potential field data concerns locating and relating subsurface density patterns to subsur-
face structures [25–29]. Mineral exploration and structural studies can use edge detection
methods to delineate the boundaries of subsurface structures [29–32]. Many approaches
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can be applied in order to detect structural edges, with most methods depending on the
source field’s derivatives [33,34]. Previously, the limits of sources buried at varying depths
on an observational plane were explored using various enhancing filters [35,36]. Several
studies have increased the accuracy with which filters detect the boundaries of buried
HAZs [3,37,38]. Many edge detection strategies can be applied in order to achieve the goals
of such investigations. The first-order vertical derivative (FVD), total horizontal derivative
(THD) [23], analytical signal (AS), tilt derivative (TD) [39], tilt angle (TA), and theta filter-
ing [40] are some of these methods. Recently, the horizontal derivative of the tilt derivative
(HD_TDR), horizontal gradient of the tilt angle (HGTA), tilt angle of the analytical signal
(TAAS), and soft sign function (SF), filters that are based on second-order derivatives of
potential field data, were developed. These techniques effectively improve the resolution
of the findings of boundary detection while avoiding the secondary boundary problem.

As a result, combining RS images and SBG data should aid in improving lithologic
mapping, enhancing geologic structures, and identifying gold mineralization zones.

 

Figure 1. (a) Location map of the Arabian Shield (Ash) showing major ophiolite belts, tectonostrati-
graphic terranes, fault zones, sutures, and post-accretionary basins in Saudi Arabia. The locations of
14 significant gold deposits are shown and include our investigated site in Central Saudi Arabia and
the Bi’r Tawilah gold mining area (Jabal Masarah, Al Mansourah, and Ghadarah). (b) A geological
map of the Ash showing the study area location [41], with modifications [42,43].

2. Geological Outlines

2.1. Geological Setting

The region under investigation is situated in the central (ASh) area neighborhood,
including the Bi’r Tawilah gold mining area and its surroundings. Along the Ad Dafinah
faults that divide the Afif terrane, the area is located east of the Jeddah terrane [44,45].
Latitudes 22◦00′ to 23◦00′ N and longitudes 42◦00′ to 43◦30′ E serve as its boundaries
(Figure 1b). The Hulyfah volcano-sedimentary pattern (Bani Ghayy and Siham Groups,
690 Ma and 620 Ma, respectively; [46]) make up the majority of the Bi’r Tawilah area
(Figure 2). Younger syn-orogenic rocks (granodiorite and porphyritic rhyodacite) that
are 710–685 Ma old intrude into this region. The Bani Ghayy Group comprises siltstone,
greywacke, and conglomerate and is intercalated with metabasalts and pyroclastics. In
contrast, the Siham Group comprises severely deformed and foliated chlorite, hornblende,
and sericite ortho-schists. According to Al Jahadli [9], both groups underwent metamor-
phism into greenschist–lower amphibolite facies. Ortho-schists and molasse sediments are
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the rocks that are visible in Jabal Bani Ghayy [47]. Gold and tungsten ore resources can be
found at Bi’r Tawilah (Figure 2). The Bani Ghayy Group–Siham Group–N-striking thrust
fault divides them [48].

 

Figure 2. A geological map of the study area (modified from [47,49]).

A Pan-African example of gold mineralization, the Bi’r Tawilah gold mine in Central
Saudi Arabia, includes hypogene and supergene minerals. The so-called “Nabitah orogenic
zone” along the thrust fault (N–S) area hosts sulfidic gold deposits in the intermediate
to felsic intrusions. Serpentines and associated listwaenites, porphyries, granites, and
dioritic rocks are the four types of rock units that are present and are arranged from oldest
to youngest. All kinds of rocks are subject to hydrothermal alteration, which includes
chloritization, sericitization, carbonatization, and silicification [49].

2.2. Gold Mineralization and Structure Setting

Three gold mines (in the Bi’r Tawilah, Al Mansurah, and Masarah regions) are located
within the research area. Mafic volcaniclastic rock units (Siham Group), conglomerate, and
sandstone comprise most of the rock units in Bi’r Tawilah (the first area), with diorite and
granodiorite only occasionally occurring at the surface. Jabal Ghadarh is a notable example
of this. The N–S thrust fault (Bi’r Tawilah fault zone) deforms these rocks. Only one good
barren quartz vein exposure, which is 55–120 cm thick and oriented NW, NE, and E–W, is
present in the region. The Najd fault systems, which encompass the Bi’r Tawilah area, have
structural data that are congruent with this [47].

Massive diamond drilling is mainly focused on listwaenite or carbonatized ultra-
mafics, which have gold occurrences. The rocks made of listwaenite contain excellent gold
occurrences. The boreholes in the Bi’r Tawilah region to the south reveal that minor ophi-
olitic serpentinite, diorite, deformed granodiorite, monzogranite, and porphyry intrusions
constitute the principal lithologies present.
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According to Surour et al. [49], the Bi’r Tawilah supergene zone exhibited the following
characteristics: (1) the diorite was highly altered and had barren quartz stringers; (2) the
granodiorite was affected by varying degrees of weathering; (3) the porphyry was weath-
ered as indicated by the oxidized pyrite; (4) gold was found as inclusions in pyrite and
silica in the deep horizons (i.e., hydrothermal alteration zones); and (5) in the weathered
layers, supergene gold was discovered as the consequence of the oxidization of pyrite
to goethite.

3. Materials and Methods

The present work utilized several analysis techniques to integrate the available
datasets, including RS and SBG data [3,14,50], for mapping the structures and their re-
lated hydrothermal alteration zones (HAZs). These methods were used to connect the
presence of mineral resources with the surface and subsurface structures delineated from
the integrated approach. Figure 3 shows the integrated approach’s workflow and each
method’s details.

Figure 3. Workflow of the methods applied in the present study. Abbreviations are used in the table
as follows: analytical signal (AS); total horizontal derivative (THD); tilt angle (TA); horizontal tilt
angle (TDX); theta map (TM); horizontal derivative of tilt derivative (HD_TDR); horizontal gradient
of tilt angle (HGTA); tilt angle of analytical signal (TAAS); and soft sign function (SF).

3.1. Remote Sensing Data

The Landsat-8 OLI (L8) dataset covering the investigated area originated from a mosaic
of four scenes. The dataset was acquired on 4 July 2019 and was downloaded for free
from the USGS Earth Explorer website (https://earthexplorer.usgs.gov, accessed on 20 July
2023). There are 11 bands in this dataset, each with various wavelengths and resolutions
(Table S1).

For the L8 raw data to be prepared for further processing and to be in an adequate
condition for investigation, pretreatment had to be carried out. Radiometric calibration,
atmospheric correction, and minimum noise fraction (MNF) were all included in the
preliminary processing.

Radiometric calibration and the Fast Line-of-Sight Atmospheric Analysis of Spec-
tral Hypercubes (FLAASH) atmospheric correction model were applied using the ENVI
software version 5.3 by L3Harris Geospatial USA (Broomfield, CO, USA), as described
by Jahvar et al. [51], to calibrate the L8 data with the spectral radiance, subset them, and
convert the digital number (DN) to reflectance.
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MNF segregates noise in the data from the spectral information [52,53]. L8 bands
in the initial space are converted to eigenspaces via MNF. A data space can be divided
into two distinct regions: one region is characterized by large eigenvalues and coherent
eigenimages, while near-unity eigenvalues and noise-dominated images represent the other
region. Eliminating unwanted information from the data and only using coherent portions
will improve the outcomes of spectral processing [53]. The MNF bands were converted
into their initial data space minus the noise band(s) for bands containing eigenvalues less
than 2, which were then regarded as noise [54]. There were only seven bands for which the
MNF approach for the L8 subset covering the research area was employed.

3.1.1. Band Ratios (BRs)

The band ratio technique is applied mainly in geological applications [55–57]. The
band ratio approach divides the digital data value of one band with high reflectance by
the digital data value of another band with low reflectance [58–60]. This method reduces
the negative impact of environmental details, such as the Earth’s surface, while enhancing
contrast and compositional data. Some characteristics that cannot be seen with raw data
are highlighted by the shadow cast by the terrain’s surface.

3.1.2. Crosta Analysis

To distinguish between hydrothermally altered minerals, Crosta analysis is used to
decrease the number of spectral band inputs for principal component analysis (PCA). This
is carried out to enhance the likelihood that the unwanted spectral bands will be identified,
which can then be simply mapped onto just one of the principal component images. The
main component images that directly emphasize the spectral characteristics of particular
targets were chosen using the Feature-Orientated Principal Component Selection (FPCS)
technique. This technique is used to examine the loadings of PCA eigenvectors to identify
the components that capture information relevant to the target spectral signatures. The
features that are most relevant to the theoretical spectral signatures of specific targets
are then used to detect the targets in the image. The pixels in those selected principal
component images that correspond to the targets are assigned as either dark or bright
pixels, indicating the presence of the targets [61].

The USGS spectral database was used to determine the spectral characteristics of
iron oxides and minerals that contain hydroxyl [62]. Bands 2, 5, 6, and 7 of the Landsat
8 OLI were chosen based on this spectral database to emphasize the spectral responses of
iron-oxide-bearing and hydroxyl-bearing (clay) minerals.

3.1.3. Digital Elevation Model (DEM) of SRTM

The Shuttle Radar Topography Mission (SRTM) data were obtained using the radar
C-band at 3 arcsec (90 m at the equator) during a collaborative effort by the National
Aeronautics and Space Administration (NASA) and the National Geospatial-Intelligence
Agency (NGA—previously known as the National Imagery and Mapping Agency, or
NIMA), along with the participation of the German and Italian space agencies [63]. Digital
elevation model (DEM) data extracted from the SRTM data [64] were used to recognize and
extract geological lineaments by calculating and interpreting DEM derivatives, including
shaded relief maps, slope maps, and traverse profiles [65].

Fill Sink

The resolution, or the separation among sample points, is a key factor in determining
the correctness of DEM data [66]. Sink (and peak) refers to a standard error in DEM images
brought on by resolution issues or by rounding elevation values to the closest integer. In
the ArcGIS 10.9 environment, a method known as fill sink was used for the SRTM DEM
data of the research region to remove sink errors. A hill shadow thematic map was created
using the rectified image.
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Shaded Relief

The topography is depicted visually on shaded relief thematic maps using gray values
from raster imagery [59–61]. The borders separating regions that are darkened and those
that are not shaded could be lineaments. Examination of the shade map obtained from the
DEM also helps to characterize the lineaments. Therefore, a minimum–maximum range
along a color ramp was added to a thematic shaded relief map that was created using the
DEM. An azimuth of 135◦ (southeast), which represents the sun’s position in relation to the
horizon, was selected after examining the sun’s various positions and relative angles since
it may reveal the shaded and unshaded areas more clearly than other values. The sun’s
angle of elevation over the horizon was set to 45 degrees. The spatial analysis hill shading
tool of the ArcMap mapping program was applied to complete the work.

Lineament Extraction

The PCI Geomatica 2014 program was used to automatically extract lineaments from
the shaded relief image created from the SRTM DEM. The two primary processing stages
used for automatic lineament extraction are described below. The first step is the recognition
of edges that reveal regions of sharp variations in the values of nearby pixels, and the
second step is the identification of the existence of lines [67,68]. These procedures mostly
employ the PCI Geomatica software’s LINE module, a popular package for automatically
extracting lineaments [55].

An experimental test of automatic lineament extraction was conducted using various
value ratios for each LINE module parameter. The test was run on an optical dataset to
determine the best set of parameters that returned accurate results for the lines that were
extracted [67]. These parameters were applied to the used data in accordance with the
literature, and their validity was confirmed by visual assessment. Among this study’s LINE
module settings, the default, suggested, and defined values are all shown in Table S2.

3.2. Satellite-Based Bouguer Gravity Anomaly

This study used a high-resolution Earth gravity field model, SGG-UGM-2, as a satellite-
based Bouguer gravity anomaly. The SGG-UGM-2 model is a combination of marine
gravity data derived from satellite altimetry data and the Gravity Field and Steady-State
Ocean Circulation Explorer (GOCE), the normal equation of the Gravity Recovery and
Climate Experiment (GRACE), and EGM2008-derived continental gravity data up to de-
gree 2190 and order 2159 [69]. The SGG-UGM-2 data are open-access and available at
(http://icgem.gfz-potsdam.de/tom_longtime, accessed on 24 July 2023).

Edge Detection Operators

• Previous Edge Detection Methods

Boundary analysis operators are utilized to find the edge of the subsurface source.
These methods are used for potential data, such as gravity and magnetic data. The formulae
for these methods are presented below.

The analytical signal (AS) method is presented as the square root of the sum of the
squares of the x, y, and z derivatives, which is known as the 3D AS [70]:

|AS| =
√(

∂T
∂x

)2
+

(
∂T
∂y

)2
+

(
∂T
∂z

)2
(1)

In the result of the AS, the edge of a source is shown at the boundaries around the
maximum values. The advantage of the AS method is that it is less dependent on the
direction of the magnetization vector when using magnetic data. However, the AS method
poorly balances the signals from shallow and deep anomalies [71].
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The total horizontal gradient (THG) method is another common method, and the
formula for the THG is given as [72]:

THG =

√(
∂T
∂x

)2
+

(
∂T
∂y

)2
(2)

In the result of the THG, the edge of the source is shown at the maximum values. The
THG method is less noise-sensitive but poorly balances the signals from shallow and deep
anomalies [71].

The tilt angle (TA) shows the edge of the source at zero values. The TA method can
generate a balanced image for sources at different depths. The limitation of the TA method
is that it produces secondary edges around the true edge [71]. The formula for the TA is
given as [39]:

TA = tan−1
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The TA method normalizes the vertical derivative (VDR) to the total horizontal deriva-
tive [73].

Another common technique in geophysical interpretation is the horizontal tilt angle
(TDX), which is normalized to the absolute value of the vertical derivative [74]. The TDX
method is represented as follows [75]:

TDX = tan−1
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Wijns et al. [40] proposed the theta map (TM) method, which produces balances
between edges located at different source depths. The TM method shows the edge of a
source at the minimum values. In addition, the TM method has secondary edges around
the true edge, like the TA method. The TM method is given as follows [40]:

TM = cos−1
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• Recent Edge Detection Methods

In recent years, many new boundary analysis methods have been proposed, such
as the horizontal derivative of tilt derivative (HD_TDR) [76], horizontal gradient of
tilt angle (HGTA) [77], soft sign function (SF) [78], and tilt angle of analytical signal
(TAAS) [79] methods.

The HD_TDR method is like the analytical signal method but is sharper and generates
better-defined maxima centered over the body edges of the source [76].

HD_TDR =

√(
∂TDR

∂x

)2
+

(
∂TDR

∂y

)2
(6)

The horizontal gradient of tilt angle (HGTA) method is given as follows [77]:

HGTA =

√(
∂TA
∂x

)2
+

(
∂TA
∂y

)2
(7)
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The soft sign function (SF) method was proposed by [78] as follows:

SF =
k × ∂THG
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where THG =

√(
∂T
∂x

)2
+

(
∂T
∂y

)2
, and 1 ≤ k ≤ 10 will yield the best results [72].

The TAAS method shows the edges of the sources at the maximum values; however,
the detected edges have low resolution. The formula for the TAAS is represented as [79]:

TAAS = tan−1
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4. Results and Discussion

4.1. Remote Sensing (RS) Data
4.1.1. Landsat 8 OLI Data

The investigation of the Landsat data allowed for the outlining of the HAZ areas.
The spectral Sabin ratios (4/2, 6/5, 6/7) are represented in the RGB images and shown in
Figure 4a [80]. The OH-bearing minerals (clay minerals, such as kaolinite, montmorillonite,
and alunite) mainly manifested in a 6/7 ratio, appearing in the RGB images as blue-colored
regions. The crimson hue of ferric minerals, such as limonite, hematite, and goethite,
was mirrored in the band ratio 4/2. Areas with a high concentration of iron oxides were
detected as reddish spots in the band ratio 6/5. A false-color composite map representing
an alteration map for the research area was created using band ratios 6/7, 6/5, and 5 [81–83],
with the HAZs denoted in yellow (Figure 4b).

The corresponding eigenvectors and eigenvalues of SPCA for iron oxide layouts are
shown in Table S3, with band 4 (reflection) and band 2 (absorption) as distinctive bands
for iron oxides and the typical PC4 for iron oxides. Both the eigenvectors and individual
values of the hydroxyl minerals were calculated using the Crosta analysis of the Landsat
8 OLI. Table S4 shows that in PC4, there was a difference in eigenvector importing among
bands 6 (−0.774) and 7 (0.504). As a result, the darkest pixels represented band 7 (0.59) and
reflected the OH-bearing minerals. The hydrothermally changed portions emerged in a
brilliant tone following the negation of PC4.

During the generation of the Crosta alteration image (Figure 4c,d), the iron oxide
minerals, hydroxyl minerals, iron oxide minerals (F, H + F, H), and RGB images were
shown in grayscale. The white pixels with bright reflections that identify alteration areas in
the grayscale images are likely to be zones with the most future potential since they display
both iron-stained and clay alterations. While hydroxyl minerals are placed in yellow to
orange reflection color in the RGB images, areas rich in iron oxide minerals are identified
in cyan to bluish coloration [83].

The grayscale image produced by ratioing bands 6 and 7 (6/7) traced clay and
hydroxyl-mineral-bearing areas as white-colored areas or linear patterns scattered along
possible tectonic elements and associated stream channels, implying that the distribution
of these minerals may be structurally governed (Figure 4e,f) [84].
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Figure 4. (a) Sabin band ratios in an RGB image. (b) Band ratios 6/7, 5/6, and 5 in an RGB image.
(c) Crosta analysis (H, H + F, F) in a grayscale image. (d) RGB image. (e) Band ratio 6/7 for hydroxyl-
bearing minerals in a grayscale image. (f) RGB image of band ratio 6/7 classes. (g) Hydrothermal
alteration zone classes in the study area.
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The images incorporate data from the band ratios and PCA-defined rock alteration
caused by hydrothermal activity. These zones can be used to differentiate between locations
with a high number of hydroxyl and iron oxide changes. As a result, the images were
divided into five ranks. Figure 4g shows that the higher the rank, the better the mineral’s
favorable prospective grade. The richness of HAZs often indicates mineral alteration
regions, particularly those rich in gold mineralization, which are frequently associated with
highly sheared areas [85].

4.1.2. STRM DEM Data

The topographic variances varied from 857 to 1251 m (a.s.l.) according to the analysis
of the SRTM DEM (Figure 5a). Additionally, the DEM offered geometry-related information
not made available by previous RS approaches. The geological analysis of the Landsat
photos and SRTM data revealed structures with lineaments (Figure 5b). From the findings
of the lineament analysis, a total of 552 extracted lineaments from the STRM DEM are
displayed in Figure 5c, along with a density map (Figure 5d) and a rose diagram showing
the spatial distribution of the lineaments. The rose diagram is used to indicate the ob-
served lineament trends, with patterns in the NW–SE, NNW–SSE, NE–SW, and NNE–SSW
directions being considerably more apparent than those in the N–S and E–W directions
(Figure 5c).

 

Figure 5. (a) The elevation map of the STRM DEM. (b) Shaded relief thematic map. (c) Elevations in
the STRM DEM extracted lineament map. (d) Lineament density map.
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Lineament density analysis was performed to determine the frequency of the linea-
ments per unit area. Also referred to as the lineament frequency, the lineament density
is a measure of a collection of linear features in a location. This analysis led to the cre-
ation of a map (Figure 5d) that depicts the locations of the lineaments throughout the
investigated area. According to [86], areas with a high lineament density are suitable for
mineral prospecting.

4.2. Satellite-Based Bouguer Gravity (SBG) Data

In this study, the SGG-UGM-2 model was selected to obtain Bouguer gravity anomaly
data between longitudes 42◦ and 43.3◦ and latitudes 22◦ and 23◦, with a grid interval of
4 km. The Bouguer anomaly values changed from −62.8 to −99.6 mGal (Figure 6).

Figure 6. Bouguer gravity map of the study area.

Several threshold analysis operators were used, including the AS, THG, TA, TDX, and
TM. Furthermore, modern edge recognition filters such as HD_TDR, HGTA, TAAS, and
SF were used, and the findings were correlated with the research area’s tectonic structure,
according to the Hulyfah volcano-sedimentary pattern (Siham and Bani Ghayy Groups),
which makes up most of the Bi’r Tawilah area and its surroundings. The Bouguer gravity
map revealed higher values in the research region’s central, southern, and northeastern
parts. At the low–high-anomaly interface, −75.1 m Gal values were reported near the Bir
Tawilah gold mining area (Figure 6).

The regional high-gravity anomalies are associated with crustal thickening in the
research region’s central, southern, and northeastern parts [87], implying that lithological
crust changes cause this regional gravity anomaly gradient.

In the results of the AS method, the discontinuities cannot be seen, and the greatest
values near the map’s north reflect a northwest–southeast trend. This result could be
explained by the AS’s poor performance in recognizing shallow and deeper sources, and
the discontinuities could be shallow sources in this location (Figure 7a).

29



Minerals 2023, 13, 1092

 

Figure 7. Boundary analysis results of the study area: (a) AS, (b) THG, (c) TA, (d) TDX, and (e) TM.

The NW–SE and NE–SW trends in the THG, TA, TDX, and TM data can, however, be
seen clearly. The THD results are consistent with the nearby active and potential faults
(Figure 7b–e). The maximum values depict the boundaries of tectonic plates and discon-
tinuities. Additionally, although the TDX approach provides the edges at the maximum
values (Figure 7d), the TA result displays the fault edges at the zero values rather than
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the maximum values (Figure 7c). In the TM filter result, when the TM filter provides
zero values, but the TDX filter yields maximum values at the exact locations, this may be
connected to how the TM method produces secondary edges (Figure 7e). The TM and TDX
maps have interconnected lineaments, which can make the interpretation more challenging.

The high-resolution SBG map underwent enhanced filtering using HD_TDR, HGTA,
TAAS, and SF (Figure 8).

 

Figure 8. The results of recent boundary analysis methods: (a) HD_TDR, (b) HGTA, (c) TAAS, and
(d) SF. (e) Extracted lineaments from the SBG data after applying advanced edge detection approaches.
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The HGTA generated from the tilt angle filter is shown in Figure 8b, along with its
effects and outputs. The lineaments brought about by lithological variation were visible
along the tilt angle’s zero-contour line, but this filter did not pick up on sharp edges [88].

The NE–SW, NW–SE, and N–S faults had prominent signatures on the HD_TDR and
HGTA maps (Figure 8a,b). Therefore, they could not be used to identify the structural
patterns in this situation. Strong filters called the TAAS and SF enable simultaneous
equalization of signals with low and high amplitudes.

The geologic characteristics were considerably simpler to comprehend visually and
qualitatively because the TAAS and SF maps (Figure 8c,d) provided a more detailed
characterization of the features. A more exact length and width delineation can be seen
on the SF map (Figure 8d). The visual comparison makes it simpler to understand the SF-
derived lineaments. Subsurface linear structures detected in the research region according
to the SF map (Figure 8e) exhibited lineaments, with the trends in the NW–SE, NNW–SSE,
NE–SW, and NNE–SSW directions being more evident than those in the N–S and E–W
directions. The lineament map derived from the subsurface gravity data highlighted the
bulk of elongated NW–SE zones and their intersecting NE–SW trends (Figure 8e).

4.3. Integration of RS and SBG Results

Integrating multiple data sources in a spatial evaluation approach is essential in
mineral prospect mapping [89]. To estimate the likely location of gold resources, a combined
strategy has been used to characterize the areas of mineral occurrences [90]. This section
combines the lineaments and HAZs produced from the RS and SBG data. This is helpful
for investigation strategies in searching for minerals and serves as adequate evidence of
mineralization.

By integrating the lineaments derived from the RS and SBG data, an integrative linea-
ment map (Figure 9a) was constructed, which displays the critical surface and subsurface
features (faults/fractures). Analysis of the RS- and SBG-derived lineaments revealed that
the lineaments in the NW–SE, NNW–SSE, NE–SW, and NNE–SSW directions were more
pronounced than those in the N–S and E–W directions. A density map was created using
the data’s recovered lineaments (Figure 9b), and we classified it into four classes. This map
showed a high density of fracture/fault zones in the southeast of the research region (south
of the Bir Tawilah gold mine) and a medium density in some sections of the western and
eastern parts. The density map also showed a prominent NW–SE tendency that crossed
the NE–SW trend.

 

Figure 9. (a) An integrated lineament from the RS (black) and SBG (red) data. (b) Lineament density
map from the RS and SBG data.
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The geodynamic evolution of the studied area has been significantly controlled by
the linear trends that have been found. These patterns, which govern the rock units and
represent ideal locations for hydrothermal solutions, were confirmed in the Landsat data.
The integrated and extracted lineaments from the RS and SBG data and the geological
map were superimposed on the derived hygrothermal zone map to indicate the favorable
and predicted sites of gold and hydrothermal mineralization (Figure 10). High-class sites
indicate a desirable location and a greater density of mineral resources, considering that
many mineral and gold deposits are linked to HAZs, including fluids that rise through
fault lines and fissures.

 

Figure 10. The map shows the hydrothermal alteration zone classes for the study area and is
superimposed by the integrated lineaments from the geological map (black) and RS (gray) and SBG
(red) data. The rose diagrams display the major and minor trends of the derived lineaments from the
geological map and RS and SBG data analysis.

As a consequence of this, regions that have a greater lineament density, which is
associated with tectonic/structural lithosphere deformation [91], are more likely to have
deposits of gold mineralization. Therefore, the areas with the greatest change and lineament
density are compatible with the most appropriate predicted mineralization regions. In
addition, the location of the existing gold mines also correlates well with these locations.
As a result, the predicted Au mineralization zones are found in the southeastern, eastern,
and northern regions (Figure 10).

5. Conclusions

The research region is situated in the center of the Arabian Shield (Ash) and includes
the Bi’r Tawilah gold mine area and its surrounding area, which is considered to be one
of Saudi Arabia’s largest gold mining areas. The current study’s primary objective was to
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identify the optimal locations of mineral resources and gold deposits by combining surface
and subsurface structure components and hydrothermal alteration zone locations. The
detection of HAZs and structural lineaments in the investigated area was achieved using
an integrated approach based on remote sensing (RS) data (Landsat 8 OLI and SRTM data)
and SBG data.

The merging of the RS and SBG data allowed for the detection of structural discontinu-
ities and HAZs in the research area. In order to locate HAZs in the Landsat OLI data, image
processing techniques including band ratios and PCA were applied. From the final image,
four zones representing different degrees of alteration were identified. Lineaments were
taken from the SRTM data analysis. Using the SBG data, several edge detection methods
were utilized to build subsurface lineaments. The lineaments in the NW–SE, NNW–SSE,
NE–SW, and NNE–SSW directions were more significant than those in the N–S and E–W
directions, according to the analysis of the RS and SBG data’s lineaments. The HAZs and
lineament density were combined to create a mineral potential map that maximized the
area of possible mineral resources.

The lineaments derived from the RS and SBG data analysis were found to be more
compatible with the HAZs. This demonstrates that deep lineaments are frequently linked
to alteration zones. This combination reflects the efficacy of using RS and SBG maps to
explore gold occurrences and the associated hydrothermal metallic mineralization.
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Abstract: Possible young analogues for regionally extensive unconformities (100 to 400 km2) in the
gold-bearing Witwatersrand Supergroup (Archean, South Africa) occur in the South Island of New
Zealand. Extensive marine unconformities in New Zealand show progression from an unconformity
surface to conglomerate to clean well-sorted sandstone to marine mudstone, as is also found in the
major Witwatersrand auriferous reef horizons. The hosting young sedimentary basins of the South
Island rest on thin or thick crust on inboard and outboard foreland settings, with variable alluvial
gold budgets. They expose the Cretaceous–Oligocene Waipounamu Erosion Surface unconformity
that formed when most of New Zealand was subsiding, and Pleistocene–Holocene unconformities
related to global sea level changes. The Witwatersrand gold-bearing reef sediments are a good match
for such marine transgressions, but not alluvial fans or braided streams. Most Witwatersrand gold is
immediately above planar unconformity surfaces and not restricted to, or concentrated in, erosion
channels that are incised through the reefs. However, in modern alluvial fans or braided streams, gold
is almost entirely in erosion channels on a smaller scale than the Witwatersrand gold reef packages
and not spread across the planar unconformities. Alluvial fans and braid plains in New Zealand
dilute gold with large volumes of gravel.

Keywords: gold; placer; Archean; unconformity; Cenozoic; marine; fluvial; tectonics

1. Introduction

The Witwatersrand Supergroup is the main component of a ~10-km-thick sedimen-
tary basin with minimal igneous rocks but with Archean greenstone strata above and
below [1–3]. Preserved basins of this thickness and composition are rare in the Archean.
Within the Supergroup are multiple unconformities and a small number are well docu-
mented through deep drilling and mining [4]. These extensive planar surfaces can be 100 to
400 km2 and are overlain immediately by reef packages of distinctive lithologies, with many
containing economic gold. The scale and shape of the unconformities and their associated
reef packages provide valuable information on the environment of sedimentary deposition
and on possible origins of the mineral components of the reef. The Witwatersrand Su-
pergroup has been deformed [5] and metamorphosed to greenschist facies throughout all
its goldfields [6].

New Zealand’s South Island, including both its onshore and offshore parts, is well
studied by field mapping and geophysics, albeit with economically small placer gold
mining. The value of using New Zealand as an analogue for sedimentary processes
in the Witwatersrand basin was recognised in the 19th century [7] and extended more
recently [8,9]. These authors focused on modern aeolian processes in marginal marine envi-
ronments. No analogue is perfect, but the study of modern analogues such as New Zealand
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provides a useful context in which to examine some features of the Archean Witwatersrand
rocks. More specific geological links between New Zealand and the Witwatersrand basin
are outlined in Section 2.2 below.

In this study, we present observations from four Cretaceous to Holocene sedimentary
basins in New Zealand, all of which have local placer gold accumulations, to evaluate
possible younger analogues of tectonic, lithological, sedimentological, and placer accu-
mulation processes that may be relevant to the interpretation of the Witwatersrand gold.
Sedimentation in the four New Zealand basins initially developed in the Cretaceous under
an extensional tectonic regime, which has evolved to compressional tectonics from the Late
Oligocene until the present. Consequently, these basins have a broadly similar geological
history to the Witwatersrand basin of early extension, a compressional event, and are
inferred to be foreland basins.

Despite the young age of the New Zealand basins, there have been variable amounts of
post-depositional authigenic and diagenetic mineralogical alteration of the sediments. Some
of these post-depositional processes occurred under low-oxygen geochemical conditions,
which may be relevant to the low-oxygen conditions inferred for parts of the Archean
Witwatersrand basin. Finally, we use the tectonic, sedimentary, and post-depositional
alteration contexts of the New Zealand basins to evaluate the similarities and differences
between modern geological processes and inferred processes relevant to gold mineralisation
in the Witwatersrand basin. This paper looks at unconformities in general and especially
those of the South Island, and the distribution and nature of the unconformities in the
Witwatersrand, including their reef packages.

2. Approach and Methods

Our study primarily involves comparisons of relevant aspects of the Archean Witwa-
tersrand Supergroup of South Africa to similar aspects of Cretaceous–modern New Zealand
geology, particularly with respect to the nature and origin of unconformities. Hence, we use
the published literature for these two contrasting regions and combine these established
observations and interpretations in a novel way. To this end, we initially introduce key
stratigraphic and structural features of the Witwatersrand Supergroup in general, and
then document the similar features of young New Zealand geology. These parallel sets
of observations are combined and evaluated in the Discussion section. Throughout the
paper, we specifically separate processes of the formation of unconformities from placer
gold accumulation processes that can locally accompany unconformity formation.

2.1. Witwatersrand Supergroup Background

As the dominant source of mined gold globally, the Witwatersrand Supergroup
(Figures 1 and 2) has been extensively documented during mining, deep drilling, and
seismic surveys. The resulting literature on the Witwatersrand gold deposits and the
hosting rocks is vast and diverse, and a relevant fraction of this literature has been used in
this study as a background context (see reference list). In particular, there have been over a
century of publications providing reasons for which the major Witwatersrand reef packages
might be marine [2,7,10–12]. However, there is still a strong influence of researchers who
favour a non-marine fluvial setting [13–15].

2.2. Southern New Zealand as a Witwatersrand Analogue

The following general features of New Zealand make comparisons to the Witwater-
srand a valuable exercise:

• New Zealand is a relatively small fragment of new continental crust (Figure 3a) that
is broadly similar in size (~1000 km across) to that inferred for the proto-Kaapvaal
craton (Figure 1a);

• The New Zealand crust hosts sedimentary basins (Figure 3) of similar scale (up to
7 km thick) to the Witwatersrand basin;
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• The New Zealand sedimentary basins have a similar tectonic history to the West
Rand and Central Rand Groups (lower Wits and upper Wits, respectively), with initial
extension and subsidence followed by compression and uplift-related sedimentation
(Figures 2a and 3; Table 1);

• The Miocene to Holocene history of compression-related sedimentation in New
Zealand reflects foreland basins (Figure 3), with a range of features that are relevant to
the Central Rand Group, which is also inferred to have been a foreland basin [16];

• The New Zealand sedimentary basins have many diverse unconformities within the
sedimentary sequence, allowing comparison to the unconformities that are a key part
of the Central Rand Group architecture (Figure 2b);

• Southern New Zealand has widespread primary and placer gold (Figure 3), so that
the nature of placer gold deposits in young and active compressional basins can be
readily observed;

• Phanerozoic examples are resolvable because of the contrasting marine and non-
marine fossils in the various associated sediments.

To illustrate and quantify the key features of placer gold accumulation in the New
Zealand context, we summarise extensive previous work on the geological and tectonic
contexts of placer deposits in the sedimentary basins of the South Island in Table 1 [9,17–22].
More specific details of the South Island placer deposits in Table 1 and the text and figures
herein have also been published previously [23–32].

 
Figure 1. Location and geological setting for the Witwatersrand basin (a) in Southern Africa and
(b) in the Archean Kaapvaal Craton, adapted from [33]. (c) Locations of principal goldfields.
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Table 1. Summary of key features of New Zealand sedimentary basins relevant to placer gold deposits
(references in text). Otago description includes Southland. QPC = quartz pebble conglomerate.

Basin Otago Waiau Canterbury Westland

Style Foreland complex Oblique foreland Foreland Inboard wedge
Tectonics Compression Transpression Compression Transpression

Age of foreland
sediments Miocene–Holocene Miocene–Holocene Miocene–Holocene Miocene–Holocene

Crustal thickness ~25 km ~25 km <20 km >30 km
Basement rocks Schist Greywacke, crystalline Greywacke Schist, crystalline

Basement exposure At and above sea level Below sea level Below sea level At and below sea level
Precursor

Cretaceous–Oligocene
extensional sediments

Coastal, up to 1 km
thick; eroded from

inland
Locally >3 km thick Locally >2 km thick Mostly eroded; minor

remnants

Placer ages Cretaceous–Holocene Miocene–Holocene Modern Pleistocene–Holocene

Fluvial placers Abundant; 8 Moz
production Minor production Negligible; dilution

dominates
Common, post-glacial;

7 Moz production

Fluvial placer
unconformity control

Basement;
syn-sedimentary
deformation and

erosion

Local basement ribs Local basement ribs

Local basement
exposures;

syn-sedimentary
deformation and

erosion

Beach placers Rare, negligible
production

Abundant; minor
production Negligible production Common; moderate

production

Gold source Otago; Mesozoic veins
in schist

Otago: Miocene veins
± Mesozoic veins

Southern Alps;
Plio-Pleistocene veins

Southern Alps;
Plio-Pleistocene veins

Placer recycling

Frequent, Cretaceous–
Holocene uplift and

erosion
created QPCs

Common;
Pleistocene uplift and

erosion
No data

Common;
Pleistocene sea-level

changes

Age gap,
source-to-placer Wide; 50–110 Ma Coeval to ~20 Ma Coeval to ~5 Ma Coeval to ~5 Ma

Placer hosts
Lithic conglomerates;

Cretaceous–Pleistocene
QPC

Lithic conglomerates
and sands

Lithic conglomerates
and sands

Lithic conglomerates
and sands

Principal associated
heavy minerals

Magnetite, hematite,
garnet, zircon

Ilmenite, garnet, zircon,
platinum Zircon, epidote Ilmenite, garnet, zircon

Gold particle sizes 2 to 0.1 mm flakes; rare
cm nuggets

1 mm flakes to 0.1 mm
toroids and spheroids

<0.5 mm flakes,
incipient toroids

2 to 0.1 mm flakes;
rare nuggets

Gold transport
direction,

Miocene–Holocene

Various; rivers from
uplifted ranges across

basin complex

SW orogen-parallel
rivers;

SE longshore drift

SE orogen-oblique
rivers

NW orogen-normal
rivers;

NE longshore drift

Clay alteration in
placers

Widespread in
basement and

sediments,
Cretaceous–Pliocene

Localised in Pleistocene
sediments and

basement
Nil Nil

Silica cementation
associated with placers

Common in QPCs;
recycled siliceous

cobbles in
Cretaceous–Holocene

sediments

Nil Nil Nil

Authigenic pyrite in
placers

Common, Cretaceous–
Pliocene; minor

detrital sulphides

Localised; Miocene–
Pleistocene Nil Nil

2.3. Fluvial Channel Terminology

Fluvial channels are important features of non-marine placer gold deposits, and, in
this study, we describe two principal types, initially in the context of young sedimentary
systems in New Zealand, and then in the Witwatersrand deposits in the Discussion section.
We refer to braid channels as the channels that carry most of the water and coarse sediment
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in an active alluvial fan and downstream braid plain. These channels migrate laterally
across a valley, with occasional lateral steps (avulsions). In contrast, erosion channels form
by incision into the underlying substrate as a result of changing base levels and/or tectonic
uplift. The two channel types are related, in that braid channels can evolve into erosion
channels and braid channels dominate the wide erosional valley floors that have been
incised into older sediments and/or basement rocks. Braid channels typically form with
1–2 m depth, whereas erosion channels can be tens to hundreds of metres in depth as
tectonic uplift progresses. In the context of detrital gold accumulation to form non-marine
placer deposits, it is the erosion channels that are most important, as they focus on longer-
term water flow and the reworking of gold-bearing sediments to remove the finer com-
ponents (winnowing) [22]. Resultant residual gold concentrations occur, with remnant
coarse debris, at the bases of such channels (thalwegs), and these are the principal targets of
placer mining [22]. Conversely, while rivers in braid channels can carry detrital gold, this
setting generally lacks the repeated reworking of the sediments to concentrate gold, and,
commonly, flood events in such channels cause the dilution of the gold with other debris.

 

Figure 2. Stratigraphic, structural, and lithological setting of the Witwatersrand basin and the
principal features of the unconformities in the sequence. (a) Generalised stratigraphic column with
inferred tectonic settings through time, summarised from [2,33]. (b) Sketch section of numerous
unconformities within in a single Central Rand Group goldfield, modified from [34]. (c) Principal
present and inferred pre-metamorphic rock types at a typical unconformity in the Central Rand
Group as in (a,b), sketched from [2], with generalised gold distribution summarised from [35].
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Figure 3. Tectonic setting of Cretaceous–Holocene sedimentary basins in Southern New Zealand.
(a) Principal onshore and offshore topographic and structural features of the South Island of
New Zealand on the Pacific–Australian tectonic plate boundary (DEM modified from niwa.co.nz).
(b) Surface topography of the southern South Island (DEM modified from geographx.co.nz), with
sketch cross-sections through the four principal sedimentary basins described in this paper (Table 1),
with separate depositional components related to extensional and compressional tectonics. The two
principal marine transgressional unconformities are indicated: WES = Waipounamu Erosion Surface
(purple); the Holocene surface is pink. Transport directions of detrital gold are shown over time for
Late Cenozoic compressional tectonics.

3. Observations on Archean Witwatersrand, South Africa

3.1. Witwatersrand Structure and Stratigraphy

The Archean Kaapvaal Craton underlies much of South Africa and is known from
outcrop, geophysics, drilling, and spatially restricted mining (Figure 1). It comprises
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greenstone belts, extensive granitic rocks, and some sedimentary basins that include the
Witwatersrand Supergroup [2,3]. The ten-kilometre-thick Witwatersrand Supergroup was
deposited on the proto-Kaapvaal Craton. During and after the sedimentary basin on the
south side, the proto-Kaapvaal craton grew in the north by terrain accretion with the
docking of island arcs at 2980 to 2960 Ma and the subsequent Limpopo Belt collisional
orogeny at approximately 2672 to 2620 Ma [36]. The Limpopo collision is coincident with
the global Archean gold event (Figure 2a) [37].

The Witwatersrand Supergroup is divided into a lower West Rand Group, dominated
by 4 km of fine- to medium-grained clastic metasedimentary rocks, and an upper Cen-
tral Rand Group of ~3 km of medium- to coarse-grained clastic rocks with minor shale
units (Figure 2) [3]. The base of the Witwatersrand Supergroup is dated as younger than
2985 ± 14 Ma; the boundary between the West Rand Group and Central Rand Group is
between 2914 and 2902 Ma, and the top of the Central Rand Group around 2780 Ma [38–40].
Two younger units, the Ventersdorp Contact Reef of ~2780 Ma and the Black Reef of ~2640 Ma,
also contain significant gold. All these units precede the end of the global gold event of 2700
to 2600 Ma (Figure 2a) [37], the suggested global oxidation event at approximately 2450 to
2300 Ma [41], and the defined Archean–Proterozoic boundary of 2500 Ma. The significance
of these ages is that several of the Archean basins, including the Witwatersrand, were
already in place before the major global gold event.

The West Rand Group (lower Witwatersrand) has equal proportions of shelf mudstone
and arenite of mainly marine origin. Laterally persistent magnetic shales and banded iron
formations occur throughout the West Rand Group as 13 discrete units for over 200 km from
Klerksdorp to the South Rand goldfield [42]. Gold and uraninite have been mined from
several reefs in the West Rand Group and older Dominion Group rocks but in much smaller
quantities than the Central Rand Group. The Central Rand Group (upper Witwatersrand) is
almost 3 km thick and dominated by arenite, with thick conglomerate units more abundant
towards the top, and an important marker, the 80-m-thick shale unit (Booysens Shale) [33].

The Witwatersrand goldfields are the largest and most productive gold deposits in the
world [1]. Gold is present within the Witwatersrand Supergroup, which was initiated as an
extensional basin, followed by sedimentation linked to compressional tectonics, which is
commonly interpreted to have been a foreland basin [43,44]. Over 90% of the gold is within
the upper third of the Witwatersrand Supergroup, closely associated with unconformities.
Some of these unconformities are the focus of deformation structures that are tempo-
rally coincident with Limpopo tectonics [5,45–47]. On a smaller scale, gold is hosted in
0–2-m-thick reef packages on the unconformity surfaces. Many sedimentary features are
still preserved in areas of low strain, but there has been substantial post-depositional
structural, textural, and mineralogical alteration, and the sequence has metamorphosed to
greenschist facies [6].

There has been controversy over the past 130 years about the origin of the gold,
ranging from sedimentary placers, variably modified placers [48,49], and a relatively new
syngenetic model [50] to hydrothermal processes akin to those in Archean greenstone gold
deposits [33,51–53].

3.2. Unconformities in the Witwatersrand Supergroup

One of the most notable features of the architecture of the Central Rand Group in
the Witwatersrand basin is some remarkably extensive planar unconformities that occur
in the sequence (Figure 2b). These unconformities are the most thoroughly documented
features of the basin because they host most of the economic gold and have been followed
across tens of kilometres in mines for more than a century, with hundreds of km linking
goldfields [3,4,54]. The planarity of these unconformities can be traced over hundreds of
square kilometres within the basin.

Unconformities are common throughout the Witwatersrand Supergroup and vary
from those with a discordance of several degrees, and with kms of lost sequence, to many
with 0–2 degrees of discordance (Figure 2b) [34], and there are likely some that have
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been overlooked where there is sparse drilling. The best-documented unconformities are
mineralised in the upper Witwatersrand (where underground access, multiple drill holes,
and seismic surveys provide constraints on the geometry of these planes). Underground
access is poor in the lower Witwatersrand and the fewer drill holes are supplemented
by surface mapping around Johannesburg and Klerksdorp. Towards the basin margin,
the unconformities become stacked by repeated tilting during sedimentation, which is a
feature of the mined areas [33]. The rock units above and below the unconformities are
fully lithified, as expected at greenschist facies [2,33].

A subset of Witwatersrand unconformities has a distinctive 0–2 m overlying sedimen-
tary sequence referred to as a reef package [6,35,55]. There is carbon on the surface of the
major reef unconformities as carbon seams, veinlets, or nodules (called flyspeck carbon),
and the great economic importance of gold with carbon means that the distribution of the
latter has been mapped in detail across many tens of km2 [2,56] and studied in detail [57].
Conglomerate overlies the carbon seam or unconformity and varies from a single layer
of quartz pebbles to thicker single or multiple units of quartz pebble conglomerate. A
distinctive quartz arenite is up to tens of cm thick and characterised by its distinctive glassy
appearance of round, well-sorted quartz sand that is strongly lithified.

There are two contrasting depictions of reef packages in the literature (outlined above)
that reflect different audiences and intent. Most publications and underground tours are
designed to show reef packages with conglomerate and mineralisation, without complica-
tions of deformation or alteration (e.g., Figure 2c, right side). In contrast, foliated zones,
breccias, faults, and dykes are common, and quartz veins are generally more abundant
in reef packages compared to surrounding arenites (e.g., Figure 2c, left side). Several
mesoscopic underground studies of reef packages document the higher strain in the reef
packages compared to the bulk of the surrounding arenites. At a broad scale incorporating
the study of many mines, the strain is reflected in reference to slate, phyllite, and crenulated
schist for shale units in the heterogeneous reef package spanning various goldfields [6] and
the K8, Black Bar, Green Bar, and Khaki shale units [15].

Specific studies at the top of the Witwatersrand Supergroup in the Ventersdorp Con-
tact Reef (VCR) reveal a yellow phyllite in a high-strain zone with quartz veins in altered
metabasalt juxtaposed with the VCR—the major reef in the Deelkraal mine [58]. The inter-
face of the upper Witwatersrand and basal Ventersdorp Supergroups has been interpreted
as a major rheological contrast exerting control over deformation, fluid flow, and gold
distribution. The reef packages, such as the Carbon Leader and Basal Reef, have also
been identified as the foci of large-scale alteration involving heterogeneous distributions of
pyrophyllite and chloritoid in shales [33,45,47,52,59]. The mineralogical heterogeneity is
explained by these authors as being caused by the substantial removal of Si, Fe, Mg, and Ca
by fluids well after burial. At the Elandsrand mine, the Ventersdorp Contact Reef at the top
of the Witwatersrand Supergroup is highly mineralised on a major angular unconformity
but lacks some reef package characteristics. The deformation influences the reef thickness
by structural duplication and by thinning. This research has been extended to other parts
of the Ventersdorp Contact Reef [47,60]. Similar structural features [61] are also recorded in
the Rand goldfields [62–66] and Evander [46], including bedding plane faults, quartz veins,
ramps, duplexes, mylonitic schists, and phyllites. Two types of quartz veins are recorded
in the reef package, both rheology-controlled: one is layer-parallel and can be hundreds of
m in length, and the other is tens of cm in length and perpendicular to layering [2,10]. It is
understandable that, in sedimentological studies, the detail of structural complexity is not
emphasised, but where there is an absence of any reference to the existing published struc-
tural work, many readers are left unaware that deformation structures exist, are common,
and are very important.

3.3. Gold and the Witwatersrand Unconformities

Most of the Witwatersrand gold has been mined from a small proportion of the
unconformities, with some but not all of those overlain by a reef package. Because of the
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mining, these unconformities are well constrained, as are their gold distributions (albeit
confidential to the host company) and various mineral components in the conglomerate,
arenite, and shale. Major reef horizons are as follows (Figures 1 and 2a) [2]:

• Welkom (Basal Reef);
• Klerksdorp (Vaal Reef, Ventersdorp Contact Reef, VCR);
• Carletonville (Main Reef group, e.g. Carbon Leader, VCR);
• West Rand (Main Reef group, Bird Reefs, Kimberley Reef, VCR);
• Central Rand (Main Reef group, Kimberley Reef);
• East Rand (Main Reef group, Kimberley Reef);
• Evander (Kimberley Reef).

The Main Reef group refers to some closely spaced reef packages near the base
of the upper Witwatersrand (Central Rand Group). Minor reefs are on unconformities
throughout the whole Witwatersrand Supergroup and there are auriferous conglomerate
layers intermittently from the base of the Dominion Group to the Black Reef (Figure 2a).
A reef package succession similar to the major Witwatersrand reefs also occurs in the
Black Reef [67]. In the conglomerate units, gold is not necessarily confined to the base but
may be common near the base, middle sections, or top (Figure 2c) [10,35]. Gold grains
from Witwatersrand ores are around 0.01 mm to 0.05 mm, making them mostly invisible
underground [45,53]. Coarser gold is rare and, when present, associated with some carbon
and with quartz veins.

Within single goldfields, unconformities are several hundred km2 in area; for example,
the unconformity beneath the Ventersdorp Contact Reef is continuous for 450 km2 [47]. If
the currently accepted correlations [3] are correct, then the major unconformity surfaces
span multiple goldfields and could be thousands of km2 in total, although not economically
mineralised throughout. Gold mineralisation on the major reefs is remarkably continuous
across individual goldfields with semi-continuous stoping for 10 s km.

4. Cretaceous–Holocene Geology of South Island, New Zealand

4.1. Geological Setting

When seeking modern analogues for the Witwatersrand unconformities in the New
Zealand setting, there are very few comparable features to choose from. We describe here
the only two such features in the southern South Island, and both are of marine origin
(Figures 4 and 5). The Waipounamu Erosion Surface formed during the Cretaceous–Oligocene
marine transgression, and Pleistocene–Holocene sea level changes have created extensive
planar surfaces offshore [18,68].

These surfaces have formed in active and evolving tectonic environments. New
Zealand currently lies on the tectonic boundary between the Pacific Plate to the east and
the Australian Plate to the west (Figure 3) [18]. The onshore boundary in the South Island,
which is the focus of this paper, is the transpressional Alpine Fault (active Oligocene to
recent; Figure 3). Compression-driven uplift on the southeastern side of this fault has
created the Southern Alps, which has been rising since the inception of the fault zone in the
Miocene. The erosion of these mountains, and other subsidiary compressional mountain
ranges, provided the Miocene to Holocene sediment for the adjacent sedimentary basins
(Figure 3 and Table 1) [17,18].

The mountains and basins are built on continental crust of varying thickness, a
legacy of Cretaceous regional extension that initiated extensional sedimentary basins,
and these basin sediments lie beneath the younger compressional components (Figure 3
and Table 1). The basement underlying the basins (Table 1) consists of regionally com-
plex Paleozoic–Mesozoic metasedimentary rocks that range in metamorphic grade from
prehnite–pumpellyite to amphibolite facies [17,18]. The regional extension of this basement
continued into the Oligocene, resulting in the thinning of the Canterbury crust, and the
basement rocks remain below sea level in most of the Canterbury foreland basin [18]. In
contrast, the thicker crust beneath Otago and Southland has resulted in an emergent base-
ment since the Miocene, and Miocene–Holocene sedimentation has occurred in multiple
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small non-marine basins between ridges of older schist and greywacke rocks [25,29]. The
narrow Waiau Basin in Western Southland was initiated as an extensional basin but has
since undergone compression synchronous with Miocene–Holocene sedimentation [17].
On the west side of the South Island, the Westland inboard rivers flow steeply to the coast,
and most sedimentation has occurred as an offshore wedge [18]. Only small, faulted slices
of pre-Miocene extensional sediments are preserved locally onshore in Westland.

4.2. Planar Marine Unconformities

The most extensive planar unconformity is the Waipounamu Erosion Surface (WES,
Figures 3–5) [68]. The low-relief unconformity surface dominates the presently exposed
landscape of most of Otago and the eastern portions of the mountains at the edge of the
Canterbury foreland basin, although it has since been disrupted by faulting and folding.
This surface developed by marine planation as the sea transgressed across the subsiding
landscape of the South Island during the extensional phase of sedimentary basin develop-
ment (Figure 5a,b). The surface is time-transgressive, with initiation offshore to the east
of the present landmass in the Cretaceous, and it evolved inland progressively, culminat-
ing in the essentially complete submergence of the land in the Oligocene. The original
areal extent of the Waipounamu Erosion Surface was >100,000 km2, encompassing the
whole of the South Island and at least some of the North Island [68]. In the Southern
Alps, Miocene to Holocene rapid uplift yielded the so-called “spiky mountain” landscape
(Figures 3b and 4d) and facilitated sufficient erosion to remove all traces of the Waipounamu
Erosion Surface there.

Remnants of the Waipounamu Erosion Surface are best preserved on the “lumpy”
ranges of Central and Eastern Otago (Figure 4) and within remnants of the sedimentary
sequences in Otago and Canterbury. The Waipounamu Erosion Surface transgressed over
the top of extensional tectonic depressions that hosted fluvial sediments and associated
coal-bearing strata, and it planed off intervening basement ridges [68].

The other principal planar unconformity in Southern New Zealand, also of marine
origin, is in offshore shelf environments, where it formed during Late Pleistocene–Holocene
marine transgression after periods of syn-glacial sea level low stands on both sides of the
South Island [69,70]. The uplift of the South Island landmass was, and is, sufficiently
rapid to prevent the Holocene marine transgression from encroaching large distances
onshore, as the Waipounamu Erosion Surface did. However, the soft coastal sediments in
Canterbury and Westland are being eroded rapidly (~1 m/year laterally; Figures 4 and 6)
and large parts of the Otago shelf were formed by the planation of soft Miocene sediments
(Figures 4c and 5e) [69–71]. Likewise, Cretaceous quartz pebble conglomerates on the Otago
coast have been levelled and are still actively planned with landward erosion, contributing
to the residual quartz gravel and sand on the Holocene unconformity surface (Figure 7a).
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Figure 4. Contrasting appearances of the two principal marine transgressional unconformities on
the eastern side of the South Island (Figure 3b). (a) Canterbury thin crust foreland basin has the
Waipounamu Erosion Surface (WES) mostly below sea level, with uplifted and erosional remnants
on the margins of the mountains. The Holocene unconformity is developing via coastal retreat
at a rate of metres/year [71]. (b) Active Canterbury beach with lithic cobbles and sand derived
from inland mountains and recycling of the immediately adjacent Pleistocene gravels that are being
eroded during coastal retreat. (c) Topography of the Otago offshore shelf and immediate hinterland
of the Otago foreland basin complex on thick crust. Low-relief shelf surface formed during Late
Pleistocene–Holocene marine transgression, with extensive residual sand and gravel on surface [70].
Onshore land surface is dominated by the originally planar WES (Paleocene–Eocene in this area) that
has been deformed and eroded. (d) Contrasting mountain range topography of inland Otago, with
the Waipounamu Erosion Surface largely preserved (dashed line and foreground) on schist basement
as rounded topography, and completely eroded from spiky mountains in the distance (west).
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Figure 5. Geometry and lithology of unconformities in the Otago foreland basin complex (Figure 3b).
(a) Interpretive cross-section (not to scale) comparing generalised unconformities within the sed-
imentary sequence. Miocene–Holocene onshore unconformity configurations are schematic and
indicative of irregular and localised erosion and deposition. (b) Sketch section through the Paleocene
Waipounamu Erosion Surface (WES) near the onshore east coast, showing principal lithologies.
(c) Low-tide view of Holocene wave-cut platform incised during sea level rise. A similar Pleistocene
beach terrace is indicated in background. (d) Residual quartz-rich sediments on schist basement
unconformity at a Pleistocene beach terrace. (e) Sketch section through residual quartz sediments on
the offshore Otago shelf [69].

50



Minerals 2023, 13, 1041

 

Figure 6. Present topography and sedimentation in the Westland inboard wedge (Figure 3b).
(a) Oblique digital view of the onshore topography (from geographx.co.nz), showing the steep
orogen-normal rivers that transport fresh lithic sediment to the coast and offshore shelf. (b) Sketch
lithologic sections through the upper ten metres of Late Pleistocene–Holocene sediment on the
offshore shelf, immediately below the Holocene transgressional unconformity, summarised from [32].
(c) Typical modern Westland beach with erosional scarp formed as the Holocene transgressional
unconformity evolves shoreward. Residual lithic sediments have been reworked on the beach.
(d) Close view of an erosional beach scarp, showing the lithological variations in the higher Pleis-
tocene beach.
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Figure 7. Outcrop features of quartz pebble conglomerates (QPC) in onshore Otago foreland basin
complex [25,31]. (a) Cretaceous quartz pebble conglomerates coastal exposure that is being eroded
and recycled on to the Holocene marine transgressional unconformity. (b) An internal unconformity
within Cretaceous quartz pebble conglomerates sequence, with relict cobble accumulation. Carbona-
ceous material has been deformed and locally remobilised in the underlying sandstone. (c) Miocene
quartz pebble conglomerates in an erosion channel in basement, with most pebbles recycled from
Eocene (and ultimately Cretaceous) deposits. The Miocene conglomerate rests on the Waipounamu
Erosion Surface schist basement, which has been tilted and dissected and has a groundwater-driven
clay alteration zone (white). Exposures were created by placer mining extracting gold from the base of
the channel. (d) Eocene quartz pebble conglomerates that has been silica-cemented by groundwater
immediately above the Eocene Waipounamu Erosion Surface.
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4.3. Non-Marine Unconformities

Non-marine unconformities in the South Island sedimentary basins are almost entirely
fluvial in origin. They are numerous and widespread throughout all the non-marine
parts of the sedimentary basins (Figure 5a). However, unlike the marine unconformities
described above, the non-marine unconformities are highly irregular in geometry, are
generally localised in scale (1–1000 m laterally), and are fluvial channels with a range of
gradients (some very steep) and orientations related to the immediate eroding topography.

The erosion and recycling of pre-existing quartz pebble conglomerate sediments in
the Otago sedimentary sequence has led to more rounded and better sorted quartz cobbles,
pebbles, and sand, so that channelised unconformities are typically characterised by mature
sediments with residual coarse clasts [20]. These processes occur at all scales from the
metre scale, as in the internal unconformities in the Cretaceous fluvial sequence (Figure 7b)
and in large (>50 m scale) erosion channels formed as the Eocene and Miocene recycling of
quartz pebble conglomerates developed renewed deposits on low-relief surfaces in inland
Otago (Figures 3 and 7c,d) [25]. Recycled quartz pebble conglomerate deposits formed
locally through the Pliocene and Pleistocene on hill slopes in the inland Otago foreland
basin.

With the increased uplift and associated steeper relief in the Pliocene and Pleistocene,
large alluvial fans developed internal to and at the foot of the rising basement ranges
(Figure 8). These fans were deeply channelised, with multiple unconformities on the
10–100 m scale in width and the 1–10 m scale in depth [25,29]. Sediments were dominated
by coarse lithic gravels rather than quartz pebble conglomerates, although a minor com-
ponent of recycled quartz pebble conglomerate debris persisted (Figure 8). The fans grew
unconformably over older sediments and basement and extended for tens of km2, but these
underlying unconformities were also channelised (1–50 m scales). The ongoing uplift of
mountain ranges also uplifted portions of early formed fans and resulted in the localised
recycling of older gravels into younger fans (Figure 8d). New channelised unconformities
developed during this process.

The Canterbury foreland basin is distinctly different from Otago in overall architecture,
as most of the sediment from rising mountains has been deposited near sea level on a
broad area of low relief formed by the coalescence of fluvial braid plains (Figure 9) [16]. To
the west of this braid plain, a relatively narrow set of mountain ranges leads steeply back
to the main Southern Alps. The broad braid plain has been formed through the Pliocene
and Pleistocene by rivers with active gravel-dominated beds that are several kilometres
wide, with braid channels that have migrated across the plain and intersected one another
at various times. Modern rivers are currently cutting down through older gravels and
recycling them but have a similar large-scale braided morphology (Figure 9a) [71]. The braid
plain extended farther east during the Pleistocene, but coastal erosion is encroaching, and
most sediment now heading offshore is fine-grained material that overlies the Holocene
shelf unconformity (Figure 9b). Within the thick pile of lithic gravel that has resulted
(Figure 9a–d), there are numerous fluvial unconformities that have formed on the scale of
individual river courses: up to 3 km wide and ~100 km long (Figures 4a and 9a). These
unconformities are highly channelised internally, with 10–100-m-deep erosion channels,
especially near the rising mountain front (Figure 9a,d). Even the most distal portions of the
active braid plain are incised up to 10 metres to leave broad-flanking Pleistocene terraces
(Figure 9d) [18,71].
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Figure 8. Onshore alluvial fans in the Otago foreland basin complex [25]. (a) Oblique digital
topography of a large Pleistocene fan emanating from a rising antiformal range (vertical scale
exaggerated ×2 for clarity). (b) Distal portion of fan in (a), showing unconformity between fan
gravels and underlying Miocene sediments, exposed by placer gold miners following an erosion
channel. Numerous large boulders of silica-cemented Miocene quartz pebble conglomerates litter the
exposed unconformity. (c) Typical fan gravels in (a,b), showing abundant lithic sediments (brown)
and recycled Miocene quartz pebble conglomerates (white). (d) Oblique digital topography of an
inland basin margin, showing remnants of a large Pliocene alluvial fan (Plio) that has been eroded
and recycled into Pleistocene fluvial deposits (Pleist). (e) Unconformity between deformed, tilted and
eroded Pliocene distal fan sediments (below; fan as in (d)) and Pleistocene lithic sediments (above),
in an outcrop exposed by down-cutting of a Holocene river.

At the edge of the mountain front, Pleistocene alluvial fans have spread eastwards
to merge with the braid plain (Figure 9). These fans are even more channelised than the
braid plains, and the internal unconformities are deeper, narrower, and more irregular than
those on the braid plain. Farther inland, small basins and river valleys retain remnants of
the Waipounamu Erosion Surface and associated marine sediments, but most of the inland
area is underlain by an unaltered but deeply eroded basement where the Waipounamu
Erosion Surface has been eroded to leave spiky mountains (Figure 4a) [18,68].
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Figure 9. Onshore alluvial fans and associated braid plains in the Canterbury foreland basin.
(a) Digital topography (exaggerated vertical scale) of the mountain front of the main Canterbury fore-
land basin, with typical fluvial slope angles of Pleistocene surfaces and terraces of a major Holocene
river (right) that has a braid plain on the floor of a broad erosional channel cut >100 m into older
gravels. (b) Aerial view (from Google Earth) of coastline at foot of the braid plain, with active plumes
of fine sediments extending offshore onto the Holocene shelf unconformity that is transgressing
coastwards (Figure 3a). (c) Typical braid channel gravels, with coarse rounded lithic cobbles in a
matrix of lithic sand and silt. (d) Sketch cross-section, modified from [18], through the mountain front
to the edge of the plains (as in (b)), with deformed Pleistocene gravels resting unconformably on
deformed older basin sequence. (e) Aerial view (from Google Earth) of an active Holocene alluvial
fan, with white active braid channels, extending from a steep side-stream into an active braid plain in
an axial river in a glaciated inland valley.

4.4. Placer Gold Concentrations in New Zealand

Most placer gold in the South Island has been derived from Cretaceous orogenic (gold
only) vein systems in greenschist facies schists [72]. Placer accumulations began during
the Cretaceous tectonic extension, when basement ridges that were uplifted on extensional
basin margins were eroded, shedding detrital gold into the fluvial system [31]. This gold
was accompanied by abundant barren metamorphic quartz vein debris from the basement
schist, and rounded quartz pebbles are a major component of the earliest placer deposits.
Subsequent tectonic uplift and erosion has caused the recycling of gold and quartz pebbles,
the addition of new quartz debris and gold, and ongoing transport and redeposition,
numerous times throughout the subsequent history of Otago and Southland [20,25]. The
addition of abundant lithic debris from rising mountains, especially from the Pliocene to
Holocene, has resulted in the considerable dilution of gold in fluvial systems.

In addition to the gold sources in the Cretaceous Otago schist, auriferous quartz veins
were emplaced in the rising Southern Alps, beginning in the Miocene in Otago and contin-
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uing through the Pliocene and Pleistocene in the Canterbury–Westland mountains [21,22].
Detrital gold from these sources has contributed to placer accumulations in the Waiau
Basin, the Canterbury foreland basin, and the Westland inboard wedge, primarily on
beaches [9,21,22].

The all-time placer gold production from South Island sedimentary basins has been
~15 Moz (465 t), with ~8 Moz coming from fluvial placers of the Otago foreland basin com-
plex and 7 Moz coming from the Westland inboard wedge [23]. The Westland placer gold
was both fluvial and beach gold. The other major sources of gold are the operating Macraes
orogenic (hard rock) mine, with all-time production exceeding 5 Moz from an endowment
over 12 Moz [73], and ~3 Moz produced from orogenic deposits in Westland [23].

The onshore fluvial placer gold concentrations are focused in erosion channels within
the fluvial sequences, from the Cretaceous to Holocene (Figures 8b and 10). Alluvial fans
and downstream rivers that flow on the basement are the most significant sites for placer
gold accumulation (Figure 7c, Figure 8a,b and Figure 10). Mining typically focused on
the lowest part of the erosion channels (the thalweg), where coarse gravel hosted heavy
mineral concentrations with gold (Figure 10a,b), and gold concentrations declined rapidly
away from the thalweg both laterally and vertically. Likewise, other heavy minerals were
not concentrated at shallower levels within these channels and on the channel margins,
and any heavy minerals have been substantially diluted by silicate gravel and sand and/or
a silt matrix. This is particularly true in relatively young (Pliocene–Holocene) sediments
that are dominated by lithic debris. These essentially barren gravels were removed in
mining merely to provide access to the thalweg material below (Figure 10c). Channels
were unconformably incised into the underlying basement (Figure 10a,c) or soft sediment
(Figures 8b and 10b,d) on scales from centimetres to tens of metres. In low-relief coastal
environments, the channels are smaller and shallower, but heavy mineral concentrations are
still preferentially found in the thalweg (Figure 10e), even if only a few cm deep (Figure 10f).

In overall gold production, marginal marine settings have been subordinate to the
fluvial settings but constitute the most important placer accumulations associated with the
Waiau, Westland, and Canterbury basins [9,23,30]. Gold in this setting occurs with other
heavy minerals (including garnet, ilmenite) in localised seams (cm scale) on active beaches
and in remnants of Pleistocene beaches both onshore and offshore (Figure 6c,d) [8,32].
These heavy mineral concentrates, with and without gold, are widespread at and immedi-
ately below the Pleistocene–Holocene offshore shelf unconformities [32,69]. Pleistocene
beaches (above present sea level due to tectonic uplift or as high-stand levels) contain
gold with heavy mineral concentrates in Westland and on the coast of the Waiau Basin,
and these minerals are commonly recycled onto the Holocene unconformity at modern
beaches [26,30,74]. Previous work on New Zealand analogues to Witwatersrand [8] has
emphasised the importance of marginal marine processes in concentrating detrital gold,
especially processes on the New Zealand beaches.
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Figure 10. Examples of fluvial channels at unconformities that have been mined for gold in Late
Cenozoic sedimentary sequence in the southern South Island. Examples (a–d) are in inland Otago
foreland [22,25,29] and (e,f) are on the south coast, at the margin of the Waiau basin [30]. (a) Poorly
sorted angular basement debris has accumulated in a proximal alluvial fan erosion channel, with
gold concentration at the metre scale in channel thalweg (at tunnel). (b) Large-scale sluicing of
distal Pleistocene fan gravels focused on the floors of erosion channels in underlying unconformity.
(c) Mining in a narrow gorge followed Pleistocene and modern channel floors cut into basement.
(d) Mine face in a Pliocene distal fan gravel, with gold concentrated with coarsest cobbles in channels
eroded into consolidated silt. (e) Gravel erosion channel in basement beneath Pleistocene marginal
marine sediments contains the only economic gold in a modern mine. (f) Small-scale heavy mineral
concentrations (black sand with Au) are reworked into braid channels in temporary fans on a daily
basis by shallow streams crossing a beach at low tide.

4.5. Mineral Transformations in Young Sediments

Shallow groundwater passage through Cretaceous–Pleistocene non-marine sediments,
especially along unconformity zones where more permeable rocks occur, has resulted in
post-depositional water–rock interactions that have transformed the minerals in the host
rocks. The most prominent and widespread of these processes has affected basement rocks
immediately below an unconformity and mineral changes and cementation in sediments
immediately above the unconformity [75]. Some of these mineral changes have occurred
under oxidising conditions, yielding ferric iron oxyhydroxides from labile iron minerals, but
most have occurred under low-redox conditions in which ferrous iron-bearing secondary
minerals have been formed. These processes involving shallow groundwater are similar
to, and overlap with, the processes that form various components of the regolith in some
continental areas [76,77].
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The Otago and Southland basement rocks have been extensively altered to white
kaolinite and green Fe2+–smectite beneath Cretaceous–Pleistocene sediments on a scale
of 1–20 metres (Figures 7c and 10e) [30,75]. Lithic clasts in overlying gravels have been
variably converted into the same minerals, resulting in some clay cementation. Quartz
pebble conglomerates overlying clay-bearing basement are commonly cemented by silica to
form hard quartzite layers, in which the quartz clasts have been dissolved and recrystallised
(Figure 7d). Elsewhere, the cementation of quartz pebble conglomerates by pyrite is
common (Figure 11a). Most poorly sorted lithic gravel deposits with a lithic sand and
silt matrix have developed some clay, leading to cementation, so that they become scarp-
forming units (Figure 10a,b,d).

 

Figure 11. Principal textures of sulphide minerals in Cretaceous–Holocene terrestrial sediments [24,27,30,31]
(a) Authigenic pyrite cement (grey) in Cretaceous quartz pebble conglomerate (QPC) overlying an
internal unconformity on a coal seam. (b) Authigenic pyrite veinlets (light grey) form a network
through groundwater-altered Cretaceous lithic quartz pebble conglomerates, with associate ferrous
iron-bearing authigenic clays. (c) Disaggregated Pliocene quartz pebble conglomerates heavy mineral
fraction, with fragments of authigenic pyrite and a particle of detrital arsenopyrite. (d) Authigenic
pyrite grown in interstices of a Pliocene QPC and transformed into authigenic marcasite. Authigenic
clay coating has been overgrown by marcasite in places. Polished section with partially crossed
polars to enhance internal structure. (e) Intergrown authigenic gold and marcasite in Pliocene
quartz pebble conglomerates. Marcasite has blue tinge because of carbon coat for electron microscopy.
(f) Crystalline authigenic pyrite cement in Pleistocene lithic sand. (g) Detrital sulphides from Holocene
lithic gravel near an exposed orogenic deposit [73,78]: partially rounded arsenopyrite (top), coarse
angular pyrite (left), and rounded pyrite (lower right).
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Low-redox clay formation is generally accompanied by authigenic pyrite
(Figures 5b and 11b), the oxidation of which contributes to cementation by ferric oxy-
hydroxides. Nodules of crystalline pyrite have grown in sediment interstices authigenically
(Figure 11c). The rapid erosion of rocks containing primary and authigenic sulphide min-
erals can lead to the preservation of detrital sulphides if they are rapidly deposited in
water-saturated sediments (Figure 11g), and some detrital sulphides can persist in these
sediments for thousands or even millions of years (Figure 11c) [24,78].

Detrital gold is malleable and the irregular primary shapes are rapidly transformed
into flat flakes by fluvial pebble collision processes (Figure 12a–c). With ongoing fluvial
transport, including recycling events, the flakes become thin and are commonly folded
(Figure 12b,c) [27,28,79]. In addition, gold mobility in these same groundwaters has caused
substantial shape changes to detrital flakes, producing pure gold overgrowths that are
intergrown with authigenic clay (Figure 12d,e). Major shape changes also occur on beaches,
where wind-driven sand blasting transforms fluvial flakes into those with a toroidal and
spheroidal morphology (Figure 12f,g) [8,26,30].

 

Figure 12. Typical morphological features of detrital gold in the southern South Island: (a–e) in
inland Otago basin complex [27–29,31]; (f,g) at the margin of the Waiau basin [30]. (a) Proximal coarse
particle derived from a supergene enrichment zone in Mesozoic schist and recycled through Miocene
quartz pebble conglomerates into lithic Pleistocene gravels. (b) Distal thin fluvial flakes with folded
rims from Pliocene quartz pebble conglomerates, recycled from Miocene quartz pebble conglomerates.
(c) Sections through distal flakes (etched to show internal structure) that were recycled from Miocene
quartz pebble conglomerates into Pleistocene lithic gravels. (d) Cretaceous fluvial flake with rough
surface formed by authigenic gold remobilisation. (e) SEM image of complex plates of authigenic
gold (white) that has overgrown authigenic clay on the exterior surface of Cretaceous fluvial gold.
(f) Toroidal and spheroidal gold formed by sand blasting of fluvial flakes on Pleistocene–Holocene
beaches. (g) Section through beach gold as in (f), accompanied by detrital platinum (white).
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5. Discussion

5.1. Marine Transgression Unconformity Surfaces Globally

The New Zealand examples of marine unconformities that we have described are
representative of many similar features throughout the Phanerozoic geological record
around the world. The Late Pleistocene–Holocene transgressional unconformities on the
offshore shelf areas of New Zealand are also found on many, possibly most, shallow
marine shelf zones around the world, because of eustatic sea level changes associated with
Pleistocene glacial cycles that culminated in a sea level rise from the Last Glacial Maximum.
Beringia (Bering Sea between Russia and Alaska) and Doggerland (North Sea) are the
most famous examples, for their relevance to human migration immediately before the
Holocene transgression and marine unconformity formation. Low-relief continental areas
are susceptible to large-scale marine planation, such as Southern Namibia and the Nullarbor
Plains of Southern Australia. The latter example is one of the largest such surfaces in the
world, with a polygenetic post-Miocene history that includes substantial marine planation
in the Pliocene [80], and the offshore extension was last planed during the Holocene
marine transgression.

The Phanerozoic examples described above are resolvable because of the contrasting
marine and non-marine fossil material in the various associated sediments, as well as via
direct observations of the Holocene surfaces. These fossil-based distinctions are not avail-
able for the Archean Witwatersrand basin. Instead, the principal evidence for the marine
origin of the Witwatersrand unconformities lies in their planar nature and large extent,
features that are clearly not associated with non-marine unconformities in New Zealand
(Figures 7–9). The large-scale continuity of the overlying sediments in the upward-fining
Witwatersrand reef package (Figure 2c) is also suggestive of a marine origin, as non-
marine fluvial deposits in tectonic areas are typically discontinuous, as the New Zealand
examples suggest. From this perspective, sections throughout New Zealand marine uncon-
formities are broadly similar to a typical Witwatersrand reef package (Figure 2b,c versus
Figures 5b and 6b). Based on these observations of both the New Zealand and Witwater-
srand unconformities, we deduce that the extensive planar Witwatersrand unconformities
that have been exposed by mining had a marine transgressional origin.

Early Witwatersrand workers, without the benefit of modern tectonics or sequence
stratigraphy, considered non-marine settings before concluding that a marine origin for
the Witwatersrand reefs was more likely [7,10,11,81–86]. There have also been more
recent advocates of a marine environment for the Witwatersrand, e.g., [12,52]. Despite the
importance of the depositional environment (marine or non-marine), many of these papers
are overlooked in subsequent reviews, and a non-marine setting has been tacitly assumed,
e.g., [1,15].

5.2. Gold Placers on Marine Unconformities

In New Zealand, the beaches on the western shelf are the most efficient placer-forming
environments in the marine setting (Figure 6) [8,32,74,87]. These beach placers, charac-
terised by abundant Fe-Ti oxide accumulations (black sand), are also widespread on the
offshore Holocene unconformity, in areas up to 50 km wide and hundreds of km long.
However, these black sands have undergone reworking by storm waves as they became
submerged during the sea level rise. Black sand beach placers in the Westland inboard
wedge also contain significant fine-grained (generally <0.5 mm) detrital gold. Despite the
delivery of abundant fluvial gold to present and past shorelines, there is only minor gold on
the offshore shelf sediments at and immediately above the Holocene unconformity. Typical
gold concentrations in this region are less than 0.1 g/t, typical particle sizes are <0.2 mm,
and no significant placer concentrations have been identified [32]. Apparently, beach-based
concentrations have been at least partially dispersed and diluted by wave reworking as the
beaches were submerged during marine transgression.

The other potentially placer-bearing Holocene marine unconformity in New Zealand
is on the Otago shelf, offshore of the most productive fluvial deposits of the Otago foreland
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basin complex. However, only minor fluvial gold is being transported by the low gradients
of the rivers reaching this coast. For example, economic placer mining ceased ~90 km
from the coast in the largest river (Clutha River, Figure 4c) [79]. Offshore gold explo-
ration and surface sampling of the residual deposits on the Pleistocene–Holocene shelf
(Figures 4c and 5e) have failed to find any significant placer gold concentrations. Instead,
any potential heavy mineral concentrations are diluted in the nearshore region with barren
sand deposits [69,70].

As with the Holocene marine unconformities, the Waipounamu Erosion Surface is
notable for the general lack of placer gold accumulations despite the abundance of fluvial
gold in the coeval onshore regions. Some placer gold accumulations developed in marine
glauconitic sand immediately above the Waipounamu Erosion Surface, where fluvial braid
channels of quartz pebble conglomerate were eroded at the retreating coastline, especially
during the Eocene stage of transgression [20]. However, these placers are of only local
extent (km scale), and most of the Waipounamu Erosion Surface is defined by barren
residual sediments (Figure 5b) [68].

Elsewhere in the world, very few Pleistocene–Holocene marine transgressional uncon-
formities have placer mineral concentrations. The Nome placer gold deposits, in the Bering
Sea, are a notable exception [88]. Similarly, offshore Namibia has placer diamond deposits
on the Pleistocene–Holocene shelf [89]. A distinctive feature of both examples is that they
are on coastlines with low volumes of sediment input from the adjacent landmasses, which
would otherwise dilute the heavy mineral suite.

5.3. Fluvial Processes and Placer Gold

The Witwatersrand basin has been postulated as being dominated by fluvial sedi-
ments, especially alluvial fans and braid plains [14,15,90], and many studies start with
an assumption of the fluvial setting. However, fluvial environments in modern settings,
especially foreland basins, are entirely different from the sedimentary record of the Wit-
watersrand basin, especially with respect to the unconformities that we interpret to be of
marine origin (above). Fluvial environments in New Zealand foreland basin settings are
characterised by a short (1–10 km) set of alluvial fans emanating from uplifted mountain
ridges, and these fans merge downstream into braided rivers (10–100 km scales) that domi-
nate the landscape (Figures 4, 6, 8 and 9). The gradients of most fans are typically low (1–2◦;
Figures 7a and 8a), although small, steeper fans (up to 3◦) can develop locally at the foot of
steep mountains, where erosion rates are high (Figure 9e). Farther downstream, braided
rivers have even lower gradients (<0.5◦; Figures 8 and 9).

The initial liberation of grains of gold from primary sources is limited during erosion
at the heads of alluvial fans, and much of the gold remains encapsulated in lithic clasts.
However, the recycling of uplifted paleo-placers readily provides gold to the fluvial system,
and paleo-placers have been important sources of fluvial gold in the Otago foreland basin
complex [20,22,79]. Once the detrital gold has moved to the distal parts of the alluvial fans
and into the river system, transport in these low-gradient fluvial environments depends
on the formation, folding, re-flattening, and refolding of flakes [26–28,79]. This gold is
transported during flood events, along with lithic gravel, and the gold is widely dispersed
through the gravel with little or no concentration [22].

Placer gold concentrations are invariably hosted in channels, and gold is best con-
centrated at or near an erosional unconformity at the base (the thalweg) of each channel
(Figures 8 and 10). These unconformities are highly irregular in shape and extent, as they
are repeatedly intersected by younger migrating erosional channels at all scales, from
metres to tens of kilometres wide and metres to tens of metres deep. The thalwegs be-
came enriched in gold and other heavy minerals as a result of extensive winnowing by
repeated flood events, which removed most of the sediment and left only a residue [22].
Before winnowing, the gold is greatly diluted by abundant barren lithic debris. This
dilution process is most effectively displayed in the Canterbury foreland basin, where
abundant lithic gravels in alluvial fans and braid plains have no significant concentrations
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of heavy mineral grains, including gold (Figure 9). The only (minor) gold concentrations
occur on a beach near the mouth of the large Rakaia River (Figure 4a), where beach pro-
cesses have allowed sufficient placer gold concentrations to be mined historically but on a
small scale [9].

The relationship between placer gold and erosional fluvial channels on irregular
unconformities is a worldwide phenomenon and has attracted mining for centuries [91–93].
We do not find these in the major Witwatersrand occurrences.

5.4. The Schematic Channels Interpreted in Witwatersrand Gold Mines

A significant shortcoming with all the sedimentological interpretations for the major
Witwatersrand reefs is distinguishing schematic figures from quality data. The use of
smoothed data without data points and lacking structural recordings means that correla-
tions between gold and geology cannot be confirmed. Some maps from the 1970s with
confidential gold data [34,94] are reproduced decades later, e.g., [50], with the gold data
still confidential, despite the stopes being long closed.

The depiction of the major reefs being composed of linear channels [14,48,50] is difficult
to rationalise with the planar orebodies because the planar character is well established by
exploration drilling and actual mining. For the older mines of the Central Rand goldfield,
a major sediment and gold entry point near Johannesburg is depicted with channels and
gold distribution, e.g., [13] and many following publications. However, this interpretation
is difficult to confirm without recorded gold grades or reef thickness data to reflect the
sedimentology, and an understanding of the structural deformation. In the East Rand
goldfield, there is a paucity of gold and sedimentological data due to several of the mines
closing some years ago. In a rare example where actual gold grades are available, e.g., [50],
the description of gold in channels is not convincing, the overall orebody appears planar,
and structural deformation is overlooked. For the Central and East Rand goldfields, we
suggest that some of the channels and entry points are derived from the genetic placer
model, not solid data. The original entry points and channels [13] were meant to be
conceptual and based upon their genetic biases; they have since been accepted as reality
over time. The schema should only remain relevant whilst their assumed genetic model
(placer) remains viable.

There are considerable sedimentological data for the stoped areas of the Basal Reef that
are kilometres in width, and channels are drawn along the middle of higher-grade areas. A
qualitative estimate using published maps suggests that most of the gold is between the
schematic channels rather than within them [50]. Without recording deformational features,
there remain multiple explanations for the measured bed thicknesses, with the original
channels being only one possibility. Furthermore, there is no one-to-one relationship be-
tween gold and any channel thalweg; in fact, much of the gold appears to have been mined
from outside the channel thalwegs. There are problems with the actual data for schematic
channels, and these have been discussed previously [52,54]. There are undoubtedly linear
channels in the Witwatersrand, but the geometry of the major economic gold distribution
is planar and not primarily controlled by these channels.

5.5. Post-Depositional Changes

Onshore and offshore sediments are generally water-saturated after deposition, and
observations of the New Zealand basin sediments show that chemical changes occur
within the sediments on time scales of millions of years (Figures 8 and 10–12), with only
shallow burial (<0.5 km in some cases). The formation of kaolinite in lithic sediments and
basement rocks was extensive, especially in non-marine settings. Much of this alteration
of sediments occurred under low-redox conditions, resulting in widespread authigenic
pyrite deposition in both marine and non-marine sediments (Figures 5b and 11). Likewise,
the authigenic formation of Fe2+-bearing phyllosilicates occurred under the prevailing
low-redox conditions: smectite in onshore deposits and glauconite in offshore deposits.
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These latter mineral transformations involved silica mobility, with the dissolution of quartz
clasts and quartz cementation.

In the Witwatersrand, it is difficult to determine the extent of the low-temperature
mineral transformations that occurred before the metamorphic overprint. The sedimentary
sequence has been metamorphosed to greenschist facies, with synchronous hydrother-
mal alteration at temperatures from 300 to 400 ◦C around 3 kbars or ~10 km depth [95].
These moderate-temperature processes induced extensive mineral transformations and
lithification. Some of the authigenic processes described for the New Zealand basins are
likely to have occurred in the Witwatersrand sequence. Quartz cementation, with the
associated dissolution and shape changes of quartz clasts, probably occurred throughout
the post-depositional history of the sediments. Quartz mobility is likely to have been
especially pronounced in the quartz-rich sediments of the Witwatersrand reef packages, as
is seen in New Zealand quartz pebble conglomerates and is pervasive in most Phanero-
zoic sedimentary sequences [96,97]. Likewise, some of the pyrite in New Zealand was
authigenic to the unconformity zone soon after deposition. It is also possible that early
formed authigenic pyrite, in non-marine sediments below an unconformity, was recycled as
detrital pyrite clasts onto the marine unconformity of a reef package. The low-temperature
recrystallisation of the authigenic pyrite occurred with increasing time and burial.

5.6. Critical Comparison: New Zealand Placers with Witwatersrand Gold

The Witwatersrand gold mine geology is distinctly different from the Phanerozoic
channelised fluvial examples outlined above. We acknowledge that some erosion channels
are present on and near the mined Witwatersrand unconformities, and some of these
may be metres to several tens of metres deep and of unspecified width. However, there
is little evidence of the significant enrichment of gold in the Witwatersrand thalwegs,
even where the channels cut through a gold reef mined along an unconformity. The
Witwatersrand unconformities are of primarily marine transgressional origin, albeit locally
affected by fluvial channels. However, our observations of New Zealand and other global
marine unconformities suggest that placer gold concentrations do not generally occur in
offshore shelf environments. Hence, the Witwatersrand gold setting is paradoxical from
a placer perspective: it is unlikely to be of fluvial origin because of the general lack of
channels constraining the gold, and the gold is unlikely to be of placer origin in the marine
transgression settings either.

Marine gold placers are relatively uncommon and account for 1% or less of global gold
production. Nome is the largest goldfield in a marine environment, with production around
300 t, but this figure includes small auriferous quartz veins in a hinterland, detrital gold in
creeks, gold in the back beach and active modern beach, and gold being dredged for 5 km
offshore [88]. Westland NZ is also one of the largest but, as with Nome, much of its total
production has come from onshore regions, adjacent to beach and marine accumulations.
Neither Nome nor Westland is considered a viable analogue for the Witwatersrand.

6. Summary and Conclusions

Comparison with modern environments and especially the basins of the South Is-
land, New Zealand suggests that the most productive Witwatersrand unconformities
reflect marine transgressions. The planar Witwatersrand unconformity surfaces result
from planation during marine incursions and are overlain by a reef package of conglom-
erates, followed by clean sandstone and then shale, reflecting deepening marine water
(Figures 2c and 13). These Witwatersrand unconformity surfaces of 10 s to 100 s km2 are
much larger than most of the non-marine fluvial systems of braided rivers and particularly
alluvial fans. The unconformities are directly responsible for two critical features that
make Witwatersrand gold mineralisation so special: its high tonnage and its exceptional
continuity. Globally, non-marine unconformities tend to have irregular geometry with
variable gradients and orientation.
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Figure 13. Cartoon summary of the comparisons of unconformity features between (a) Southern New
Zealand and (b) Witwatersrand basin. Planar marine unconformities have residual conglomerates
but little or no detrital gold. Non-marine unconformities are not planar, are highly channelised and
irregular, and may have detrital gold in their thalwegs. Our conclusions emphasise the marine origin
of the mid-Archean planar Witwatersrand unconformities, followed by late Archean hydrothermal
gold mineralisation after deformation and metamorphism.
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The planar Witwatersrand reefs do not match fluvial systems, which are highly chan-
nelised, or the much smaller beach deposits such as Nome Alaska or Westland NZ. Many
of the channels and alluvial fan entry points shown on some Witwatersrand goldfield maps
are schematic representations of a fluvial placer deposit and the locations of its entry points,
fans, and channels in a conceptual model. However, we find little independent evidence
for the entry points, and the planar distribution of gold does not match the geometry of
the linear channels. In addition, it appears from past records that most gold has been
mined from between the inferred channels. In the Witwatersrand, pressure solution has
modified textures including pebbles, and the supposed preservation of original gold shapes,
ventifacts, and driekanters (e.g., [8]) during greenschist facies metamorphism is speculative
at best. The structural complexity has been significantly overlooked in sedimentological
studies of Witwatersrand reef packages. Structural and alteration studies favour the gold
being hydrothermal and tectonic, explaining the Witwatersrand appearance being unlike
modern gold placers (Figure 13).

The world’s great Phanerozoic gold placer deposits, predominantly around the Pacific
margins, occur close to the bases of erosional channels, where gold grains can settle due
to their density and size, and all the less dense rock particles can be removed by the
winnowing energy of fluvial systems. However, the gold-rich proximal parts of these
fluvial systems are unlikely to be preserved in tectonically active areas. More distal braided
river deposits, with their vast amounts of moving sediment at the margins of orogens,
are more likely to be preserved, but these systems commonly involve the dilution of gold
rather than enrichment. Beach environments concentrate gold where there are local primary
sources of auriferous quartz veins but, globally, they are highly subordinate to modern
placer gold deposits in fluvial systems.
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Abstract

This paper presents the results of an integrated targeting study covering the central-eastern
Archean Yilgarn Craton of Western Australia, a region renowned for its substantial gold
endowment (>40 Moz Au). The cornerstones of this study included custom-built geophys-
ical and remote sensing targeting tools, a new lithostructural interpretation of the area,
a targeting model based on the mineral systems approach, and a best-practice mineral
potential modeling (MPM) workflow employing five complementary modeling techniques.
The geophysical targeting tools were used to identify proximity, association, and abun-
dance relationships between gold mineralization and gravity ridges or edges, as well as
95th-percentile K/Th radiometric and remotely sensed goethite–clay–iron feature depth in-
dex ratio anomalies. The lithostructural interpretation revealed structural trends oblique or
orthogonal to the NNW-SSE-striking greenstone belts, likely representing important struc-
tural controls on gold mineralization. Fry analysis, used to assess the spatial distribution of
geological point patterns, showed similar directions of maximum gold occurrence align-
ment. Together, these observations proved to be strong predictors of gold prospectivity in
the MPM component of this targeting study. The MPM not only identified most known gold
occurrences but also highlighted several underexplored areas with significant potential. The
highest-priority MPM targets represent roughly an order-of-magnitude reduction in search
space, the hallmark of a well-performing and practically useful targeting methodology.

Keywords: exploration targeting; Fry analysis; gold; mineral potential modeling (MPM);
mineral systems; structural controls; Yilgarn Craton
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1. Introduction

The central-eastern Yilgarn Craton of Western Australia (Figure 1), the focus of this
study, hosts a gold endowment exceeding 40.0 Moz Au [1], mainly contained within
eleven orogenic gold deposits or deposit clusters of Archean age. Given this significant
endowment, the presence of 78 operating gold mines, and the potential for new discoveries,
the area has attracted considerable interest in both gold exploration [2] and gold-related
research [3–13].

Figure 1. Location of the study area in the central-eastern Yilgarn Craton. A summary of the
main gold deposit in the study area is provided in Table 1. Domain boundaries, geology, and gold
occurrences are based on data sources listed in Table 2. Key to abbreviations: GB = greenstone belt;
KKR = Kalgoorlie–Kurnalpi Rift.

Despite the region’s economic importance, published targeting studies for orogenic
gold deposits within all or parts of the central-eastern Yilgarn Craton are scarce and
largely limited to works of a few authors [14–18]. In 2000, Groves et al. [14] developed a
comprehensive conceptual targeting model that informed a knowledge-driven, vectorial
fuzzy logic approach [19] to mineral potential modeling (MPM) over an area of ~17,000 km2

in the southern Kalgoorlie Terrane, an area with minimal spatial overlap with the present
study. The model was based on only two input datasets: known gold occurrences and a
lithostructural (solid geology) map. The resulting MPM outputs were interpreted to suggest
that gold mineralization is controlled by a limited set of critical factors, including proximity
to NW-SE-striking granitoid–greenstone contacts, crustal-scale faults (particularly NW-SE-
striking fault segments), NW-SE lithological contacts, anticlinal hinges, and chemically
reactive host rocks.

In contrast to Groves et al. [14], the 2010 study by Czarnota et al. [15], which covered
both the Kalgoorlie and Kurnalpi terranes (~130,000 km2), benefited from a decade of ad-
vances in computing power, significant improvements in geographic information systems
(GIS) and MPM, a greatly enhanced understanding of the geology of the Yilgarn Craton
and its orogenic gold deposits, and the emergence of the mineral systems concept [20–22]

71



Minerals 2025, 15, 1255

This framework marked a shift from descriptive, deposit-centric targeting toward a broader,
scale-integrated approach focused on the processes of mineral deposit formation and their
geodynamic context. Unlike the earlier study by Groves et al. [14], Czarnota et al. [15]
developed numerous geological, geochemical, and geophysical predictor maps believed
to represent mappable features of orogenic gold systems. However, instead of applying
mathematical algorithms (i.e., MPM) to integrate these predictors, the authors used what
they described as a “simple additive GIS treatment.” This pseudo-MPM approach pre-
vented the use of spatial statistics to assess the validity and performance of both the input
predictor maps and the model. Instead, Czarnota et al. [15] defined an arbitrary buffer
zone around areas of high gold prospectivity, which they claimed captured 75% of the
known gold endowment within 5% of the modeled area. The buffer zone concept was also
used to build potential occurrence maps along the Porcupine Fault, Abitibi gold province,
Canada [23,24].

The most recent MPM study, by Witt et al. [16], produced gold prospectivity maps
for both the Eastern Goldfields Superterrane (EGST; ~235,000 km2) and the entire Yilgarn
Craton (~680,000 km2). The authors quantified spatial relationships between known gold
endowment and a comprehensive set of regional geological, structural, geochemical, and
geophysical criteria, from the best of which they generated prospectivity maps using
a knowledge-driven fuzzy logic approach [25,26]. According to their spatial statistical
analyses, the best regional-scale predictors of gold potential included proximity to mafic
granite intrusions, areas of high fault density, regional fault bends, and greenstone belts.

This MPM-assisted targeting study, conducted over an area of ~27,150 km2, differs
from the earlier work in our key ways: (i) it is geophysically driven, using enhanced gravity
and magnetic data to map the structural architecture, including cryptic basement features;
(ii) it uses enhanced radiometric data and remotely sensed imagery to delineate prospective
alteration systems; (iii) it establishes a new, internally consistent lithostructural framework
that integrates those datasets into a single solid geology base for MPM; and (iv) it applies
and cross-validates five complementary MPM techniques, spanning knowledge-driven,
data-driven, and continuous methods. Together, these steps reduced the search space by
an order of magnitude and revealed underexplored, gold prospective corridors largely
invisible to traditional outcrop-based methods.

2. Geology

2.1. Eastern Goldfields Superterrane (EGST), Yilgarn Craton
2.1.1. Overview

The study area lies within the central-eastern Yilgarn Craton, a largely, poorly exposed
Archean (~3730–2660 Ma) crustal block composed of extensive granite–greenstone and
high-grade metamorphic gneiss terrains [27] (Figure 1). More specifically, it straddles the
boundary between the Kalgoorlie and Kurnalpi terranes, which form part of the ~2960
to 2660 Ma EGST [7,12,28–30], one of the world’s most significant and highly endowed
Late Archean metallogenic provinces [8]. Each terrane of the EGST (from west to east:
Kalgoorlie, Kurnalpi, Burtville, and Yamarna) represents a distinct, structurally bounded
entity distinguished by major differences in stratigraphic age as well as the whole rock and
isotopic geochemistry of its volcanic and intrusive rocks [28,31]. These terranes are further
subdivided into lithostructural domains characterized by internally consistent stratigraphy
and structural histories, and bounded by interconnected fault systems interpreted largely
from geophysical data [31].
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2.1.2. Geology and Structure

The greenstone belts and major fault systems of the EGST generally strike N-S to
NNW-SSE. Deep seismic reflection data show that the principal fault systems, traceable
in gravity and magnetic data for up to 700 km along strike, are E-dipping, crustal-scale
structures that intersect the Mohorovičić discontinuity. The supracrustal volcanic and
sedimentary successions defining the greenstone belts are preserved in synformal basins,
up to seven kilometers thick, with stratigraphies typically dipping and facing away from
granite domes that flank or core the belts [7]. As summarized by [10], greenstone sequences
across the EGST display a broadly coherent stratigraphy, typically comprising (from base
to top) (i) a basal volcanic package dominated by ~2720 to 2690 Ma komatiite and basalt;
(ii) a sedimentary package dominated by ~2690 to 2670 Ma deep marine siliciclastic and
volcaniclastic sedimentary rocks; and (iii) a ~2665 to 2655 Ma ‘late-basin’ fill package of
fluvial and deep marine sedimentary rocks, resting unconformably on the older greenstone
successions [32,33]. Older (~2960–2770 Ma) greenstone successions, composed mainly
of intermediate to felsic and mafic–ultramafic volcanic rocks, have been identified in the
Burtville Terrane and show lithological and temporal affinities with the Youanmi Terrane
in the western Yilgarn Craton [7].

Granitoids are abundant and widespread throughout the EGST and can be classified
into five principal groups [7,8,12,34]: (i) high-Ca granites, the most abundant group (~60%
of all EGST granitoids), occur both within and outside greenstone belts. They are typically
granite, granodiorite, or trondhjemite, with emplacement ages clustering at ~2800 Ma, 2740
to 2650 Ma, and 2685 to 2655 Ma; (ii) high field strength element (HFSE)-enriched granites
represent 5 to 10% of Yilgarn granites, typically granite or granodiorite, occurring mostly
internal or marginal to greenstone belts. Emplacement ages cluster at >2720 to 2665 Ma
and 2700 to 2680 Ma; (iii) mafic granites also comprise 5 to 10% of Yilgarn granites. This
group includes granite, granodiorite, tonalite, trondhjemite, and diorite, occurring mainly
internal or marginal to greenstone belts. They are commonly spatially associated with
gold mineralization, with emplacement ages between >2720 and 2650 Ma, though younger
examples likely exist; (iv) low-Ca granites, the second most abundant group (~20%), occur
mainly external to greenstone belts. They are typically granitic or granodioritic, emplaced
between 2655 and 2630 Ma, and are interpreted as products of partial melting of high-
Ca granite source rocks; and (v) syenitic granites, the least abundant group (<5%), are
typically internal or marginal to greenstone belts. They are syenite or quartz syenite in
composition, spatially associated with gold mineralization, and emplaced at 2650 Ma, and
2655 to 2645 Ma.

2.1.3. Deformation History

According to [7], poor rock exposure and strain partitioning make it difficult to
correlate structural information across the EGST. Consequently, its structural evolution
remains poorly constrained and the subject of ongoing debate. To address these challenges,
Blewett et al. [7] conducted an integrated structural framework study combining over 10,000
new structural measurements with stratigraphic, magmatic, metallogenic, and geophysical
data. Based on this synthesis, the authors proposed a six-stage (D1–D6) deformation history
(Figure 2):

• D1 (~2720–2670 Ma): ENE-WSW-directed extension marked by rifting and greenstone
deposition.

• D2 (~2670–2665 Ma): ENE-WSW-directed shortening associated with cessation of
volcanism, development of NNW-SSE-trending upright folds, and N-S-to NE-SW-
striking dextral strike–slip and reverse faults.
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• D3 (~2665–2655 Ma): NE-SW-directed extension and extensional doming involving
deep crustal exhumation and formation of late basins that record the first deposition
of granite detritus in the EGST.

• D4a (~2655–2650 Ma): ENE-WSW-directed shortening resulting in tightening of earlier
folds, WSW-directed thrusting along NNW-SSW-striking faults, and generation of
NNW-SSE-trending upright folds and reverse faults.

• D4b (~2655–2650 Ma): WNW-ESE-directed shortening characterized by reactivation
and sinistral transpression along earlier NNW-SSE-striking faults and generation of
ENE-WSW-striking thrust faults recording NW and SE transport.

• D5 (~2650–2635 Ma): NE-SW-directed shortening marked by dextral strike–slip move-
ment along N-S- to NNE-SSW-striking faults and thrusting along NNW-SSE- to NW-
SE-striking faults.

• D6 (<2630 Ma): Low-strain vertical shortening and horizontal extension marked by
crenulation development.

 

Figure 2. Yilgarn Craton time–space–event synthesis [35]. Adapted with permission from the
Geological Survey of Western Australia. Copyright 2008, Government of Western Australia.

2.1.4. Metamorphic History

The EGST records metamorphic conditions ranging from sub-greenschist to granulite
facies developed over ~130 Myr between ~2750 and 2620 Ma. A broadly conformable
Neoarchean metamorphic history is indicated by regional isograds extending across terrane
and domain boundaries [11,36]. Five regional metamorphic events have been identified
across the EGST and temporally and spatially integrated with the structural framework of
Blewett et al. [7] (Figure 2).

• Ma (>2750 Ma): Early, low-P/high-T upper-amphibolite to granulite facies assem-
blages are rare, restricted to magmatic arc-related ~2730 to 2810 Ma greenstone se-
quences in the western Burtville Terrane, and to HFSE granites and ~2675 to 2715 Ma
greenstones of similar affinity in the Gindalbie Domain of the Kurnalpi Terrane.
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• M1 (~2750–2700 Ma): This event produced high-P/moderate-T assemblages preserved
in narrow, upper amphibolite-grade zones along major, crustal-scale faults. The
structural context, burial depth, and rapid exhumation suggest partial subduction and
burial of buoyant magmatic arcs during arc accretion in subduction-like environments.

• M2 (~2680–2670 Ma): A low-P/moderate-T event associated with contact metamor-
phism linked to emplacement of voluminous high-Ca granite melts into the upper
crust, generated by partial melting of a subducted slab beneath the Kalgoorlie and
Kurnalpi terranes. The M2 event coincided with cessation of volcanism and D2 crustal
shortening.

• M3 (~2665–2650 Ma): This event likely reflects lithospheric extension following sub-
duction cessation with slab rollback and sag of the previously subducted plate causing
extension of the overriding plate. The M3 event coincided with D3 metamorphic core
complex formation.

• M4 (~2650–2610 Ma): Low-P/high-T metamorphism was likely triggered by lower-
crustal delamination, resulting in mantle upwelling and a thermal anomaly in the
upper crust associated with widespread low-Ca granite magmatism.

2.1.5. Geodynamic Implications

Stratigraphic, structural, geochemical, and isotopic data support interpreting the
Kalgoorlie, Kurnalpi, and Yamarna terranes of the EGST as failed intracontinental rift
basins developed on older ‘proto-Yilgarn’ crust. These basins were later closed, uplifted,
deformed, and metamorphosed during the ~2670 to 2630 Ma Kalgoorlie Orogeny [37,38].

2.2. Kalgoorlie–Kurnalpi Rift

The ~2720 to 2600 Ma Kalgoorlie–Kurnalpi Rift (Figure 1), identified by Witt et al. [12]
based on stratigraphic, geochronological, and isotopic correlations across the Kalgoorlie
and Kurnalpi terranes of the EGST, is interpretated to have formed in response to a major
mantle input event that exploited weakened crust along the eastern margin of the Yilgarn
proto-craton, comprising the South West, Narryer, and Youanmi terranes. According to [12],
the genesis and evolution of the intracontinental Kalgoorlie–Kurnalpi Rift are consistent
with spatially and temporally overlapping plume-related magmatism in the Kalgoorlie
Terrane and west-directed subduction to the east of the Burtville Terrane. This geodynamic
model, however, implies that plate tectonic processes comparable to modern-style plate
tectonics operated as early as the Archean Eon, a contentious hypothesis that remains
under active debate [39–41].

2.3. Kalgoorlie Terrane

The Kalgoorlie Terrane (Figures 1 and 3), the westernmost lithostructural element
of the EGST, is bounded by the Ida–Waroonga fault system to the west and Ockerbury
fault system to the east. The terrane is divided into ten domains, five of which (Boorara,
Jundee, Moilers, Ora Banda, and Wiluna) occur within the study area. The terrane consists
mainly of 2710 to 2660 Ma greenstones overlain by coarse clastic (‘late basin’) sequences
dated at 2658 to 2655 Ma. Older (>2730 Ma) lithostratigraphic sequences appear restricted
to the Norseman, Boorara, and Wiluna domains. Due to extensive cover, well-defined
lithostratigraphic sequences have been established only in the southern Kalgoorlie Terrane,
where greenstones are subdivided into the ~2710 to 2690 Ma Kambalda Sequence (tholeiitic
and komatiitic mafic–ultramafic rocks) and the overlying, ~2690 to 2660 Ma Kalgoorlie
Sequence (felsic volcaniclastic and epiclastic rocks with subordinate lavas). The late basin
sequences consist mainly of poorly sorted, polymict conglomerates that grade upward
into sandstone and siltstone. The Kalgoorlie Terrane greenstones form highly deformed,
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curvilinear belts separated by variably deformed and metamorphosed granitoid rocks,
emplaced principally between 2760 and 2620 Ma [7,28,36,42,43].

Figure 3. Terrane boundaries and major fault systems relevant to the study area. Names of major
fault systems: 1 = Waroonga; 2 = Ida; 3 = Ballard; 4 = Zuleika; 5 = Menzies; 6 = Black Flag–Boorara–
Abattoir; 7 = Ockerbury–McClure–Perseverance; 8 = Melita/Emu; 9 = Keith–Kilkenny; 10 = Celia;
11 = Laverton; 12 = Hootanui; 13 = Barnicoat. Terrane boundaries, faults and gold occurrences are
based on data sources listed in Table 2.

2.4. Kurnalpi Terrane

The Kurnalpi Terrane (Figures 1 and 3), adjoining the Kalgoorlie Terrane to the east,
is bounded to the west by the Ockerburry and to the east by the Hootanui fault system.
It comprises seven domains, five of which (Edjudina, Gindalbie, Laverton, Menangina,
and Murrin) occur within the study area. Lithostratigraphically, the Kurnalpi Terrane
greenstones are subdivided into four main sequences: (i) The ~2800 Ma Laverton sequence,
consisting of mafic–ultramafic volcanic rocks and banded iron formation with minor clastic
sedimentary rocks intruded by felsic porphyries; (ii) the ~2715 to 2705 Ma Kurnalpi Se-
quence, comprising mafic volcanic and intrusive rocks, intermediate calc–alkaline igneous
rocks, and feldspathic sedimentary units, with no clear stratigraphic equivalent in the Kal-
goorlie Terrane; (iii) the ~2695 to 2675 Ma Minerie Sequence, composed of mafic–ultramafic
volcanic rocks correlated with the Kambalda Sequence in the Kalgoorlie Terrane; and
(iv) an unnamed, ~2690 to 2680 Ma sequence of bimodal rhyolite–basalt and felsic to inter-

76



Minerals 2025, 15, 1255

mediate, calc–alkaline igneous rocks forming a linear belt along the western margin of the
Gindalbie Domain. These greenstones are overlain by late basin sequences younger than
~2673 Ma, consisting mainly of turbidites with subordinary carbonaceous shale, sandstone,
conglomerate, chert, and magnetic shale [7,28,42–44].

3. Gold Mineralization

3.1. Gold Endowment

In the EGST, gold was first discovered at Coolgardie in 1892 followed by Kalgoorlie
in 1893. Since then, more than 20 deposits containing over one million ounces (Moz) of
gold (Au) have been discovered in the region. Cumulative production exceeds 145 Moz Au,
with the Golden Mile at Kalgoorlie accounting for 65 Moz Au (or ~45% of the total) [35,45].
Including unmined resources estimated at >125 Moz Au [1], the total endowment of the
EGST exceeds 270 Moz Au. The study area contains >40.0 Moz Au of this endowment,
largely within eleven major gold deposits and deposit clusters [1] (Figures 1 and 3; Table 1).

Table 1. Main gold deposits in the study area.

Deposit
Name

Discovery
(Year)

Endowment
(Moz Au)

Absolute Age
(Ma)

Geology and Mineralization

Paddington 1894 >11.7 Unk

Principal host rock(s): granophyric qtz-dolerite (greenschist facies);
Mineralization style(s): closely spaced, 1 to 5 cm wide,
subhorizontal, sheeted gold and sulfide (apy > py,
sp > gn)-bearing qtz-dol-ank-ab veins, and a 3 m wide, steeply
dipping, laminated, gold- and sulfide (apy > py, ccp,
gn > sp)-bearing qtz-cb vein;
Alteration type(s): carbonatization, chloritization,
sericitization, silicification, sulfidation (apy, py, po);
Metal association: Not reported (Au-As?);
Ore control(s): D2 kinematics and associated brittle–ductile
structures; interaction of key structural elements (synclinal
fold structure, location along the crustal-scale Bardoc Tectonic
Zone), strong competency contrast between dolerite and
surrounding ultramafic and sedimentary rocks

Gwalia 1896 >8.2 2755

Principal host rock(s): mafic schist, basalt (± pillowed) (lower
amphibolite facies);
Mineralization style(s): variably deformed, millimeter- to
meter-scale, laminated and typically tightly folded and
boudinaged gold- and sulfide (py, po > ccp)-bearing qtz-cb veins;
Alteration type(s): carbonatization, biotitization, sericitization,
silicification, sulfidation (py);
Metal association: Not reported;
Ore control(s): D2 kinematics and associated ductile structures,
interaction of key structural elements (mylonite zone, fold
hinge of a large M-shaped fold, Poker/Gwalia Fault, bulge of
the Raeside Batholith, proximity to crustal-scale
Keith–Kilkenny fault system)

Mt Morgans 1896 >5.0 2650–2630

Principal host rock(s): banded iron formation (BIF)
(greenschist facies);
Mineralization style(s): structurally controlled, disseminated
gold–sulfide (py > ccp) in BIF and along the margins of qtz-cb veins;
Alteration type(s): silicification, carbonatization, sulfidation
(py > po, ccp, sp);
Metal association: Not reported;
Ore control(s): D4/5 kinematics and brittle(–ductile) structures,
interaction of key structural elements (fault intersections, fold
hinges developed on overturned anticlinal fold structure,
dilational jog, proximity to crustal-scale Celia fault system),
chemically reactive rock type (mag replacement by sulfides)

77



Minerals 2025, 15, 1255

Table 1. Cont.

Deposit
Name

Discovery
(Year)

Endowment
(Moz Au)

Absolute Age
(Ma)

Geology and Mineralization

Tarmoola/King
of the Hills 1897 >4.4 2650–2630

Principal host rock(s): trondhjemite, komatiite
(greenschist facies);
Mineralization style(s): sets of conjugate, 20 cm to 2 m wide,
gold-, telluride-, sulfide (py, ccp, sp, gn)- and
±scheelite-bearing, laminated qtz-cb veins and breccias;
Alteration type(s): silicification, carbonatization, sericitization,
chloritization, albitization, and sulfidation (py, ccp, sp, ga);
Metal association: Au-Sb-Mo-W ± Bi;
Ore control(s): D4/5 kinematics and associated brittle–ductile
structures, interaction of key structural elements (proximity to
local shear zones and crustal-scale Keith–Kilkenny fault
system), strong competency contrast between trondhjemite
and komatiite, fault–valve action;
Note: Tarmoola/King of the Hills is the largest known
granite-hosted gold deposit in the Yilgarn Craton

Thunderbox 1999 >4.4 Unk

Principal host rock(s): porphyritic dacite (upper
greenschist facies);
Mineralization styles: structurally controlled, disseminated
gold–sulfide (apy, po > py, sp, gn) accumulations and mm to
cm thick, boudinaged and folded gold- and sulfide
(apy)-bearing qtz veins;
Alteration styles: carbonatization, silicification, albitization
and sulfidation (apy, po);
Metal association: Not reported (Au-As?);
Ore control(s): D4/5 kinematics and brittle–ductile structures,
interaction of key structural elements (local fold axes,
Thunderbox shear zone, proximity to crustal-scale
Perseverance fault system), strong competency contrast
between porphyritic dacite and enclosing sedimentary and
mafic volcanic rocks

Apollo Hill 1986 >2.0 Unk

Principal host rock(s): basalt (pillowed), dolerite, felsic
volcaniclastic rocks;
Mineralization style(s): Four sets of mm to cm thick, sheeted
and stockwork-type, gold- and sulfide (py > ccp, sp, gn,
po)-bearing qtz-cb veins;
Alteration type(s): carbonatization, chloritization,
sericitization, silicification, pyritization;
Metal association: Not reported (Au-Ag-Cu-Pb-Zn?);
Ore control(s): D4/5(?) kinematics and associated
brittle–ductile structures, interaction of key structural
elements (Apollo-Ra shear zone, proximity to crustal-scale
Keith–Kilkenny fault system), strong competency contrast,
lithological contacts

Aphrodite 1996 >1.6 Unk

Principal host rock(s): volcaniclastic rocks, felsic to
intermediate (dacitic) porphyries;
Mineralization style(s): conjugate, mm to cm scale gold- and
sulfide (py > apy)-bearing qtz veins and breccias;
Alteration type(s): silicification, carbonatization, sericitization,
biotitization and sulfidation (py > apy > gn, ccp, stb);
Metal association: Not reported (Au-As-Sb?);
Ore control(s): D2 kinematics and associated brittle–ductile
structures; interaction of key structural elements (local fold
axes and crenulations, location along the crustal-scale Bardoc
Tectonic Zone), strong competency contrast, chemically
reactive sedimentary rock
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Table 1. Cont.

Deposit
Name

Discovery
(Year)

Endowment
(Moz Au)

Absolute Age
(Ma)

Geology and Mineralization

Ulysses 1993 >1.6 Unk

Principal host rock(s): qtz-dolerite (sills), basalt;
Mineralization style(s): stacked, shear zone-hosted, gold- and
sulfide-bearing qtz veins;
Alteration type(s): silicification, carbonatization, sericitization,
albitization, sulfidation (py, po > ccp) ± biotitization,
chloritization;
Metal association: Not reported;
Ore control(s): D4/5(?) kinematics and associated
brittle–ductile structures; interaction of key structural
elements (fault intersections with dolerite sills), strong
competency contrast

Menzies 1891 >1.4 Unk

Principal host rock(s): metasedimentary rock, basalt,
amphibolite ± porphyritic granodiorite;
Mineralization style(s): locally stacked, shear zone-hosted,
gold- and sulfide (py > apy)-bearing qtz veins and zones of
brecciation;
Alteration type(s): biotitization, chloritization, sericitization,
silicification, sulfidation (py, po) ± carbonatization;
Metal association: Au-As;
Ore control(s): D4/5(?) kinematics and associated
brittle–ductile structures; interaction of key structural
elements (shear fabric, proximity to Menzies shear zone,
location along the crustal-scale Bardoc Tectonic Zone)

Wonder 1890s >0.9 Unk

Principal host rock(s): syenogranite (Bundarra Batholith) with
partially assimilated greenstone rafts (mafic roof pendants);
Mineralization style(s): gold- and sulfide (py > ccp,
gn)-bearing qtz veins;
Alteration type(s): silicification, carbonatization, sericitization,
propylitization (hem), sulfidation (py) ± chloritization;
Metal association: Not reported;
Ore control(s): D4/5(?) kinematics and associated
brittle–ductile structures; interaction of key structural
elements (local faults, granite margin, proximity to the
crustal-scale Keith–Kilkenny fault system), strong competency
contrast between granite and mafic greenstone rafts

Zoroastrian 1894 >0.6 Unk

Principal host rock(s): granophyric dolerite;
Mineralization style(s): steeply dipping and flat-lying, gold-
and sulfide (apy, py, po)-bearing qtz stockwork veins;
Alteration type(s): silicification, carbonatization, sericitization,
chloritization, sulfidation (apy, py, po);
Metal association: Not reported;
Ore control(s): D4/5(?) kinematics and associated
brittle–ductile structures; interaction of key structural elements
(narrow synclinal fold structure, constriction zone between
two granite domes, location along the crustal-scale Bardoc
Tectonic Zone), strong competency contrast between dolerite
and surrounding sedimentary, mafic and ultramafic rocks

Sources: Paddington = [5], Gwalia = [9,46], Mt Morgans = [47], Tarmoola/King of the Hills [4,9], Thunderbox = [48], Apollo
Hill = [49], Aphrodite = [50], Ulysses [51,52], Menzies = [53], Wonder = [54,55], Zoroastrian = [56,57]. Gold endowment data
were compiled from the above sources and [1]. Mineral abbreviations [58,59]: ab = albite, ank = ankerite, apy = arsenopyrite,
cb = carbonate mineral; ccp = chalcopyrite, dol = dolomite, gn = galena, hem = hematite, mag = magnetite, po = pyrrhotite,
py = pyrite, qtz = quartz, sp = sphalerite. Other abbreviations: Unk = unknown.

3.2. Gold Deposit Styles

The EGST hosts a diverse range of gold deposit styles controlled by various struc-
tural settings and hosted in multiple rock types spanning metamorphic grades from sub-
greenschist to amphibolite facies. Despite this diversity, their shared characteristics strongly
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suggest that gold deposits within the EGST, and broader Yilgarn Craton, formed as part of
regionally extensive gold mineralizing systems active during different stages of the late
Archean evolution of the craton [60,61].

According to Tripp et al. [62], gold mineralization occurs in structurally and/or litho-
logically controlled lodes, typically as quartz ± carbonate veins, breccias, or disseminations
enveloped by gold-related wall-rock alteration. Gold is present in all rock types, though it occurs
most commonly in basalt and dolerite, and least commonly in large granitoid bodies [16,62].
Structural control was the dominant factor influencing mineralization, across scales, governing
both hydrothermal fluid flow and the architecture and localization of gold deposition [62].

3.3. Gold Depositional Events

The EGST experienced multiple, protracted gold mineralization events during the
late Archean, associated with both extensional and compressional deformation episodes
within a ~60 Myr timeframe between ~2670 and 2630 Ma [5,7–9,12,15,62]. Although gold
deposition occurred during most EGST deformation events [7], the formation of the largest
deposits is attributed to three key stages (Figure 2) [7,8,15]:

• D3 (~2665–2655 Ma): Development of the EGST crustal architecture during NE-
SW-directed extension and metamorphic core complex formation. Major crustal-
penetrating fault systems were established at this stage, linking the upper crust to a
metasomatized mantle, as evidenced by the first emplacement of mafic and syenitic
granites. This mantle connection likely introduced significant heat at the crustal–
mantle boundary, promoting mantle-to-crust metal transfer. An important D3 deposit
in the study area is Gwalia (>8.2 Moz Au).

• D4 (~2655–2650 Ma): The extensional crustal framework formed during D3 was inverted
during D4, a brittle–ductile deformation event comprising an initial phase of ENE-WSW-
directed shortening (D4a) followed by WNW-ESE-directed shortening (D4b). This phase
coincided with a shift from high- to low-Ca granite magmatism driven by crustal melting
and represents the most significant gold mineralization event in the EGST. Strike–slip
deformation and reactivation of pre-existing structural heterogeneities during D4b served
as highly effective fluid-focusing mechanisms. The most prominent D4 deposit is the
Golden Mile (>65 Moz Au), located ~35 km south of the study area.

• D5 (~2650–2635 Ma): A subsequent stress field reorientation induced NE-SW-directed
shortening accompanied by dextral strike–slip, thrusting, and low-Ca granite emplace-
ment. Gold mineralization was primarily controlled by brittle structures. A key D5

deposit is Sunrise Dam (>10.3 Moz Au), located ~20 km east of the study area.

4. Materials and Methods

4.1. Study Background

The study described in this paper was conducted in late 2021. It was commissioned
by the Australian mining company St Barbara Limited, which also defined the layout
of the study area. At that time, the central-eastern Yilgarn Craton hosted St Barbara’s
Leonora operations, comprising the Gwalia underground mine and a 1.4 Mtpa processing
plant, along with nearby gold development and exploration projects. In 2023, the Leonora
operations were sold to another Australian gold miner, Genesis Minerals Limited [63].

4.2. Methodology

This study employed a systematic, six-step workflow (Figure 4) that integrates geo-
logical understanding with advanced geospatial analysis for gold exploration targeting.
The first step involved reviewing orogenic gold deposit models within the study area
and the broader Yilgarn Craton to establish the conceptual basis for a mineral systems
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targeting framework [20–22,64–66], based on the critical processes in orogenic gold for-
mation and their mappable expressions. Geophysical and remote sensing datasets were
then filtered and enhanced to extract structural information and hydrothermal alteration
signatures [67,68], which were incorporated into a new lithostructural (solid geology)
interpretation. Building on this framework, mineral potential modeling (MPM) was con-
ducted using a multi-technique approach that combined continuous, data-driven, and
knowledge-driven methods, enabling cross-validation and comparison of the resulting
prospectivity maps [69]. The final stage synthesized these results to identify and prioritize
gold exploration targets across the central-eastern Yilgarn Craton.

 

Figure 4. Schematic flowchart illustrating the methodological workflow adopted in this study.

4.3. Geoscience and Exploration Data

The geoscience and exploration data used in this study came from two principal
sources (Table 2): open-access repositories maintained by the Geological Survey of Western
Australia (GSWA) and proprietary company data.

Table 2. Types and sources of datasets used in this study.

Category Data Type/Name Source Comments

Gold occurrences
Mines and mineral deposits (MINEDEX)

GSWA
Data available from DEMIRS Data and Software

Centre: https://dasc.dmirs.wa.gov.au/

MINEDEX operating mines map

Geology

1:100,000 state interpreted bedrock geology of Western Australia

1:500,000 interpreted bedrock geology of Western Australia

1:100,000 geological series maps

1:500,000 state regolith geology

In-house Eastern Yilgarn Craton geology map SBM Confidential dataset

pmd*CRC 1:100,000 solid geology map, eastern Yilgarn Craton [15]

Data or data links provided in quoted referencesYilgarn Craton metamorphic facies map [11,36]

Geochemistry Yilgarn Craton εNd (juvenile crust) map [34]

Drilling
Mineral exploration drill holes (open file) GSWA Confidential dataset

Leonora drill hole database SBM https://dasc.dmirs.wa.gov.au/

Geophysics

400 m Bouguer gravity merged grid of Western Australia 2020 version 1

GSWA

Data available from MAGIX Online: https://geodownloads.
dmp.wa.gov.au/downloads/geophysics/72203/,

https://geodownloads.dmp.wa.gov.au/downloads/
geophysics/72204/ and https://geodownloads.dmp.wa.gov.

au/downloads/geophysics/72205/

40 m reduced to the pole (RTP) magnetic merged grid of Western
Australia 2021 version 1

Radiometric grids (80 m) of Western Australia

Remote Sensing
ALOS World 3D—30 m (AW3D30)

ALOS Global Digital Surface Model OpenTopography Data available from https://opentopography.org/

Sentinel-2 (blue, green, red, and near-infrared (NIR) bands at 10 m
and other bands at 20 m resolution)

European Space
Agency Data available from https://dataspace.copernicus.eu

Key to abbreviations: DEMIRS = Department of Energy, Mines, Industry Regulation and Safety;
GSWA = Geological Survey of Western Australia; pmd*CRC = Predictive Mineral Discovery Cooperative Research
Centre; SBM = St Barbara Limited. The data repositories listed here were last accessed on 8 October 2025.
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4.4. Processing and Interpretation of Geophysical and Remote Sensing Data
4.4.1. Geophysical Data and Processing

Geophysical data were downloaded in grid format (Table 2) and windowed to the
study area, allowing for adequate buffer zones. Minimal processing was required, as the
datasets were available as merged products with the appropriate data reduction already
applied, providing complete coverage of the study area at various spatial resolutions (i.e.,
cell sizes). Access to objective, ‘blanket-coverage’ geophysical data of sufficient spatial
resolution is essential for exploration targeting in areas where prospective bedrock is
concealed by significant cover, such as in the central-eastern Yilgarn Craton. Moreover,
geophysical data are well suited to mapping the expressions of mineralizing processes and
are therefore a fundamental component of a mineral systems-type targeting approach.

Three types of geophysical data were sourced and processed for inclusion in this targeting
study [70]: (i) Gravity data, which respond to variations in rock density and reflect subsurface
density contrasts. Gravity surveys are therefore considered ‘depth penetrative’ methods.
(ii) Magnetic data, which respond to variations in rock magnetism, primarily controlled by
magnetic susceptibility. Like gravity data, they reflect subsurface contrasts. (iii) Radiometric
data, which measure surface variations in naturally occurring gamma radiation, primarily
emitted by radioactive isotopes of potassium (K), thorium (Th), and uranium (U).

In the EGST, gravity gradients show a clear association with faults that host gold
deposits [71]. The extraction of gravity gradients from gridded gravity data has been per-
formed in various ways since the method was first introduced in the late 1970s [72,73]. In
this study, we adapted the phase congruency approach of Kovesi [74], using the differential
upward continuation operator of Jacobson [75] instead of log-Gabor filters. This resulted in
a multi-scale feature detection filter for potential field (gravity and magnetic) data. Topo-
logical features [76] extractable from gridded potential field data at multiple scales are as
follows: (i) edges (i.e., maximum gradient curves), representing traces of physical property
boundaries across gravity or magnetic data grids, typically arising from structural breaks
such as faults, shear zones, or lithological contacts. (ii) Ridges (i.e., surface maxima or
peak curves), corresponding to ridgeline features in gravity and magnetic data grids. Grav-
ity ridges, for example, indicate peak gravity responses. In granite–greenstone terranes,
these ridges often coincide with the thickest, dense, mafic–ultramafic rock units, effec-
tively mapping structurally thickened sequences in the central parts of inverted greenstone
basins. (iii) Valleys (i.e., surface minima), corresponding to valley-line features in gravity
or magnetic data grids. Magnetic valleys often coincide with faults or fault corridors where
primary magnetite has been partially or completely destroyed by fluid–rock interaction.

Radiometric data, by contrast, are particularly effective for detecting and mapping
outcropping hydrothermal alteration systems. Studies by de Quadros et al. [77], Herbert
et al. [78], and Shebl et al. [79] have demonstrated the utility of this technique for identifying
zones of gold-related white mica (sericite) alteration through computations involving
normalized radiometric data and their ratios.

4.4.2. Remote Sensing Data and Processing

ALOS digital elevation data [80] were downloaded in grid format (Table 2) and pro-
cessed similarly to the geophysical data described above. The topographic data represent the
Earth’s surface morphology, where elevation highs often correspond to units more resistant to
weathering. Thus, even in ancient peneplained cratonic settings such as the Yilgarn Craton,
topographic data can aid in mapping outcropping or subcropping bedrock, structural trends
in exposed rock, and areas affected by past or present mining. Surface topography may
also reflect geological processes relevant to exploration targeting, especially in well-exposed
neotectonic terrains. In this study, the topographic data provided important input for both
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the lithostructural interpretation (mapping of outcropping and subcropping bedrock and
structural trends) and the interpretation of the radiometric and remote sensing data (matching
of anomalies with areas of outcropping and subcropping bedrock, and mine workings).

Multi-spectral Sentinel-2 data were downloaded as multiband grids (Table 2) and
clipped to the study area. Several salt lakes within the area were manually delineated and
removed to avoid false positives during processing. Spectral indexes were then calculated
to highlight goethite and other ferric-iron-bearing phases (Band4/Band2) and clay minerals
(Band11/Band12). The iron feature depth (IFD), a remote sensing index used to map the
presence and abundance of iron-bearing minerals, was computed to emphasize potential
weathering sulfides in the regolith [81]. The calculation of IFD involved determining the
expected value at Band 8A of the Sentinel-2 data by performing a linear interpolation
between Band 6 and Band 11. The ratio was then computed between the expected Band 8A
value and the measured Band 8A value. This process measures absorption on Band 8A,
which is associated with the presence of iron in minerals such as jarosite. The three indexes
(goethite, clay, and IFD) were combined into a cyan–magenta–yellow (CMY) ternary image,
which was converted to CIELab, a color space defined by the Commission Internationale
de l’Eclairage (CIE), to calculate the Euclidean distance to black [82]. Black areas in the
CMY image correspond to zones where all three indexes are high, indicating probable clay
alteration and weathering sulfides. The distance-to-black values were then inverted so that
higher values represent areas where all three indexes are relatively high. The resulting
inverse distance grid was thresholded and polygonized.

4.4.3. Lithostructural (Solid Geology) Map

The workflow used to interpret the geophysical data and produce the solid geol-
ogy map followed the approach outlined by [83]. It involved (i) constructing form lines,
(ii) identifying magnetic rock units, (iii) characterizing geophysical domains, (iv) integrat-
ing geophysical interpretations with supporting data (e.g., geological maps), (v) defining
structural elements, (vi) mapping and interpretating lithology, and (vii) developing an
integrated lithostructural framework.

4.5. Mineral Systems Concept

The targeting model developed in this study was based on the mineral systems ap-
proach [20–22,64,84] and implemented following the methodologies described in [64,68,85,86].
In essence, the mineral systems concept views mineral deposits as localized expressions of
a sequence of geological processes operating across multiple temporal and spatial scales:
(i) source processes extract essential mineral deposit components (melts and/or fluids, metals,
and ligands) from crustal or mantle sources; (ii) transport processes move these components
from source to trap regions via melts and/or fluids; (iii) trap processes focus melt and/or
fluid flow into physically and/or chemically receptive, deposit-scale sites; (iv) deposition
processes enable efficient metal extraction from melts and/or fluids passing within the traps;
and (v) preservation processes maintain the accumulated metals over time.

Where one or more of these critical processes fail to operate, a mineral deposit cannot
form or be preserved. The probabilistic nature of the mineral systems framework aligns
well with MPM [64,85,86], which relies on mathematical algorithms. A further strength of
the mineral systems approach is its capacity to provide a robust yet flexible framework for
developing a holistic, process-based targeting model and for identifying, mapping, or querying
expressions of key mineralizing processes within available geoscience datasets [22,87].

4.6. Fry Analysis

Fry analysis [88] is a straightforward geometrical method for visualizing spatial
patterns in point data. It records the distance and bearing from each point in a dataset to
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every other point, either manually or computationally. For n points, this yields n(n − 1)
spatial relationships. These point translations are displayed in autocorrelation (Fry) plots
and Rose diagrams, which enhance subtle spatial trends and reveal directions of maximum
continuity in mineral deposit alignments [89–91]. In this study, we used DotProc 1.0, a Fry
analysis freeware programmed by A. Kuskov, A. Mikhailov, and P. Dirks.

4.7. Background to Mineral Potential Modeling (MPM)

MPM, first introduced in the late 1980s alongside the rise of Geographic Information
Systems (GIS) [92,93], has since evolved into a robust, cost- and time-efficient exploration
targeting tool with strong big data analytics capabilities. MPM can concurrently handle,
integrate, process, and model diverse and often large datasets, including geological, geo-
physical, geochemical, remote sensing, and drilling data. It is particularly well suited for
effective screening and target generation across large search areas, from individual mineral
districts or belts to entire countries or continents. In general, MPM comprises four main
stages [21,87,94–97]: (i) the genetic model stage identifies the key geological processes
responsible for the formation of the targeted deposit type to establish a conceptual model;
(ii) the targeting model stage translates the genetic model into a targeting model in which
critical ore-forming processes are expressed by mappable criteria (also referred to as spatial
proxies, predictor maps, or targeting elements); (iii) the mathematical model stage inte-
grates the predictor maps using weighted mathematical algorithms; and (iv) the target
identification and prioritization stage maps and ranks the most prospective areas.

Mathematical modeling approaches are generally categorized as knowledge-driven,
data-driven, hybrid (data- and knowledge-driven), or continuous methods employing
logistic functions [26,94,98]. The choice of weighting methods depends largely on data
availability, specifically the number of known mineral occurrences supporting the targeting
model (prospect locations). Data-rich ‘brownfield’ regions, typically well explored around
known mineral deposits, favor data-driven weighing methods. In contrast, data-poor
‘frontier’, ‘grassroots’, or ‘greenfields’ regions often require knowledge-driven approaches
reliant on expert judgement [93,94]. Continuous weighting methods, by comparison,
require neither prospect locations nor expert input, using continuous spatial evidence to
achieve a superior predictive performance relative to discretized data [98].

In this study, we applied a multi-technique MPM framework [69] incorporating con-
tinuous (fuzzy gamma [99]; geometric average [100]; improved index overlay [101]), data-
driven (random forest, RF [102]), and knowledge-driven (best-worst method-sum additive
weighting, BWM-SAW [103–105]) modeling techniques.

5. Data Integration and Examination

5.1. Insights from the Enhancement Filtering of Geophysical and Remote Sensing Data

Enhancement filtering of gravity data revealed two critical insights into the proximity,
association, and abundance relationships between gravity features and gold occurrences.
Belt-parallel gravity ridges act as proxies for greenstone basin centers or zones of thicker mafic–
ultramafic material along greenstone keels and root zones (Figure 5). A confidential, continent-
scale gravity enhancement study for Australia demonstrated that a large proportion of Yilgarn
gold (and nickel) deposits show strong proximity, association, and abundance relationships
with gravity ridges. A similar pattern is evident in the study area, where most gold occurrences,
except those wholly within intrusive rocks, exhibit comparable relationships with gravity
ridges observable at multiple scales (Figure 6). Gravity edges represent discontinuities such
as faults, shear zones, or major lithological boundaries. In the study area, the Thunderbox,
King of the Hills, Gwalia, and Ulysses gold deposits all occur along a curvilinear, belt-parallel
gravity edge that can be traced for >230 km along its strike, extending north beyond the
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study area boundary. Notably, this gravity linear coincides only locally with the Perseverance–
Ockerbury–McClure fault system but shows strong spatial correspondence with the basement
granite–greenstone contact (Figure 6). Similar, semi-parallel lineaments elsewhere in the study
area may represent attractive first-pass exploration targets.

 

Figure 5. Schematic model for gold targeting in greenstone belt-hosted systems (modified from [106]).
In this model, large, multi-million-ounce gold camps form in the central parts of now-inverted
‘greenstone basins’, particularly where these are intersected by cross-structures. Structurally thickened
mafic–ultramafic rock packages in the central basin areas are mapped as gravity ridges (Figure 6),
whereas strongly deformed basin margins, typically associated with smaller gold deposits, are
mapped as gravity edges (Figure 7).

Figure 6. Gravity ridges (800 m scale) serve as proxies for centers of now-inverted greenstone basins
or zones of thickened mafic material along greenstone keels and root zones. (a) Belt-parallel gravity
ridges. (b) Cross-belt gravity ridges. High values (red colors) indicate high data confidence whilst
low values (blue colors) indicate low data confidence. See text for details.
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(a) (b) 

Figure 7. Gravity edges (3200 m scale) represent major faults or lithological boundaries. (a) Belt-
parallel gravity edges. (b) Cross-belt gravity edges. Label #1 marks a curvilinear, belt-parallel gravity
edge traceable for over 230 km and likely extending beyond the study area. The Thunderbox, King
of the Hills, Gwalia, and Ulysses gold deposits all occur along this feature. Notably, this gravity
edge does not coincide spatially with the nearby Ockerbury–McClure–Perseverance fault system
but instead aligns with a granite–greenstone contact. Semi-parallel gravity edges, particularly those
labeled #2 and #3, may represent promising exploration targets. High values (red colors) indicate
high data confidence whilst low values (blue colors) indicate low data confidence. See text for details.

Magnetic edges typically mark faults, shear zones, or lithological boundaries. Within
the study area, magnetic edge enhancement filtering highlights (i) proterozoic dolerite
dykes, (ii) certain intrusive contacts, and (iii) segments of major and subsidiary shear
and/or fault zones. Notably, all larger gold deposits coincide with magnetic edges (Fig-
ure 8).

Figure 8. Magnetic edges (800 m scale) represent faults or lithological boundaries. (a) Belt-parallel
magnetic edges. (b) Cross-belt magnetic edges. Lithostructural features visible here include Protero-
zoic dolerite dykes and selected intrusive contacts and faults. High values (red colors) indicate high
data confidence whilst low values (blue colors) indicate low data confidence. See text for details.

86



Minerals 2025, 15, 1255

Where exposed at the surface or in open-cut mines, orogenic gold systems in the
study area show spatial proximity, association, and abundance relationships with (i) do-
mains exhibiting high (≥95th percentile) K/Th ratios derived from radiometric data,
and (ii) goethite–clay–iron feature depth index (IFD) anomalies extracted from remote
sensing imagery.

Overall, the integration of advanced geophysical and remote sensing data modeling
enabled the mapping of potential ore-controlling structures and ore signatures, signifi-
cantly enhancing the toolkit for gold targeting in the central-eastern Yilgarn Craton. The
semi-automated filtering methods applied to these datasets helped reduce bias and incon-
sistencies inherent in purely human-based interpretations.

5.2. Lithostructural (Solid Geology) Interpretation

The main objective of the lithostructural interpretation was to produce a coherent base
map for MPM and target generation. Priority was given to developing a new structural
framework that integrates the results of geophysical enhancement and filtering. Whilst
the interpretation incorporated and respected elements of previous solid geology maps
produced by the Geological Survey of Western Australia, pmd*CRC, and St Barbara Limited
(Table 2), particularly regarding geological boundaries, the overall structural framework
was reconstructed from the ground up, guided by the newly derived geophysical evidence.

In the study area, form lines (Figure 9a) delineate stratigraphy and schistosity in green-
stones, compositional layering in granitoids, and schistosity in gneissic units. Although
form line orientations vary considerably, NNW-SSE trends predominate, reflecting the
principal stratigraphic and tectonic grain of the greenstone sequences. Local variations are
mainly attributable to folding on the kilometer to multi-kilometer scale.

Figure 9. Cont.
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Figure 9. Lithostructural (solid geology) interpretation. (a) Form lines. (b) First- and second-order
fault systems. First-order fault systems: 1 = Menzies–Boorara fault system (separating the Ora
Banda and Boorara domains of the Kalgoorlie Terrane); 2 = Ockerburry–McClure–Perseverance fault
system (separating the Kalgoorlie and Kurnalpi terranes); 3 = Melita–Emu fault system (separating
the Gindalbie and Menangina domains of the Kurnalpi Terrane); 4 = Keith–Kilkenny fault system
(separating the Menangina and Murrin domains of the Kurnalpi Terrane); 5 = Celia fault system
(separating the Murrin and Edjudina/Laverton domains of the Kurnalpi Terrane). First- and second-
order fault systems draped over (c) gravity data (0–6400 m differential upward continuation of the
Bouguer anomaly grid) and (d) magnetic data (1VD of the RTP). (e) Fault and fracture systems.
(f) Fault and fracture systems color-coded by dominant orientation, thereby highlighting several
structural corridors with prevailing N-S, E-W, NE-SW, and NW-SE trends. Inset: Rose diagram
showing mean orientations of fault and fracture systems in the study area.
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The major, first- and second-order faults within the study area (Figure 9b–d), likely
the products of D3 deformation and subordinate to earlier, N-S-striking D1 master faults (cf.
Figure 3 in [7]), include the (i) the Menzies–Boorara fault system separating the Ora Banda
and Boorara domains of the Kalgoorlie Terrane; (ii) the Ockerburry–McClure–Perseverance
fault system dividing the Kalgoorlie and Kurnalpi terranes; (iii) the Melita–Emu fault
system separating the Gindalbie and Menangina domains of the Kurnalpi Terrane; (iv) the
Keith–Kilkenny fault system dividing the Menangina and Murrin domains of the Kurnalpi
Terrane; and (v) the Celia fault system separating the Murrin and Edjudina/Laverton
domains of the Kurnalpi Terrane.

The subsidiary third- and fourth-order fault and fracture network defines several
structural corridors with dominant N-S, E-W, NE-SW, and NW-SE orientations (Figure 9e,f).
These corridors, oblique or orthogonal to the general NNW-SSE trend of the greenstone
belts, likely played a key role in focusing fluid flow and controlling the gold mineralization.
This interpretation is supported by Fry analysis results, which indicated preferred gold
occurrence alignments along NNW-SSE, N-S to NNE-SSW, NE-SW, and NW-SE trends
(Figure 10).

Figure 10. Fry analysis. (a) Structural framework and gold occurrences used in the analysis. (b) Fry
plot showing translations of all gold occurrences (center-to-center distances and directions). (c) Rose
diagram illustrating frequency distributions and dominant gold occurrence alignments: NNW-SSE,
NNE-SSW, NE-SW, and NW-SE.
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Lithologically, the study area can be divided into two broad Archean domains
(Figure 11), namely felsic to intermediate granite–gneiss, and greenstone terrain. Intrusive
rocks dominate, covering ~62% of the study area (plan view). These include large regional
and deformed gneissic (‘external’ or ‘basement’) granitoid plutons, typically of monzo-
granitic composition, often delineated by well-defined gravity lows. Smaller ‘internal’
plutons intruding the greenstone belts range in composition from granitic to gabbroic.

 

Figure 11. Lithostructural (solid geology) interpretation—final map product. (a) Simplified ver-
sion showing undivided granite and greenstone units. (b) Detailed version showing lithological
subdivisions. (c) Legend for (b).

90



Minerals 2025, 15, 1255

The greenstones, generally associated with gravity highs, are classified into four
broad lithological groups: (i) Late basin sequences comprising polymictic to oligomictic
conglomerate and sandstone. (ii) Sedimentary siliciclastic sequences consisting of felsic
volcaniclastic sandstone, siltstone ± conglomerate, chemical sedimentary rocks, and in-
terleaved felsic volcanic rocks. (iii) Felsic to intermediate volcanic sequences comprising
rhyolite to rhyodacite, andesite, felsic volcaniclastic, and siliciclastic rocks ± felsic and mafic
volcanic rocks, interleaved with coeval basalt and dolerite. (iv) Mafic to ultramafic volcanic
sequences consisting of basalt, komatiite, peridotite, serpentinite, and mafic–ultramafic
chlorite, tremolite, and fuchsite-andalusite schists ± coeval dolerite and gabbro. Within
all the above sequences are narrow, curvilinear units marked by strong positive magnetic
anomalies, typically comprising banded iron formation (BIF), basalt, dolerite, gabbro,
komatiite, peridotite, or ultramafic schist.

The study area is also traversed by numerous E-W- to ENE-WSW-striking dolerite
intrusions belonging to the Paleoproterozoic (~2408–2401 Ma) Widgiemooltha dyke
swarm [107,108] (Figure 11). These dykes are easily identifiable in magnetic datasets
due to their strong magnetic contrast and linear geometry. Two groups are distinguished:
(i) 2408 ± 3 Ma dykes that produce positive magnetic anomalies and typically strike ~075◦,
and (ii) 2401 ± 1 Ma dykes that produce negative magnetic anomalies and generally strike
~085◦. The contrasting magnetic polarities reflect emplacement during different paleomag-
netic regimes. Composed of solidified mantle-derived melts, the dykes are interpreted to
have exploited pre-existing crustal heterogeneities, marking deep-seated, mantle-tapping
structures of Archean origin that were reactivated during the Proterozoic. Notably, many
gold occurrences, particularly the larger deposits, are situated along or within 5 km of the
dyke swarm corridors.

6. Targeting Model

Developing an effective targeting model requires careful consideration of several
interrelated factors [21,68,109,110]:

• The geological processes responsible for forming the targeted mineral deposit
type [20,65,84,111,112].

• The mappable expressions of these processes in available geoscience and exploration
datasets [84,113].

• The spatial and temporal scales at which these processes occurred and can be
mapped [113,114].

• Geological uncertainty and human bias [65,115].

In this study, we adopted a mineral systems approach to exploration targeting [21],
structuring our model around the key processes controlling orogenic gold formation and
their corresponding mappable expressions, as summarized in Table 3.
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7. Mineral Potential Modeling (MPM)

7.1. Statistical Evaluation of Predictor Maps

The predictive performance of each predictor map was statistically evaluated using a
reference dataset comprising 1773 gold occurrences, referred to as mineral deposit locations
(MDLs), and 1773 unmineralized sites, referred to as non-deposit locations (NDLs). The
MDLs include gold deposits, occurrences, and mineralized drill intercepts. The NDLs were
selected based on the following criteria: (i) spatial randomization; (ii) sufficient distance
from known gold occurrences, and (iii) location outside of the gold-permissive tract.

Two statistical methods were applied to assess predictor map performance: (i) the
normalized density index (Nd) [126,127], illustrated in prediction-area plots (Figure S1), and
(ii) the area under the receiver operating characteristic curve (AUC) [127,128] (Figure S2).
Predictor maps meeting the thresholds of Nd > 1.00 [126] and AUC > 0.50 [128] were
considered suitable for inclusion in the MPM process (Table 4).

Table 4. Statistical parameters for the predictor maps as derived from prediction-area plots and
receiver operating characteristic curves.

Predictor Map Pr (%) Oa (%) Nd AUC

Proximity to known gold occurrences 100 0 Infinity 1.000

Proximity to greenstone belts 69 31 2.230 0.965

Proximity to domains of favorable metamorphic grade 69 31 2.230 0.950

Proximity to felsic to intermediate volcanic rocks 59 41 1.440 0.948

Proximity to regional gravity highs 71 29 2.450 0.931

Proximity to mafic–ultramafic volcanic rocks 69 31 2.230 0.922

Proximity to basement granitoids 71 29 2.450 0.858

Proximity to ‘high mag units’ 66 34 1.940 0.852

Proximity to areas of demagnetization 62 38 1.630 0.851

Proximity to subsidiary faults 66 34 1.940 0.833

Proximity to remotely sensed alteration systems 72 28 2.570 0.824

Proximity to lithological contacts 68 32 2.120 0.800

Proximity to fold hinges 59 41 1.440 0.794

Proximity to internal granitoids 64 36 1.770 0.788

Density of principal faults 61 39 1.560 0.786

Proximity to principal faults 64 36 1.770 0.778

Density of lithological contacts 58 42 1.380 0.758

Density of ENE-WSW-striking gravity ridges 63 37 1.700 0.746

Density of NNW-SSE-striking gravity ridges 59 41 1.440 0.715

Density of principal fault intersections 59 41 1.440 0.700

Proximity to siliciclastic and sedimentary rocks 64 36 1.770 0.691

Density of ENE-WSW-striking gravity lineaments 59 41 1.440 0.669

Proximity to flanks of granitoid bodies 59 41 1.440 0.639

Density of NNW-SSE-striking gravity lineaments 56 44 1.270 0.611

Proximity to domains of juvenile crust (εNd-values of −0.2 to 2.4) 52 48 1.080 0.611

Proximity to domains of high K/Th values (≥95th percentile) 55 45 1.220 0.560

Proximity to Proterozoic dolerite dykes 52 48 1.080 0.537

Density of Proterozoic dolerite dykes 51 49 1.040 0.515

Key to abbreviations: Pr = prediction rate, Oa = prediction area, Nd = Pr/Oa, AUC = area under the receiver
operating characteristic curve.
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7.2. Continuously Weighted Mineral Potential Models

Gold prospectivity in the Leonora district was modeled using three continuous integra-
tion techniques: (i) fuzzy gamma [99], (ii) geometric average [100], and (iii) improved index
overlay [101]. Predictor maps were weighted using logistic [98] and small fuzzification
functions [129,130], producing fuzzy membership scores within the interval [0, 1] for the
proxy variables (Figures S5–S36).

The MPM outcomes for the Leonora district, generated from these integration func-
tions, are shown in Figure 12a–c.

Figure 12. Cont.

96



Minerals 2025, 15, 1255

Figure 12. Gold potential maps. (a) Fuzzy gamma. (b) Geometric average. (c) Improved index
overlay. (d) BMW-SAW. (e) Random forest.

7.2.1. Continuous Fuzzy Gamma Model

Continuously weighted fuzzy spatial predictors can be integrated using fuzzy opera-
tors [26]. In this study, the fuzzy gamma operator, which combines the SUM and PRODUCT
operators, was applied to achieve fine-tuned calibration of various inputs [131]:

μC = [1 −
n

∏
i=1

(1 − μi)]
γ × [

n

∏
i=1

μi]
1−γ (1)

For each cell, μi represents the fuzzy score of the ith input spatial predictor, and μC

denotes the resulting potential score obtained through the combination procedure, with
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the parameter constrained to the interval (0 ≤ γ ≤ 1). A gamma value of 0.9 was adopted
in this analysis.

7.2.2. Geometric Average Technique

The geometric average provides an effective multi-criteria decision-making (MCDM)
framework for coherently integrating continuously weighted predictor maps in MPM.
Following the mathematical formulation in Equation (2), the geometric average (GA) for
each spatial cell is computed as the nth root of the product of the corresponding proxy
values [100]:

GA(F1, F2, . . . , Fn) = n

√
n

∏
i=1

Fi =
n
√

F1F2 . . . Fn (2)

For each spatial cell, n denotes the total number of predictor maps, while Fi represents
the fuzzy weight corresponding to the ith predictor map. Equation (2) was adapted to the
specific conditions of the study area as follows:

GGold(F1, F2, . . . , F28) =
28

√√√√ 28

∏
i=1

Fi =
28
√

F1F2 . . . F28 (3)

In this formulation, F1, F2, . . . , F28 denote the fuzzy scores assigned to the evidential
values within their respective predictor maps. After calculating the gold potential value
(GGold) for each unit cell across the study area, the resulting outputs were spatially mapped
to construct the geometric average gold potential model.

7.2.3. Improved Index Overlay Model

The Improved Index Overlay is an enhanced form of the data-driven index overlay
method applied in both brownfield and greenfield MPM [101]. Unlike conventional or
earlier data-driven approaches, this technique assigns weights to each predictor map using
a modified Shannon’s entropy algorithm, thereby removing dependence on expert judge-
ment or known mineral occurrences. The detailed workflow of this weighting procedure
is described in [101]. Using this approach, predictor map weights were objectively deter-
mined (Table 5), showing that lithological contact density is the most influential predictor
map, whereas proximity to principal faults has the lowest relative significance.

After calculating the predictor map weights via the modified Shannon’s entropy algo-
rithm, the maps were integrated using the Improved Index Overlay framework as follows:

IIO =

n
∑
i

WviWi

n
∑
i

Wi

(4)

where for all cells within the study area, IIO denotes the Improved Index Overlay score, Wi

represents the weight of the ith predictor map assigned by the entropy algorithm, and Wvi

corresponds to the continuous cell value of the ith predictor map derived from logistic or
small fuzzification functions. In this study, Equation (4) was formulated as follows:

IIO =
WV1W1 + WV2W2 + . . . + WV28W28

W1 + W2 + . . . + W28
(5)

Here, W1, W2, . . . , W28 denote the entropy-based weights of the predictor maps, rep-
resenting the continuous evidential values assigned to each cell within the respective
predictor maps.

98



Minerals 2025, 15, 1255

Table 5. Predictor map weights as determined by the modified Shannon’s entropy method.

Predictor Map Entropy (e) Normalized Entropy Value (h) Weight (W)

Density of lithological contacts 6095 0.0106 0.9894

Proximity to basement granitoids 7645 0.0133 0.9867

Proximity to felsic to intermediate volcanic rocks 8618 0.0150 0.9850

Density of principal fault intersections 14,307 0.0249 0.9750

Density of Proterozoic dolerite dykes 15,560 0.0271 0.9729

Density of principal faults 15,964 0.0278 0.9722

Proximity to greenstone belts 16,756 0.0292 0.9708

Proximity to domains of favorable metamorphic grade 17,192 0.0300 0.9700

Proximity to regional gravity highs 17,325 0.0302 0.9698

Density of NNW-SSE-striking gravity lineaments 18,651 0.0325 0.9675

Density of ENE-WSW-striking gravity ridges 20,723 0.0361 0.9639

Density of ENE-WSW-striking gravity lineaments 20,805 0.0363 0.9637

Density of NNW-SSE-striking gravity ridges 21,253 0.0371 0.9629

Proximity to mafic–ultramafic volcanic rocks 21,418 0.0373 0.9627

Proximity to fold hinges 23,135 0.0403 0.9597

Proximity to siliciclastic and sedimentary rocks 23,344 0.0407 0.9593

Proximity to domains of high K/Th values (≥95th percentile) 23,608 0.0412 0.9588

Proximity to domains of juvenile crust (εNd-values of −0.2 to 2.4) 23,831 0.0415 0.9585

Proximity to internal granitoids 24,255 0.0423 0.9577

Proximity to lithological contacts 24,480 0.0427 0.9573

Proximity to remotely sensed alteration systems 25,084 0.0437 0.9563

Proximity to ‘high mag units’ 25,400 0.0443 0.9557

Proximity to known gold occurrences 25,649 0.0447 0.9553

Proximity to flanks of granitoid bodies 25,836 0.0450 0.9550

Proximity to areas of demagnetization 25,900 0.0452 0.9548

Proximity to Proterozoic dolerite dykes 26,630 0.0464 0.9536

Proximity to subsidiary faults 26,876 0.0469 0.9531

Proximity to principal faults 27,249 0.0475 0.9525

7.3. Best–Worst Simple Additive Weighting (BWM–SAW) Mineral Potential Model

Among knowledge-driven MPM techniques, multi-criteria decision-making (MCDM)
approaches are particularly valued for their efficiency [97,132–135]. In these methods,
weights are typically assigned to predictor maps using either matrix-based or comparison-
based procedures. Notably, the simple additive weighting (SAW) method [103] and the
best–worst method (BWM) [105] are well-established examples of these approaches, both
of which have been successfully applied in MPM studies [97,132–135].

In this study, a hybrid MCDM framework, namely BWM–SAW [134], was employed
in conjunction with the overall performance (Op) index [136–138]. The Op index is derived
from an improved prediction-area (P–A) plot incorporating three fundamental criteria:
(i) occupied area curve, (ii) NDL prediction rate curve, and (iii) MDL prediction rate
curve [136]. The BWM technique was used to objectively quantify the weights of the
decision criteria represented by the predictor maps (Table 4). The Op index then served to
determine the weights of the predictor maps and to identify the best and worst predictors
(Figure S33, Table 6). Based on these results, the others-to-worst (OW) and best-to-others
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(BO) vectors were established (Tables S1 and S2) according to the Op values listed in Table 6.
The optimal weights (W∗

1 , W∗
2 , . . . , W∗

n ) and ξ∗ were obtained by solving the following
problem [134]:

minξ

s.t.∣∣WB − aBjWj
∣∣ ≤ ξ, for all j∣∣Wj − ajWWW
∣∣ ≤ ξ, for all j

∑
j

Wj = 1

Wj ≥ 0, for all j

(6)

where aBj represents the precedence of the best decision criterion B over the decision
criterion j, ajW demonstrates the precedence of the decision criterion j over the worst
decision criterion W, and ξ∗ is the optimal consistency value. For this study, Problem (6)
was formulated as shown in Equation (7):

minξ

s.t.
|W1 − 2W2| ≤ ξ, for all j
|W1 − 2W3| ≤ ξ, for all j
|W1 − 2W4| ≤ ξ, for all j

...
|W1 − 9W28| ≤ ξ, for all j
|W2 − 5W28| ≤ ξ, for all j
|W3 − 5W28| ≤ ξ, for all j
|W4 − 5W28| ≤ ξ, for all j

...
|W27 − 2W28| ≤ ξ, for all j
∑
j

Wj = 1

Wj ≥ 0, for all j

(7)

Table 6. Improved prediction-area plot parameters for the effective predictor maps.

Effective Predictor Maps
Parameters

Pm Pn 100 − Pm 100 − Pn TPr FPr Op

0to known gold occurrences (DC1) 100 46 0 54 1 0.46 0.54

Proximity to regional gravity highs (DC2) 71 43 29 57 0.71 0.43 0.28

Proximity to basement granitoids (DC3) 71 43 29 57 0.71 0.43 0.28

Proximity to greenstone belts (DC4) 69 42 31 58 0.69 0.42 0.27

Proximity to domains of favorable metamorphic grade (DC5) 69 43 31 57 0.69 0.43 0.26

Proximity to mafic–ultramafic volcanic rocks (DC6) 69 44 31 56 0.69 0.44 0.25

Proximity to subsidiary faults (DC7) 66 42 34 58 0.66 0.42 0.24

Proximity to remotely sensed alteration systems (DC8) 72 48 28 52 0.72 0.48 0.24

Proximity to ‘high mag units’ (DC9) 66 43 34 57 0.66 0.43 0.23

Proximity to principal faults (DC10) 64 43 36 57 0.64 0.43 0.21

Proximity to lithological contacts (DC11) 68 47 32 53 0.68 0.47 0.21

Density of ENE-WSW-striking gravity ridges (DC12) 63 45 37 55 0.63 0.45 0.18
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Table 6. Cont.

Effective Predictor Maps
Parameters

Pm Pn 100 − Pm 100 − Pn TPr FPr Op

Proximity to internal granitoids (DC13) 64 47 36 53 0.64 0.47 0.17

Density of principal faults (DC14) 61 45 39 55 0.61 0.45 0.16

Proximity to siliciclastic and sedimentary rocks (DC15) 64 48 36 52 0.64 0.48 0.16

Proximity to areas of demagnetization (DC16) 62 46 38 54 0.62 0.46 0.16

Proximity to fold hinges (DC17) 59 47 41 53 0.59 0.47 0.12

Proximity to felsic to intermediate volcanic rocks (DC18) 59 48 41 52 0.59 0.48 0.11

Density of NNW-SSE-striking gravity ridges (DC19) 59 48 41 52 0.59 0.48 0.11

Density of ENE-WSW-striking gravity lineaments (DC20) 59 48 41 52 0.59 0.48 0.11

Density of principal fault intersections (DC21) 59 48 41 52 0.59 0.48 0.11

Proximity to flanks of granitoid bodies (DC22) 59 48 41 52 0.59 0.48 0.11

Density of lithological contacts (DC23) 58 49 42 51 0.58 0.49 0.09

Density of NNW-SSE-striking gravity lineaments (DC24) 56 49 44 51 0.56 0.49 0.07

Proximity to domains of juvenile crust (DC25) 52 47 48 53 0.52 0.47 0.05

Proximity to domains of high K/Th values (DC26) 55 50 45 50 0.55 0.5 0.05

Proximity to Proterozoic dolerite dykes (DC27) 52 50 48 50 0.52 0.5 0.02

Density of Proterozoic dolerite dykes (DC28) 51 51 49 49 0.51 0.51 0.00

Key to abbreviations: Pm = hits, Pn = false alarms, 100-Pm = misses, 100-Pn = correct rejections, TPr = true positive
rate, FPr = false positive rate, Op = overall performance, DC = decision criterion.

Optimal weights (W∗
B, W∗

1 , . . . , W∗
W) and ξ∗ were obtained by solving Equation (7)

(Table S3). For aBW = a13 = 9, the resulting consistency index was 5.23 [134], and the
consistency ratio 0.009/5.25 = 0.002, indicating excellent consistency. Following the assign-
ment of predictor weights, the SAW method was applied to rank all decision alternatives. A
decision matrix B1201497× 28 was built comprising 1,201,497 decision alternatives, each cor-
responding to a cell within the predictor maps, and 28 decision criteria. Alternatives were
ranked via the step-by-step SAW procedure described by [134]. The resulting BWM-SAW
gold potential model for the Leonora district is shown in Figure 12d.

7.4. Random Forest (RF) Mineral Potential Model

An increasing number of recent studies have demonstrated the effectiveness of RF-
based MPM, consistently showing its superior performance compared to a wide range
of previously applied supervised machine learning techniques [66,69,86,138–143]. The
enhanced performance of RF is largely due to its ability to mitigate overfitting and improve
predictive accuracy through the bootstrap aggregation (bagging) approach [102]. RF is an
ensemble-based machine learning algorithm that generates multiple random subsets of
training data, each used to construct an unpruned decision tree [102]. In this framework,
bootstrapping with replacement is applied to the spatial proxy values at mineral deposit
and non-deposit locations (labeled data). Approximately two-thirds of the labeled data
(in-bag samples) are used to train each tree, while the remaining out-of-bag (OOB) samples
are used to estimate model error and impurity. In summary, the RF model represents an
ensemble of unpruned decision trees, each built from distinct training subsets that capture
different underlying patterns (existent patterns).

The implementation of RF requires specifying two main hyperparameters: (i) the
number of decision trees (n) in the ensemble and (ii) the number of predictor variables (m)
considered at each node split [102]. In this study, n = 1000 and m = 9 were adopted follow-
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ing the procedure outlined in [139]. The relative importance of predictor variables was
quantified using the mean decrease in the Gini impurity index (MG) and the mean decrease
in accuracy (Ma). The MG index measures each variable’s contribution to improving node
homogeneity and, consequently, the model’s overall discriminative power. Ma, on the other
hand, is derived from OOB error, and reflects accuracy-based predictor relevance. As noted
by [102], higher Ma and MG values indicate greater predictor importance. Figure S34 shows
the relative significance of predictor variables in the RF model: Proximity to volcanic rocks
of felsic to intermediate composition is the least significant predictor, whereas proximity to
juvenile crust (based on Ma) and proximity to basement granitoids (based on MG) are the
most significant.

Figure 12e presents the RF-based gold potential model generated from 27 validated
fuzzified predictor maps (Figures S5b–S31b), excluding the “proximity to known gold occur-
rences” map to minimize exploration bias. The associated training error curve (Figure S35)
shows a steady decline in model error with an increasing tree number, from an initial mean
squared error of ~0.065 for the first tree to about 0.028 at the 1000th iteration.

8. Discussion

8.1. Geological and Structural Implications

One of the key geological observations in this study is that gold occurrences display
proximity, association, and abundance relationships with structures oriented orthogonally
or at high angles to the dominant NNW-SSW grain of the terrane- and domain-bounding
fault systems and regional schistosity within the greenstone belts.

Notably, a spatial relationship was observed between gold occurrences, particularly the
larger deposits, and E-W-striking magnetic edges, which correspond to geological features
such as Proterozoic dolerite dyke corridors (Figure 8). A similar relationship was reported
by Isles et al. [144] for the Yilgarn Craton as a whole, where most major gold districts
exhibit “intriguing spatial associations” with Proterozoic dykes. Isles et al. interpreted
this association as evidence that the dykes occupy much older planes of weakness formed
prior to, or contemporaneous with, Archean gold mineralization. We concur with this
interpretation and suggest that Proterozoic dyke swarms, which can be easily traced in
magnetic and gravity data, delineate important yet cryptic basement structures, some of
which, or segments thereof, likely played a critical role in localizing gold mineralization.
This interpretation is supported by spatial statistical analyses conducted in this study, which
yielded AUC > 0.52 and Nd >1.04 for predictor maps representing Proterozoic dolerite dyke
proximity and density (Table 4). Following published criteria [126,128], any predictors with
AUC > 0.50 and Nd > 1.00 are considered statistically valid, confirming a meaningful spatial
relationship between gold occurrences and Proterozoic dolerite dykes, or, more precisely,
the structures that host them.

Secondly, we identified N-S, E-W, NE-SW, and NW-SE structural trends, represented by
subsidiary, late-tectonic (likely D4/5), low-displacement faults and fractures that are oblique
or orthogonal to the dominant NNW-SSW structural grain. Fry analysis revealed similar
directions of maximum gold occurrence alignment, suggesting that these structures exerted
significant control on gold localization. Some coincide with NE-SW- and NW-SE-striking
low-displacement faults and fractures interpreted by [145], termed Perkins Discontinuities.
These planar boundaries mark abrupt terminations of mineralization continuity, typically
observed at hand-sample to deposit scales. According to [145], the Perkins Discontinuities
identified at the Aphrodite deposit and surrounding area predate mineralization, resulting
in an asymmetric gold distribution across these typically unmineralized faults and fractures.
A detailed lithostructural interpretation of the Bardoc area by [146] showed that Aphrodite
lies within a ~5 km wide, NE-SW-striking corridor defined by a series of fractures and
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low-displacement (<100 to 300 m) dextral faults (Figure 13). These structures, together
with less common NW-SE-striking ones, cut obliquely across the dominant NNW-SSE
trend of the Bardoc Tectonic Zone. Deposit-scale studies at Aphrodite reported cross-
structures of similar orientation, including the NW-SE-striking, moderately NE-dipping
Epsilon orebody [50] and numerous, weakly mineralized ENE-WSW (070◦) and WNW-ESE
(130◦)-striking quartz–carbonate ± pyrite veins [50,147]. We infer that the intersection of
the dominant NNW-SSE trend with subordinate NE-SW (±22.5◦) and NW-SE (±22.5◦)
structures created a high-permeability network that strongly influenced gold localization,
not only at Aphrodite but also in other areas where similar structural interactions occur.
Further detailed studies across multiple scales and sites are required to better constrain the
role of these cross-structures in controlling gold mineralization and ore geometry.

Figure 13. Location of the Aphrodite gold deposit cluster within a ~5 km wide, NE-SW-striking
corridor defined by a series of fractures and low-displacement (<100 to 300 m) faults exhibiting
apparent dextral kinematics.
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8.2. Geophysical and Remote Sensing Implications

Magnetic and gravity data are the most widely used and available geophysical datasets
for regional targeting of orogenic gold mineralization in the Yilgarn Craton. Greenstones
typically exhibit strong magnetic and density contrasts relative to the surrounding gran-
ites. High-resolution magnetic data effectively map greenstone belt fabrics, with fabric-
parallel features commonly representing faults, shear zones, or stratigraphic boundaries.
In contrast, ‘cross-fabric’ features, widespread across the craton, most often correspond
to cross-cutting fault–fracture systems or mafic dykes. Gravity data, though generally of
coarser resolution, remain useful for delineating greenstone distribution, relative thick-
nesses, and major cross-structures. The main objective of the semi-automated geophysical
filtering in this study was to highlight geological features in a consistent and relatively
unbiased manner. This was achieved is by extracting features of specific orientations
(Figures 6–8), as different orientations often correspond to distinct deformation styles or
events. The phase congruency algorithm extracts features in eight different orientations (0◦,
22.5◦, 45◦, 67.5◦, 90◦, etc.), which can then be combined to highlight particular structural
trends. For example, the fabric-parallel features in Figures 6a, 7a and 8a were produced by
combining the 0◦ and 167.5◦ orientations to highlight NNW-SSE to N-S trends, typically
corresponding to belt-parallel fault or shear zones and stratigraphic contacts. Gold-bearing
structures are generally parallel the host greenstone fabric, whereas cross-structures influ-
ence grade continuity and distribution. Isolating these structural types separately enhanced
targeting effectiveness. Importantly, the phase congruency method is relatively amplitude-
independent, allowing subtle features to be detected, which is critical since orogenic gold
systems are not always associated with strongly magnetic bodies. Rather, their geophysical
signatures vary widely due to differences in host rocks, structural settings, mineralization
styles, ore minerals, and alteration assemblages.

Direct detection of unweathered orogenic gold systems using Sentinel-2 data is challeng-
ing. Pyrite, a common alteration mineral phase, cannot typically be detected through satellite
remote sensing. However, Sentinel-2 can detect its weathering products, such as goethite and
jarosite [81,148]. Pyrite oxidation generates acidic conditions that promote clay formation
during silicate weathering [149]. Given the extensive weathering and oxidation of the Yilgarn
Craton [150], any exposed gold mineralization is expected to be associated with ferric iron
phases and clays. In the study area, zones showing coincident highs in goethite, clay, and
IFD indices correlate well with known mineralization. While single remote sensing products
often yields many false positives, this issue was reduced using a CMY ternary combination
of the goethite, clay, and IFD indices. This approach efficiently and accurately highlights
areas with coincident anomalies while automated extraction minimizes interpreter bias or
inconsistency. The main limitation of this method, however, is that Sentinel-2 can only detect
surface mineralization. Any significant cover will obscure signals from underlying rocks.

8.3. Mineral Potential Modeling (MPM) Implications
8.3.1. Predictor Map Performance

The significance of predictor maps in MPM can be viewed from two complimentary
perspectives. In the pre-modeling stage, emphasis is placed on identifying and selecting
the most effective predictor maps for integration into a potential model (Table 4). In the
post-modeling stage, predictor maps are ranked according to their relative contribution
to the prediction of potential values (Figure S34). Careful selection of high-performing
predictor maps prior to modeling minimizes systemic uncertainty and ensures that the
model is based on robust and geologically meaningful variables. Conversely, post-modeling
evaluation allows the exclusion of predictors with limited or negligible predictive capacity,
refining subsequent model iterations. This iterative process enhances the overall efficiency
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and robustness of the modeling framework while enabling a comparative assessment of
successive models to evaluate the sensitivity of results to predictor map selection.

It is strongly recommended to use a combination of statistical analysis tools to iden-
tify the most effective predictor maps and quantify their contribution to potential value
prediction. Using multiple performance metrics enables a more accurate comparison, dif-
ferentiation, and informed decisions regarding the retention or exclusion of predictor maps.
For example, both the “proximity to fold hinges” (predictor M1) and “proximity to flanks
of granitoid bodies” (predictor M2) maps achieved identical Nd scores of 1.440. However,
their AUC scores distinguish them, with M1 scoring ~1.24 times higher than M2. Relying
solely on the Nd index would not have revealed this difference, whereas incorporating
AUC clearly demonstrated the superiority of M1. Similarly, as shown in Figure S34, the
predictor map for “proximity to areas of demagnetization” ranks 21st by Ma, but 9th by
MG. To achieve more precise and robust comparisons, it is advisable to integrate additional
performance metrics, such as entropy or information gain.

8.3.2. Multi-Technique Approach

The robustness of MPM is highly dependent on the quality of the underlying genetic
model and the accurate translation of key genetic processes into mappable targeting criteria.
Since the conceptual model forms the core of the MPM process, most stochastic uncertainty
arises from inappropriate selection of predictor maps. Although these issues can be reduced
through mineral systems modeling, both systemic and stochastic uncertainties can be fur-
ther mitigated by adopting a multi-technique approach to MPM. This approach (i) ensures
optimal use of available empirical and conceptual information, (ii) allows comparison, con-
trast, and cross-validation of MPM results, and (iii) better constrains exploration targets by
integrating outputs from diverse numerical models [69,114]. As demonstrated in [69,86,97],
a multi-technique MPM strategy not only yields more robust exploration targets but also
provides insights unattainable through any single modeling technique, while contributing
to the development and calibration of new analytical tools and techniques.

In addition to these advantages, combining multiple techniques with the develop-
ment of diverse gold potential models (Figure 12) also enables the assessment of model
performance. To this end, we applied the improved P-A plot procedure of Roshanravan
et al. [136]. Based on Figure S36 and the performance statistics reported in Table 7, the RF
algorithm to MPM delivered the best-performing gold potential model for the study area
(overall performance, Op = 0.52) (Figure 12e). Notably, the RF-derived potential model
exhibits distinct spatial patterns compared to those produced by the other techniques
(Figure 12). This variation, which enhances prediction reliability in this study, reflects an
intrinsic property of the RF algorithm: namely, its ensemble of regression trees generated
through bootstrap sampling, with final predictions derived from the average outputs,
thereby reducing variance and improving robustness.

Table 7. Improved prediction-area (P-A) plot parameters for the different gold potential models.

Fuzzy Gamma Geometric Average Improved Index Overlay BWM-SAW RF

Pm (Hits) 77 78 79 88 88

Pn (False Alarms) 42 43 42 41 36

100−Pm (Misses) 23 22 21 12 12

100−Pn (Correct Rejection) 58 57 58 59 64

True Positive Rate (TPr) 0.77 0.78 0.79 0.88 0.88

False Positive Rate (FPr) 0.42 0.43 0.42 0.41 0.36

Overall Performance (Op) 0.35 0.35 0.37 0.47 0.52
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8.3.3. Predictor Map Sensitivity

Several predictor maps used in this study have the potential to introduce bias into
the MPM because they (i) represent ‘self-fulfilling prophecies’ (e.g., proximity to gold
occurrences) that artificially enhance prospectivity near known deposits; (ii) show interde-
pendencies with other predictors (e.g., proximity to greenstone belts or granitoid flanks)
due to spatial overlap; (iii) are ineffective in areas of cover (e.g., proximity to remotely
sensed alteration systems or domains of high K/Th values) where signals fail to penetrate
the regolith; and/or (iv) do not uniformly or objectively represent the entire study area
(e.g., proximity to fold hinges) owing to inconsistent mapping scales or data resolutions.

Given that such biases can significantly affect outcomes [114], we assessed model sen-
sitivity to selected predictor maps. Specifically, we used the best-performing RF approach
to generate two alternative gold potential maps for the study area by varying the number
and type of input predictors: Alternative RF Model 1, excluding proximity to (a) gold
occurrences, (b) greenstone belts, (c) granitoid flanks, (d) fold hinges, (e) remotely sensed
alteration systems, and (f) high K/Th domains; and Alternative RF Model 2, excluding
only (a) to (c). Both models achieved an excellent overall performance (Op) ranging from
0.49 (Alternative RF Model 1) to 0.54 (Alternative RF Model 2), comparable with or slightly
exceeding that of the original RF model (Op = 0.52). The results are not only statistically
but also visually similar, with minimal discernible differences between the original and
alternative RF-derived gold prospectivity maps (Figure 14).

 

Figure 14. Alternative random forest (RF) gold prospectivity models generated to test sensitivity and
performance with respect to selected predictor maps. (a) Alternative RF Model 1 excludes proximity
to known gold deposits, greenstone rocks, remotely sensed alteration systems, fold hinges, granitoid
flanks, and domains with high K/Th. (b) Alternative RF Model 2 proximity to known gold deposits,
greenstone rocks, and granitoid flanks. Overall performance (Op) values of the alternative models
are comparable to, and for (b), even higher than the Op of the original RF model. See text for details
and Figure 12e for a color legend.
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8.3.4. Using Fractal Thresholding for Target Generation

The concentration-area (C-A) fractal technique [151], a well-established method for
classifying continuous spatial data [66,101,127,134,152–154], was applied to prioritize
areas of gold potential derived from the best-performing RF model. Two thresholds
(Figure S37), representing major slope changes and corresponding to higher potential
scores and data populations more strongly associated with mineralization, were identified
at 0.830 (2nd-order target areas) and 0.958 (1st-order target areas). These thresholds were
used to generate a ternary-class exploration targeting map, categorizing model outputs into
domains of high, moderate, and low gold potential (Figure 15). The delineated target areas
show a strong spatial correlation with known gold occurrences and key predictors in the
underlying genetic and targeting models for orogenic gold systems. As shown in Figure 15,
the prioritized high-potential (1st order) target areas represent an order-of-magnitude
(>13 times) reduction in search space, a hallmark of a robust, practically effective targeting
method [114].

Figure 15. Map of prioritized MPM target areas showing the major gold deposits within the study
area. Insets provide detailed views of selected areas.

Beyond delineating high-priority targets, the MPM results served three additional
purposes: (i) providing context and constraints for prioritizing future gold exploration,
(ii) identifying the most prospective ground held by competitors to inform potential invest-
ment, acquisition, or joint-venture opportunities, and (iii) supporting the monitoring of
mineral tenement status and identification of new vacant ground for acquisition.

8.4. Targeting Implications
8.4.1. Role of MPM as a Targeting Tool

Since its inception in the late 1960s and early 1970s [113], MPM has evolved signifi-
cantly, both methodologically and as an effective targeting tool. According to [85], while
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methodological and technological advances have been comprehensively addressed and
widely published, practical applications of MPM remain limited in the literature, aside
from the presentation of mineral potential maps. Notable case studies where modeling
results were used for further analysis or where comprehensive targeting models and quality
targets were developed include [69,85,86,95,155–159].

As summarized by [69], the 2020 discovery of the Gonneville Ni-Cu-PGE deposit,
located ~70 km northeast of Perth, Western Australia (Figure 1), represents the first world-
class discovery that is, at least partly, attributable to MPM, validating its effectiveness as a
targeting tool and providing proof-of-concept for this technology. The greenfield discovery,
made by Chalice Mining Limited [160], was guided by a Ni-Cu-PGE prospectivity map
produced by Geoscience Australia [161], which also opened up an entirely new search
space for such orthomagmatic sulfide deposits along the >1000 km long, underexplored
western margin of the Archean Yilgarn Craton.

Despite their capabilities, MPM-generated prospectivity maps do not guarantee dis-
covery success and should not be viewed as ‘treasure maps’. Instead, they serve as starting
points for ‘treasure hunts’. MPM is best regarded as another tool within the ‘exploration
toolbox’, specifically, a decision support tool for delineating, ranking, and prioritizing
exploration targets based on modeled prospectivity. It is also important to recognize that
prospectivity maps represent a snapshot in time, reflecting both the current conceptual
understanding of the targeted mineral deposit type and the quality and availability of
supporting data at the time of modeling. As new or improved data become available,
results will invariably change, typically for the better [66].

8.4.2. Assessment of MPM Target Areas

The RF model, the best-performing MPM approach in this study, identified all large
(>1 Moz) gold deposits and deposit clusters in the study area, including Paddington,
Gwalia, Mt Morgans, Tarmoola/King of the Hills, Thunderbox, Apollo Hill, Aphrodite,
Ulysses, and Menzies (Figures 14 and 15). It also correctly delineated most smaller gold
occurrences, with 83.93% of deposits within anomalies covering only 7.69% of the total
area [86,140,162]. This demonstrates the excellent predictive performance of the RF model.

Areas modeled as having high gold potential, but lacking known occurrences and
exhibiting the same mappable features as mineralized zones, clearly warrant further in-
vestigation, particularly where underexplored. One way to assess exploration maturity is
to examine existing exploration data, especially drilling records as drilling provides the
most definitive subsurface test. Reverse circulation and diamond core holes are particu-
larly informative. Areas with a high drilling density typically indicate intensive explo-
ration and a good understanding of subsurface geology, making the presence of undis-
covered deposits unlikely. In contrast, areas with sparse or shallow drilling (<100 m) may
remain underexplored.

Open-file drilling data were obtained primarily from the Geological Survey of Western
Australia (GSWA) and supplemented by confidential data provided by St Barbara Limited
(SBM) (Table 2). The GSWA database includes over 231,000 records, while the SBM dataset
comprises more than 77,000 records (Table 8), with some overlap between them. The
GSWA records are open-file only, meaning confidential holes are excluded. Despite these
limitations, the combined datasets provide a reasonably complete picture of drilling within
the study area. Although, the greenstone belts may appear well tested at first glance
(Figure 16b), this impression changes when only reverse circulation and diamond drill
collars are plotted. The resulting map reveals that large portions of the greenstone belts
remain untested at depth (Figure 16c).
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Table 8. Summary statistics for the open-file Geological Survey of Western Australia (GSWA) and
confidential St Barbara Limited (SBM) drill hole databases.

Parameters GSWA Database SBM Database Comments

Number of drill holes 231,760 77,675

Main hole type

RC 84,078 (36%) 19,874 (26%)

Only 39% of all drill holes completed in the study
area are RC or DD holes, whereas 56% represent
geochemical drill holes comprising RAB, AC, and
AUG holes.

RAB 62,377 (27%) 43,180 (56%)

AC 52,905 (23%) 8875 (11%)

AUG 14,276 (6%) 889 (1%)

DD 7043 (3%) 1827 (2%)

Other 11,081 (5%) 3030 (4%)

Hole depth—all drill holes

Min 0.0 m 0.0 m
The median value demonstrates that 50% of all
drill holes completed in the study area have hole
lengths of only 39 m or less.

Max 2895.6 m 2895.6 m

Median 39.0 m 36.0 m

Mean 50.5 m 53.9 m

Hole depth—RC holes

Min 0.0 m 0.0 m
Of the 80,078 RC holes in the GSWA database,
31,713 (~40%) targeted Au whilst 32,666 (~41%)
targeted Ni ± Co; the remaining holes targeted
mostly base metals ± Au.

Max 1043.1 m 624.6 m

Median 41.0 m 69.0 m

Mean 53.1 m 81.3 m

Hole depth—DD holes

Min 0.0 m 6.0 m
Of the 7043 DD holes in the GSWA database,
3511 (~50%) targeted Au ± Ag, Ni; the remaining
holes targeted mostly base metals ± Au.

Max 2895.6 m 2895.6 m

Median 211.9 m 220.0 m

Mean 292.8 m 403.0 m

Key to abbreviations: AC = aircore; AUG = auger; DD = diamond core; RAB = rotary air blast; RC = reverse circulation.

 

Figure 16. Prioritized MPM target areas (a) overlain with the collars of all open-file drill holes (b)
and the collars of reverse circulation (RC) and diamond core (DD) holes ≥100 m in length. Each black
dot represents a drill collar location. Map (c) shows that many high-priority areas remain poorly
tested or untested by bedrock drilling, particularly below vertical depths of ~90 to 100 m.
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Our review of previous drilling (Figure 17) identified six broad areas of high gold
potential with relatively low drill hole densities, particularly when considering only reverse
circulation and diamond core drill holes ≥100 m in length. These areas exhibit many of the
targeting criteria outlined in Table 4 and, therefore, represent attractive exploration targets.

Figure 17. ‘Manual targets’ generated from prioritized MPM target areas. Target descriptions are
given in Table 9.

A manual analysis [95,163] delineated eight discrete targets within the broader prior-
itized MPM target areas (Table 9; Figure 17). With one exception, all manual targets are
located along NNW-SSE-trending, ‘800 m scale’ gravity ridges, features that map thicker
portions of greenstone belts and commonly coincide with significant gold deposits. As
shown in Figure 6, many large gold deposits occur on or near these 800 m scale NNW-SSE-
trending ridges.

The two highest ranked manual targets are particularly noteworthy:

• Target #1: This target covers a cluster of poorly tested intrusions of the McAuliffe
Well Syenite, which intruded mafic volcanic-dominated greenstone sequences, abut
the first-order Keith–Kilkenny fault system, and are crosscut by E-W- to NW-SW-
striking dolerite dykes. Shallow rotary air blast (RAB) drilling by Saracen Gold Mines
Proprietary Limited (maximum hole depth of 45 m) returned intercepts of up to 1.00 m
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@ 12.28 g/t Au from 9.00 m (hole YER143), 1.00 m @ 6.94 g/t Au from 10.00 m (hole
YER158), and 2.00 m @ 2.20 g/t Au from 9.00 m (hole YER159), defining surficial,
saprolite-hosted gold mineralization over an area of ~400 × 300 m at the Dingo
prospect. The nearby Bull Terrier prospect returned intercepts of 16.00 m @ 2.59 g/t
Au from 105.00 m (hole YBD-2) and 16.00 m @ 1.52 g/t Au from 60.00 m, including
1.00 m @ 211.70 g/t Au from 65.00 m (hole YRC-63) [164,165]. No deeper or more
systematic exploration drilling appears to have been undertaken across the McAuliffe
Well Syenite intrusive cluster. Moreover, the area is held by several exploration
companies, and this fragmented ownership, apparently persisting for decades, has
likely hindered a more integrated exploration approach.

• Target #2: This target comprises prospective mafic and felsic volcanic-dominated
greenstone sequences, containing chemically reactive banded iron formations (BIFs)
and syenite intrusions, located along strike from the Mt Morgans gold production
center. Previous drilling returned intersections of up to 6.70 m @ 13.15 g/t Au
from 95.00 m (hole MRC036), 5.90 m @ 7.24 g/t from 79.00 m (hole MRC003), and
2.90 m @ 5.41 g/t Au from 112.00 m (hole MRC028), defining a modest resource of
>150 koz Au @ 1.40 g/t Au at the Korong-Waihi prospect. The mineralization re-
mains open along strike and at depth, with no drilling below a vertical depth of
150 m [166,167]. As with target #1, fragmented ownership currently hinders a more
integrated exploration approach.

Table 9. ‘Manual targets’ generated from RF-derived MPM targets. Targets are labelled according to
their ranking ranging from #1 (highest-ranked) to #8 (lowest-ranked).

Target ID Name Rationale Exploration and Ownership

#1 Dingo

Lithostructural target comprising a cluster of poorly
tested intrusions of the McAuliffe Well Syenite;
partially covered by Lake Raeside; hosts Dingo and
Bull Terrier Au occurrences; proximal to 1st-order
Keith–Kilkenny fault system; located along an
NNW-SSE-trending gravity ridge

Shallow saprolite drilling only
although open-file drill hole data
appear to be incomplete; best historic
drill intercept: 1.00 m @ 12.28 g/t Au;
disjointed ownership

#2 Westralia North

Lithostructural target comprising BIF units and syenite
intrusions; Korong and Akicia Au occurrences;
proximal to 1st-order Celia fault system; located along
an NNW-SSE gravity ridge; along strike from the Mt
Morgans Au deposit

No deep drilling >150 m vertical; best
historic drill intercept: 6.70 m @
13.15 g/t Au; disjointed ownership

#3 Mt Boyce

Lithostructural target; largely soil covered; no
reported Au occurrences in 2021; proximal to
1st-order Keith–Kilkenny fault system; located along
an NNW-SSE-trending gravity ridge

No deep drilling >100 m vertical; best
historic drill intercept: 2.00 m @
34.50 g/t Au

#4 Mt Redcastle

Lithostructural target in ‘nose region’ of a large
granite dome and comprising internal granitoids;
hosts several known Au occurrences; proximal to
unnamed 2nd-order fault system; located along
NW-SE-trending gravity ridge

No deep drilling >100 m; disjointed
ownership

#5 Mt Remarkable

Lithostructural target covering part of the Pig Well
Basin; no reported Au occurrences in 2021; proximal
to 1st-order Keith–Kilkenny fault system; located
along an NNW-SSE-trending gravity ridge

Drilling is mostly associated with the
Marvellous Au occurrence; best
historic drill intercept: 82.00 m @
0.83 g/t Au; disjointed ownership;
partly located within an extensive
registered site of Aboriginal cultural
heritage
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Table 9. Cont.

Target ID Name Rationale Exploration and Ownership

#6 Twenty Six Well

Lithostructural target; largely soil covered; no
reported Au occurrences in 2021; proximal to
1st-order Keith–Kilkenny fault system; located along
an NNW-SSE-trending gravity ridge

Minimal drilling; disjointed
ownership

#7 Malcolm

Lithostructural target comprising BIF units; hosts
numerous Au occurrences over a strike length of 10
km; located in between the 1st-order Keith–Kilkenny
and Melita-Emu fault systems; located along an
NNW-SSE-trending gravity ridge

Limited drilling; best historic drill
intercept: 11.00 m @ 1.75 g/t
Au + 10.00 m @ 1.26 g/t Au;
disjointed ownership

#8 Lake Raeside

Lithostructural target covering part of the Pig Well
Basin; largely covered by lake Raeside; proximal to
1st-order Keith–Kilkenny fault system; located along
an NNW-SSE-trending gravity ridge

Minimal drilling; disjointed
ownership; partly located within an
extensive registered site of Aboriginal
cultural heritage

Key to abbreviations: BIF = banded iron formation.

8.5. Post-Study Target Validation

The MPM and targeting study described in this paper was completed in late 2021.
A brief review of subsequent exploration activity revealed three 2024 to 2025 drilling
campaigns whose results independently validate several of this study’s predicted targets.

Saturn Metals Limited conducted aircore (AC) drilling that returned 13.0 m @ 1.32 g/t
Au from 56.0 m (including 4.0 m @ 4.31 g/t Au from 56.0 m; hole AHAC04641) and 12.0 m
@ 0.72 g/t Au from 40.0 m (including 4.0 m @ 1.57 g/t Au from 44.0 m; hole AHAC2616)
from two parallel gold-bearing structures, Aquarius West and Aquarius East [168]. These
coincide with priority MPM target zones and manual Target #5 (Figure 18). The Aquarius
gold trend extends along a ~26 km NNW-SSE corridor, defined by additional mineralized
intercepts such as 3.0 m @ 8.51 g/t Au from 102.0 m (hole MBAC0629) and 36.0 m @ 0.48 g/t
Au from 24.0 m (including 3.0 m @ 1.65 g/t Au from 57.0 m; hole MBRC049). The trend
follows an NNW-SSE gravity edge parallel to the Keith–Kilkenny fault zone and aligned
with a complex granite–greenstone contact.

Arika Resources Limited completed reverse circulation (RC) and diamond core (DD)
drilling at its Yundamindra project (Figure 19), where ~97% of historic holes were <50
m deep. The new drilling defined mineralized zones at the open-ended Pennyweight
Point (e.g., 14.0 m @ 15.48 g/t Au from 46.0 m, hole YMRC077; 30.0 m @ 3.86 g/t Au
from 89.0 m, hole YMRC069; 36.0 m @ 2.14 g/t Au from 104.0 m, hole 25YMD001) and
Landed at Last prospects (e.g., 4.0 m @ 41.56 g/t Au from 52.0 m, hole 25AYRC007;
30.0 m @ 2.26 g/t Au from 26.0 m, hole YMRC050; 14.8 m @ 3.10 g/t Au from 87.0
m, hole 25YMD003) [169]. These prospects lie entirely within first-order MPM target zones,
coinciding with a complexly faulted greenstone constriction wedged between two granitic
batholiths. They also align with NNW-SSE and NNE-SSW gravity edges and coincide with
distinct, remotely sensed goethite–clay–iron feature depth index (IFD) anomalies.

Genesis Minerals Limited is conducting infill and extensional drilling at the Admiral
deposit (0.3 Moz Au; Figure 20) to confirm strike and depth continuity among several
shallow open-pits, aiming to define a single large system. Recent RC drill results include
17.0 m @ 2.98 g/t Au from 154.0 m (hole 25USRC1685), 17.0 m @ 1.84 g/t Au from 1.0 m
(hole 25USRC1661), 16.0 m @ 1.88 g/t Au from 135.0 m (hole 25USRC1683), 9.0 m @
3.30 g/t Au from 175.0 m (hole 25USRC1677), and 11.0 m @ 2.73 g/t Au from 177.0 m (hole
25USRC1681) [170]. The Admiral open-pits occur within a first-order MPM target zone and
coincide with belt-parallel and orthogonal gravity ridges, as well as K/Th radiometric and
remotely sensed goethite–clay–iron feature depth index anomalies.
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Figure 18. Post-study target validation using recent exploration results from the Aquarius gold
trend [168]. (a) Map of gold mineralized zones interpreted from drill intersections with downhole
assays ≥0.4 g/t Au, showing drill collars and selected significant intercepts. Background: digital
elevation model (2:1 vertical exaggeration). (b) Relationship between the Aquarius gold trend and
MPM and manual targets generated in this study. (c) Belt-parallel gravity edges (800 m scale). High
values (red colors) indicate high data confidence whilst low values (blue colors) indicate low data
confidence. (d) Simplified geological map of the area.
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Figure 19. Post-study target validation using recent exploration results from the Western and
Eastern Corridor gold trends, Yundamindra [169]. (a) Relationship between the Landed at Last and
Pennyweight Point gold discoveries and MPM targets generated in this study. (b) Goethite–clay–iron
feature depth index (IFD) anomalies derived from Sentinel-2 imagery. Background: digital elevation
model (2:1 vertical exaggeration). (c) Belt-parallel gravity edges (800 m scale). High values (red
colors) indicate high data confidence whilst low values (blue colors) indicate low data confidence.
(d) Simplified geological map of the area.

Figure 20. Post-study target validation using recent exploration results from the Admiral group of
open-pits [170]. Background: digital elevation model (2:1 vertical exaggeration). (a) Relationship
between the drill-indicated gold mineralization and MPM targets generated in this study. (b) Goethite–
clay–IFD anomalies derived from Sentinel-2 imagery. (c) K/Th radiometric ratio anomaly.
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9. Summary and Conclusions

This study of Archean orogenic gold systems in the central-eastern Yilgarn Craton
illustrates that a geophysically informed lithostructural framework, when combined with
a mineral systems-based targeting model and a suite of complementary prospectivity
algorithms, provides a powerful tool for gold exploration.

Enhancement filtering of gravity, magnetic, radiometric, and remote sensing data
revealed cryptic structures and alteration systems that correlate with known gold deposits
and extend into underexplored areas.

The solid geology map produced in this study formed the foundation for a multi-
technique mineral potential modeling (MPM) workflow incorporating five complemen-
tary prospectivity methods spanning knowledge-driven, data-driven, and continuous
approaches. The best-performing random forest (RF) model accurately predicted most
known gold occurrences while significantly reducing and prioritizing the search space for
new targets.

The key strengths of this approach are its reproducibility, explicit integration of deep-
seated and cross-structure architectures, and capacity to test multiple weighting schemes
to minimize bias. Overall, the results confirm that combining a detailed geophysical
interpretation with mineral systems-based prospectivity modeling is an effective strategy
for identifying concealed gold corridors and reducing exploration risk. The methodology
is readily transferable to other commodities and geological provinces worldwide.

In summary, the following conclusions can be drawn from this study:

1. Structural controls: Cross-cutting N-S, NE-SW, and NW-SE fault and fracture corridors
overprint the greenstone belt-parallel fabric and consequently aligned with clusters of
gold occurrences. Supported by Fry analysis, these oblique structures likely represent
key fluid-focusing zones that controlled mineralization.

2. Geophysical insights: Gravity and magnetic data reveal concealed structural controls.
Belt-parallel gravity ridges correspond to thickened mafic–ultramafic roots of inverted
greenstone basins, the most prospective settings for multi-million-ounce systems.
Gravity edges and magnetic edges delineate fault zones and granite–greenstone
contacts. Major deposits such as Thunderbox, King of the Hills, Gwalia, Ulysses,
and Paddington occur along these edges, indicating previously unrecognized cryptic
crustal boundaries.

3. Integrated geological framework: Enhanced gravity, magnetic, radiometric, and
remote sensing filters clarified subtle but continuous fault zones, alteration halos, and
greenstone basin keels not visible in published maps. These datasets were synthetized
into a new, geophysically constrained lithostructural framework for mineral targeting.

4. Mineral potential modeling (MPM): Five complementary techniques were applied,
with the random forest (RF) model performing best and detecting ~84% of known
deposits while reducing the prospective search area to <8% of the total. Key predictive
variables included proximity to (i) gravity ridges and edges, (ii) cross-structure density,
(iii) alteration indices (high K/Th, Fe-oxide-clay ratios), (iv) greenstone belts, and
(v) internal granitoid margins. Several underexplored, highly prospective corridors
were delineated, particularly along concealed gravity-defined trends.

5. Exploration implications: Deep-seated trans-lithospheric and cross-belt faults are
confirmed as primary ore controls in the Yilgarn Craton. Integrating geophysical en-
hancement, structural reconstruction, and mineral systems-based modeling provides
a quantitative, reproducible framework for regional-scale targeting. This approach
effectively maps cryptic crustal architecture, reducing both the exploration risk and
search space.

115



Minerals 2025, 15, 1255

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/min15121255/s1, Figures S1 and S2: Prediction-area plots for the
predictor maps used in this study; Figures S3 and S4: Receiver operating characteristic curves for
the predictor maps used in this study; Figures S5–S32: Predictor maps used in this study; Figure S33:
Improved prediction-area plots for the predictor maps used in this study; Figure S34: Measure of
predictor variable importance derived by RF technique; Figure S35: Evolution of mean squared
error curve; Figure S36: Improved prediction-area plot for the mineral potential models generated in
this study; Figure S37: Concentration-area fractal plot for the superior RF mineral potential model;
Table S1: Others-to-worst pairwise comparison vector based on the Op index; Table S2: Best-to-others
pairwise comparison vector based on the Op index; Table S3: Optimal weights (W*) derived from the
BWM approach.
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Abstract: Geochemical overprinting on placer gold deposits produces complex deposits with appar-
ently paradoxical geochemical and morphological attributes. The La Cholla placer gold deposits
near Quartzsite, Arizona, USA, contain sharp and often undamaged gold crystals within high-energy
gravels as a result of postdepositional recrystallization by localized hot springs. Geothermal fluids
emanated from a basin-bounding fault and left a distinct signature that includes recrystallized gold
with low Pb and δ65Cu > 1.14‰, secondary uraninite and carnotite, travertine deposits, and mounds
of highly silicified placer gravels. Surrounding these deposits are placer gravels with angular gold
morphology and geochemistry indicative of flash-flood pulse placers with a lode gold source <5 km
and gold particles with low Pb and δ65Cu < 0.77‰. The multitude of small local lode gold source
veins is likely related to specialized fluid migration along mid-Tertiary detachment faults. The
unroofing of these veins at 5 to 17 Ma by high-angle Basin and Range faulting led to extensive placer
development, with subsequent localized modification by geothermal fluid migration along the same
faults. This study documents geochemical overprinting and modification of placer deposits and bears
upon the study of other placers containing crystalline gold and uranium mineralization. Similar
deposits may document past geothermal activity and identify structural fluid conduits and steep
paleo-topographic gradients.

Keywords: gold; placer; gold crystals; copper isotope; uranium; Arizona

1. Introduction

The investigation of lode and placer gold deposit genesis bears directly on the ex-
ploration and extraction of this economically prized and industrially important metal.
Natural “native gold” alloys of Au + Ag ± Cu (hereafter referred to as native primary
gold) within lode ore deposits is well understood, and is generally interpreted as having
a shallow hydrothermal origin ([1,2] and references therein). Placer gold is native gold
within secondary sedimentary deposits, and its occurrence has been credited to primary,
secondary, and a combination of primary and secondary formations [3]. In the simplest
and most historically accepted theory of placer formation, a gold mass forms as a lode
deposit during a hydrothermal event and survives physical and chemical weathering
as native gold particles due to the low chemical reactivity and malleability of gold [1,4].
However, a secondary, accretionary origin for some placer gold has been suggested by
observations of bacterioform gold, high-purity gold overgrowths, and nanoparticulate
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gold in biomats [3,5–9]. Other authors have rejected low-temperature or biogeochemical
nugget growth and suggested an abiological, high-temperature (100 s of ◦C) origin within
lode deposits [10]. The recent consensus of many workers is that the processes of both
primary and secondary models likely play a role in placer gold formation, with the specific
contribution of each end member varying from location to location [3,11–13].

Studies of placer gold deposits have used morphology [14–16], trace element
chemistry [14,17], biogeochemistry [3,7], and stable isotopes to understand deposit genesis.
For example, placer gold alloy typically contains lead [18,19] in quantities sufficient to
permit measurement of the lead isotope signal to provide insights into potential source(s)
and process(es) that contributed to placer formation [14,20,21].

In particular, gold nuggets found in placers at Rich Hill, Arizona, contain thousands
of ppm Pb and virtually no U [20]. Distinct Pb isotope values between vein and placer gold
at Rich Hill indicated that the placer nuggets formed within the placer environment [20].
Therefore, comparison of isotope signatures between different types of native gold can
provide important information about the origin of gold in the placer deposits.

In this study we take advantage of a recent resurgence in small-scale placer gold
mining in the La Cholla District to obtain unique and historically rare access to these
mining claims and samples. We utilize the mode of occurrence, morphology, elemental
compositions, and Cu isotopes in the different types of native gold occurring in these
placers to decipher the origin and evolution of native gold.

2. History and Geological Setting

The La Cholla District is located 10 km (6.2 miles) southwest of the town of Quartzsite
in the Basin and Range Province of western Arizona, USA (Figure 1). Official placer gold
production for all three adjoining districts of the greater Quartzsite area, from 1862 to
present, is estimated at over 4665 kg (150,000 troy ounces) ([21] and references therein).
Production for the La Cholla placers was poorly recorded but estimated at less than 746 kg
(24,000 troy ounces) [22]. However, the real total production is likely much higher, as
considerable amounts of gold went unreported in this remote district with a significant
population of foreign miners [22–24]. The La Cholla District, and especially the Gold Eye
Mine area within it, is noted for a localized abundance of very-well-crystalized gold within
the placer deposits (Figure 2). Modern placer operations in the past two decades by Larry
Schreiner (Beehive Mining), Steve Hunt (Gold Eye Mine), Terry Barnes (Melfern Mine),
and metal detecting by countless others have yielded over 10 kg (over 300 troy ounces)
of gold, including hundreds of individual euhedral gold crystals <1 g, with one massive
cluster of physically damaged crystals recovered in 2019 weighing 280 g (9 troy ounces)
(Figures 2 and 3).

The placer deposits at La Cholla were known to Europeans by at least the early 1800s,
well before the “official” discovery in 1862. Many sources refer to “old Spanish diggings”
that were encountered by the prospectors in the 1860s (e.g., [25,26]). Later work suggests
that these placer diggings in La Cholla, and shallow prospect shafts in the nearby Plomosa
District, were excavated by French fur trappers who were overwintering in the warmer
climate of Arizona. A summary of the evidence provided in [25] includes stories by native
peoples of revenge killings between themselves and Europeans in the 1830s to 1840s and
artifacts from France such as coins, a sword, and a mirror (the latter two with French
hallmarks). Some of these artifacts have been preserved in the collections of the Yuma and
Quartzsite Historical Societies. In the 2000s, the location and extent of these older workings
in the La Cholla District were mapped in a mining history project [26] that utilized a
combination of historical and contextual evidence. Placer gold from the greater Quartzsite
region is poorly studied and understood, with few published studies [26,27].
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Figure 1. Index map of the location of the La Cholla District (red square), with inset map of the
United States showing the location of Arizona in red (modified from [26]).

 

Figure 2. Examples of placer gold from the La Cholla placers: (a) A mass of caliche containing a
280 g (9 troy ounce) cluster of gold crystals. Coin is 24.26 mm. (b) The same cluster after removal
of caliche with weak acid, highlighting damaged outer crystals and sharp internal crystal masses.
Hand for scale. (c) Example of a 9 mm single crystal of gold from the placer deposit. (d) An 18 mm
long cluster of crystals from the placer deposit showing tan caliche and silicified matrix. (e) A vial
with raw dry-wash gold from the La Cholla placers, showing angular gold. Vial is 15 mm diameter.
(f) Side-by-side comparison of angular gold (left) and damaged crystal gold (right) from the same
day of operations at site 2019. All photos by author (EM).
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Figure 3. Example of a portable wet recovery plant at Beehive Mining’s operations in 2020. This
plant is typically moved annually to new sites to access new deposits. A small loader at right loads
paydirt into the yellow hopper to feed a conveyer to the cylindrical trommel (center-right). Gold is
recovered from washed sediment in a sluice (center). Settling pans for water recycling are on the left.

The geological and geochemical setting of the La Cholla Placers was documented with
field mapping of placer lithology/mineralogy, unit thickness, and depositional indicators.
Locations of placer gold sampling are presented in Figure 4, while corresponding data are
in Table 1. While much of the placer unit is weakly to moderately cemented by caliche
(soil carbonate) and has angular gold particles, localized zones occur with abundant
gold crystals and heavily silicified sediments with little to no caliche (Figure 5). For the
purposes of this study, we refer to these cemented and altered gold-bearing sediments as
“placers” to denote both their origin and method of mining. Within these silicified zones,
striking bright yellow carnotite [K2(UO2)2(VO4)2•3H2O] occurs as sparse coatings both
on clasts and along postsilicification fractures (Figure 6). From the unconsolidated and
caliche-cemented placers, two small particles of uraninite [UO2] were identified in “black
sand” placer concentrates. Lead also occurs abundantly within the unconsolidated and
caliche-cemented placer unit, with nodules of argentiferous galena encrusted by cerussite
(1 mm to 10 cm) being abundant enough to have been mined historically as their own
resource [25]. These galena/cerussite nodules should not be confused with anthropogenic
lead bullet fragments that are often found in heavy mineral separates from many modern
placer operations.
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Table 1. Morphological measurements and calculations, plus major and minor element concentrations
for placer gold particles examined in this study. * denotes samples which were also analyzed by
ICP-MS, with associated data presented in Table 2. † Flatness index (FI) was calculated using the
formula FI = length + width/2 X thickness or (X + Y)/2Z) in the nomenclature below. ‡ Distance was
calculated using the flatness index, as described in Section 3. “Inclusion” classification is for gold
with >30% mineral inclusions by visual estimation.

Sample
Number

X (cm) Y (cm) Z (cm) T/W W/L FI † Distance
(km) ‡

Au
(wt%)

Ag
(wt%)

Cu
(mg/kg)

Crystals

2019 R1 0.42 0.36 0.32 0.89 0.86 1.22 1.05 99.95 0.05 76
2019 R2 0.40 0.38 0.24 0.63 0.95 1.63 1.18 99.78 0.22 58

2019 R3 * 0.29 0.27 0.18 0.67 0.93 1.56 1.15 99.01 0.98 95
2019 R4 0.31 0.28 0.23 0.82 0.90 1.28 1.07 98.59 1.40 18

2018 R1 0.38 0.35 0.27 0.77 0.92 1.35 1.08 97.89 2.10 86
2018 R2 0.51 0.39 0.31 0.79 0.76 1.45 1.11 98.15 1.84 73
2018 R3 0.69 0.61 0.42 0.69 0.88 1.55 1.15 97.43 2.56 89

2017 R1 0.25 0.22 0.19 0.86 0.88 1.24 1.06 99.73 0.26 79
2017 R2 0.32 0.30 0.29 0.97 0.94 1.07 1.03 99.02 0.97 111

2016 R1 0.41 0.40 0.39 0.98 0.98 1.04 1.03 99.31 0.68 88
2016 R2 0.60 0.51 0.42 0.82 0.85 1.32 1.08 99.36 0.63 79

2016 R3 * 0.55 0.46 0.39 0.85 0.84 1.29 1.07 96.04 3.94 191
2016 R4 0.38 0.34 0.32 0.94 0.89 1.13 1.04 98.89 1.11 36
2016 R5 0.48 0.42 0.35 0.83 0.88 1.29 1.07 99.07 0.92 116
2016 R6 0.31 0.29 0.27 0.93 0.94 1.11 1.03 99.88 0.11 93
2016 R7 0.27 0.26 0.19 0.73 0.96 1.39 1.10 95.92 4.07 61
2016 R8 0.42 0.40 0.38 0.95 0.95 1.08 1.03 98.85 1.14 93

2015 R1 0.41 0.32 0.31 0.97 0.78 1.18 1.04 98.67 1.32 117
2015 R2 0.25 0.20 0.20 1.00 0.80 1.13 1.04 98.71 1.28 125
2015 R3 0.26 0.23 0.18 0.78 0.88 1.36 1.09 99.23 0.76 151

2015 R4 * 0.25 0.23 0.17 0.74 0.92 1.41 1.10 99.30 0.68 134
2015 R5 0.31 0.28 0.19 0.68 0.90 1.55 1.15 97.10 2.88 157
2015 R6 0.27 0.21 0.18 0.86 0.78 1.33 1.08 98.90 1.09 141
2015 R7 0.23 0.20 0.17 0.85 0.87 1.26 1.06 99.26 0.72 126

2014 R1 0.39 0.35 0.28 0.80 0.90 1.32 1.08 99.14 0.85 116
2014 R2 0.22 0.21 0.19 0.90 0.95 1.13 1.04 98.68 1.31 142
2014 R3 0.21 0.17 0.16 0.94 0.81 1.19 1.05 99.10 0.89 93
2014 R4 0.19 0.16 0.15 0.94 0.84 1.17 1.04 99.75 0.24 38
2014 R5 0.24 0.20 0.17 0.85 0.83 1.29 1.07 98.90 1.10 71

2013 R1 0.21 0.19 0.17 0.89 0.90 1.18 1.04 98.62 1.37 127
2013 R2 0.19 0.16 0.15 0.94 0.84 1.17 1.04 99.85 0.14 146
2013 R3 0.20 0.18 0.17 0.94 0.90 1.12 1.04 99.57 0.42 98
2013 R4 0.19 0.17 0.16 0.94 0.89 1.13 1.04 98.83 1.15 150
2013 R5 0.20 0.18 0.17 0.94 0.90 1.12 1.04 99.28 0.70 131

Angular

2019 A1 0.59 0.37 0.21 0.57 0.63 2.29 1.62 94.02 5.95 221
2019 A2 0.67 0.43 0.25 0.58 0.64 2.20 1.55 95.79 4.19 185
2019 A3 0.52 0.37 0.20 0.54 0.71 2.23 1.57 95.13 4.85 197
2019 A4 0.87 0.41 0.29 0.71 0.47 2.21 1.56 95.89 4.09 210
2019 A5 0.75 0.36 0.25 0.69 0.48 2.22 1.57 94.77 5.20 216

2018 A1 0.42 0.28 0.14 0.50 0.67 2.50 1.82 96.07 3.84 822
2018 A2 0.71 0.41 0.22 0.54 0.58 2.55 1.87 94.90 4.99 1109
2018 A3 0.62 0.39 0.17 0.44 0.63 2.97 2.37 95.68 4.23 835
2018 A4 0.72 0.48 0.22 0.46 0.67 2.73 2.07 95.30 4.63 710
2018 A5 0.68 0.52 0.23 0.44 0.76 2.61 1.94 95.27 4.64 892
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Table 1. Cont.

Sample
Number

X (cm) Y (cm) Z (cm) T/W W/L FI † Distance
(km) ‡

Au
(wt%)

Ag
(wt%)

Cu
(mg/kg)

2017 A1 * 0.42 0.34 0.18 0.53 0.81 2.11 1.48 96.50 3.48 209
2017 A2 0.57 0.32 0.15 0.47 0.56 2.97 2.36 98.19 1.77 388

2017 A3 * 0.46 0.34 0.12 0.35 0.74 3.33 2.89 99.10 0.86 425

2016 A1 * 0.61 0.39 0.27 0.69 0.64 1.85 1.30 93.96 5.94 1038
2016 A2 0.74 0.43 0.32 0.74 0.58 1.83 1.29 95.75 4.19 640

2015 A1 0.52 0.23 0.21 0.91 0.44 1.79 1.27 94.20 5.75 487
2015 A2 0.60 0.35 0.25 0.71 0.58 1.90 1.33 94.93 5.03 437

2015 A3 * 0.58 0.22 0.20 0.91 0.38 2.00 1.40 95.81 4.13 612
2015 A4 0.60 0.25 0.21 0.84 0.42 2.02 1.42 92.12 7.82 541
2015 A5 0.76 0.28 0.23 0.82 0.37 2.26 1.60 95.89 4.04 662
2015 A6 0.65 0.35 0.29 0.83 0.54 1.72 1.23 92.07 7.86 765
2015 A7 0.68 0.38 0.29 0.76 0.56 1.83 1.29 93.07 6.89 371

2014 A1 * 0.52 0.39 0.14 0.36 0.75 3.25 2.76 97.59 2.39 199
2014 A2 * 0.53 0.39 0.15 0.38 0.74 3.07 2.50 96.31 3.67 149
2014 A3 0.52 0.41 0.15 0.37 0.79 3.10 2.54 97.03 2.95 192
2014 A4 0.61 0.50 0.13 0.26 0.82 4.27 4.60 98.14 1.84 171
2014 A5 0.65 0.52 0.14 0.27 0.80 4.18 4.41 98.98 1.01 128

2013 A1 0.45 0.32 0.13 0.41 0.71 2.96 2.36 98.10 1.86 427
2013 A2 * 0.39 0.30 0.12 0.40 0.77 2.88 2.25 99.26 0.70 470
2013 A3 0.54 0.39 0.15 0.38 0.72 3.10 2.54 99.02 0.94 395
2013 A4 0.51 0.36 0.13 0.36 0.71 3.35 2.91 96.02 3.94 400
2013 A5 0.51 0.35 0.15 0.43 0.69 2.87 2.24 98.37 1.59 479

Inclusions

2019 I1 0.55 0.37 0.20 0.54 0.67 2.30 1.63 94.23 5.63 1397
2019 I2 0.52 0.34 0.19 0.56 0.65 2.26 1.60 95.69 4.21 1072
2019 I3 0.63 0.39 0.17 0.44 0.62 3.00 2.41 94.87 5.04 934
2019 I4 0.41 0.38 0.18 0.47 0.93 2.19 1.55 95.32 4.62 630
2019 I5 0.51 0.36 0.16 0.44 0.71 2.72 2.06 95.34 4.58 837

2017 I1 * 0.39 0.35 0.14 0.40 0.90 2.64 1.97 98.38 1.05 5722

2015 I1 0.41 0.29 0.18 0.62 0.71 1.94 1.36 98.13 1.79 808
2015 I2 0.43 0.31 0.20 0.65 0.72 1.85 1.30 97.39 2.54 698
2015 I3 0.57 0.35 0.19 0.54 0.61 2.42 1.75 97.69 2.24 723
2015 I4 0.58 0.33 0.18 0.55 0.57 2.53 1.85 99.09 0.84 752

2014 I1 0.51 0.22 0.12 0.55 0.43 3.04 2.46 99.04 0.91 561
2014 I2 0.95 0.54 0.21 0.39 0.57 3.55 3.23 99.50 0.44 623

2013 I1 * 0.52 0.38 0.22 0.58 0.73 2.05 1.43 96.95 2.94 1101
2013 I2 0.57 0.45 0.23 0.51 0.79 2.22 1.56 95.81 4.13 593
2013 I3 0.60 0.38 0.21 0.55 0.63 2.33 1.66 96.35 3.60 512
2013 I4 0.73 0.61 0.31 0.51 0.84 2.16 1.52 96.52 3.45 355

Table 2. ICP-MS trace element data for select placer gold particles. Units are mg/kg.

Elem. 2013 A2 2015 R4 2016 R3 2019 R3 2014 A1 2014 A2 2015 A3 2016 A1 2017 A1 2017 A3 2013 I1 2017 I1

V 0.078 0.150 0.050 0.148 0.015 0.273 0.110 0.107 0.057 0.073 0.186 0.062
Cr 0.063 0.032 0.025 0.063 0.030 0.104 0.058 0.077 0.037 0.104 0.052 0.035
Mn <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Fe <0.2 7.49 <0.2 <0.2 4.90 0.66 0.40 <0.2 <0.2 0.67 <0.2 1.98
Ni <0.007 <0.007 <0.007 <0.007 <0.007 <0.007 0.018 <0.007 <0.007 <0.007 <0.007 <0.007
Cu 487 528 101 102 206 162 630 1122 234 436 1049 5788
Zn 0.207 <0.02 0.024 <0.02 0.816 <0.02 0.036 0.381 <0.02 0.468 0.090 0.488
Sr <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Ba <0.025 0.349 <0.025 <0.025 <0.025 <0.025 <0.025 <0.025 <0.025 <0.025 <0.025 <0.025
La 0.001 0.004 0.001 <0.0001 0.003 0.003 0.002 <0.0001 0.001 <0.0001 0.002 0.001
Ce 0.001 0.002 0.002 0.001 0.006 0.002 0.003 <0.0001 0.003 0.001 0.003 0.001
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Table 2. Cont.

Elem. 2013 A2 2015 R4 2016 R3 2019 R3 2014 A1 2014 A2 2015 A3 2016 A1 2017 A1 2017 A3 2013 I1 2017 I1

Pr <0.0001 0.001 0.001 <0.0001 0.001 0.001 0.001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Nd <0.0008 0.003 0.001 0.001 0.004 <0.0008 0.003 <0.0008 <0.0008 <0.0008 <0.0008 <0.0008
Sm <0.0007 <0.007 <0.0007 <0.007 <0.0007 <0.007 <0.0007 0.001 <0.0007 <0.007 <0.0007 <0.007
Eu <0.0012 <0.0012 <0.0012 <0.0012 <0.0012 <0.0012 <0.0012 <0.0012 <0.0012 <0.0012 <0.0012 <0.0012
Gd <0.0043 <0.0043 <0.0043 <0.0043 <0.0043 <0.0043 <0.0043 <0.0043 <0.0043 <0.0043 <0.0043 <0.0043
Tb <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Dy <0.0003 <0.0003 <0.0003 <0.0003 <0.0003 <0.0003 0.002 <0.0003 <0.0003 <0.0003 <0.0003 <0.0003
Ho <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Er <0.0003 <0.0003 <0.0003 <0.0003 <0.0003 <0.0003 <0.0003 <0.0003 <0.0003 <0.0003 <0.0003 <0.0003
Tm <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Yb <0.0004 <0.0004 <0.0004 <0.0004 <0.0004 <0.0004 <0.0004 <0.0004 <0.0004 <0.0004 <0.0004 <0.0004
Lu <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Pb 0.071 0.227 0.088 0.025 1.882 71.231 0.121 0.042 0.011 0.380 0.038 0.458
Th 0.016 0.010 0.008 0.020 0.007 0.036 0.020 0.015 0.011 0.014 0.012 0.010
U <0.0001 <0.0001 0.002 <0.0001 <0.0001 <0.0001 0.004 <0.0001 <0.0001 0.001 <0.0001 <0.0001

 

Figure 4. Map of La Cholla placers showing location of placer samples from this study (red dots) and major
mines and landmarks. Dashed purple line is the approximate trace of the major range-bounding fault.
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Figure 5. Photos of La Cholla placers at the Gold Eye Mine (site 2016). (a) Section of an active
mining face in placer gravels. Green post on left is 1 m (field of view is ~8 m, L to R). From the top,
separated by red dashed lines on left: modern slope-wash gravels, older caliche-cemented gravels,
and at bottom of section, silica-cemented gravels. Orange spray-painted circles on outcrop mark
metal detector “hits” where gold crystals or nuggets were later recovered. White vertical lines in
silica-cemented unit are from a backhoe-mounted jackhammer. (b) Detail of silica-cemented gravels,
wetted with water to highlight detail. A 6 mm gold crystal is exposed at the black arrow. Rock
hammer for scale.
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Figure 6. Silica- and caliche-impregnated sand and gravel placer unit at La Cholla. The caliche
coating conceals unit texture in most places. Yellow coatings are the uranium mineral carnotite. Coin
is 21.21 mm diameter. Inset photo is a α–β–γ radiation survey meter on the same outcrop showing a
reading exceeding 0.15 mR/h (500 counts per minute).

Known lode gold sources for placers at La Cholla include dozens of small veins of quartz
+ siderite + gold ± pyrite ± chalcopyrite ± iron oxides or quartz + tourmaline ± gold. The
specific location of individual veins is not mapped or recorded here, at the request of
mining claim owners. These veins are generally less than 1 m wide and persist for 10s of m
along strike, and they have been opened by dozens of shallow prospect shafts and adits.
The largest lode mines were the Yum Yum and Beehive, with a combined production
of 8.5 kg (275 troy ounces) of gold [23,24,26,28]. These lode gold deposits occur within
the Jurassic McCoy Mountains Formation [29]. In the study area, this complex sequence
of south-dipping metasedimentary rocks includes a tan metaconglomerate-to-quartzite
overlain by a distinctive purple-to-green phyllitic schist. Felsic volcanic rocks of Jurassic
age occur within the north end of the district [30] but host fewer of the lode gold veins.

3. Materials and Methods

This study examines placer gold recovered during modern placer mining operations
and was facilitated by the willingness of several mine owners to permit scientific study of
their gold. Samples were obtained from each of the seven study area localities employing
the methodology described below. It was not practical to obtain additional samples for this
study due to the elevated price of gold, difficulty in maintaining access to claims, and time
required for obtaining sterile samples and new samples from within cemented deposits
using only hand tools.

Samples of gold were recovered from placer deposits by utilizing a combination of
methods. Samples of 0.25 to 1 g were recovered for geochemical and shape analyses using
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the portable wet recovery plants operated by individual mine owners. In these operations,
a “Bobcat” loader feeds placer gravels into a wet spray trommel to separate oversize gravels.
The oversize gravels are later examined with a metal detector for the collection of the rare
oversize gold. The trommel fines are processed in a recirculating sluice with riffles and
gold matting, with cleanup by hand panning of concentrates. These plants can process
2 to 10 cubic yards of material per day, with capacity limited by water quality and water
availability. Three cascading rectangular 2 × 3 m metal settling basins recycle the plant
water, and operations end each day when water becomes too muddy and inhibits gold
recovery (Figure 3).

Additional samples were recovered using a Keene Engineering vibrostatic dry washer
(Chatsworth, CA, USA). Similarly, larger gold (>0.50 g) was recovered with a MINELAB
GP-Extreme metal detector under dry conditions. In zones of placer sediment that were
heavily silicified and cemented, metal detector “hits” were marked and samples removed
later by hand with a hammer and chisel. All samples were recovered by, or in the presence
of, one of the authors. Samples were not cleaned prior to analysis.

Secondary gold structures and morphologies of placer gold samples were measured
and imaged using established methods [31]. Morphological measurements and observa-
tions were performed on individual gold particles using microtweezers and a binocular
microscope with digital camera. Samples for additional shape and surface chemical anal-
yses were mounted with double-sided carbon tape on their flattest side to expose the
maximum surface area. A LEO Zeiss 1540XB Field Emission Gun-Scanning Electron Micro-
scope (SEM) (Carl Zeiss AG, Jena, Germany) was used to generate secondary electron (SE)
and backscatter electron (BSE) images using an acceleration voltage of 2 or 15 kV, respec-
tively. Concavities on gold particle surfaces were targeted, as these regions were most likely
to contain and preserve exterior-projecting mineral inclusions and fragile bacterioform
gold structures.

Additional SEM imaging of the exterior and interior surfaces of representative gold
particles was performed with a Fisher-Phenom ProX SEM employing the same settings
detailed above. A Cameca SX-100 at the University of Arizona was used for Electron Probe
Micro-Analyzer (EPMA) probe measurements of gold (major) and silver–copper (minor)
element abundances, using standard off-peak interference and matrix corrections [32,33].
Following shape analysis and grain exterior observations, samples were mounted on a
postmount with double-sided carbon tape and lightly polished to expose grain interi-
ors for major and minor element analysis. Some of these samples were later removed
for ICP-MS and copper isotope analyses. Some samples were embedded in low-volatile
epoxy and deeply polished to explore potential rim chemistry variations, using sequential
grits down to a 0.3 micron diamond abrasive. Great care was taken to minimize sam-
ple preparation artifacts such as deposition of polishing debris into fractures or pores,
localized smearing which can obscure internal chemistry or physical features, and cross-
contamination [34,35]. The error associated with the in situ EPMA element microprobe
analyses is less than ±0.1 wt%.

For trace element analyses, native gold nuggets were dissolved in precleaned Teflon
beakers with 4 mL ultrapure Aqua Regia on a hot plate for 24 h. A small fraction of the
resultant Aqua Regia solution was further diluted with 5% HNO3 to achieve final dilution
of around 2000×. Precise final dilution factor was determined by weight for each sample.
Trace element analyses were performed on an Element2 HR-ICP-MS (Thermo Finnigan,
San Jose, CA, USA) at medium resolution. Quantification of the results was achieved via
external calibration using a set of gravimetrically prepared dilutions of commercial ICP-MS
standards (SPEX CertiPrep, Inc., Metuchen, NJ, USA).

Native gold samples were processed similar to the techniques in [36], where
two ion-exchange chromatography was used to purify the copper from the gold-rich ma-
trix. The gold was dissolved in Teflon beakers with 4 mL of ultrapure Aqua Regia at 140
◦C for 24 h. These solutions were dried, and concentrations of copper were measured
from these solutions on an ICP-OES at Pennsylvania State University to determine the
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amount of solution to dry for purification by ion exchange chromatography. Approximately
10 micrograms of copper was used for ion exchange chromatography, as defined in [37].

Copper isotope ratios were measured on the Neptune (Thermo brand, Schaumburg,
IL, USA) at Pennsylvania State University. The instrument was in low resolution mode
and the solution concentrations were at 100 ppb. This generated a 5 V signal on 63Cu.
Mass bias was corrected for using standard–sample–standard bracketing with the NIST
976 international isotope standard. One block of 30 ratios was measured for each sample,
and this procedure was repeated so that the reported values are an average of 60 ratios.
The reported values are in the traditional per mil format compared to the NIST 976. Errors
for the analyses are 0.08‰ (2Θ) and are calculated by the overall variations of the NIST
standard for the duration of the measurement session (described in [37]). Replicate values
all fall within this reported range. An internal standard (USD 1 cent coin from 1838) had
δ65Cu = +0.05‰ (±0.07, 2σ, n = 3) within the error of the value reported in [37].

Morphological analyses were performed on physical measurements using the methods
and reporting nomenclature outlined in detail in [38–43]. Flatness index (FI) was calculated
using the formula FI = length + width/2 X thickness or (X + Y)/2Z) [42].

4. Results

The thickness of the placer gravels is just 0.5 m (1.6 ft) in the west against the southern
Dome Rock Mountains bedrock but over 30 m (100 ft) thick as measured in mine shafts to
the east. Throughout most of these thicker sections, gold is irregularly distributed and fine-
grained, averaging 0.2 g/m3 where sampled. In the thicker sections of placer, a richer zone
averaging 1 g/m3 was encountered at about mid-depth within a bed of coarser sediment,
while the richest zone is just above bedrock with grades above 1 g/m3 and containing the
coarsest gold. The placer gravels contain zones of strong silicification and calcite cementing
where they extend over a major high-angle range-bounding fault (Figure 4). Remnants of
small pods of travertine are also found in the gravels over this fault, though much more
has been mined historically for production of lime to whitewash the early adobe buildings
of the region.

The four main methods used to examine the placer gold from the La Cholla placers are
morphological measurements using a binocular microscope or SEM; major and minor ele-
ment characterization of gold grain outer surfaces and interiors using EPMA; trace element
characterization of gold particles using ICP-MS; and copper isotope measurements. Biolog-
ical observations, amplifications, and culturing with subsequent biomolecular sequencing
of the isolate were performed on samples collected under sterile conditions. However, this
work is beyond the scope of the present study and requires additional analyses.

Results of morphological analyses are presented in Figure 7 and Table 1. Surface
textures [36] varied from highly irregular and angular to regular and rounded and include a
wide range of putative (bio)geochemical forms and textures. Gold from the silicified gravels,
and their physical weathering products located directly down the modern topographic
gradient, are dominantly regular and smooth surfaced three-dimensional euhedral crystals
with sharp faces (e.g., Figure 2c,d). Paradoxically, these same silicified deposits contain
abundant rounded fist- to pea-sized cobbles and gravel, suggestive of a high-energy
depositional environment (Figure 3b).

Gold particles from unconsolidated and caliche-cemented gravels have surface an-
gularity and are considerably flattened and elongate. The angular placer gold particles
examined with SEM imaging exhibit deep pockets which contain matlike structures with
a strong morphological resemblance to bacterial mats and surfaces replete with a wide
range of putative biomorphic forms. Where present, impact striation marks were dull
and weathered, suggesting prolonged exposure to chemical weathering after they were
created. These striations are not shiny and fresh, as is often observed when damage occurs
during mining.
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Figure 7. Zingg plot of the morphology of placer gold from the La Cholla placers. Examples of
idealized morphology are presented in gray.

A subset of the angular gold grouping is “inclusion gold” that contains inclusions of
other minerals at >30% by volume within gold otherwise exhibiting the same angular gold
group characteristics. The inclusion grouping gold has inclusions of siderite, iron oxides,
metal sulfides (pyrite, chalcopyrite, galena), quartz, mica, and on rare occasions tourmaline.
Where present, the tourmaline crystals are observed intact and penetrating the interiors
of gold particles (Figure 8). Morphology of this gold grouping is similar to the angular
grouping, and where it differs, this is attributed to external projections of the inclusions.

Major and minor element data for gold grain interior surfaces are presented in Table 1.
The crystal shape population (n = 34) ranged from 99.95 to 95.92 wt% gold, with an average
of 98.82%. Silver ranged from 4.07 to 0.05 wt% silver, with an average of 1.17%. Copper
ranged from 191 to 18 mg/kg, with an average of 103 mg/kg. The angular gold group
(n = 32) ranged from 99.26 to 92.07 wt% gold, with an average of 96.04%. Silver ranged from
7.86 to 0.07 wt% silver, with an average of 3.91%. Copper ranged from 1109 to 128 mg/kg,
with an average of 468 mg/kg. The inclusion gold group (n = 16) ranged from 99.5 to
94.23 wt% gold, with an average of 96.89%. Silver ranged from 5.63 to 0.44 wt% silver,
with an average of 3.00%. Copper ranged from 5722 to 355 mg/kg, with an average of
1082 mg/kg ppm.

Trace element characterization of gold particles using ICP-MS is presented in Table 2.
All trace elements except copper have very low abundance. Of particular note are the
exceedingly low levels of Pb and U measured within the gold particles. Copper concentra-
tions range from 101 mg/kg to 5788 mg/kg, consistent with EPMA values reported for La
Cholla placer gold particles.

Copper isotope measurement for individual placer gold particles (Table 3) ranged
from a δ65Cu high of +4.95‰ to a low of +0.14‰. Distribution of values is bimodal, with
the crystal grouping >1.14‰ and the angular and inclusion grouping <0.77‰. Samples in
Table 3 are either for the same particles also found in Table 1 (e.g., 2014 A2) or for separate
particles not presented in Table 1 (e.g., 2014 Angular).
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Figure 8. Inclusion gold morphology showing tourmaline inclusions. (L) The exterior of a small gold
particle showing black elongate crystals of tourmaline. (R) SEM-EDX element map for a polished
interior section of gold showing iron (red) and semiquantitative boron (blue) abundance, highlighting
tourmaline as purple within a gold (yellow) matrix. Black interior spots are quartz.

Table 3. Copper isotope data for select placer gold particles.

Sample δ65Cu

2013 Crystal 1.17
2015 Crystal 1.14
2016 Crystal 1.79

2015 R4 (Crystal) 4.94
2014 Angular 0.23
2015 Angular 0.62
2017 Angular 0.53
2019 Angular 0.77

2014 A1 0.41
2017 A3 0.14
2014 A2 0.26
2016 A1 0.54
2017 I1 0.14

5. Discussion

5.1. Geology of the La Cholla Placers

The La Cholla placers can be divided into two main units: placer gravels that are
strongly cemented by silicification and placers that are weakly cemented by caliche or are
unconsolidated (Figure 5). The latter placer deposits contain angular to rounded clasts
of local bedrock up to 1 m in diameter and suggest an environment of deposition that
was very energetic. These are most likely pulse placers [40] that have accumulated from
multiple generations of desert flash-flood events.

It is notable that the placers that are silicified and those with the most competent
calcite cement both occur along a major high-angle range-bounding fault that delineates
the eastern side of the southern Dome Rock Mountains. Travertine pods and mounds up to
4 m are also found directly above this same fault (Figure 9) and nearby down the modern
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topographic gradient. Remnants of many these deposits are often hard to identify as most
were mined for production of lime whitewash that was used historically for the adobe
walls of buildings in the region [25]. Similar and larger travertine deposits up to 8 m were
found in gravels of “Lime Kiln Gulch” along a major high-angle range-bounding fault a
few miles away that marks the western side of the southern Dome Rock Mountains. These
travertine deposits are likely fossil thermal springs that mark the surface expression of
hydrothermal fluids emerging from depth along the basin-bounding faults.

 

Figure 9. A mound of light-colored travertine sits in contrast against dark McCoy Mountains
metasedimentary rocks. Mound is approximately 4 m across. Inset photo shows detail of 25 cm long
travertine clasts.

5.2. Morphology of La Cholla Gold

The surface morphology of the particles of gold from the angular grouping is typical
of shorter transport distances in arid climates [14] and has features such as brittle mineral
inclusions, angular forms, and percussion impact markings that are typical of debris-flow
pulse placers [40]. Similarly, analysis of angular gold morphology on a Zingg plot (Figure 7)
reveals a continuous trend of forms ranging from cylindrical to discoid. This range and
trend has been attributed to placer gold morphologies driven by high-energy events [15].
Extensive scanning electron microscope, backscatter electron, and elemental mapping
imaging of this gold is presented in [26].

The placer gold particles from the crystal grouping are, unsurprisingly, distinct three-
dimensional forms that are likely dictated by crystal habit. Variation in morphology is
mainly controlled by minor deformation caused by very short transport distances. The
presence of these well-formed and often undamaged crystals of soft gold alloy (Figure 2c,d)
within a high-energy deposit (Figure 5b) suggests that the formation of the crystals post-
dates the deposition of the gravels. Yet, the intense silicification of the crystal-bearing placer
unit precludes crystal deposition after the silicification event. This leaves the silicification
event as a prime suspect for deposition of these placer gold crystals.

Morphology may also be used to estimate transport distance of placer gold particles
(e.g., [4,41,42]). Specifically, morphology has been used to determine the distance placer gold
has traveled, as gold is known to become flatter with increasing transport distance and more
elongate in high-energy environments. These same trends are observed in the angular gold
particles of the La Cholla placers. Quantification of transport distance may be estimated
using the flatness index (FI), where the formula FI = ((length + width)/2 × thickness) is
used [42]. In this paper, we consolidate historical data from other placer districts and
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sources [41–43] to calculate a best-fit equation where transport distance (km) = 1.2833 +
(FI − 0.57662) + (FI2 × 0.31718). It is acknowledged that this equation is a generalization for
placer gold and that the placer gold alloy composition, local climate variation, chemistry
of the water of transportation, mineralogy of the sediment load, and other factors will
influence the reliability of this approximation of transport distance due to their effects
on chemical and physical weathering rates. Nevertheless, we present transport distance
estimates here, as the differences between these estimates and even the absolute values are
informative in understanding potential sources of the placer gold.

For the angular gold grouping, estimated transport distances from the lode source
range from 1.2 to 4.6 km, with an average of 2.1 km. The inclusion gold subgrouping
has similar values, ranging from 1.3 to 3.2 km, with an average of 1.8 km. The crystal
grouping of placer gold ranges from 1.0 to 1.2 km, with an average of 1.1 km. It should
come as no surprise that the gold crystals which likely formed in situ within the placer
have such small estimated transport distances; this suggests an error of distance estimation
of approximately 1 km.

Using the range-bounding fault as a reference line (Figure 4), it is possible to plot
the average transport distance estimate for each sample site vs. the measured distance
of that site from the fault (Figure 10). As expected, the estimated distance from the lode
source of the placer gold increases with increasing distance down the elevation gradient
and away from the fault. The Y-intercept suggests that the lode source of the placer gold
lies at least 1.5 km uphill to the west of the fault. This is consistent with the known locations
of quartz ± siderite ± gold and quartz ± tourmaline ± gold veins in the southern Dome
Rock Mountains, and specifically the patented claims of the Beehive lode located just to the
west of the area in Figure 4.

Figure 10. Plot of estimated transport distance for angular placer gold particles (calculated from
flatness index) vs. measured distance from the range-bounding fault. Plot is for average transport
distance by sample site and not for individual particles.

5.3. Geochemistry of La Cholla Placer Gold
5.3.1. Abundances of Silver and Copper in Gold Alloy and Inclusion Significance

The placer gold morphology groups from the La Cholla placers have major and minor
element abundances within the gold alloy of the interiors of the particles that form distinct
populations (Figure 11). Crystals generally have the lowest copper values and a wide range
of gold–silver alloying trends, tending towards higher gold purity. Angular gold typically
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has higher copper than the crystals and gold–silver alloying trends tending towards less
elevated gold purity. Inclusion gold has the highest copper values, with one exceptionally
elevated sample. As care was taken to avoid measurements on or adjacent to inclusions, this
is likely due to microinclusions or diffusion from inclusions of copper phases. The inclusion
gold otherwise exhibits a gold–silver alloying trend similar to the angular gold particles.

 

Figure 11. Ternary plot of major and minor elemental abundances for individual gold particles
measured in this study. Silver abundance has been amplified by ×100 and copper by ×1000 to
highlight differences and relationships between different gold morphology groups.

Significantly, the continuous and overlapping gold–silver alloying trend between the
angular placer gold particles and the placer crystals hints at a genetic link between these
gold morphology groupings. This trend is consistent with gold crystal formation from
dissolution of angular gold, with selective removal of some silver and copper.

For angular and inclusion gold, the elemental abundances display a relationship with
the estimates of transport distance calculated from morphology (Figure 12). With increasing
transport distance, gold purity increases, while silver and copper decrease. This has been
observed in many districts around the world [1,4,15].

Inclusions of minerals within placer gold particles provide an additional link to source
regions (Figure 8). Inclusions within gold crystals were limited to fine, rounded quartz
particles and crack fillings of silica. Angular and inclusion gold groupings always have
inclusions in varying amounts and speciation. While quartz is the most abundant inclusion
observed, sulfides are quite common (e.g., pyrite, chalcopyrite). In some angular and
inclusion gold, pseudomorphs of siderite (iron carbonate) and iron oxides after pyrite
are quite common. Inferred lode sources of gold above the placers display similar vein
mineralogy. It is likely that primary vein mineralogy included sulfides and gold, as is
typical for base metal epithermal veins in this part of Arizona. But the deep and localized
carbonate alteration of some of these veins to form abundant siderite hints at a later
hydrothermal event. The genetic link between visible native gold and siderite was clearly
understood by early miners who methodically tested virtually every quartz–siderite vein
with prospect pits and shafts. Indeed, the Yum Yum Mine is noted for spectacular specimens
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of chocolate-brown siderite riddled with native gold that are on display at the Arizona
Mining and Mineral Museum in Phoenix.

 
Figure 12. Plot of estimated transport distance for placer gold particles (calculated from flatness
index) vs. elemental abundances for individual gold particles measured in this study.

141



Minerals 2023, 13, 1444

Placer and lode gold is also found in association with tourmaline (Figure 8). Much
recent work has been undertaken to examine the genetic relationship between gold and
tourmaline within veins of orogenic gold deposits [44–46]. While an examination of this
relationship at La Cholla was precluded by the small number of placer gold particles with
tourmaline inclusions, future investigators may find this fertile ground to examine if older
orogenic deposits predate the detachment-related base metal and gold veins.

5.3.2. Uranium and Lead Elemental Abundances

A surprising discovery was the very low levels of U and Pb within placer gold of
the La Cholla placers (Table 2). It was initially hypothesized that levels of these elements
would be elevated in the gold particles, based upon the abundance of lead (as galena and
cerussite) in lode and placer deposits of the district and region and the observation of the
uranium mineral carnotite [K2(UO2)2(VO4)2•3H2O] within portions of the placers.

The La Cholla gold samples show extremely low concentrations of trace elements
(Table 2). Only Cu is present at 100s to 1000s of mg/kg levels (Tables 1 and 2). ICP-MS
analyses revealed Pb < 0.46 mg/kg in 75% of the samples, with the remaining two samples
at 1.8 and 71 mg/kg (Table 2). Uranium concentrations were mostly below the detection
limit (<0.0001). Only three samples showed detectable U concentrations between 0.001 and
0.004 mg/kg (Table 2). The observed extremely low U content in the native gold samples
agrees with other works [18,20]. However, the observed very low Pb content in the La
Cholla placer gold is unusual compared to the 450–10,300 mg/kg Pb observed in native
gold samples from Rich Hill, Arizona [20]. This observation potentially indicates that the
processes responsible for the formation of the La Cholla placer gold are different compared
to the Rich Hill placers.

The low levels of uranium in the placer gold at La Cholla are more striking when
the abundance of carnotite within the silicified placers is considered. Uranium is well-
known to occur as detrital fragments in some late Archean to early Proterozoic gold
placers (e.g., [47,48]), though the La Cholla placers are considerably younger. Uraninite
particles were also observed in the “black sand” concentrates from the unconsolidated
and caliche-cemented La Cholla placers, though a local bedrock source has yet to be
identified. Insights on the significance of the uranium occurrence lie in the distribution
and speciation of the uranium at La Cholla. Uraninite clearly occurs as detrital particles
in the unconsolidated and caliche-cemented placers but has not been found within the
silicified placers. Conversely, carnotite occurs in abundance within the silicified placers
but is not found within the unconsolidated and caliche-cemented placers. The formation
of carnotite within calcrete (caliche) has been well studied (e.g., [49,50]). These studies
differentiate between carnotite sandstone deposits that form due to a redox front and
caliche carnotite deposits that form due to the effect of carbonate solutions on uranium
and vanadium solubility. Carbonated fluids are excellent at transporting uranium and
vanadium over a wide range of pH, whereas uncarbonated solutions will favor precipitation
of carnotite down to a pH < 4 (Figure 3 in [49]). The highly carbonated thermal waters
which produced travertine mounds within the placer gravels would provide the ideal
mechanism to transport dissolved uranium and vanadium.

These same carbonated thermal waters would leach uranium and vanadium from
bedrock but also contribute to the oxidation of the base metal quartz veins to produce
siderite–quartz veins. The highly carbonated fluids would also interact with any placer
gold encountered and locally dissolve and reprecipitate some of the placer gold as crystals.
After emerging from the vents, excess fluids would soak into the surrounding gravels and
migrate along bedrock channels to precipitate uraninite where reducing organic debris
was encountered. At a later point, the fluids at some of these vents changed to lower
pH/Eh and higher temperatures and elevated dissolved silica content. This change in fluid
chemistry replaced the original carbonate alteration with strong silicification and permitted
carnotite precipitation within the gravels.
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5.3.3. Copper Isotope Values

There is a distinct copper isotope difference between the angular (δ65Cu = +0.54 ± 0.22)
and crystalline (δ65Cu = +2.8 ± 1.0) gold samples. Oxidation of copper over a large range of
temperatures and pressures is known to generate fluids that are enriched in the 65Cu isotope.
Both empirical [51–56] and theoretical [57,58] data demonstrate this occurrence. The lower
δ65Cu copper isotope values are similar to those found in epithermal gold deposits [59,60]
and most likely represent the primary signature of the gold originating from local base
metal veins. The carbonated hydrothermal overprinting event at La Cholla was most likely
oxidative in nature and “leached” heavier Cu from the preexisting lode vein minerals.
Zones where alteration was intense produced recrystallized placer gold with a heavier
copper isotope signal inherited from the oxidation of the base metal veins and older angular
placer gold. Slightly heavier copper isotope values in angular placer gold may indicate the
degree to which the parent vein was subjected to carbonate alteration to produce siderite–
gold veins, the degree of limited interaction of these fluids with angular placer gold, or
both. However, the formation of the younger crystalline placer gold is associated with
these carbonated hydrothermal fluids as recorded by their distinctly heavier δ65Cu values.

5.4. Origin and Evolution of the La Cholla Placer Gold Deposits

It is well-known that in primary lode deposits, a succession of superimposed ore-
forming events produce telescoping and complex deposits (i.e., hybrid deposits types; [61]).
The La Cholla placers are an excellent example of similar complex deposit history and
overprinting within a secondary placer deposit.

Gold mineralization in the greater La Cholla District and districts to the north have
a clear association with migration of specialized fluids along mid-Tertiary detachment
faults (e.g., Copperstone Deposit, [62]). These mid-Tertiary primary lode gold deposits
were subsequently unroofed by erosion related to continued detachment faulting and
later 5 to 17 Ma high-angle Basin and Range faulting, and they began producing placer
gold deposits.

Volcanism during this same period (e.g., [63]) produced thermal springs along these
high-angle faults, which served as convenient conduits for deep, warm, mineral-rich
fluids. Geochemical constraints suggest that the original placers were locally intruded and
altered by geothermal fluids emanating from these faults. Similar localized geothermal
alternation of placer deposits may be documented in the “White Placers” of Rich Hill,
Arizona, USA, and the White Channel sediments of the Klondike region, Yukon Territory,
Canada [14,64–66]. Originally, these fluids at La Cholla were warm and carbonate-rich,
resulting in leaching of uranium and lead, mobilization of placer gold, and precipitation
of travertine mounds. Later, these fluids became warmer and Si-dominant, resulting in
cementation of portions of the placers with silica, recrystallization of placer gold as gold
crystals, and precipitation of U and V as carnotite. The result is a complex placer deposit
consisting of the original placer with overprinting by carbonate and later silica alteration
events. Significantly, these geothermal alterations of the original placer produced localized
recrystallization of placer gold as distinct, sharp crystals within the placer gravels. They
also leached select elements (U, Pb, V) from the placer deposit and produced localized
secondary uranium mineralization.

6. Conclusions

This study of geochemical overprinting and modification of placer deposits bears
directly upon the study of other placers, especially those containing crystalline gold and
uranium mineralization. The geochemical overprinting of placer deposits has produced
much controversy due to the apparently paradoxical evidence recorded within them. This
has also caused decades of debate regarding the genesis of very old placer deposits.

In the La Cholla placer gold deposits near Quartzsite, Arizona, USA, geochemical
overprinting on placer gold deposits produced complex deposits with sharp and often
undamaged gold crystals within high-energy gravels as a result of postdepositional re-
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crystallization by localized hot spring systems. The geothermal fluids emanated from a
basin-bounding fault and left a distinct geochemical signature that includes recrystallized
gold, secondary uraninite and carnotite, travertine deposits, and mounds of highly silicified
placer gravels. Surrounding these deposits are more typical placer gravels with angular
placer gold morphologies and geochemistry indicative of flash-flood pulse placers with a
lode gold source within 5 km of the deposit. The multitude of small local lode gold source
veins is likely related to specialized fluid migration along mid-Tertiary detachment faults.
The unroofing of the deposit by 5 to 17 Ma high-angle Basin and Range faulting led to
extensive placer development with subsequent localized modification by geothermal fluid
migration along the same faults.

Future workers should utilize the evidence provided by similar overprinting on placer
deposits to infer conditions of deposit formation and evolution. These interpretations
may include evidence of past geothermal activity, the presence of previously undiscovered
structures which served as fluid conduits, and areas of steep paleo-gradients of topography.
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Abstract: The identification of trace element anomalies in soils has been proven to assist semi-
mechanized small-scale gold operations. This study employs soil geochemistry combined with
the microchemical signature of particulate gold from the Batouri goldfield to (1) vector possible
gold-endowed lithologies introducing particulate gold into the overlying regolith, and (2) assess
anthropogenic Hg used in purification of both primary and alluvial/eluvial gold by artisans. The
soil geochemistry shows irregularly distributed anomalies of elevated Cu especially in the saprolite
soil layer. Whereas in the lateritic soil layer, a Au-Ag-Hg metal association is reported for the first
time in this gold district and could be linked to anthropogenic Hg used in gold recovery. Particulate
gold recovered from the soil varies in shape from euhedral and irregular to sub-rounded, indicating
a proximal lode source. The gold grains range in size from nano-particles to >300 μm and are Au-Ag
alloys. The gold particles reveal inclusions such as quartz, silicate, zircon and ilmenite suggesting
that the grains were dislodged from quartz veins within the granitic basement. Systematic variation
in the microchemical signature of the gold grains is suggestive of spatial and temporal evolution of
the mineralizing fluid. These results are consistent with investigations from similar geologic settings
worldwide and validate the combined utility of gold fingerprinting and pathfinder elements in soil
to examine deposit genesis in other gold districts globally.

Keywords: geochemistry; soil; particulate gold; morphology; microchemistry; anthropogenic Hg;
Cameroon

1. Introduction

Historically, many small scale and artisanal gold mining regions have produced sig-
nificant negative environmental impacts [1,2]. In fact, soil contamination represents a
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major environmental problem in gold mining sites [3]. Contaminants such as metals and
metalloids in soils typically originate from geogenic sources. However, they could also
result from anthropogenic activities especially with the occurrence of Acid Mine Drainage
(AMD) phenomenon [4] and the use of hazardous products in the gold extraction process
such as sulfuric acids mercury and arsenic by gold miners [2,5,6]. In some regions, these
impacts continue to the present day. This is exacerbated in jurisdictions where the regula-
tory framework governing toxic metal use in gold processing is weak. Such is the case of
the eastern Cameroon goldfield, where new small scale gold mining pits are being opened
almost every year. This has raised the area’s worth and potential for gold exploration. In the
south eastern region of Cameroon where the Batouri goldfield is located, gold production
began in 1934 [7]. Primary gold mineralization in the Batouri goldfield is inferred to be
hosted in quartz veins in wide brittle/ductile shear zones and Neoproterozoic granites,
and it is likely to be buried in deeper crustal levels [8–10]. However, uplift, weathering
and erosion may have brought the mineralization close to the surface [8–10]. Moreover,
supergene processes such as weathering, erosion and sedimentation can modify primary
gold resources [11,12]. Secondary gold resources in particular result primarily from the
physical weathering of gold from primary lode sources [13,14]. Deep chemical weathering
and laterite formation may further mobilize and concentrate these physically weathered
gold particles [15]. This chemical weathering includes a combination of remobilization
through dissolution–re-precipitation, grain coarsening and differential chemical weath-
ering that produces gold-rich grain rims through the depletion of silver from the gold
alloy [16–18]. According to [12], gold resources in the weathering blanket are often eco-
nomically profitable as they present easily accessible targets since they are composed of
poorly consolidated material that is readily mineable. Several models postulate that one or
two mushroom-shaped dispersion zones from the mineralized vein may be present in deep
weathering profiles where gold is redistributed. In lateritic residuum and the upper part
of the mottled zone in humid and tropical rainforest environments, a gold mineralization
halo is often observed (e.g., [19]). Gold dissolution by acidic and saline groundwater and
re-precipitation farther in the saprolite layer can be related to post laterite remobilization in
semi-arid environments [20]. The liberated gold from the primary sources migrates along
various pathways as gold chloride and thiosulfate complexes and are dispersed by complex
mechanisms into the soil horizons [21].

In areas such as Batouri, which is characterized by a thick weathering cover developed
over a range of granitic basement rock lithologies truncated by quartz veins, understanding
the resulting secondary dispersion trend in the soil is vital in the search for primary sources
concealed by the overburden. The determination of element associations and distribution
trends can be performed through integrated geochemical data analysis and interpretation
of textural properties of the hypogene mineralization. However, soil geochemistry applied
to gold exploration can be challenging owing to the fact that native gold is chemically and
physically resistant, suggesting that gold dispersion in the surficial environment occurs
mainly in the particulate form [22] or in localized microbial biofilms as nanoparticulate
gold [23]. New mineral leases are legally accessible in the eastern part of the Batouri
gold district, necessitating the need for identification of gold-rich horizons in the regolith
through data collection and deposit genesis models.

In this geochemical study, trace elements in the soils are measured to identify abnor-
mally elevated values which can guide exploration and provide environmental geochemical
assessment. Furthermore, gold particles from various soil horizons were investigated phys-
ically and chemically to identify differences in primary gold particle composition and
composition of gold particles tainted by anthropogenic activities.

2. Regional and Local Geology

Batouri is a segment of the Adamawa-Yadé geological domain (AYD; Figure 1), which
in itself is an integral part of the Neoproterozoic Fold Belt of Cameroon (NFBC) [24,25]. The
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NFBC developed due to the convergence and eventual collision of three crustally stable blocks:
the Congo–São Francisco Craton, the West African Craton [24] and the Sahara metacraton.

Figure 1. (a) Geological map of Cameroon (modified after [10,26]). The Central Cameroon Shear
Zone (CCSZ) is defined by a system of NE trending faults comprising Tchollire-Banyo Fault (TBF),
Adamawa Fault (AF), Sanaga Fault (SF) and Kribi-Campo Fault (KCF). (b) Regional geological map
of south eastern Cameroon showing artisanal gold mining sites and other reported gold indications
(modified after [27]). (c) Geology of the Batouri goldfield. The area is characterized by a predominant
NE-SW trending shear zone. It is composed predominantly of Pan African granitoids and has a thick
lateritic cover. CC = Congo Craton, YD = Yaoundé Domain, NWC = North West Cameroon Domain.
Granitoid drill core samples [9], pit location [13], gold occurrence and artisanal gold mining site [10],
Mama vein system [8].

The region is therefore dominated by translational tectonics evidenced by strike-slip
shear zones defining a zone of sub-horizontal deformation termed the Central Cameroon
Shear Zone (CCSZ). Most of the shear zones have NNE-SSW to ENE-WSW strike patterns.
The CCSZ splays into a number of anastomosing networks of faults that include the
Adamawa fault and associated brittle structures depicted in Figure 1a [26,28]. According
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to [24,25,29], the AYD experienced polyphase deformation through to the Pan African event.
Consequently, lithologic units within the domain bear pre-tectonic, syn-tectonic and post-
tectonic imprints. These are largely high-K, calc-alkaline rocks [9,10,30,31] interspersed
with low- to medium-grade metamorphic rocks of volcano–sedimentary protoliths [32–34].

Hypogene gold in the Batouri area is linked to quartz veins hosted by various granitic
facies [9,10] that show evidence of pervasive alteration by crustal fluid circulation [8–10,35].
Gold is either dispersed in the quartz matrix or confined as stringers along foliations in
the granites [8–10]. The gold grades within the granite alteration halo vary from 2 ppm
to 103 ppm [8,9,13,14,35,36]. The granites are subduction-related and 640–620 Ma old [10],
similar to those farther afield in the AYD [30,31,34,35,37] and southern Chad [38]. This class
of granite-related gold deposits contributes to about 32% of the world’s gold reserve [39–43].
Artisanal gold mining has been ongoing in the Batouri goldfield (Figure 1b) since the
1930s [7]. At the moment, the indigenous people and multinational companies mine gold
using artisanal and semi-mechanical techniques. Typically, mining for gold is performed
right on river banks, in quartz veins and on the weathering blanket, resulting in diverse
environmental consequences (Figure 2).

Figure 2. (a,b) Satellite image of the Batouri goldfield indicating the position of the pits sampled. The
area is highly deforested, and the color of surface water is now pale yellow.
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3. Materials and Methods

3.1. Sample Collection

The Batouri goldfield has experienced a flurry of gold exploration and exploitation
activities by artisans in the past two decades (Figure 3a). At its eastern limit, new artisanal
mining sites and mineral leases are becoming available each year. Samples used in this
study are principally soils obtained from three (03) exploration pits (Figures 3b and 4)
sunk down to the bedrock and the deepest pit was 21 m deep. This exposed soil horizons
that were subsequently carefully logged and sampled (Figure 4). Pit logging involved
identifying the various soil layers using features such as layer thickness, color, texture and
structure. Each layer was then sampled separately by chipping along the walls of the pit in
order to obtain a representative sample (Figure 4d). Each sample collected through this
channel chip sampling method was thoroughly mixed, made into a cone and quartered for
a microchemical analysis and geochemistry.

Figure 3. (a) Map of the Batouri area showing a dendritic drainage pattern and artisanal mining sites.
(b) Map of the study area showing the position of studied pits. Gold occurrence [10].

3.2. Panning, Gold Grain Morphology and Microchemical Characterization

Subsamples of 25% by weight from the pits were processed by panning to obtain
a heavy mineral concentrate containing particulate gold. Gold particles (50) from the
overburden examined in this study were recovered from the saprock in PIT01 at a depth
between 13 and 20 m, the saprolite layer of PIT03 at a depth from 13 to 21 m and the lateritic
layer of the same pit at depths less than 4 m (Figure 5). The individual gold particles were
then handpicked under a binocular microscope. Panning of the other horizons did not
yield gold particles.
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Figure 4. (a–c) Exploration and mining pits in the Batouri goldfield. (d) Channel sampling method
along the pit wall. (e) Procedure of measuring the thickness of the mottled zone.

Figure 5. Soil horizons exposed within the three studied exploration pits in the eastern Batouri goldfield.
The vertical scale represents depths in meters. From the top to the bottom, the profiles vary from the
lateritic layer through the mottled zone, the saprolite and the saprock layers. Note that the size of the
coin used for scale in the photograph is 24 mm. (a) Profile of pit 1, (b) Profile of pit 2, (c) Profile of pit 3.
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Gold grains mounted in epoxy resin were polished down to a 0.3 μm grit to expose
grain interiors, following the method described in [44]. For grain morphological study, a
Fisher-Phenom XL scanning electron microprobe (SEM) was used to generate secondary
electron (SE) and backscatter electron (BSE) images at the California State University, San
Bernardino, USA. The instrument was operated with an acceleration voltage of 15 kV. Fur-
thermore, scanning electron microprobe (SEM) imaging, mapping and an energy dispersive
spectroscopy (EDS) analysis of the gold particles were performed with the same instrument
as documented in [44]. The composition of the gold grains from the concentrates was
determined using an additional electron microprobe analyzer equipped with wavelength
dispersive spectrometry (WDS). The WDS was calibrated against a set of purchased house
standards of gold–silver–copper alloy metals prior to gold grain analysis. The error asso-
ciated with the trace element analyses is less than ±0.2 wt.%. A laboratory standard was
run after every 10 analyses to ensure quality control on the data. The gold fineness was
calculated using the formula Au × 1000/Ag + Au [45].

3.3. Bulk Geochemistry

The second quarter of the soil sample was manually mixed thoroughly to yield a ho-
mogenous sample (~4 kg each). The homogenized samples were then quartered. For each
1 kg of sample, 250 g were pulverized and about 50 g of the powder reserved for geochemical
analysis. The stream sediment and soil samples for geochemical analysis were shipped to the
ACME analytical Laboratories, Vancouver, BC, Canada. A 0.5 g sample of powder quartered
from the samples collected from the various layers in the pits was analyzed for Au +53 el-
ements using the inductively coupled plasma mass spectrometry (ICP-MS) technique. The
analytical technique permits a detection limit of 0.2 ppb for Au. Randomly selected samples
were analyzed twice for quality control, while blanks and in-house (SAND-VAN) blanks
were used to correct for any aliquot impurity. The DSII and OREAS International Standards
were used in calibrating the equipment. While the major elements show detection limits that
range from 0.001 to 0.02 wt.%, the trace element reveals limits of detection that vary between
0.0002 and 20 ppm. The geochemical trends during weathering were determined as a function
of the degree of chemical weathering using the chemical index of alteration (CIA). The CIA
was calculated using the method proposed by [46] (Al2O3/(Al2O3 + CaO + Na2O + K2O) ×
100). The mass balance method was used to further demonstrate chemical changes between
the various layers. Element gains and losses were calculated using the immobile element
method of [47] with TiO2 as the least mobile element. The mass change for a given element in
an altered rock is calculated using the following equation:

ΔCTiO2.J = 100 × [(CJ.A/CJ.F)/(CTiO2.A/CTiO2.F)] − 1

where CJ.A is the concentration of the element in the altered rock, CJ.F is the concentration
of the element in the fresh/parent rock. Chemical variations in the average concentration of
elements in the regolith were determined using the Isocon plot of [48]. The composition of
the average fresh granite from [9] was used as a reference for the mass balance calculation.

4. Results

4.1. Description of the Soil Profile

The weathering profile in the Batouri goldfield presents an undisturbed succession of
weathering horizons (Figure 5). From the bedrock to the surface, the weathering blanket
reaches a thickness of 21 m. It varies upwards from the saprock at the bottom through
the saprolite, mottled zone to the lateritic layer at the top; although, the saprock layer is
absent in PIT02 and PIT03. The main characteristics of the profiles in Batouri are illustrated
in Figure 5. The lateritic layer varies in thickness from 3 to 7 m. It is friable, porous,
homogenous and reddish brown in color and reveals a characteristic ferralitic soil matrix.
This layer grades downwards to the mottled zone which varies in thickness from 4.5 to 9 m.
It is composed of iron-rich pisoliths scattered in a sparse sandy-clayey matrix. It ranges
in color from brown to reddish brown. This layer progressively changes into the saprolite
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layer. The saprolite layer at the base of the profile varies from 5.5 to 9 m in thickness. It
ranges in color from grayish to light brown and consists essentially of clay, rock fragments,
quartz debris and mica. The primary fabric of the parent rock is only partially preserved,
but its mineralogy is essentially the same as that of the saprock layer, although with more
clay content in the matrix. Partially weathered quartz veinlets are common. This horizon
gradually changes at its lower limit into the saprock. The saprock, which is 7 m thick
as exposed, characterizes the base of PIT01. It is pale cream in color and preserves the
structure and texture of the parent rock. Within this horizon, quartz and muscovite survive
towards the top while feldspar totally disappears. This layer is more coherent than the
saprolite layer. Quartz veins exposed in this horizon show a characteristic stock work
texture with a general NE-SW trend. The quartz veins are weakly to moderately brecciated
and locally contain late Fe-Mn oxide, clay infill and visible millimeter size gold flakes.

4.2. Chemical Trends and Element Mobility in the Weathering Blanket

The major and trace element composition of soil from the weathering horizons is
presented in Table 1. The samples were not analyzed for SiO2 since its ubiquitous abun-
dance and distribution in stream sediment and granite-derived soils do not define haloes.
The weathering profiles show CIA values that range from 72 to 99. In the (Al2O3 − (CaO
+ Na2O) − K2O) diagram ([49]; Figure 6), a single weathering trend parallel to the A-K
line is identified: from an intermediate weathering state towards a pure kaolinitic pole
(Al2O3). This is coupled with a consistent gain in Fe2O3 (Figures 7 and 8). Lateralization in
the regolith is marked by enrichment in Fe2O3 with a concentration of 17.15 wt.% in the
lateritic layer of PIT01. It is accompanied by a slight increase in Al2O3, SO3 and P2O5, and
a remarkable depletion in MgO, CaO, Na2O and K2O as expected from the replacement of
plagioclase and K-feldspar (Figure 7). Along with the addition of Au, other metal elements
(e.g., Cu, Pb, Zn and Ba) are also enriched. It is worth nothing that Ba is only enriched
in the saprolite and saprock horizons in PIT01. Besides slight enrichment in U, Rb and
Sr within the profile, the concentrations of LILE are low. Most HFSEs such as Ga, Th, Hf
and Zr show enrichments in the regolith (Figure 8). Lateralization is also marked by slight
enrichments in Ag, As, Mo and Y (Figure 8, Table 1).

Figure 6. Ternary A-CN-K diagram used as a proxy to the alteration state of the regolith in the Batouri
area. The regolith goes from a weak weathering state to an intermediate weathering state towards a
theoretical kaolinite pole (Al2O3). Note that the samples investigated reveal a weathering trend that
follows the A-K line.

154



Minerals 2024, 14, 567

Table 1. Geochemical composition of soil horizons from exploration pits in the Batouri goldfield.

SOIL

DL PIT01 PIT02 PIT03

LAT MOT SAP SAPROCK LAT MOT SAP LAT MOT SAP

Elements
Al2O3wt% 0.01 2.76 1.70 0.18 0.60 2.15 1.00 0.33 2.79 0.82 0.22

Fe2O3 0.01 17.15 4.06 1.38 9.71 10.04 1.96 0.32 8.97 2.92 12.88
MgO 0.01 0.01 0.02 bdl 0.03 0.02 0.01 bdl 0.01 bdl bdl
CaO 0.01 0.01 0.01 0.01 0.02 0.02 0.02 bdl 0.01 bdl bdl

Na2O 0.001 <0.01 <0.01 <0.01 0.01 bdl 0.01 bdl bdl bdl <0.01
K2O 0.01 0.02 0.02 0.06 0.09 0.04 0.05 0.11 0.02 0.05 0.05
TiO2 0.001 0.04 0.02 0.06 0.02 0.02 <0.01 bdl 0.04 0.01 0.03
P2O5 0.001 0.04 0.01 0.19 0.25 0.03 0.01 0.01 0.02 0.01 0.12
SO3 0.02 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
CIA 99 98 85 72 97 93 74 99 94 80
ppm
Au 0.0002 <1 <1 >100 3 <1 1 <1 <1 <1 >100
Ag 0.002 <1 <1 53 1 <1 <1 <1 <1 <1 85
As 0.1 19 4 bdl 100 40 21 9 67 30 253
Ba 0.5 7 10 165 151 14 15 22 7 9 19
Be 0.1 1 <1 1 3 <1 <1 <1 <1 <1 1
Bi 0.02 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
B 20 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl

Co 0.1 1 1 14 20 1 1 <1 1 <1 7
Cs 0.02 <1 <1 <1 <1 <1 <1 <1 1 <1 <1
Cr 0.5 250 23 12 25 132 17 3 106 32 112
Cu 0.01 6 8 9 31 27 17 10 22 6 22
Cd 0.01 bdl bdl <1 <1 <1 bdl bdl bdl bdl <1
Ga 0.1 23 13 bdl 8 16 7 1 20 7 3
Ge 0.1 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Hf 0.02 <1 <1 <1 bdl <1 <1 <1 1 <1 <1
Hg 0.005 <1 <1 4 10 <1 <1 <1 <1 <1 3
In 0.02 <1 <1 <1 <1 <1 <1 bdl <1 <1 <1
Li 0.1 1 2 1 1 1 2 1 2 1 <1

Mo 0.01 2 1 <1 2 2 1 <1 2 1 4
Mn 1 100 110 695 762 94 35 13 104 40 242
Nb 0.02 <1 <1 bdl <1 <1 <1 bdl <1 <1 bdl
Ni 0.1 3 3 3 12 3 2 1 4 1 10
Pb 0.01 47 22 136 157 36 15 8 15 6 39
Pd 0.01 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Pt 0.002 bdl bdl <1 bdl bdl bdl bdl bdl bdl <1
Rb 0.1 3 3 2 4 7 5 4 4 4 2
Re 0.001 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Sb 0.02 <1 <1 1 2 <1 <1 <1 <1 <1 2
Sc 0.1 13 8 13 17 10 5 1 13 4 12
Se 0.1 1 bdl bdl 1 1 bdl bdl <1 <1 bdl
Sn 0.1 2 2 1 1 2 1 <1 2 1 3
Sr 0.5 2 3 28 25 3 2 1 3 1 12
Ta 0.05 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Te 0.02 <1 bdl bdl <1 <1 bdl bdl <1 bdl bdl
Th 0.1 38 13 626 431 21 9 7 21 13 265
Tl 0.02 <1 <1 1 <1 <1 <1 <1 <1 <1 bdl
U 0.1 3 2 7 6 2 1 <1 3 1 7
V 1 537 88 30 145 259 41 5 232 74 227
W 0.1 <1 bdl bdl 3 1 <1 bdl bdl bdl 1
Y 0.01 3 7 82 59 3 5 4 6 4 22

Zn 0.1 10 10 154 66 24 14 5 15 3 21
Zr 0.1 22 7 3 1 14 5 2 24 9 3
La 0.5 10 38 2438 1968 20 41 56 22 26 1288
Ce 0.1 70 136 >2000 >2000 75 82 88 57 67 >2000

Abbreviations: LAT = laterite, MOT = mottled zone, SAP = saprolite, SAPROCK = saprock layer, DL = detection
limit, bdl = below detection limit.
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Figure 7. Histograms showing the gain/loss of major oxides and trace elements in the different layers
of the pits dug in the Batouri goldfield [47]. Calculations are based on the immobile element method
with TiO2 as the least mobile element. The average concentration of major oxides and trace elements
of the three pits were used. (a–d) represent the major element data for the layers, while (a-1–d-1)
represent their trace element counterparts.
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Figure 8. Isocon diagrams [48] of the Batouri weathering blanket. The concentrations of major
elements are in wt.% (oxides) and ppm (trace elements) and scaled to fit on the plot. The dashed lines
= constant mass reference. Isocon diagram shows the average composition of protolith against the
average composition of the regolith.

In the regolith, gold also shows a strong positive correlation with Ag (r = 0.97) and a
moderate correlation (r = 0.51–0.73) with As, Sb, Sr, Th, Y and Zn (Table 2).

Table 2. Pearson’s linear correlation coefficient (r) matrix for gold and other elements from the
weathering profile in the Batouri goldfield (elements with strong correlation to Au are marked in
bold). The 0.5 threshold was used as a ‘marker’ for Au.

Au Ag As Ba Ce Co Cr Cu Mo Mn Pb Rb Sb Sr Th V W Zn Zr

Au 1.00
Ag 0.97 1.00
As 0.51 0.69 1.00
Ba 0.44 0.28 −0.02 1.00
Ce 0.78 0.75 0.57 0.78 1.00
Co 0.46 0.39 0.31 0.92 0.90 1.00
Cr −0.07 0.02 0.20 −0.38 −0.20 −0.26 1.00
Cu 0.00 0.08 0.54 0.23 0.36 0.44 0.04 1.00
Mo 0.34 0.52 0.87 −0.27 0.29 0.05 0.64 0.43 1.00
Mn 0.49 0.37 0.18 0.97 0.87 0.98 −0.25 0.34 −0.05 1.00
Pb 0.40 0.27 0.09 0.95 0.80 0.95 −0.13 0.34 −0.06 0.98 1.00
Rb −0.64 −0.64 −0.34 −0.28 −0.55 −0.35 −0.04 0.41 −0.26 −0.36 −0.28 1.00
Sb 0.53 0.57 0.69 0.67 0.92 0.89 −0.05 0.60 0.46 0.80 0.77 −0.37 1.00
Sr 0.62 0.50 0.22 0.96 0.91 0.96 −0.28 0.30 −0.03 0.98 0.95 −0.41 0.80 1.00
Th 0.73 0.60 0.23 0.93 0.92 0.91 −0.25 0.20 0.00 0.95 0.90 −0.49 0.76 0.99 1.00
V −0.12 −0.04 0.21 −0.29 −0.14 −0.14 0.98 0.10 0.63 −0.14 −0.02 −0.07 0.05 −0.20 −0.19 1.00
W −0.01 0.04 0.45 0.54 0.60 0.78 −0.09 0.72 0.25 0.65 0.67 0.03 0.83 0.57 0.46 0.06 1.00
Zn 0.64 0.44 −0.09 0.90 0.72 0.75 −0.28 0.06 −0.26 0.85 0.83 −0.32 0.48 0.90 0.92 −0.26 0.20 1.00
Zr −0.39 −0.37 −0.18 −0.50 −0.57 −0.52 0.74 −0.06 0.26 −0.44 −0.37 0.20 −0.47 −0.50 −0.49 0.71 −0.38 −0.35 1.00

4.3. Gold Concentrations along the Weathering Profile

Gold distribution in the various layers of each pit varies considerably (Table 1 and
Figure 9). All the weathering blanket layers are gold-bearing; although, no systematic gold
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enrichment is recorded (Figure 9). The saprock in PIT01 was measured to have a gold content
of 3 ppm. The quartz vein itself identified within the saprock was not analyzed to avoid the
nugget effect as millimeter size gold flakes were observed within the veins. The highest gold
concentration (100 ppm) is recorded in the saprolite layers of PIT01 and PIT03. The mottled
zone shows a maximum gold content of 1 ppm in PIT02, greater than that recorded in the
saprolite horizon within the same pit. The opposite is true for PIT01 and PIT03. The lateritic
layer shows a gold content that reaches a maximum concentration of <1 ppm.

Figure 9. Profiles exposed in the Batouri goldfield, indicating the variation of Au concentration with
depth. Note that the saprolite layer of PIT01 and PIT03 reveal a gold high of 100 ppm.

4.4. Gold Grain Morphology, Surface Characteristics and Microchemistry

Gold grains from the saprock, saprolite and laterite layers display a variation in
their shapes and sizes. Backscatter electron (BSE) images of the gold grains and gold
microchemistry are presented in Figures 10 and 11. Grains from the saprock layer are
generally crystalline to angular in shape (Figure 10a–g). The grains vary from irregular
and euhedral with clear crystal faces to sub-rounded with rough edges. Their surfaces
have grooves and ridges and are often coated by iron-manganese-oxide clays in association
with zircon, ilmenite and quartz (Figures 10a–j and 11a). The saprock gold particles are
>20 μm in the longest dimension. The gold grains (Figure 11a) show a Ag concentration
that ranges from 2.68 to 4.87 wt.% and Au values that reach a maximum of 97.32 wt.%. A
single analysis identified Cu with a concentration of 0.70 wt.%.

Gold grains from the saprolite layer vary from sub-rounded to elongated to irregular
and range in size from nanoparticulate to >300 μm (Figures 10i–l and 11e,f). They exhibit
irregular and pitted surfaces expressed as cavities, most of which are filled with clay
(silicates) minerals and quartz. Heavy mineral associations include zircon (Figure 10i–k).

Backscatter electron (BSE) images of gold particles with representative analytical points
are presented in Figure 11e,f. The concentration of Au and Ag varies from the cores to the
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rims of the gold grains analyzed, with copper detectable in few analytical spots (Figure 11e,f).
The rims show Au contents as high as 85.13 wt.% and Ag contents of 14.87 wt.%. The cores
show Ag contents as high as 26.68 wt.% and Au contents that range from 73.32 to 92.35 wt.%.
This is coupled with Cu contents that reach a maximum of 7.70 wt.% (Figure 11e,f).

Figure 10. Scanning Electron Microscope (SEM) images (a–g) and Backscattered Electron (BSE)
images (i–l) of gold grains from the saprock and saprolite layers indicating their morphology and
surface features. (a–g) Gold grains from the saprock are generally crystalline to angular in shape
and are greater than 20 μm in size. Notice the ridges, channels and Fe-Mn-O coatings on the grains.
The brighter areas on the surface of the gold grains indicate areas where the iron-manganese-oxide
coating has flaked. (h) Inclusions of ilmenite and zircon in gold grains from the saprock. (i–l) Gold
grains from the saprolite layer are generally irregular; although, elongated and sub-rounded grains
are present. They are characterized by pitted surfaces and vary in size from nano-particles to 200 μm.
Abbreviations: Au = gold, Zr = zircon, Fe-Mn oxide = iron manganese oxide.
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Figure 11. Scanning electron microscope (SEM) and backscattered electron (BSE) images of gold
grains from the saprock, saprolite and lateritic layers of the Batouri goldfield. The composition of
the respective gold grains and associated inclusion entombed in them is also presented. Gold grains
from the saprolite and lateritic horizons are zoned and show characteristic pitted surfaces. The gold
grains are alloyed mainly with Ag; although, a few analyses have identified Cu. Grains from the
lateritic horizon show Hg with concentrations as high as 31 wt.%. (a) Representative gold grain from
the saprock layer. (b–d) Representative gold grains from the laterite horizon. (e,f) Representative
gold grains from the saprolite horizon.

Gold grains recovered from the lateritic horizon vary from irregular and elongated to
sub-rounded in shape (Figure 11b–d). They are generally <200 μm. They show characteristic
pitted surfaces and a “brain-like” look due to abundant microcavities and pores (Figure 11b,c).
The concentration of gold in the rim ranges from 65.61 to 100 wt.%, while the Ag content varies
between 0.00 and 17.32 wt.%. In the core, the concentration of Au reaches a maximum of
86.63 wt.%, while the Ag content varies between 11.26 and 26.74 wt.%. It is observed that the
concentration of gold increases towards the rims, while the Ag content increases towards the
core. Sporadic high contents of Hg (maximum of 31 wt.%) have been identified in some of the
grains (Figure 11). Energy-dispersive spectroscopy (EDS) patterns and EMPA maps of gold
grains recovered from the regolith are presented in (Figure 12).
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Figure 12. Energy-dispersive spectroscopy (EDS), scanning electron microscope (SEM) map and
backscattered electron (BSE) images of gold grains from the saprock layer in PIT01 (a–c), saprolite
layers (d,e,h) in PIT03, (f,g) laterite layer in PIT03 of the Batouri goldfield showing the typical alloy
composition. (a) Au-Ag-Cu alloy. (b) Mn-O-Au. (c) Au-Ag-Mn-Fe-Si-Al-Cu. (d) Au-Ag-Cu alloy.
(e) Au-Ag alloy. (f) Au-Ag-Cu alloy. (g) Au-Ag-Hg alloy. (h) Au-Ag alloy.

4.5. Characterization of Inclusion Signatures

Inclusions within the gold grains are illustrated in Figures 10, 11 and 13. The inclusions
are generally irregular in shape with a maximum size less than ~200 μm. Compositionally,
the mineral inclusions are composed of quartz, zircon, ilmenite, silicate and clay minerals
(Figures 10, 11 and 13).
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Figure 13. Energy-dispersive spectroscopy (EDS), scanning electron microscope (SEM) and backscat-
tered electron (BSE) images of the polished sections of gold grains from the saprock and saprolite layers
from the Batouri goldfield indicating coating material and inclusions in the gold grains. (a) C, Mn, O, Ba,
Nb, W, Gd. (b) Fe, Ag, Al, Si, O. (c) Si, O, Ag. (d) Fe, O, Si, Al. (e) Si, Ti, O. (f) Fe, Al, Si, O. Grains 1, 5, 7
and 8 represents the gold grains analyzed and the numbers in them indicate analytical points.

5. Discussion

5.1. Geochemical Characterization of the Weathering Blanket

The succession of the weathering horizons exposed in the Batouri goldfield results
from weathering related to the regolith landform regime in which they are situated [11–13].
The soil cover consists of four horizons, namely, from the bottom to the top, saprock,
saprolite, mottled zone and the lateritic layer (Figure 5). The soil profile here is similar
to that described by [19] in the Dimako area, [13] in the Batouri north goldfield, [12] in
Couriège French Guiana developed on amphibolites but varies significantly from profiles
described by [50] in the Bétaré Oya goldfield, which is developed upon the schistose
parent rock. The saprock and saprolite horizons that preserve textures of the granitic
basement rock point towards a purely residual inheritance [12]; although, selected biogenic
concentrations of elements such as Au and Mn have been noted in similar environments [51].
The nature of the mottled zone and the lateritic layer is more difficult to apprehend as
primary textures are almost destroyed. The lateritic layer has been reworked. According
to [12], the upwards evolution from the saprolite to the mottled zone is primarily typical
of in situ deep weathering. Thus, such textures are produced by the leaching of primary
lithostructure and local segregation of Fe [52].

The transformation of protolith to the regolith (Figure 8) does not generally lead to
large changes in element concentrations. Elements close to the isocon correspond to small
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gains and losses [48]. However, Fe2O3 was consistently enriched during intermediate to
intensely weathered activities in the Batouri area. This marks the process of lateritization in
the regolith (Figures 7 and 8). According to [10,35], the basement rocks in this area have high
magnetic susceptibility values and are magnetite series granitic rocks. This explains the
elevated Fe2O3 concentration in the soil. The intermediate to intense weathering conditions
revealed by the soil is marked by clay minerals (Figure 6, kaolinite, gibbsite, chlorite, illite).
The soil show similarities in mineral composition (as determined by the X–ray diffraction
technique) with lateritic soil developed on granite in the eastern region of Cameroon [53,54].
It is worth noting that the formation of the regolith seems to be accompanied by the
segregation of elements such as Au-As-Ce-Cu-Pb-Rb-Sr-Y-Zn indicating contribution from
felsic bedrock, while the Cr-V content can be attributed to subordinate mafic lithologies
(Figure 8; [9,55]). The in situ character of the saprock/saprolite and mottled zone studied is
further supported by enrichments in high field strength elements (HFSE) such as Ga, Th,
Hf and Zr representing the least mobile element derived from the chemically homogenous
basement rock (Table 1). Fresh granitic samples reported by [9] yield similar HFSE. Such
enrichment in the regolith is produced by the leaching and loss of most highly mobile
cations such as Si, Mg, Na, Ca, K and Ba during intense chemical weathering typical in
tropical environments [12]. Since barium is chemically unstable in the surface environment,
elevated barium in the weathering blanket (e.g., PIT01) suggests a close proximity to
the source [56]. The weathering blanket’s abundance of P, Zr and Ba is a reflection of
the accessory minerals monazite, apatite and zircon found in the underlying granites.
Therefore, it can be suggested that the weathering profile exposed in the Batouri goldfield
is derived from a protolith that is chemically homogeneous.

5.2. Gold Grain Distribution along the Weathering Blanket

Gold redistribution in the supergene environment is primarily mediated by residual en-
richments, chemical and biological dissolution/reprecipitation and physical transport [19].
Climate, bedrock composition and geomorphological factors all influence the style and
intensity of gold mobilization [57]. As a result, the variation in gold grades in the studied
profiles, along with the compositional and morphological features of gold, enable the mo-
bility of gold during weathering to be assessed. It has been noted that within weathering
profiles developed in equatorial environments, chemical dispersion of gold only occurs
in the lateritic horizon and the upper portion of the mottled zone, while dispersion in the
saprolite stays quite limited [58]. The reverse is true in the studied profiles which show a
variation in the concentration of gold. The saprolite horizons in PIT01 and PIT03 reveals the
highest concentration of gold at 100 ppm, while the saprock reveals a gold content of 3 ppm,
the mottled zone in PIT02 shows a maximum gold content of 1 ppm and the lateritic horizon
of the same pit reveals a gold content of <1 ppm. Thus, there is no discernable systematic
enrichment in the concentration of gold from the bottom to the top of the pits. The high gold
content in the saprock and saprolite layers coupled with the occurrence of gold in all the soil
layers argues against any significant Au dissolution, remobilization and precipitation within
the weathering cycle. Rather, the redistribution of gold in the particulate form is evident. This
is similar to results by [13] in the Batouri north goldfield and [14] in the Kambélé gold mining
area but significantly differs from profiles described by [50] developed on the schist basement
in the Bétaré Oya gold district. In soil profiles where Au remobilization and chemical precip-
itation of authigenic gold is evident, Au is usually dissolved from the higher horizons and
reprecipitated from unstable complexes to form mottled zone and saprolite haloes at depth
(e.g., [19,59]). The fact that the saprock and the saprolite horizons with high gold contents and
the lateritic horizon also recovered particulate gold with the nano size fraction goes further to
support the dispersion of gold in the particulate form in the Batouri goldfield. This is also
affirmed by the absence of circular pits on surfaces or irregular gold grain shapes following
gold dissolution after exposure to weathering solutions and the absence of secondary gold
spherolites on surfaces of primary gold [16,17].
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It is also possible that gold microbiology plays a role in the gold distribution in these
profiles. It is well known that bacterioform gold is linked with high-purity gold over-
growths and nanoparticulate gold in association with Fe-and Mn-rich biomats (e.g., [60]).
These same features associated with biogenic gold are also noted in the samples from this
study. The magnitude of any biological contribution to gold enrichment is not clear and
remains to be examined. Regardless of the exact contribution and timing of biological
precipitation or overprinting on pre-existing native gold, bacterioform nano-particulate
gold similar to that of other localities [51] is present in these samples.

5.3. Gold Microchemical Signature and Grain Transportation

The microchemical signature of detrital gold has been widely used to link its features
to possible hypogene sources in regional exploration schemes [61,62], similar to those doc-
umented in this study. The criteria used in such studies include grain morphology, alloy
elements and the diversity of inclusion minerals in the gold particles (e.g., [63–68]). The mor-
phology of gold grains can also aid in identifying proximity to the primary mineralization [69].

Gold particles recovered in this study vary in terms of texture from one soil horizon to
the other. We have shown that gold particles from the saprock are generally crystalline to
angular with clear crystal faces, rough edges, grooves and ridges (Figures 10 and 11). Gold
particles from the saprolite horizon are generally irregular and elongated to sub-rounded
(Figures 10 and 11). Such observations point to either a limited dispersion of gold from the
primary source or restricted exposure to chemical weathering time since being dislodged
from the hypogene source (Figures 10a–g and 11a; [70]). The grains’ principal inclusions,
surface features such as ridges, cavities and rough and etched pits, indicate that they were
likely recently derived from the primary source. Mechanical weathering influences are also
minimal. The sub-rounded nature of the gold grains recovered from the soil profile implies
that gold grain roundness can also develop in soil profiles and not only in alluvial systems.
Gold grains forming the laterite horizon show vermiform microtextures and pitted surfaces
with microcavities (Figure 11b–d). This is similar to secondary particulate gold reported [6]
in the Inagli Pt-Au placer deposit in Russia, where in this study, the gold grains show no
evidence of intricate secondary growth features such as dendrites and filaments, which are
pervasive in authigenic gold (e.g., [71]). The microfabrics observed in the gold particles
do not indicate any supergene contributions; thus, the gold grains are detrital and not
authigenic in origin.

Mineral inclusion suites have been widely used to link gold to their possible pri-
mary sources for the purpose of exploration [65]. In the Batouri goldfield, ore mineral
inclusions were scarce; nevertheless, gangue minerals provide an avenue for this study
(Figures 10, 11 and 13). Gold grains from the saprock layer are coated with Fe-Mn oxides,
while ilmenite and zircon are common heavy minerals in the horizon. This is associated
with elevated contents of Ba, Cu, C, Gd, Nb, O, Mn, Fe Al, Si and W which can be attributed
to minerals such as silicates, oxides and REE minerals (Figures 11 and 13). The saprolite
layer shows an intimate association with silicates, clay and quartz. Weathering of the
granite hosting lode mineralization released gold into the regolith. This is in agreement
with the bulk geochemical data discussed above, which pointed to the redistribution of
gold in the solid state in the soil. Iron oxide inclusions containing Cr and V reported for
the first time in the Essabikoula area within the Ntem complex have been attributed to the
interaction between hot reducing hydrothermal fluid and local mafic lithologies [55].

The Au alloy composition as indicated in the gold grains is mainly binary (Au-Ag,
Figure 14a); although, few analytical spots reveal a ternary Au-Ag-Cu composition in
the saprolite and laterite horizons with Cu contents that reach a maximum of 7.70 wt.%
(Figures 11 and 14b). In the Cameroon goldfields, such high Cu content is reported for
the first time. Systematic changes in alloy composition in gold detrital particles within
a single hydrothermal system point to the evolution of the hydrothermal fluids in space
and time [72]. It is possible that the lode source had multiple mineralizing events that
produced a range of native gold generations. Some of the gold grains on the lode were
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more Cu-rich than others. This assertion is supported by Cu contents as high as 874 ppm in
the hydrothermally altered basement granitoids [9,67].The composition of gold grains from
this study is here compared with gold mineralization in the quartz vein and bedrock of
the eastern Cameroon goldfield and granite hosted gold mineralization in Bigorne, Iberian
Variscan belt, western Europe (Figure 14a,b). The detrital grains have core compositions
consistent with their derivation directly from hypogene mineralization and support the
interpretation of the grains in the weathering blanket as inherited relic grains from the
primary mineralization [13,68]. The gold grains have a fineness value that varies from
732 to 1000 (Figure 14c) with an average value of 888.

Figure 14. (a) Co-variance of Ag and Au for gold particles from the Batouri goldfield compared
with primary gold grains from the eastern region and gold particles from Bigorne deposits [67].
Gold grains from Batouri are characterized by low Ag and high gold contents. (b) Variation in the
concentration of Ag and Cu in gold grains from the Batouri goldfield. Note a Cu content as high as
7.7 wt%. (c) Purity of the gold grains from the saprock and saprolite layers as represented by gold
grain finesses in the cores and rims.

A majority of the values cluster within the lower limit (Figure 14c). High Ag content
recorded in the core (Figure 11) and rim portions of the grains suggests limited rates of
physical and chemical weathering resulting in negligible Ag leaching and point to the
presence of electrum, a natural alloy of gold with >20 wt.% Ag sourced from a Ag-enriched
primary deposit.

5.4. Impact of Anthropogenic Activities

Anthropogenic activity in artisanal and small scale gold mining sites is an important
source of contamination to the environment. In the eastern Cameroon goldfield, mining
sites such as Bétaré Oya and Kambélé are noted for soil, stream sediment and surface water
contamination mainly resulting from anthropogenic activities [2,73]. While the soil and
sediment show elevated contents of Co, Cd, Cu, As, Cr, Pb and Zn [2], surface waters
show metallic elements in the following descending order Fe > Mn > Pb > Cr > Cd [73].
In this study, the Au-Ag alloy grains from the lateritic horizon show high Hg content
(Figures 11 and 12g). The Hg contents identified in the gold grains vary from 18.48 in

165



Minerals 2024, 14, 567

the core to between 16.69 and 31 wt.% in the rims of the grains. This high Hg content
is reported for the first time in the gold district. The Au-Ag-Hg compound has been
reported in the hypogene environment [72]. Orogenic gold with high Hg content have
also been reported by [61,62]. According to [61,62], Hg high in gold grains is indicative of
an orogenic setting/low-temperature hydrothermal activity emplaced at high structural
levels. The Au-Ag-Hg alloy has also been reported in supergene conditions as a result of
the introduction of anthropogenic Hg during mining operations [5,6]. The earliest records
of Hg use in amalgamation were from Egypt and China more than 3000 years ago [74].
Mercury has been used in inexpensive, easy and rapid approaches for extracting gold from
its ore and soil [75]. Notably, owing to weak legislation, poor engagement, contribution of
artisanal miners and easily accessible and robust black market for Hg usage in the artisanal
and semi mechanized gold miming (ASGM) will continue to persist [76,77]. The high
content of Hg identified in samples from this study is considered to be from anthropogenic
sources; although, some of the measurements were performed in the core of the grains and
as amalgam coatings on the grain exteriors.

The abundance of Hg within the lateritic horizon and not within lower stratigraphic
horizons, in conjunction with an abundant source from mining operations, strongly sug-
gests that this Hg has anthropogenic origins. However, naturally occurring Hg from the
upper geochemical halo of orogenic deposits is well documented [61,62]. Furthermore,
the presence of Hg alloys and Hg minerals within the interior of gold grains without clear
internal migratory pathways can support the case for a natural source (e.g., [78]). The
implications of natural Hg towards understanding ore deposit type, genesis and evolution
warrant further investigation at this site. Future work with measurements of Hg isotopes
may provide insights on the relative contributions of these two potential sources. Regard-
less of origin, the abundance of Hg in these deposits remains an environmental concern for
both the health of miners and the regional ecosystem.

5.5. Implication to Gold Exploration in the Regolith

The exploration for gold in weathered and covered terrains commonly relies on
sampling and analyzing in situ material [12]. A detailed characterization of the regolith
is required in order to better comprehend the physico-chemical changes along the profile
and distinguish remobilized material from that developed in place [13,50,79,80]. The data
presented in this study suggest that gold remained in the solid form during its dispersion,
owing to its chemical stability. The results also show that the horizons with visible and
recoverable gold grains also have high gold assay values, indicating the detrital nature of
the particles. From the bulk geochemical data, the distribution of Au in all the horizons
and the fact that the saprock and the saprolite horizons are enriched in gold, as well as
the occurrence of quartz inclusions in the gold grains, these indicate quartz-vein-related
hypogene mineralization within the granitic basement. It is also worth noting the usefulness
of pathfinder elements such as Pb, Cu, As, Bi, Te and Ag as they may positively correlate
with Au [81]. In the Batouri goldfield, Ag shows a strong positive correlation with Au
and thus can be identified as the pathfinder element for gold in the area. Bulk assay data
combined with gold microchemical features in regolith material deliver a potent exploration
technique in tropical terrains.

6. Conclusions

The following conclusions can be drawn from this study:

1. Pits dug in the Batouri goldfield exposed an in situ profile comprising various layers
from the bottom to top as follows: saprock layer, saprolite, mottled zone and the
laterite layer. It is clear that the lateritic layer has been reworked. The saprock layer in
PIT01 is characterized by quartz veins that show gold flakes.

2. The soil samples define a single weathering array corresponding to intermediate
weathering evolving towards the kaolinitic end.
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3. Regolith evolution involved the development of laterite with elevated Fe content and
enriched in Au-As-Ba-Ce-Cu-Pb-Rb-Sr-Y-Zn, pointing to inputs from the felsic base-
ment, while Cr-V are related to mafic lithologies. High concentrations of chemically
unstable Ba in the weathering blanket (e.g., PIT01) also affirm the proximity to the
primary source.

4. Gold grains show surface features that attest to their derivation from proximal sources.
They are associated with inclusions of gangue minerals such as quartz, silicates, zircon
and ilmenite inferred to be inherited from the underlying granitic basement rock.

5. All horizons identified show the presence of gold; however, the concentration varies
from top to bottom in a non-systematic manner. Gold essentially survived the rigors
of the weathering cycle in the particulate form as explained by the 3 ppm Au in the
saprock and 100 ppm Au in the saprolite. All the soil layers should therefore be taken
into account during succinct regolith exploration efforts in this area.

6. The gold grains are not authigenic in origin, and the concentration of Au is uniform
along the core, solution fissures and rims, while that of Ag increases towards the core.
These grains are alloyed with Ag and define a single compositional population similar
to grains from the bedrock.

7. Gold grains from the lateritic horizon show a Au-Ag-Hg assemblage. The Hg high
is identified for the first time in the Batouri goldfield. Such elevated contents of Hg
indicate modification due to human activities especially with the use of hazardous
Hg-based products in the gold extraction process.
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Abstract: The Shuixie Cu–Co polymetallic orefield, located in western Yunnan Province
(southeastern margin of the Qinghai–Tibet Plateau), is renowned for its Cu–Co mineraliza-
tion. A recent resource reassessment identified Sb–Au and Cu–Co–Bi (Sb–Au) orebodies
as genetically associated with primary Cu–Co mineralization. The mineralization char-
acteristics and microscopic observations indicate that gold mineralization in the Sb–Au
orebodies follow a pulsating fluid injection model. The model includes four pulses: (1)
euhedral gold-poor pyrite (PyI1) precipitation; (2) margin-parallel growth of gold-rich
pyrite (PyI2) on PyI1; (3) continued growth of gold-rich pyrite (PyI3) along PyI2; and (4)
outermost concentric gold-rich pyrite (PyI4) formation. This study examined gold-bearing
pyrite in orebodies and host rocks. In situ laser ablation inductively coupled plasma
mass spectrometry (LA–ICP–MS) analysis of pyrite and inductively coupled plasma mass
spectrometry (ICP–MS) whole-rock trace element analysis were conducted to track the
ore-forming fluid evolution. Compared with CI chondrite, pyrites from all pulses were
enriched in LREEs over HREEs. The pyrite REE distribution curves exhibited right-skewed
patterns, reflecting LREE enrichment. The Hf/Sm, Nb/La, and Th/La ratios were generally
below 1, indicating high-field-strength element depletion. These results suggest a Cl-rich,
F-poor ore-forming fluid. The pyrite trace elements showed enrichment in the chalcophile
elements (e.g., Cu and Pb) and exceptionally high Bi levels compared with the continental
crust. The chalcophile elements (e.g., Zn and Cd) were depleted, whereas iron-group
elements (e.g., Co) were enriched and Ni was depleted. The pyrite δCe values (0.87–1.28,
mean = 1.01) showed weak anomalies, indicating a reducing ore-forming environment.
The δEu values of pyrite during pulses 1 to 4 ranged widely, from 0.2–3.01 (mean of 1.17),
0.27–1.39 (0.6), and 0.41–1.40 (0.96) to 0.4–1.36 (0.84), respectively, suggesting an initial
temperature decline and subsequent increase in the ore-forming fluid. Significant variations
were found in the Y/Ho, Zr/Hf, and Nb/Ta ratios across pulses, indicating the potential
involvement of high-temperature hydrothermal fluids or late-stage alteration during ore
formation. The Y/Ho ratio of pyrite overlapped most closely with that of the continental
crust of China, indicating a close relationship between the ore-forming fluids and the crust.

Keywords: Au-bearing pyrite; REE; trace element; ore field; Sb–Au orebodies; Lanping Basin
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1. Introduction

The Sanjiang Composite Orogenic Belt (SCOB), located on the southeastern edge of
the Tibetan Plateau, is a key part of the global Tethyan metallogenic domain. Its Cenozoic
tectonic–magmatic activities and polymetallic mineralization have long been a focus of
international mineral deposit studies [1–3] (Figure 1). The Lanping Basin, a mid-Cenozoic
intracontinental strike–slip basin in the southern segment of the orogenic belt, records the
distant effects of the India–Eurasia plate collision. Additionally, its complex hydrothermal
mineralization system has produced polymetallic resources, including copper, lead, zinc,
antimony, and gold, making it a natural laboratory for exploring the metallogenic mecha-
nisms of continental collision zones [1,3]. The recent discovery of the Alin gold deposit in
the western part of the basin revealed the potential for the superposition of orogenic gold
deposits and shallow low-temperature hydrothermal systems. This provides a key case for
understanding the metallogenic diversity along the eastern Tethyan margin [4,5]. Despite
extensive global research on orogenic gold deposits (e.g., craton greenstone belts) and
shallow, low-temperature hydrothermal systems (e.g., the circum-Pacific belt), the coupling
mechanisms between the two in intraplate strike–slip environments remain controver-
sial [6]. The morphology, crystal features, and trace element content of pyrite are closely
linked to the physicochemical properties of ore-forming fluids including sulfur fugacity,
temperature, and cooling rate [7–10]. Hydrothermal pyrite, a direct sample for studying
mineralization fluids, reflects the properties of ore-forming fluids and their material sources
through its REE distribution, trace element content, and ratios [11–14].

The uniqueness of the Alin gold deposit lies in the unclear source of the mineralizing
fluid. Existing isotopic data only preliminarily suggest the involvement of magma fluids [5],
but lack quantitative constraints on crust–mantle interactions. The mechanism of element
occurrence is unclear. As the primary gold-bearing mineral, pyrite’s rare earth element
(REE) distribution pattern and trace element ratios have not yet been revealed in terms of
their role in fluid evolution. This study used micro-region in situ analytical techniques to
systematically analyze the distribution patterns of REE and trace element combinations
in pyrite from the Alin gold deposit. The aims were to (1) reveal the material sources
and evolution of metallogenic fluids, filling the geochemical gap in fluid studies in the
western margin of the Lanping Basin, and (2) establish the coupling relationships between
REEs and elements such as Au, As, and Sb, providing new evidence for understanding the
extraordinary element enrichment mechanism in collision-zone gold deposits.
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Figure 1. Regional tectonic map (a) (modified from [15]) and simplified geological map (b) (modified
from [15,16]) of the Yongping–Weishan Cu–Co–Au–Sb metallogenic belt in western Yunnan Province,
SE Xizang–Qinghai Plateau.

2. Geological Setting

2.1. Regional Geological Background

The Shuixie Cu–Co polymetallic orefield is situated at the southwestern edge of
the Meso–Cenozoic Lanping Basin, on the southeastern Xizang–Qinghai Plateau. It is
an important part of the Sanjiang Composite Orogenic Belt (SCOB) (Figure 1a). The
tectonic framework of the Lanping Basin is shaped by the Baoshan–Tengchong Block to
the west, the Yangtze Platform to the east, and the Meso–Cenozoic Simao Basin to the
south. Permian to Cretaceous sedimentary strata are exposed within and along the margins
of the basin (Figure 1b). Geological surveys have shown that the SCOB, including the
Lanping Basin, evolved through several phases: the Paleo–Tethys continental marginal arc
basin, the Neo–Tethys back-arc foreland basin, and the ongoing Cenozoic intracontinental
collisional belt between the Indian and Eurasian continents. These processes led to the
widespread development of Triassic arc magmatic belts, Mesozoic red-bed basins, and
Eocene to Oligocene alkali-rich porphyry belts [1–3,15–17]. These processes are associated
with tectonic, sedimentary, metamorphic, and magmatic activities, creating a distinct
polymetallic metallogenic zone.
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The Yongping–Weishan Cu–Co–Sb–Au polymetallic mineralization belt lies in the
southwest of the Lanping Basin and is rich in Cu, Co, Sb, Au, and associated minerals such
as siderite, barite, and fluorite (Figure 1b). Notable deposits include the Baiyangchang
Cu–Ag–Pb–Zn deposit in Yunlong County, the Gongguo Cu–Co–Au, Reshuitang Cu–
Au–Pb–Zn, Qingyangchang and Changjie Cu–Co–Ag, and Laoyingpo and Shuixie Cu–
Co–Au deposits in Yongping County, and the Tianbaxin–Bijianshan–Dugupi Sb–fluorite
and Zhacun Au–Sb–Pb–Zn deposits in Weishan County (Figure 1b). Himalayan–aged
(38–34 Ma) potassic intrusive bodies are associated with hornfels development in the
surrounding sandy siltstones and small-scale Cu–Pb–Zn–Au polymetallic mineralization
at the Zhuopan pluton in Yongping County, Lianhuashan and Gejiumu plutons in Weishan
County, and Guduo and Jiedingshan plutons in Midu County (Figure 1b).

The Shuixie orefield is part of the Yongping–Weishan region, a prospective area for
gold, copper, cobalt, antimony, mercury, arsenic, iron, and rare earth elements. Over more
than fifty years of geological exploration, more than ten medium-to small-sized Cu–Co
and Cu deposits have been discovered including the Shuixie Jie, Xiaotuanshan, Caiyuanzi,
Shangbielie, Qingtian, Zhifanghe, and Alin deposits [4,5].

2.2. Deposit Geology

The Alin deposit lies on the eastern flank of the Alin anticline. The deposit contains
outcrops of the Upper Triassic Maichuqing Formation (T3m), Lower Jurassic Yangjiang
Formation (J1y), and Middle Jurassic Huakaizuo Formation (J2h) (Figure 2). A detailed
stratigraphic description is provided in Figure 2. The main faults in the area are F1, F2, F3,
F4, F5, and F6. Of these, F2 and F4 are NNE-trending, F1 is NNW-trending, and F3 is EW-
trending. F1 is the primary controlling fault of the Alin deposit, with a total length of 1.7 km,
and is a reverse fault. F2, the second largest fault after F1, also controls mineralization in
the area. It is displaced by F3 in the northern part and has a total length of 1.8 km. F3

is a right–lateral reverse fault, 2.9 km long, extending from Mingcaoshan in the west to
beyond the mining area in the east [18]. No igneous rock outcrops are observed. The Alin
anticline is the largest fault-derived structure in the mining area. It is a tilted syncline,
with its hinge rising toward the southwest and extending near the western side of the Alin
mineralization belt. The Alin syncline lies southeast of the Alin anticline, roughly parallel
to it. Gold is currently mainly mined from the 1760 and 1700 tunnels at the Alin deposit.
The orebodies occur in vein-like and layered forms, primarily in the T3m, which consists of
grayish-white feldspar-quartz sandstone and gray-black to black carbonaceous mudstone
in fault breccia zones. It also occurs in the J2h and J1y, containing purple to purplish-red,
dark medium-grained sandstone, quartz sandstone, and feldspar-quartz sandstone. The
mineralized breccia consists mainly of feldspar-quartz sandstone fragments and fault clay
(Figure 3). The thickness of the orebodies ranges from 6 to 11.98 m, with a length of up to
130 m. The ore exhibits dense, massive, banded, impregnated, vein-like, networked, and
breccia structures, with euhedral, subhedral, and anhedral grains as well as textures of
replacement, dissolution, and cataclasis (Figure 3). The gold (Au) grade ranges from 0.26 to
36.35 g/t, with a maximum of 120.0 g/t and an average of 4.02 g/t [18]. This study focused
on the Sb–Au orebodies in the 1700-, 1715-, and 1760-level tunnels (Figure 3). The main
metal minerals are pyrite, arsenopyrite, stibnite, sphalerite, and trace chalcopyrite. The
gangue minerals are primarily barite, rhodochrosite, dolomite, calcite, quartz, feldspar, and
biotite (Figure 4). Secondary minerals include limonite and azurite.
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Figure 2. Geological map of the Cu–Co–Au–Sb mineralized district in Yongping Changjie–Shuixie
(modified from [5,18]). Abbreviation: Fr—Formation.

The Shuixie Alin Sb−Au orebodies follow a pulsating fluid injection model, based on
field geological observations, petrographic identification, and BSE morphology analysis.
The mineralization consists of five pulses, four of which exhibit gold mineralization, char-
acterized by alternating precipitation of pyrite and arsenopyrite: (I) pulses 1, with barite
(minor)–pyrite–arsenopyrite; (II) pulses 1, with pyrite—arsenopyrite; (III) pulse 3, with
pyrite–arsenopyrite– stibnite (minor); (IV) pulse 4, with pyrite–arsenopyrite–quartz; and
(V) pulse 5, characterized by a large amount of stibnite [5].

During pulse 1, barite (trace), pyrite (PyI1), and arsenopyrite (ApyI1) are precipi-
tated, with weak gold mineralization. Arsenopyrite and pyrite in the host rock occur as
euhedral−subhedral crystals (Figure 4c–e). In the orebodies, they predominantly appear
as subhedral crystals, often with a pyrite ring–core structure (Figure 4f–j). During pulse
2, pyrite (PyI2) and arsenopyrite (ApyI2) crystallize, showing stronger gold mineraliza-
tion. Without arsenopyrite and pyrite crystals from this pulse can be observed in the host
rock. In the orebodies, pyrite mainly appears as euhedral or fragmented crystals, growing
along arsenopyrite (ApyI2) and forming the primary ring in a ring−core pyrite structure
(Figure 4f,h–j). Pulse 3 precipitates pyrite (PyI3), arsenopyrite (ApyI3), and stibnite (trace),
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with the strongest gold mineralization. These pyrites are identified only in the orebodies,
mainly as euhedral pyrite, cut or intergrown with arsenopyrite (Figure 4f and g), forming
secondary rings in a ring–core pyrite structure (Figure 4h–j). The final pulse of gold min-
eralization (IV) consists of pyrite (PyI4), arsenopyrite (ApyI4), and quartz, with relatively
strong mineralization. They mainly occur as the outermost rings of the ring–core structure,
with crystal forms similar to those of pulses 2 and 3 (Figure 4h–j). For further details on the
ore mineral features, see Li et al. [5].

 

Figure 3. (a) Representative exploration profile of the Alin deposit [18]. (b) The exploration unit
tested the gold (Au) grade of the samples [18].
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Figure 4. Photographs of the mineral assemblage of the Sb–Au orebodies (i,j) (from [5]). (a,b) Ore-
bodies and sampling location corresponding to the sketch map, showing strong barite and stibnite
mineralization; (c–e) Euhedral PyI1 and ApyI1 grains in a quartz matrix within the country rock;
(f,g) Fine euhedral–subhedral arsenopyrite (ApyI1) as mineral inclusions in subhedral pyrite (PyI1);
(h) Level III secondary proliferative ring–core structure, formed subhedral PyI1 overgrown by a
subhedral rim of pyrite PyI2, PyI2 overgrown by a subhedral ring of pyrite (PyI3), and arsenopy-
rite (ApyI2) as mineral inclusions in pyrite (PyI2); (i) Level IV secondary proliferative ring–core
structure euhedral PyI1 overgrown by a euhedral–subhedral rim of PyI2 and PyI3, ApyI3 as mineral
inclusions in PyI3, and PyI3 overgrown by a euhedral ring of PyI4; (j) Irregular PyI3 wrapping fine
ApyI3 cut by long columnar ApyI4, forming a quaternary proliferative ring structure composed of
PyI4, ApyI4, and SbnI5; Abbreviations: Apy = arsenopyrite; As − Py = pyrite with high arsenic
content; Py = pyrite; Qtz = quartz; Sbn = stibnite; PyI1–PyI4 = pyrite during pulses 1–4, respectively;
ApyI1–ApyI4 = arsenopyrite during pulses 1–4, respectively.
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3. Sample and Analytical Methods

The samples from the Alin Sb–Au orebodies in this study were collected during the
horizontal mining stage. Systematic samples from both the orebodies and host rock were
collected. The samples were taken from the 1700 tunnel. All samples were cut into thin
sections for microscopic observation and backscattered electron (BSE) imaging. The pyrite
mineralization stages in different samples were divided into pulses. Each pulse of pyrite
was delineated with an oil-based pen, followed by microscopic photography. Finally, in situ
LA–ICP–MS analysis was conducted. The host rock samples were ground and analyzed
for whole-rock trace elements and REEs.

3.1. LA-ICP-MS Analysis

The trace element analysis of pyrite was conducted by LA–ICP–MS at Sample Solution
Analytical Technology Co. Ltd., Wuhan, China. Detailed operating conditions for the
laser ablation system and the ICP–MS instrument and data reduction were the same as
described by [19]. Laser sampling was performed using a GeolasPro laser ablation system
that consisted of a COMPexPro 102 ArF excimer laser (wavelength of 193 nm and maximum
energy of 200 mJ) and a MicroLas optical system. An Agilent 7700e ICP–MS instrument
was used to acquire ion-signal intensities. Helium was applied as a carrier gas. Argon was
used as the make-up gas and mixed with the carrier gas via a T-connector before entering
the ICP. A “wire” signal smoothing device is included in this laser ablation system [20].
The spot size and frequency of the laser were set to 32 μm and 5 Hz, respectively. The trace
element compositions of the sulfides were calibrated against various reference materials
(NIST 610 and NIST 612) without using an internal standard [21]. The sulfide reference
material of MASS–1 (USGS) was used as the unknown sample to verify the accuracy of the
calibration method. Each analysis incorporated a background acquisition of approximately
20–30 s, followed by 50 s of data acquisition from the sample. An Excel–based software
ICPMSDataCal 11.8 was used to perform offline selection and integration of the background
and analyzed signals, time-drift correction, and quantitative calibration for trace element
analysis [21].

3.2. Trace Element Analysis of Whole Rock

Trace element analysis of the whole rocks was conducted on an Agilent 7700e ICP–MS
at Wuhan Sample Solution Analytical Technology Co. Ltd., Wuhan, China. The detailed
sample-digesting procedure was as follows: (1) Sample powders (200 mesh) were placed
in an oven at 105 ◦C and dried for 12 h; (2) 50 mg of the sample powder was accurately
weighed and placed in a Teflon bomb; (3) 1 mL of HNO3 and 1 mL of HF were slowly
added into the Teflon bomb; (4) the Teflon bomb was put into a stainless steel pressure
jacket and heated to 190 ◦C in an oven for >24 h; (5) after cooling, the Teflon bomb was
opened, placed on a hotplate at 140 ◦C, and evaporated to incipient dryness, then, 1 mL
of HNO3 was added and evaporated to dryness again; (6) 1 mL of HNO3, 1 mL of MQ
water, and 1 mL of 1 ppm internal standard solution In were added, and the Teflon bomb
was resealed and placed in the oven at 190 ◦C for >12 h; and (7) the final solution was
transferred to a polyethylene bottle and diluted to 100 g via the addition of 2% HNO3.

4. Results

4.1. Rare Earth Elements

The in situ rare earth element (REE) results for pyrite and the host rock are presented
in Table S1. The measured results were standardized using the CI chondrite standard [22],
as illustrated in Figure 5. Significant differences in the REE geochemical characteristics
were observed between the pyrite of each pulse and the host rocks. (I) The ΣREE content
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of the host rocks ranged from 260.26 × 10−6 to 773.11 × 10−6, with an LREE/HREE ratio
of 2.92 to 3.85, indicating LREE enrichment. The (La/Yb)N values ranged from 8.14 to
11.36, (La/Lu)N from 8.19 to 10.92, and (Ce/Yb)N from 5.84 to 8.47. The LREE−HREE
fractionation was minimal, with (La/Sm)N values ranging from 3.43 to 4.05, and (Gd/Yb)N
from 1.47 to 1.80. The LREEs exhibited slightly more differentiation than the HREEs. The
δEu values ranged from 0.68 to 0.82, with an average of 0.73, and the δCe values ranged
from 0.92 to 1.00, with an average of 0.96 (Figure 5e, Table S1). (II) For pulse 1 pyrite, the
ΣREE content ranged from 4.49 × 10−6 to 21.48 × 10−6 with an LREE/HREE ratio of 0.96
to 3.54, indicating LREE enrichment. The (La/Yb)N values ranged from 3.36 to 121.21,
(La/Lu)N from 1 to 43.62, and (Ce/Yb)N from 1.85 to 91.12. A significant LREE−HREE
fractionation was observed, with (La/Sm)N between 0.52 and 4.29, and (Gd/Yb)N between
1.12 and 15.71. The LREEs exhibited less differentiation than the HREEs. The δEu values
ranged from 0.20 to 3.01, with an average of 1.17, and the δCe values ranged from 0.69 to
1.10, with an average of 0.99 (Figure 5a, Table S1). (III) For pulse 2 pyrite, the ΣREE range
was 7.8 × 10−6~57.94 × 10−6. Compared with pulse 1, both the ΣREE content and range
increased. The LREE/HREE ratio ranged from 0.87 to 6.73, with the LREEs generally being
more enriched. The (La/Yb)N value ranged from 1.46 to 28.53, (La/Lu)N from 1.15 to 23.85,
and (Ce/Yb)N from 0.39 to 23.21. A large fractionation between the LREEs and HREEs was
observed, with (La/Sm)N values between 2.15 and 4.25, and (Gd/Yb)N between 0.15 and
4.91. The variation in the LREEs was smaller than in the HREEs. The δEu value ranged
from 0.27 to 1.39, with an average of 0.60, and the δCe value ranged from 0.35 to 1.52, with
an average of 0.99 (Figure 5, Table S1). (IV) For pulse 3 pyrite, the ΣREE content ranged
from 18.77 × 10−6 to 84.40 × 10−6. Compared with pulse 2, both the ΣREE content and
range increased. The LREE/HREE ratio ranged from 1.7 to 5.55, with the LREEs being more
enriched. The (La/Yb)N value ranged from 3.0 to 16.55, (La/Lu)N from 2.83 to 14.51, and
(Ce/Yb)N from 2.83 to 14.51. A significant fractionation between the LREEs and HREEs
was observed, with (La/Sm)N values ranging from 1.92 to 5.85 and (Gd/Yb)N from 0.46 to
1.42. The variation in LREEs was greater than that in HREEs. The δEu value ranged from
0.41 to 1.40, with an average of 0.96, and the δCe value ranged from 0.85 to 1.72, with an
average of 1.28 (Figure 5c, Table S1). (V) For pulse 4 pyrite, the ΣREE content ranged from
3.19 × 10−6 to 54.79 × 10−6. Compared with pulse 3, both the ΣREE content and ranges
decreased. The LREE/HREE ratio ranged from 1.65 to 6.22, with the LREEs being more
enriched. The (La/Yb)N value ranged from 2.22 to 17.59, (La/Lu)N from 2.25 to 9.75, and
(Ce/Yb)N from 2.35 to 12.59. Significant fractionation between the LREEs and HREEs was
observed, with (La/Sm)N values ranging from 2.18 to 4.08 and (Gd/Yb)N from 0.45 to 1.19.
The variation in LREEs was greater than that in the HREEs. The δEu value ranged from
0.40 to 1.36, with an average of 0.84, and the δCe value ranged from 0.79 to 1.49, with an
average of 1.13 (Figure 5d, Table S1).

4.2. Trace Elements

The trace element concentrations are presented in Table S1. The results were standard-
ized using the continental crust standard [23], as shown in Figure 6. The trace elements
were classified into iron-group elements (V, Cr, Co, and Ni), rare elements (Li, Sc, Y, Zr,
Nb, Hf, etc.), radioactive elements (Th and U), tungsten–molybdenum group elements (Mo
and W), and sulfur-loving elements (Cu, Zn, Cd, Tl, Pb, etc.) according to Zawaritsky’s
scheme [24,25]. The iron-group elements in pyrite varied significantly from pulse 1 to
4. V and Cr were depleted at all stages, with depletion being smaller during pulses 1 to
3 compared with pulse 4. Co and Ni were enriched in all pulses, particularly in pulse
1. However, Co was depleted at some points in pulses 1, 2, and 3, while Ni was mostly
depleted in pulses 3 and 4. The Co/Ni ratio ranged from 0.18 to 30.35 across all pulses,
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with nearly half of the data points below 1, and 20 out of 27 points below 5. The rare
element concentrations in pyrite were depleted in all pulses. The radioactive elements
in pyrite were generally depleted across all pulses. The tungsten–molybdenum group
elements exhibited significant variation in all pulses. Mo was depleted, while W was
enriched in all pulses, with the enrichment factors (K) mostly greater than 1. Chalcophile
elements were the primary ore-forming elements. Cu and Pb were enriched in all pulses,
with enrichment factors (K) typically between 1 and 10. Tl was depleted in pulse 1 but
enriched in the other pulses, whereas Zn and Cd were depleted across all pulses. The
iron-group elements in the host rocks showed little variation across the orebodies. V, Cr,
Co, and Ni were depleted in both the upper and lower parts, but their concentrations
were similar to those of the continental crust standard. The rare element concentrations
showed minor depletion, similar to those of the iron-group elements. The radioactive
elements were generally enriched, with the enrichment factors (K) just above 1. Due to
experimental limitations, the tungsten–molybdenum group elements (Mo and W) were
not tested in the host rocks. The enrichment–depletion characteristics of the chalcophile
elements (Cu, Pb, Tl, Zn, and Cd) were similar to those observed in pyrite. Notably, Bi
exhibited extraordinary enrichment in both the surrounding rocks and pulses, with their
enrichment factors (K) ranging from 10 to 100, and even exceeding 100.

 

Figure 5. CI chondrite-normalized REE patterns of pyrite (normalization values after [22]).
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Figure 6. Continental crust-normalized trace element patterns of pyrite (normalization values based
on [23]).

5. Discussion

5.1. The Composition of Ore-Forming Fluid

The average rare earth element (REE) content of each pulse of pyrite is shown in
Figure 7. The average ΣREE content increased from pulse 1 (12.78 × 10−6) to pulse
2 (19.63 × 10−6), peaked at pulse 3 (58.59 × 10−6), and then decreased at pulse 4
(21.03 × 10−6). Both individual data points and average values indicated that the ΣREE
content was much lower than the host rock’s average (528.21 × 10−6). All pyrite pulses
showed enrichment of the LREEs over HREEs, with varying degrees of LREE-HREE frac-
tionation. For instance, pulse 1 exhibited a large fractionation between the LREEs and
HREEs, with smaller variation within the LREEs compared with that within the HREEs. In
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contrast, pulse 3 showed a greater fractionation between the LREEs and HREEs, with more
variation within the LREEs than within the HREEs, likely due to temperature changes that
alter the physicochemical properties of the hydrothermal fluids or the influence of external
fluids. Our arsenopyrite As atom data indicated average precipitation temperatures of
240 ◦C, 220 ◦C, 235 ◦C, and 230 ◦C for pulses 1 to 4, respectively [5]. This is consistent
with previous temperature measurements (142–230 ◦C) of quartz fluid inclusions from the
Shuixie deposit [24]. The average ΣREE content in the host rock (528.21 × 10−6) showed a
greater enrichment of the LREEs, with a small LREE-HREE fractionation and slightly more
variation within the LREEs than in the HREEs.

 

Figure 7. Average continental crust-normalized trace element patterns of pyrite (normalization values
based on [23]).

Previous studies have shown that REE ions can form complexes with ions such as
carbonate (CO3

2−), chloride (Cl−), fluoride (F−), nitrate (NO3
−), and sulfate (SO4

2−),
leading to compounds such as carbonates, sulfates, and chlorides. This represents a key
form of REE occurrence in nature [25]. The REE distribution curves for pyrite from various
pulses in the Alin Sb–Au orebodies were mostly right-skewed, indicating LREE enrichment
(Figure 5). This suggests that the ore-forming fluids contain a significant amount of F− or
Cl− [26–28]. High field strength elements (HFSEs), including HREEs, Nb, Ta, and Ce, have
small ionic radii and high ionic charges, leading to strong ionic fields. The distribution
of REEs and HFSEs is primarily controlled by their content in pyrite-forming fluids, with
little influence from the crystal structure. If the ore-forming fluid is rich in Cl−, the Hf/Sm,
Nb/La, and Th/La ratios are generally less than 1. In contrast, F−-enriched fluids with
concentrated HFSEs show Hf/Sm, Nb/La, and Th/La ratios greater than 1 [27]. Table S1
shows that most of the Hf/Sm, Nb/La, and Th/La values for pyrite from the Alin gold
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deposit were less than 1, with only a few exceeding 1, suggesting that the ore-forming fluid
is rich in Cl− and low in F− [24–26].

Each pulse of pyrite in the Alin Sb–Au orebodies was enriched in chalcophile elements
such as Cu and Pb, and relatively depleted in Zn and Cd, showing an exceptionally high
enrichment of Bi, while the iron-group elements were enriched in Co but depleted in
Ni. The HFSEs, including Th, U, Ta, Nb, Zr, and Hf, were relatively depleted. The large
ion lithophile elements (LILEs), such as Sr, Ba, and Rb, were also relatively depleted
(Figure 5). The tungsten–molybdenum group elements (Mo and W) exhibited varying
patterns of enrichment and depletion at different pulses. The trace element characteristics
of pyrite suggest that the ore-forming fluid is enriched in sulfur-loving elements such
as Cu, Pb, and Bi (Figure 6). The field observations, hand specimens, and microscopic
analysis revealed that, in addition to pyrite, the ore minerals included small amounts of
chalcopyrite, sphalerite, and galena, consistent with the trace element enrichment. In the
host rock, the enrichment and depletion patterns of chalcophile elements, such as Cu, Pb, Tl,
Zn, and Cd, mirrored those in pyrite. The iron-group elements showed minimal variation
between the upper and lower parts of the ore body, with V, Cr, Co, and Ni depleted in both,
though their depletion was not significant when compared with the standard crustal values.
The REEs exhibited similar depletion patterns to those of the iron-group elements. The
radioactive elements typically showed enrichment, with their enrichment coefficients (K)
slightly exceeding 1. Notably, Bi showed exceptional enrichment in both the surrounding
rock and all pulses, with K values ranging from 10 to 100, occasionally exceeding 100. The
trace elements in pyrite displayed characteristics of ore-forming fluid element enrichment.

5.2. Evolution of Ore-Bearing Fluid

Eu2+ is stable in high-temperature reducing hydrothermal fluids, leading to positive
Eu anomalies. In contrast, low-temperature reducing conditions result in negative Eu
anomalies due to the instability of Eu2+. Under oxidizing conditions, Ce3+ oxidizes to
Ce4+, separating from other elements and causing Ce anomalies [26]. The δCe values of
pyrite in different pulses varied significantly, with an average around 1 (ranging from
0.87 to 1.28, mean = 1.01), showing no significant Ce anomaly. This finding suggests
a reducing environment during pyrite mineralization, consistent with the presence of
pyrite and arsenopyrite as the main gold-bearing minerals in the Alin Sb–Au orebodies.
Pyrite’s REE profile showed negative Eu anomalies, with δEu values ranging from 0.6 to
1.17 (Figure 8). The δEu average values for pulses 1 to 4 were 1.17, 0.60, 0.96, and 0.84,
respectively, indicating considerable variation. For pyrite crystallized during pulse 1 (PyI1),
the number of δEu values greater than and less than 1 were roughly equal, suggesting a
high formation temperature and a complex formation environment. The pyrite precipitated
during pulses 2 and 3 exhibited a general negative Eu anomaly, with only a few points
greater than 1, indicating a lower temperature compared with that during pulse 1. The
pyrite precipitated during pulse 4 showed a similar number of δEu values greater than
and less than 1, suggesting a high temperature. The temperature decreased from pulses
1 to 3, and then increased during pulse 4, consistent with the formation temperatures
(240 ◦C, 220 ◦C, 235 ◦C, and 230 ◦C for pulses 1 to 4, respectively) determined based on
the arsenopyrite atomic percentages [5] and quartz fluid inclusions [24], suggesting the
possible involvement of external high-temperature hydrothermal fluids during the later
stages of mineralization. The host rock of the Alin Sb–Au orebodies showed a narrow range
of δCe values (0.92−1.0, mean = 0.96) and δEu (0.68−0.82, mean = 0.73) values, exhibiting
an overall negative anomaly. Whether these anomalies can reflect the physicochemical
conditions of mineralization requires further investigation.
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Figure 8. Ore-forming fluid characteristics: (a) Nb/Ta ratios of pyrite in each pulse; (b) Y/Ho ratios
of pyrite in each pulse; (c) Zr/Hf ratios of pyrite in each pulse; and (d) δCe–δEu values of pyrite in
each pulse.

Co and Ni replace Fe in pyrite mainly through isomorphous substitution. Co, be-
ing closer to Fe on the periodic table, is more easily incorporated into the pyrite lattice
than Ni. The Co/Ni ratio offers insights into the mineralization conditions and pyrite
formation [29,30]. Co is more temperature sensitive than Ni, making the Co/Ni ratio
useful for indicating the formation temperature of minerals. A lower Co/Ni ratio typi-
cally corresponds to a lower formation temperature [31,32]. During pulse 1 of the Alin
Sb–Au orebodies, only one pyrite sample had a Co/Ni ratio below 1, while the others
were significantly higher, suggesting a higher crystallization temperature. During pulse
2, the Co/Ni ratio of pyrite ranged from 0.34 to 11.4, with a mean of 3.5. The ratio was
roughly balanced between values greater than 1 and those less than 1, indicating a lower
precipitation temperature compared with that of pulse 1. During pulse 3, the Co/Ni ratio
of pyrite ranged from 0.4 to 2.6, with a mean of 1.33, suggesting a lower precipitation
temperature than during pulse 2. During pulse 4, the Co/Ni ratio of pyrite ranged from
1.55 to 5.43, with a mean of 3.56, suggesting a higher precipitation temperature than during
pulses 2 and 3. The variation in mineralization temperature in the Aling gold deposit, from
high to low and back to high, suggests that higher-temperature hydrothermal fluids may
have been mixed in during pulse 4. This hypothesis is supported by large-scale stibnite
precipitation during the late stages of mineralization [5].

The Y/Ho, Zr/Hf, and Nb/Ta ratios remained stable within the same hydrothermal
system due to the similar ionic radii and valence states of the Y−Ho, Zr−Hf, and Nb−Ta.
When disturbed by hydrothermal activity or metasomatism, these element pairs exhibited
distinct differentiation. Within the same sample, these ratios showed varying values and
wide ranges [32–34]. The Y/Ho, Zr/Hf, and Nb/Ta values of the Alin Sb–Au orebodies
varied widely across pulses (Figure 8a–c), suggesting that the ore-forming hydrothermal
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system in each pulse may have been disturbed, possibly due to metasomatism or external
hydrothermal fluids.

Figure 8b shows the Y/Ho ratios of pyrite under different pulses of the Alin Sb–Au
orebodies. Excluding an outlier of 176.58 from pulse 4, the ratios ranged from 3.24 to
36.38, with an average of 15.60. Pulse 2 exhibited the broadest range of Y/Ho ratios. The
average Y/Ho values of the pulses increase, then decreased, and finally increased again.
The Y/Ho ratio of chondrites is approximately 28, the mantle ranges from 25 to 30, seawater
ranges from 40 to 70, and the Y/Ho ratio in China’s continental crust ranges from 20 to
35 [26,33,35,36]. The Y/Ho ratios of pyrite at all pulses of Alin closely matched those of
the continental crust of China, indicating a strong relationship between the ore-forming
fluids and the crust. The Zr/Hf and Nb/Ta ratios of pyrite in each pulse of the Aling gold
deposit, shown in Figure 8a,c, exhibited large variations. The average Zr/Hf values of the
pulses decreased, and then increased, while the Nb/Ta values decreased, then increased,
and finally decreased again.

6. Conclusions

1. The ore-forming fluids were low in Cl− and F−, but enriched by sulfur-loving ele-
ments such as Cu, Zn, Cd, Pb, and Bi and iron-group elements such as Co.

2. The physical and chemical conditions during mineralization were marked by a reduc-
ing environment. Initially, the temperature decreased from pulse 1 to pulse 4, and
then increased again.

3. The temperature increase during pulse 4 may have resulted from the influx of Sb-
bearing high-temperature hydrothermal fluids, causing a metasomatic effect.
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Abstract: Previous research on Carlin-type gold deposits in North America and China
has revealed peculiarities in their genesis, distribution, and prospectivity. However, pin-
pointing these deposits within known ore districts and prospective areas is a complex
and resource-demanding task. Studying the structural and geological characteristics of
Carlin-type deposits in areas with a longer history of exploration using machine learn-
ing techniques is crucial, especially considering the potential for discovering Carlin-type
deposits in Russia. Crustal fracturing fields detected in space imagery and digital relief
models can serve as a foundation for prospectivity mapping of Carlin-type deposits, even
without evidence of magmatic sources of ore matter. The detection of disjunctive features,
observed as linear elements (lineaments) in remote sensing images of the Earth, allows
for a quantitative description of the Earth’s crust permeability to ore-bearing magmas and
fluids. This can be accomplished using open source pyLEFA software. Optical detection
methods facilitate this process, while the assessment of heterogeneity in the distribution
of fracture field parameters is achieved using unsupervised learning and classification.
Machine learning based on datasets produced with pyLEFA enables the assessment of the
contribution of predictor variables to the result. The knowledge acquired can be applied to
areas with the potential for discovering Carlin-type deposits.

Keywords: Carlin-type deposits; lineaments; geoinformatics; object detecting; machine
learning

1. Introduction

Carlin-type gold deposits are geologically significant altered metasomatic bodies
within carbonate rocks, holding substantial gold reserves and resources. Initially described
in the Nevadan metallogenic province (USA), similar deposits are also found in the Verkhoy-
ansk (Russia) and South China (China) metallogenic provinces [1–4]. Carlin-type deposits
often appear in nodes or linear groups (trends), and small surface areas can host significant
resources at depth [2].

The largest known Carlin-type deposits (CTDs) are in the western United States and
southwestern China. Enormous world-level CTDs in north-central Nevada host over
6000 t of gold and are exceeded only by the South African Witwatersrand [2,5,6]. Nevadan
CTD account for ~75% of US and ~9% of annual worldwide Au production, making the
USA the fourth-largest gold producer [5,7–9]. The second-largest concentration of gold of
Carlin type is the Dian-Qian-Gui area in southwestern China, where about 200 deposits
or occurrences were found, including several large (>20 t Au) and super-large (>100 t Au)

Minerals 2025, 15, 219 https://doi.org/10.3390/min15030219
188



Minerals 2025, 15, 219

reservoirs of over 1000 t of Au [10,11]. The Carlin trend is the leading source of Nevada’s
gold production, with 2227 tons extracted as of 2008 [12].

The Nevadan metallogenic province is located at the junction of the Pacific and North
American platforms. According to the authors of [1,13,14], the American platform is a
complex accretionary orogen formed as a result of the rifting of the Rodinia supercontinent
and the accumulation of Proterozoic-Paleozoic and early Mesozoic strata of carbonate,
terrigenous, siliceous, and shale composition from a passive continental margin. The late
Mesozoic and Cenozoic periods saw changes in the tectonic regime, with the subduction of
a young oceanic slab and ongoing thrust faulting of the ancient continental plate. Early
Mesozoic subduction resulted in the formation of magmatic arcs and massive I- and S-type
intrusions of Jurassic (160–140 Ma) and Cretaceous (120–80 Ma) age. The magmatism of
that period is associated with Au porphyry deposits with W, Mo, Cu, Pb, Zn, and Ag [13].
In the early Paleocene (~65 Ma), plutonic magmatism migrated easterly. This extension was
accompanied by subaerial volcanism, which formed basalt-rhyolite bimodal assemblages
in the middle Eocene (~45 Ma), succeeded by silicic caldera complexes and associated
epithermal Au-Ag deposits in the Oligocene and Miocene [15,16]. Thrust faulting led to the
division of orogenic belts into autochthonous (carbonate-terrigenous) and allochthonous
(siliceous-terrigenous) sequences that were originally united at the sedimentation zone of
Antler Rise, which exhibits typical CTD trends and hosts large Mesozoic granitoids [16].

The current literature suggests that the geodynamic settings for the formation of CTD
may involve the presence of a long-lived hotspot [2] or a sub-crustal (mantle) source [4]. The
Nevadan metallogenic province is located over the sizable positive gravity anomaly “of the
North Nevada Rift”, which was supposedly formed by the rise of the mantle and weakening
of the Earth’s crust, controlled by local gradient zones and corresponding deep faults [1].
Also, the Nevadan province has thermal anomalies and hot springs, which marks fluid
and energy flows from the mantle [17]. It is believed that the forming of world-class CTDs
involves two asthenospheric sources: the subslab source, which metasomatically refertilizes
the subslab lithospheric mantle; and the subcrustal source, which drives mantle upwelling.
Decompression in these areas affected by large transform faults can be followed by melting
in the mantle and asthenosphere. These melts can contribute to the formation of crustal
primary magmatic chambers when migrating through the mantle wedge subcontinental
asthenosphere, the upper mantle, and the foundation of the Earth’s crust. Above these
chambers, volcanic-plutonic systems may form, providing favorable conditions for the
localization of porphyry mineralization. In remote parts, CTDs may also occur in these
locations [18,19].

In the context of hotspot theory, over the past 100 million years, the North American
continent has drifted westward relative to the then-existing hotspot system [2]. Between
60 and 43 million years ago, the hotspot’s influence on the continent was shielded by the
shallow subducting slab of the Farallon oceanic plate. Magmas and fluids accumulated
beneath this slab until its breakdown around 42 million years ago. The main phase
of mineralization occurred between 40 and 36 million years ago, when the Nevadan
metallogenic province was positioned above the Yellowstone plume [2].

The goal of this study is to examine the potential of applying remote sensing and
machine learning methods for predicting areas prospective for CTDs using cost-effective
technologies. The K-means unsupervised classification method was used for the classifi-
cation of the area and targeting for exploration [20]. Prospective zoning was made using
a technique developed by Sergei Shevyrev, i.e., pyLEFA (pythonic Lineament Extraction
and Fracture Analysis) 0.61a, a free and open source remote sensing software [21,22]. This
cross platform software extracts lineaments from georeferenced images using the Hough
transform method [23]. It can export lineaments into the vector ESRI Shape format, com-
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pute parameters that describe lineament coverage, and combine them into data tables
for machine learning. If prospectivity mapping of the area and modeling for exploration
targeting (referencing Nevadan metallogenic province) prove to be viable, this approach
could be applied to outline primary exploration targets for CTDs in less studied areas.

2. Materials and Methods

The location of presumed material sources and the role of crustal infrastructure in
fluid migration have predefined the role of optical recognition methods for prospectivity
mapping. The material source for the formation of CTDs is deep-seated [2,5,24,25]. It is
emphasized that a superposition of three factors is crucial: the presence of an enriched
gold-bearing mantle zone; an accretionary orogen with sutures penetrating the basement;
and an ascending fluid flow from the sub-slab and supra-slab asthenosphere along the
fault and extensional zones [4]. These patterns of distribution make the structural features
of the area significant for predicting Carlin-type deposits and their discovery in Russia and
other parts of the world. Identifying the features of the fracture network structure makes it
possible to predict the placement of ore substance accumulations of a similar genesis at the
scale of ore objects and nodes.

For our structural study, the Carlin district (Basin and Range Province) and the adjacent
area were chosen as a benchmark for studying CTDs (Figure 1). The study area is located on
the eastern edge of the Pacific and comprises long-lived convergent zones with alternating
extensional and compressional tectonic settings [4,13]. Faults, thrusts, alternating magmatic
fronts, and bimodal volcanic series have been described here. The deposit trends are mostly
oriented northwest (Carlin, Alligator Ridge, Battle Mountain Eureka, Jarrett Canyon),
which corresponds to the orientation of magmatic fronts and is orthogonal to the main
geological and geomorphological structures. Contemporary research suggests that the
linear placement of the CTD is predetermined by the arrangement of Archean basement
faults which were reactivated by later tectono-magmatic events [4,13].

Figure 1. The research area on a geographical map of North America (a). Tectonic map of the Western
North American gold province with Carlin-type deposit trends (b), adapted from [4,5].

The Carlin trend is hosted by sedimentary, volcanic, and volcano-sedimentary rocks
of varying ages (Figure 2). In addition to stratigraphically undifferentiated pre-Cenozoic
sedimentary rocks, Jurassic, Paleogene, and Neogene formations are known in the study
area; these layers were formed in an active continental margin setting. The observed
tectonic structure of the ore fields began forming around 40 million years ago, coinciding
with the initial formation of grabens in the study area [2]. This process was marked by
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faulting at different levels of the crust and andesitic volcanism in marginal basins. New
faults were formed, and existing ones in the cover and basement were reactivated. The rock
sequences hosting the mineralization include large volumes of thinly layered dolomitic
limestones and marls. Alterations accompanying the mineralization development involved
volume loss, increased rock permeability, and silicification. The permeable jasperoid rock
structure, typical for CTD, was created by partial leaching of dolomite grains [2,26]. The
thrust faults play a special role in deposit formation, acting as structural traps for ascending
fluids. Impermeable clay-siltstone rocks of allochthons overlying carbonate autochthons
served as impermeable barriers in this process [27].

Figure 2. Geological map of the research area, adapted from [25].

Despite the noticeable presence of magmatic rocks in the structure of Carlin-type
deposit trends (see Figure 2), there is no genetic link between the ores and magma or
associated secondary alterations [2,4]. Carlin-type gold deposits and occurrences are char-
acterized by the following metasomatic transformations: decarbonatization, silicification,
argillitization, and dolomitization. For magmatic rocks located in fault zones, sericitization
has been described. These metasomatic alterations are associated with fault zones and
areas of increased fracturing [2]. Recent decades have seen a breakthrough in satellite tech-
nologies for Earth studies. Remote sensing methods provide information about physical
fields, crustal composition, and tectonics [28–30].

Morphological analysis and lineament recognition are traditionally used to identify
fault networks in the Earth’s crust [31–36]. The description of the crustal fracture structure
in the study area was performed using the pyLEFA 0.61a software. A graphic representation
of the application’s algorithm is provided in Figure 3. It comprises three stages and fifteen
actions, including optional ones.

To explore the functionality to be added in future versions of the pyLEFA 0.61a soft-
ware, prototyping was conducted to process data tables covering the spatial distributions
of the fracturing parameters in the study area. This involved applying the k-means unsu-
pervised classification algorithm [20], mapping the classes of coverage areas to ore deposits
and ore-bearing structures, and analyzing the contribution of predictor variables to the
resulting classes of averaging windows with varying prospectivity [37].

To assess the spatial distribution of crustal permeability and, consequently, the relative
prospectivity of the area, data from the Landsat 9 mission, provided by NASA and the U.S.
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Geological Survey, were used [38]. pyLEFA 0.61a can also process georeferenced optical
images and digital relief models. The scale of features to be extracted and, consequently,
the crustal discontinuities to be studied are limited by the spatial resolution of the images.
Data processing was conducted using the pyLEFA 0.61a software [21], which is based
on computer vision technology utilizing probabilistic Hough transform [23,39,40]. The
cross-platform pyLEFA application, written in Python, features a graphical user interface
built on the QT library (Figure 4). It can open georeferenced remote sensing images and
operates with objects in the metric coordinate system of the Mercator projection; however,
support for data in geographic coordinates is not guaranteed. Various topologies of vector
shape files are supported. A key feature introduced in pyLEFA 0.61a is the ability to use
point layers to compute raster heat maps. This feature is used to generate and save data
tables that correlate linear element pattern parameters (predictors) with point density
(target variable). The tables are saved in CSV format (comma-separated values) and can be
used for engineering graphics, machine learning, and hypothesis testing (see Figure 4).

Figure 3. Algorithm for remote structure analysis in pyLEFA 0.61a software.

In pyLEFA, starting from version 0.6a, users can save and load projects that contain
references to the files they are working with (buttons 1–3, see Figure 4). A project con-
solidates files related by the covered area and the spectrum of the tasks being addressed,
including geotiff and ESRI shape files. The project file (with a *.lefa extension) is an XML
format record containing information about the original “parent” file for the vector file
being considered (if the file was created in pyLEFA), a reference to it on the disk, and
information about the content. For vector data, the topological type is also specified.

Routine use of the program involves starting with the addition of georeferenced TIFF
files for analysis (button 4; see Figure 4). It is also possible to enhance the project with an
existing vector file containing linear or point features (button 5; see Figure 4). Analysis
settings for the raster file can be accessed from the “View” menu → “Settings” (see Figure 4).
Recognition is performed by edge detection on the image using the Canny method, along
with specifying the Hough transform and Canny edge detection parameters (Table 1). The
table presents the adjustable parameters for the image processing used for “line” and “fault”
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detection, i.e., the maximum tolerated value to keep the detected line from separation (Gap
Length), the minimum length of the line to be detected (Line Length), the threshold of the
Hough Transform accumulator necessary for line detection (Detection Threshold), and the
standard deviation for Canny edge detection Gaussian [41,42].

Figure 4. Interface of the pyLEFA 0.61a program with the functions of individual buttons indicated.

Table 1. Hough Transform Parameters for Identifying Linear Features on Landsat 9 OLI Image
(Band 9) of the Carlin Trend in PyLEFA 0.61a.

№ Order of Identified Linear Features

Parameter

Sigma for
Canny (n*0.1)

Detection
Threshold

Line Length
(min.)

Gap Length

1 First-order linear elements (“lines”) 15 10 50 10
2 Second-order elements (“faults”) – 30 200 10

This process enables the recognition of lineaments in remote images from Landsat
9 OLI satellite photographs (Figure 5). A visual comparison of the identified structural
elements, trend boundaries, and ore deposits confirmed the hypothesized link between
deep-seated faults and the formation of CTD [4,5,25]. As can be seen in Figure 5, lineaments
of the first order (“lines”) in the N and NE direction dominate among the detected ones.
Their direction is orthogonal to Mesozoic subduction and thrust faulting (NW), which
supposedly indicates that the age and origin of these features are related to changes in
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the tectonic regime. Produced by processes on a planetary scale, these detected linear
elements could be deep-seated. Meanwhile, linear objects of the second order (“faults”)
correspond to the directions of known faults and sometimes coincide with them (NW) (cf.
Figures 1 and 5).

Figure 5. Landsat 9 OLI satellite image (band 7, path 041, row 032), captured on 11 September 2023
(a) and its interpretation scheme in pyLEFA 0.61a (b). For other symbols, see Figure 1.

The number of identified objects and their lengths are determined using parameters
from the probabilistic Hough transform process. Users can set threshold values (peak
intensity in Hough space), the minimum length of detectable lines, and the allowable gap
in pixels forming a line. Since the settings for binarization and recognition significantly
influence the analysis results, users have the option of saving these settings to an external
file and loading them later. Configuration files (*.lpf) placed in the “lines” subdirectory
of the “presets” folder within the program directory will be automatically loaded upon
startup and will appear in the corresponding dropdown list of this tab.

The initially identified pattern of first-order lineaments, considered as “tectonic frac-
tures”, is used for the subsequent identification of second-order lineaments, interpreted
as “tectonic faults”. These terms are placed in quotes because the results of optical image
recognition can be misinterpreted as purely tectonic features. This can occur due to false
recognition of roads, power lines, contrails from airplanes, or other linear features that
do not reflect the structure of the Earth’s crust or the condition of rock formations. It is
important to remember that the interpretation of identified elements requires validation
with data obtained from other sources or fieldwork.

In the program, users can adjust the Hough transform parameters for the detection
of second-order lineaments, referred to as “faults”. Hough transform is applied to the
binarized pattern of first-order lineaments directly identified from the satellite image. The
parameters for this pattern can also be saved as presets (located in the presets/faults
directory within the program directory). The binarization of raster images, a necessary step
for object recognition, can be performed using Canny transformation (with one adjustable
parameter) or “flow detection” [43]. The identified linear elements of both orders are saved
as georeferenced ESRI shape files (*.shp), and they can also be opened within the program.
A layer (if specified) serves as a background for displaying the lines on the basis of which
they were generated.

A visual assessment of the rose diagrams for the directions of the first and second-order
lineaments (Figure 6) indicates their alignment with the northwest (dominant) orientation
of the geological and geomorphological structures of the region, confirming the accuracy
of the identified linear elements and the nature of their corresponding features. For layers
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containing identified linear elements, it is possible to generate polygonal coverage layers
that provide a parametric description of the pattern of first or second-order lineaments.
These coverage layers are ESRI shape polygonal layers, where the square polygons of
the averaging windows correspond to rows in the attribute table of the file, containing
calculated values for the windows such as the Minkowski fractal dimension or total line
length (in meters). The size of the averaging windows is user-defined. Coverage polygon
classes are computed for parameters describing the pattern of the first-order linear features,
as represented across the entire study area. Determining the number of classes and their
boundary values can be a complex task which is often left to the subjective judgment
of the user. To define the number of classes and the boundaries of these values, the
concentration-area (C-A) curve method described by Yousefi and Carranza [44] is applied.

Figure 6. Rose diagrams of lineaments identified for the Carlin trend and adjacent area: (a) first-order
(“fractures”); (b) second-order (“faults”).

This method identifies a parameter value for which the area corresponding to values
equal to or greater than the given one changes sharply, coinciding with a break on the C-A
curve. This analysis is implemented as experimental Python scripts and has not yet been
incorporated into pyLEFA 0.61a, but the scripts themselves are available for download [45].
The C-A curve method involves plotting a curve in logarithmic coordinates for a predictor
variable, showing the logarithms of threshold values against the area covered on the map.
Class boundaries are determined by the presence of n inflection points on this curve,
with the number of classes being n + 1 (Figure 7). Calculations were performed for the
initially obtained first-order lineaments covering the entire study area. Using the computed
C-A curves (Figure 7a,b), eight classes were identified for the line density of first-order
lineaments, and nine classes for the Minkowski fractal dimension. The color gradations
of the averaging windows of the coverage layer reflect the distribution of the calculated
parameter values.

From Figure 8, it is evident that there is only a partial match between CTD sites and
the classes with the highest parameter values that describe the pattern of the identified
linear features. Thus, determining a threshold value to separate squares with prospective
and non-prospective areas is challenging. To delineate the area’s permeability for ore-
bearing fluids, which is indirectly reflected in the pattern of the identified linear features,
an unsupervised machine learning method, k-means classification, is employed [20].
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Figure 7. C-A curves for parameters describing the pattern of first-order lines for density (a) and the
Minkowski fractal dimension (b). The breakpoint values are indicated above the curve’s inflection
point (oblique crosses).

Figure 8. Distribution of first-order line pattern parameters for the area adjacent to the Carlin trend.
Density of first-order lines (a) and Minkowski fractal dimension of the first order (b). Layout created
in QGIS; class boundaries are defined according to Figure 7. For other symbols, see Figures 1 and 5.

An interesting practical feature of the program is the previously mentioned data
integration of the density and the Minkowski fractal dimension, which is either uploaded
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into the program or generated by it for vector layers of linear features and point value
density distribution, with output provided as a CSV file (comma-separated values). This
opens up new possibilities, as the program can analyze not only lineaments but also
geological boundaries, dikes, veins, and other linear features.

In addition to the parameter values of the coverage, the generated table includes
metric coordinates of the averaging window boundaries used for calculations and the
coordinates of the centroid points. An interesting feature is that the densities (total line
lengths within an averaging window) and fractal dimensions can also be included in the
table for any linear vector layers arbitrarily loaded into the project. Table generation is
performed to average the windows of a user-specified size. The density distribution field of
point features under study is loaded into the table as the target variable. While calculating
the point feature density, the program creates a “heat map”, i.e., a raster geotiff file that
contains values that are inverse to the distances from the points of the loaded image to
the point features of the loaded file, known as kernel density estimation [46]. Values are
computed within the limits defined by the user-specified “calculation radius”. By creating a
table based on the calculated layers and point features, it is possible to construct predictive
and descriptive machine learning models to identify patterns in the distribution of the
point features and the main factors of their placing. This capability enables the program to
be used to develop machine learning models, i.e., k-means in this particular research case.
The first 10 entries in the data table for averaging windows measuring 10 km are shown in
Table 2.

Table 2. Header and first 10 entries of the data table for k-means clustering in case study.

id X_left Y_top X_right Y_bottom X_centroid Y_centroid l3l9_dens f3l9_dens l3l9_mink f3l9_mink dep_po

0 523305 4549283 533295 4539293 528300 4544288 0 0 0 0 0
1 523305 4539293 533295 4529303 528300 4534298 20010 0 0.9943 0 0.0344
2 523305 4529303 533295 4519313 528300 4524308 69840 0 1.2197 0 0
3 523305 4519313 533295 4509323 528300 4514318 5040 0 0.8001 0 0
4 523305 4509323 533295 4499333 528300 4504328 40980 0 1.0458 0 0
5 523305 4499333 533295 4489343 528300 4494338 76140 0 1.3709 0 0.0516
6 523305 4489343 533295 4479353 528300 4484348 65940 0 1.3015 0 0.0137
7 523305 4479353 533295 4469363 528300 4474358 87030 0 1.4034 0 0.0145
8 523305 4469363 533295 4459373 528300 4464368 13560 0 1.0905 0 0.0834
9 523305 4459373 533295 4449383 528300 4454378 16740 0 1.2695 0 0.0877

Note: Geometric parameters include X_left, Y_top, X_right, Y_bottom, X_centroid, and Y_centroid, which
represent the coordinates of the sides and centroids of the averaging windows. Predictors are identified as
l3l9_dens and l3l9_mink, representing the density and Minkowski fractal dimension calculated for first-order
linear elements within the windows; f3l9_dens and f3l9_mink represent the density and Minkowski fractal
dimension calculated for second-order linear elements. The target variable is dep_po, which refers to the density
distribution of mineralizations.

The calculation of predictor variables and the creation of data tables based on them
allow comparisons to be made of the parameters describing the pattern of lineaments
(predictors) with the kernel density distribution of the studied point features [46]. This
approach is applicable not only for predicting mineralization but also for other purposes.
Such a method opens up opportunities to use a wide range of machine learning and
artificial intelligence techniques in the study of lineament patterns for the discovery and
assessment of regularities and interrelationships.

In this study, the k-means unsupervised classification method [20] was applied to
segment the coverage squares of the averaging windows based on the density and connec-
tivity of first and second-order lineaments. The choice of this method was driven by the
fact that class identification is performed independently of the target variable values and is
solely linked to changes in the lineament values themselves. Subsequently, if a connection
between the target variable values and the classes of the averaging windows can be estab-
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lished, it would verify both the tectonic nature of the identified features and the role of
fracture tectonics identified from satellite imagery in the formation of Carlin-type deposits.

Developing a machine learning model requires a preliminary assessment of the re-
lationships both among predictor variables and between these variables and the target
variable (Figure 9). Significant correlations are observed between some predictor variables
(Pearson correlation coefficient values >0.7) due to the fact that second-order lineaments are
derived from first-order features (Figure 9a). The density of first-order lines is related to the
density of second-order lines (>0.83). The Minkowski fractal dimension is associated with
density, as greater lengths of linear features within an averaging window indicate a higher
degree of self-similarity of the pattern. A weak correlation was found between the density
of second-order lineaments and their Minkowski fractal dimension (0.43). There is no linear
correlation between predictors and the density of deposit occurrences (−0.17 to 0.21). The
pairwise correlation of variables shows (Figure 9b) that forming a spindle-shaped cloud of
figurative points (indicating a near-linear dependency) is possible only for the density of
first and second-order linear features, as well as their Minkowski fractal dimensions.

Figure 9. Analysis of the relationships between predictor variables and the target variable. Heat map
of the data table (a) and pairwise correlation of the data table (b). See Table 2 for variable labels.

The elbow method was used to determine the optimal number of k-means clusters,
which allows comparisons to be made of the number of classes and the amount of “dis-
tortion”, defined as the sum of squared distances between class observations and their
centroid [47]. In other words, selecting the optimal number of classes involves identi-
fying a point where further increasing the number of classes no longer significantly de-
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creases the distortion (Figure 10a). Using this method, four classes of averaging windows
were determined.

Figure 10. K-means classification for averaging the windows of the area: determination of the
number of classes using the elbow method (a); coverage of the area with averaging windows for
which k-means classes are defined (b). Numbers indicate k-means classes.

For the square averaging windows, k-means classification was performed using only
predictor variables, without mapping to the target variable. Experimental script sets
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for the development of new components of the pyLEFA program were used for these
calculations [45], and a schematic map was created (Figure 10b). Since the classification
utilized only variables describing the density and fractal dimension of first and second-
order line patterns, if their correlation with ore-bearing potential is justified, then the classes
of averaging windows will describe fracturing and, consequently, the permeability of the
Earth’s crust. This indicates the need to verify their applicability for predicting Carlin-type
gold deposits. A visual comparison shows that Carlin-type deposits correspond to class 1
averaging windows (Figure 10b), while occurrences are mainly concentrated within class 1
and 2 windows. Accordingly, class 0 and 3 averaging windows are preliminarily assessed
by us as non-prospective.

3. Results

The application of the k-means unsupervised classification method enabled the zoning
of the area adjacent to the Carlin trend (Nevada, USA) into four distinct classes (see
Figure 10). By comparing these classes with known hydrothermal ore deposits, they were
categorized by permeability: classes 0 and 3 are relatively impermeable, and classes 1 and
2 are relatively permeable (see Figure 10).

To understand and evaluate the importance of predictors in k-means classification,
a method proposed by Alghofaili [37] was used to assess the contribution of predictor
variables to the identified classes. This approach leverages the Random Forest Classifier
to determine the significance of each predictor in the formation of clusters, indicating the
impact of the corresponding natural factors on the results (Figure 11).

An analysis of the weights table for predictors calculated for linear features in satellite
imagery (Figure 11a) indicates that in the prospective averaging window classes (classes
1 and 2), the most significant factors are the density and Minkowski fractal dimension
of second-order linear features (“faults”). These same predictors, when calculated for
linear elements, are of secondary importance, as illustrated by the bar chart (Figure 11b).
Additionally, in the non-prospective coverage window classes (classes 0 and 3), second-
order linear features (“faults”) are absent.

The revealed connections, validated by actual mineralization occurrences, demon-
strated that the processing of Landsat 9 images with pyLEFA 0.61a software can facilitate
first-pass prospectivity mapping for deposits controlled by crustal fracturing. The resulting
division of the area based on the unsupervised k-means method proved that the obtained
linear element density and interconnectivity are responsible for the distribution of CTD.
Thus, this method can be transferred to other areas.

The result of evaluating the coverage of averaging windows over the study area can
be presented as a confusion matrix, where columns represent the model’s results and
rows show the correspondence (or lack thereof) with actual data (Table 3). The obtained
confusion matrix reflects only approximate model performance. The actual sizes and
contours of known deposits and occurrences were not considered in the study. Provisionally
prospective averaging windows (classes 1 and 2) located within ore-bearing trends but
not containing any deposit or occurrence marked as a point object are counted as “false
positives” in the part of the table reflecting point objects (columns 1 and 2). Identified “false
positives” and “false negatives” may present a distorted view of the actual situation, as the
future discovery of ore objects in these areas could change the perceived ore-bearing nature
of the study area. Considering averaging windows that partially or entirely fall within
ore-bearing trends provides more reliable performance metrics for the model (Table 3,
columns 3 and 4).
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Figure 11. Predictors for k-means unsupervised classification and its significance (weight), shown as
a table (a) and as a bar chart (b). Blue rectangles indicate weight, numbers correspond to Figure 10.

Table 3. Confusion matrix for the results of the semi-automatic classification of the averaging
windows in the research area.

Facts

For Point Objects For Trend Boundaries

1 2 3 4

‘Non-Prospective’ ‘Prospective’ ‘Non-Prospective’ ‘Prospective’

‘Non-Prospective’ 44 32 38 16
True Negative False Positive True Negative False Positive

‘Prospective’ 6 8 12 24
False Negative True Positive False Negative True Positive

To evaluate the quality of dividing the research area into provisionally prospective
and non-prospective sections, machine learning metrics were calculated [48]. The results of
these metrics are shown in Table 4. The metrics in the “Value (points)” row were calculated
assuming that averaging windows were considered prospective only if they included ore
objects. In contrast, the metrics in the “Value (trends)” row were obtained by considering
objects as prospective if they fell within trend boundaries or intersected these boundaries.
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Table 4. Metrics for Predictive Assessment of the Research Area.

№ Metric Acc TPR PPV FScore TNR FPR Kappa BA

1 Value (Points) 0.60 0.67 0.2 0.31 0.59 0.41 0.01 0.63
2 Value (Trends) 0.69 0.67 0.6 0.63 0.7 0.3 0.27 0.69

Note: Acc—Accuracy, TPR—True Positive Rate, PPV—Precision, FScore—F-measure, TNR—True Negative Rate,
FPR—False Positive Rate, Kappa—Kappa Statistic, BA—Balanced Accuracy.

4. Discussion

When evaluating our classification of the research area into provisionally “prospective”
and “non-prospective” averaging windows, a higher classification quality was established
for the identification of prospective windows (classes 1 and 2) when compared to the
boundaries of ore-bearing trends (Table 4, row 2). Several metrics support this finding.
The accuracy and precision, which indicate how well the classified objects match reality,
were significantly higher, with a 25% lower false positive rate. The kappa statistic was
substantially higher for the assessment aligned with trend boundaries. A kappa value of
0.01 indicates no agreement in assigning objects to the binary classes of “prospective” and
“non-prospective”, whereas kappa = 0.27 suggests a satisfactory degree of agreement [49].
The balanced accuracy was also higher in the second case (0.69 vs. 0.63). Thus, the
evaluation of the classification using quantitative metrics suggested that the developed
approach is applicable for delineating prospective permeable areas of the Earth’s crust.

The described technology is viable and could be applied in other regions if the crucial
role of crustal fractures that could be identified as linear elements is supported by mineral-
ization concepts. Also, the data table output from the pyLEFA software (as distinct from the
lineament coverage parameters) can integrate geochemical, geophysical, and point occur-
rence data, making optical features recognition applications expandable. Despite the fact
that the lineaments extracted from the remote sensing image using the optical recognition
method could be partially masked by diluvium or vegetation coverage, the technology for
their analysis may be formalized for use in cost-effective first pass prospectivity analyses
based on machine learning technologies. The unsupervised and easily explainable method
of classification, the k-means, can classify a territory into a formal number of classes; the
connection with a target variable describing the presence of mineralization occurrence
could be measured with the Alghofaili method [37]. Classes with greater prospectivity
could then be considered as the primary targets for costly field surveying. Transferred
to other regions, this approach could be the foundation for the future development of a
non-biased decision-making instrument for mineral prospectivity analysis.

5. Conclusions

This study zoned the Carlin trend and its surrounding area based on the detection of
first and second-order lineaments, the calculation of their parameters, and an export of the
resulting data as a table. The k-means machine learning model created to classify the area
is an unsupervised model, meaning it uses only predictor variables and does not consider
the calculated kernel density distribution of point objects as a target variable. Despite this,
the classification of square averaging windows proved applicable for the delineation of the
area of the Carlin ore trend, as demonstrated by the model’s quality assessment metrics.
Identifying individual mineralizations with this model is challenging, since it does not
account for the actual area and reserves of deposits. The present case study demonstrates
the applicability of the proposed approach for the preliminary division of the study area
and the planning of more detailed work.

The experience gained by using the pyLEFA program to generate a dataset for machine
learning can be utilized to predict objects and areas in other regions, and the data obtained
during prototyping may be implemented in new versions of pyLEFA.
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Abstract: Gold occurrence Maljavr is the first Archean conglomerate-hosted gold mineralization
found in the Fennoscandian Shield. Gold-mineralized metasomatic rocks form a set of lenses within
a 10 m thick linear zone, conformable to the bedding of host conglomerates. The lenses are up
to 10 m long and up to 1 m thick and they clearly exhibit three alteration envelopes: the rock in
the central part consists of garnet and quartz or garnet-only; biotite, garnet, and quartz make the
intermediate biotite–garnet envelope; hornblende, hedenbergite, and quartz are the principal rock-
forming minerals in the outer zone of the lenses. All metasomatic rocks contain sulfide mineralization
up to 15–20 vol.% and up to 0.6 g/t Au. The main ore mineral is pyrrhotite, and the minor minerals
are arsenopyrite, chalcopyrite, pentlandite, löllingite, and troilite. The age of zircon from biotite
gneiss in the zone of alteration is 2664 ± 18 Ma, this is considered as the time of formation of lenses
of metasomatic rocks. Biotite gneiss-conglomerate and metasomatic rocks were later intruded by
tourmaline granite pegmatite 2508 ± 7 Ma. The injection of pegmatite caused re-crystallization of
sulfides (mainly arsenopyrite and löllingite) and redistribution of gold. Visible gold in association
with Bi minerals native bismuth, ehrigite, maldonite, bismuthinite, joseite-B, and hedleyite was
found in inclusions in recrystallized arsenopyrite and löllingite. Au content in the rocks with
recrystallized arsenopyrite and löllingite is >1 g/t, up to 30 g/t in hand samples. The 2508 Ma
pegmatite is interpreted as synchronous with formation of gold mineralization in its present form.
The linkage of gold mineralization with pegmatite and geochemical association Au-As-Se-Te-Bi in
the mineralized rocks agree with characteristics of intrusion-related gold deposits worldwide. Biotite
gneiss–metaconglomerate, hosting the mineralized altered rocks, was the probable primary source of
arsenic and gold for mineralization.

Keywords: Archean conglomerate; greenstone belt; alteration; gold; bismuth; ehrigite; U-Pb age; zircon

1. Introduction

Paleoplacers in Precambrian conglomerates are the most important genetic type of
gold deposits: half of gold ever mined on the Earth was mined from Witwatersrand
Mesoarchean conglomerate basin in South Africa [1]. Conglomerates with gold are known
in other Precambrian shields in the world as well—for example, Tarkwa in Ghana (Western
Africa) [2], Jacobina in Brazil (South America) [3], Pardo in Canada (North America) [4,5],
Purdy’s Reward in Pilbara Craton (Australia) [6,7], Gorumahisani-Badampahar conglom-
erates in Craton Singhbhum, India (Asia) [8]. High gold grades are mainly connected
with alluvial placers along river paleovalleys, but sea beach paleoplacers are also known
(for example, in Australia—[6]). In the Fennoscandian shield, conglomerates with gold
were found in the Lehtinskaya and Onezhskaya structures in Russian Karelia and in the
Central Lapland greenstone belt in Finland, where these gold occurrences are considered
as Paleoproterozoic gold paleoplacers in fluvio-deltaic fans [9–11].

The Precambrian gold-bearing conglomerates are either monomictic with quartz
pebbles or polymictic with pebbles of different composition, up to ultramafic pebbles [4–7].
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Gold concentrates mainly in the conglomerate matrix, not in the pebbles [1–3]. The matrix
may be clayey, sandy, or up to coarse-grained sands.

Paleoplacers (and gold as a mineral) were more or less modified during late regional
metamorphic and hydrothermal-metasomatic events. The paleoplacers, mentioned in the
previous paragraph, are mainly metamorphosed greenschist [1–11]. If these modifying
events are more intensive (amphibolite facies), then gold deposits and occurrences will
display features of orogenic and/or intrusion-related deposits: structural-control of miner-
alized rocks, mineral associations (amphibole, pyroxene, biotite, garnet, etc.) indicating
high PT-conditions of metasomatic processes in the altered rocks, geochemical association
of minor elements introduced by fluids of metamorphic or magmatic origin. In this case
paleoplacers play a role as interim gold concentrators.

The Maljavr gold occurrence, located in amphibolite metamorphosed rocks in the
Uragubsky greenstone belt (north-eastern part of the Fennoscandian Shield) (Figure 1,
inset), is an occurrence of this kind. It is the first conglomerate-hosted gold occurrence of
Archean age to be found in the Fennoscandian Shield.

 

Figure 1. Schematic geological map of the Maljavr gold occurrence area, designed using data
from [12], and position of the Maljavr occurrence in the tectonic map of the Fennoscandian Shield (in-
set).

2. Geological Overview of the Study Area

The Maljavr gold occurrence is located in the north-western part of Russian Arc-
tic within the Uragubsky greenstone belt (Figure 1, inset). This belt, together with the
larger and more extensive Kolmozero-Voron’ya belt in the south-east, makes a system of
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greenstone belts, which traces the boundary between two big blocks of the Fennoscandian
Shield—the Murmansk Craton and the Kola-Norwegian Province (or simply Kola Province)
(Figure 1, inset).

The Uragubsky belt has an approximately 80 km strike length and a width of up to
4 km. The history of the formation of the Uragubsky and Kolmozero-Voron’ya belts, as
described in [13], includes the following events: formation of an island arc at 2.87–2.83 Ga;
a break of 50 million years and subsequent accretion of the island arc to the Murmansk
continent; formation of an accretionary orogen (2.78–2.76 Ga); probable collapse of the
orogen with formation of post-orogenic (or possibly anorogenic) granite intrusions.

The geological section of the Uragubsky belt includes the lower terrigenous sequence
with basal conglomerates, the middle komatiite–basalt volcanic sequence, and the up-
per sedimentary-volcanic sequence [14]. The lower terrigenous sequence is composed
mainly of fine and medium grained biotite and two-mica gneisses and cataclastic pebble
and boulder–pebble rocks. The middle sequence is composed of mafic–ultramafic vol-
canics; it also contains tuff horizons, fine-grained biotite and biotite–amphibole gneiss
horizons and lenses, layers of BIF and magnetite–amphibole rocks (Figure 1). The upper
sedimentary-volcanic sequence consists predominantly of biotite, biotite–garnet, biotite–
staurolite–sillimanite, biotite–sillimanite–garnet gneisses with subordinate thin foliated
amphibolite bodies. Chemical composition of the gneisses corresponds to dacite and
rhyolite; paragneisses are subordinate. The U-Pb SHRIMP II age of zircon from gneiss–
metadacite is 2838 ± 23 Ma, this age is considered as the age of volcanism [15,16].

The volcanic–sedimentary rocks were metamorphosed amphibolite at a temperature
of 600–620 ◦C, under a pressure of 4 kbar [17]. The U-Pb age of metamorphism was
reported as 2786 ± 31, 2774 ± 12 Ma (SHRIMP-II, zircons of metamorphic genesis) [15],
2763 ± 8 Ma [14].

The volcanic–sedimentary sequences are cut by intrusions of plagioclase/microcline
granite (2696 ± 9 Ma), aplite veins (2697 ± 10 Ma) [18], and tourmaline granite peg-
matite veins.

Pebble conglomerates were mapped at the southern contact of the belt with migma-
tized gneisses and plagiogranites of the Kola province in the lower part of the basal
terrigenous sequence [14,19,20]. Thickness of the conglomerate layer is 2–5 m, sometimes
up to 10 m. The conglomerates are matrix-supported, pebble dimensions vary predomi-
nantly from 3 × 5 to 5 × 10 cm. Fine grained greywacke (biotite and muscovite–biotite
gneiss) makes the conglomerate matrix.

Layers and lenses of pebble conglomerate and gritstone were also observed throughout
the entire biotite gneiss sequence. Every conglomerate layer is an alternation of conglomer-
ate, gritstone, and sandstone (Figure 2A,B) with thickness of strata 10–20 cm. The rocks
preserved obvious signatures of their terrigenous origin such as graded rhythmical bedding
(Figure 2A,B) and psephytic–psammitic structures. The clasts consist predominantly of
plagiogranite (up to diorite) and quartz; pebbles and gravel are cemented by biotite or
biotite–muscovite gneiss–metagraywacke. Plagiogranite in the pebbles contains partially
sericitizated oligoclase, quartz, and minor biotite and tourmaline. Gneiss in the matrix is
similar to the biotite paragneiss in the lower sequence of the volcanic–sedimentary section
as it consists of quartz, plagioclase (labradorite), biotite, ±muscovite; accessory minerals
are apatite, zircon, chlorite, tourmaline, allanite.
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Figure 2. Graded rhythmical bedding in conglomerate in an outcrop (A) and in a block (B).

3. Materials and Methods

Investigations of wall rock alteration, metasomatic zoning, and determination of pre-
ore, ore-related, and post-ore mineral assemblages in altered rocks were based on the study
of rocks in the outcrops, on examination of mineral relations in thin and polished sections,
as well as on the results of assaying the primary and altered rocks. More than 50 specimens
and samples (1.5–10 kg), supplemented by chips for thin and polished sections, were
collected by the authors in the outcrops and trenches in 2022–2023. The samples were
assayed for 12 major (rock-forming) elements in the chemical laboratory of the Geological
Institute, Kola Science Centre of Russian Academy of Sciences, Apatity, Russia, with flame
atomic absorption spectrometry (FAAS). Data on 40 trace elements, which determined
the geochemical characteristics of the rocks, were obtained by ICP-MS with nitric acid
digestion in the Institute of Geology and Geochemistry of the Ural Branch of the Russian
Academy of Sciences, Ekaterinburg,

Mineral composition of the ores was studied in thin and polished sections of the rocks
and in epoxy-polished sections of heavy mineral concentrates, separated with the Sochnev
magnet and bromoform from the crushed hand samples. Thin and polished sections were
studied with the reflected light microscope Axioplan 2 Imaging (Carl Zeiss, Jena, Germany)
and with the electron microscope Zeiss Evo-25 (Carl Zeiss, Jena, Germany), equipped with
the energy-dispersive system (EDS) AZtec UltimMax-100 (Oxford Instruments, Oxford,
UK) in the Geological Institute of the Kola Science Center. Sulfides, tellurides, and native
metals were identified and photographed in the regime of back-scattered electron image
(BSE). Chemical composition of mineral phases was defined with EDS AZtec UltimMax-
100 (Oxford Instruments), operating at accelerating voltage 20 kV, beam current 2 nA,
spectrum accumulation time 100 s. The following analytical lines and standards were
used for silicates and oxides: FKα (fluorapatite), SiKα and CaKα (wollastonite), ClKα

(atacamite), FeKα (hematite), LaLα (LaSe), CeLα (CeS), NdLα (LiNd(MoO4)2), TiKα and
NaKα (lorenzenite), MnKα (MnCO3), SKα, and SrLα, MgKα, AlKα, KKα, NiKα (metal);
analytical lines (standards) for sulfides and metals were PbMα and TeLα (PbTe, in some
cases HgTe for TeLα), BiMα and SeLα (Bi2Se3), AsKα (InAs), AgLα (metal), AuMα (metal),
FeKα и SKα (pyrite) (in some cases metal for FeKα), NiKα (metal), CoKα, (metal), ZnKα

(metal or sphalerite), BrKα (KBr), CdLα (metal or CdSe).
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Microprobe analysis (MS-46, CAMECA, Gennevilliers Cedex, France), accelerating
voltage 22 kV, beam current 30–40 nA, standards (analytical lines; detection limit, wt%):
Fe10S11 (FeKα; 0.01 and SKα; 0.05), Bi2Se3 (BiMα; 0.1 and SeKα; 0.05), LiNd(MoO4)2 (MoLα;
0.1), PbS (PbMα; 0.1), pure metals Co (CoKα; 0.01), Ni (NiKα; 0.01), Cu (CuKα; 0.01), Pd
(PdLα; 0.05), Ag (AgLα; 0.05), Te (TeLα; 0.05), Re (ReLα; 0.05), Au (AuLα; 0.05), was
performed for grains larger than 20 μm (analyst Ye. Savchenko). Beam size was 2–10 nm,
depending on stability of the matter under the beam current. Measurement time was 10 s
for major elements, 20 s for minor elements, and 10 s for background measurements. The
results of 4–5 measurements for each element were averaged.

Zircon U-Pb dating was undertaken at the Geological Institute of the Kola Science
Center (Apatity, Murmansk region, Russia). Isotope dilution-thermal ionization mass
spectrometry (ID-TIMS) was used. Prior to analysis, zircons were extracted using magnetic
separation with the Sochnev magnet and heavy liquid separation in bromoform, with
surface contamination removed using alcohol, acetone, and 1 M HNO3.

The zircon dissolution and chemical recovery of Pb and U were performed using the
technique described in [21], with U and Pb concentrations determined by isotope dilution
employing a Finnigan MAT-262 (RPQ) mass spectrometer and a mixed 208Pb + 235U tracer,
with silica gel used as an ion emitter. Blank levels had maximum values of 100 ng Pb
and 10–50 ng U, and all isotope ratios were corrected for mass fractionation by analysis
of the SRM-981 and SRM-982 standards (0.12 ± 0.44%). The uncertainties on the result-
ing U-Pb ratios are 0.5%. The raw experimental data were processed using PbDAT and
ISOPLOT [22,23], with age values calculated using conventional U decay constant val-
ues [24] and common Pb corrections following [25]. All uncertainties are reported at a 2σ
confidence level.

4. Results

4.1. The Maljavr Occurrence: Geological Structure, Alteration, Ore Minerals

The Maljavr gold occurrence is located at the SW flank of the belt, where biotite
gneiss of the lower sequence forms an anticline fold with the upper bend dipping SE
(Figure 1). Biotite gneiss (metamorphosed sandstone, gritstone, and conglomerate) is cut by
a tourmaline granite pegmatite N-striking vein, about 40 m thick (Figure 3). Rock forming
minerals in pegmatite are quartz, plagioclase (albite–oligoclase), microcline, muscovite,
and tourmaline, and minor minerals are biotite, apatite, zircon.

The western contact of the vein is sharp, but the eastern contact is transitional, through
a 10 m-wide zone of foliation (Figure 4A) and migmatization (Figure 4B). In the zone of
foliation, pebbles are deformed together with the matrix (Figure 4A). The biotite gneiss is
intensely tourmalinizated at both sides of the pegmatite vein (Figure 3). Deformation and
tourmalinization intensity in the biotite gneiss decreases within ~20 m distance from the
pegmatite contact.

Smaller lenses of pegmatite were found up to 50 m away from the main pegmatite
vein and zone of migmatization. The biggest lenses are up to 20 m long, smaller lenses are
less than 20–30 cm (Figure 4C,D). The pegmatite lenses cut biotite gneiss, including the
pebbles in metaconglomerate (Figure 4C).

A series of lenses of metasomatic rocks is controlled by a ~10 m thick zone, strik-
ing NNE 10–15◦ and dipping vertically, conformably to schistosity in the biotite gneiss
(Figure 3). This zone was traced for 50 m in outcrop and farther on is covered by soil. The
biggest lenses of metasomatic rocks reach the length of 10 m and 1 m thickness (Figure 3),
small lenses have less than 1 m strike length (Figure 5).

210



Minerals 2024, 14, 535

 

Figure 3. Schematic geological map of the Maljavr gold occurrence.

 

Figure 4. Photographs of outcrops in the Maljavr occurrence. (A) foliation in the biotite gneiss–
metaconglomerate; (B) migmatization at the contact of biotite gneiss with pegmatite; (C,D) small
pegmatite lenses, cutting schistosity in metaconglomerate.
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Figure 5. Lenses of altered rocks in the metaconglomerate in a block (A) and in an outcrop (B).
Red, yellow and green lines show the boundaries of garnet-quartz (Gr-Q), biotite-garnet (Bt-Gr) and
hornblende-hedenbergite (Hbl-Hd) metasomatic rocks, correspondingly.

The lenses of metasomatic rocks clearly exhibit three alteration envelopes (Figure 5).
The central parts (the cores) of the lenses consist of garnet and quartz (Figure 6D) or
garnet-only (garnetite) (Figure 5), the cores are 10–40 cm thick. Biotite, garnet, and quartz
make the intermediate biotite–garnet envelope (Figure 6C). Thickness of this envelope is
up to 20 cm in the biggest lenses. Hornblende, hedenbergite, and quartz are the principal
rock-forming minerals in the outer zone, where minor minerals are epidote, quartz, and
garnet (Figure 6B). Thickness of the outer hornblende–hedenbergite envelope is variable,
not more than 20 cm; in some lenses, this zone is reduced or absent.

Metasomatic rocks are massive, medium- to coarse-grained: garnet grains reach 1 cm,
other minerals are 1–3 mm in size. Biotite flakes and needle crystals of amphibole and
pyroxene are differently oriented (Figure 6B,C). Quartz veinlets penetrate all zones of
metasomatic rocks, the veinlets are oriented along the strike of the lenses (Figure 5).

Biotite gneiss in between the lenses is generally similar to the gneiss throughout the
entire biotite gneiss sequence, but garnet appears (1–2 vol.%) and sulfide content increases
from <1 to 1–2 vol.% close to the contact with metasomatic lenses.

The spidergrams (Figure 7) illustrate change in chemical composition of the rocks
during alteration processes. The diagrams exhibit general loss of SiO2 and Na2O and gain
of FeO in all metasomatic rocks: Fe content systematically increases from the outer envelope
to the core of the lenses. Al2O3, CaO, MgO, K2O were re-deposited during alteration and
formed metasomatic zoning. Hornblende–hedenbergite rock has high CaO, low Al2O3,
Na2O, and K2O. Biotite–garnet rock contains high Al2O3, MgO, and K2O, but low CaO.
Garnet–quartz rock in the central part of the lenses has high FeO, and lower content of
other general elements (Figure 7, Table S1).
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Figure 6. Thin section microscope photos of unaltered biotite gneiss (A), hornblende–hedenbergite
(Hbl-Hd) (B), biotite–garnet (Bt-Gr) (C) and garnet–quartz (Gr-Q) (D) metasomatic rocks, plane
polarized light. Bt—biotite, Fsp—feldspar (plagioclase), Grt—garnet, Hbl—hornblende, Hd—
hedenbergite, Ms—muscovite, Qz—quartz. Here and below all mineral symbols are given according
to IMA recommendations [26].

Change of mineral composition of the rocks during alteration processes is chiefly
limited to severe alteration of plagioclase in the biotite gneiss, recrystallization of biotite
and quartz, and formation of garnet, amphiboles, and pyroxene. Sodium, released during
plagioclase alteration, was removed from the altered rocks. Calcium was re-deposited in the
outer hornblende–hedenbergite envelope, where it formed hornblende, hedenbergite, and
high-Ca almandine. The residual alumina from the altered plagioclase together with iron,
which was added to the system, formed garnet (almandine) in biotite–garnet and garnet–
quartz rocks. Potassium, concentrated in the primary biotite in gneiss, was re-deposited
mainly in the garnet–biotite rock.

GER (general element ratio) diagrams [27] (Figure 8) illustrate change of both mineral
and chemical composition during alteration and formation of metasomatic zoning in terms
of element ratios: loss of sodium due to severe alteration of plagioclase (Figure 8A,B),
redistribution of potassium, connected with recrystallization of biotite (Figure 8A,B), addi-
tion of Fe and redistribution of Ca and Al, which lead to formation of Ca-rich almandine,
hornblende, and hedenbergite (Figure 8C,D).
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Figure 7. Variation of the main components content in altered rocks: maximum, minimum and
mean values, in molar quantities. Rocks: 1—unaltered biotite plagiogneiss (8 samples), 2–4—altered
rocks: 2—hornblende–hedenbergite (11), 3—garnet–biotite (5), 4—garnet–quartz and garnet-only
(10 samples) (see Table S1 for assay results).

All Fe-Mg silicates in the altered rocks are Fe-rich (Table S2): pyroxene is hedenbergite,
amphiboles are ferro–hornblende and grunerite, chlorite is chamosite, and mica is Fe-biotite.
Garnet is almandine in the garnet–quartz and garnet–biotite rocks, and Ca-rich almandine
with mole proportion of grossular 14–28% in the hornblende–hedenbergite rock (Table S2).

Altered rocks, if compared with the unaltered biotite gneiss, display loss of Rb, Cs,
Sr, Ba, Zr, Nb, LREE, U, Pb, and gain of As, Ag, Te, Se, Bi, Cu (Table S3, Figure 9). It is
important to note high As in the unaltered biotite gneiss; arsenic is 3–15 times higher than
the average for the upper continental crust [28]. Concentration of As, Te, Se, and Bi in
the gold-mineralized rocks is by 1–2 orders of magnitude more than in non-mineralized
metasomatic rocks (Table S3, Figure 9).

Gold content in the unaltered biotite gneiss is 0.004 g/t (Table S1) and increases in
the lenses of metasomatic rocks. Distribution of gold is very uneven: sulfide-mineralized
rocks in all metasomatic envelopes contain 0.03–0.5 g/t Au, but where coarse-grained
arsenopyrite appears, gold content increases to >1 g/t, and reaches 30 g/t in some hand
samples [12]. Channel sampling across one of the lenses of altered rocks gave 1.78 g/t Au
for 0.8 m [12].
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Figure 8. General element ratio diagrams [27] for altered rocks of the Maljavr occurrence in coordi-
nates Na2O/Al2O3—K2O/Al2O3 (A), K2O/Al2O3—(Na2O + K2O)/Al2O3 (B), FeO + CaO)/Al2O3—
SiO2/Al2O3 (C), and FeO/Al2O3—CaO)/Al2O3 (D). BG—unaltered biotite gneiss (red symbols);
altered rocks: Gr-Qz—garnet–quartz rock (blue), Grt-Bt—garnet–biotite rock (brown), Hbl-Hd—
hornblende–hedenbergite rock (green symbols).

Unaltered biotite gneiss (metaconglomerate, metagritstone, metasandstone) contains
disseminated sulfide mineralization < 1 vol.%; sulfide minerals are pyrrhotite (prevails),
arsenopyrite, rarely chalcopyrite, and late pyrite; oxide minerals are ilmenite and rare
magnetite. No sulfide mineralization was found in the migmatizated rocks at the contact
of biotite gneiss with pegmatite.

Sulfide content increases significantly to 1 to 25 vol.% in the lenses of metasomatic
rocks, sulfide-rich rocks (>10 vol.%) were found in different alteration envelopes of the
lenses. Texture of mineralization is disseminated, veinlet-disseminated, or nested. Mineral
composition is not complicated: the main minerals are pyrrhotite and arsenopyrite, minor
sulfides are chalcopyrite, löllingite, troilite, pentlandite, molybdenite. Oxide minerals are
ilmenite and magnetite (the latter is more rare, but up to 10% in some samples).

Two generations of arsenopyrite were detected in the metasomatic rocks, the gen-
erations differ in grain form and size (Figures 10 and 11), and in chemical composition
(Table 1). The early arsenopyrite-1 occurs as small grains up to 0.2 mm in disseminated
sulfides. It contains high Co and Ni, and some grains are clearly zoned (Figure 11A)
with As-, Co- and Ni-rich core (As 38.2–39.7 at.%, Co 3.12–4.11 wt%, Ni 1.62–2.89 wt%)
and lower As, Co and Ni in the rim (As 34.6–35.0 at.%, Co 2.23–2.44, and Ni 0.38–0.81
wt%) (Table 1). Late re-crystallized coarse-grained (0.5–3 mm in size) arsenopyrite-2 is
disseminated in the altered rocks, or it forms chains of euhedral grains (Figures 11B and
12–the detailed fragment). Zoning in arsenopyrite-2 is complicated—there are zones with
lower (32.7–33.8 at.% As) and higher (34.6–35.9 at.% As) arsenic alternate in the grains
(Figure 11C,D). Co and Ni impurities are below 0.5 wt%.
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Figure 9. Geochemical spectra of unaltered biotite gneiss–metaconglomerate (TY-1, TY-36), slightly
altered biotite gneiss at the contact with a lens of altered rock (TY-25), unmineralized altered rocks
(samples TY-32, TY-35 with 0.04–0.05 g/t Au), and gold-mineralized altered rocks (samples TY-42,
TY-60 with >1 g/t Au), normalized by the average for the upper continental crust [28].
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Figure 10. Recrystallized arsenopyrite (big white grains) in hornblende–hedenbergite metasomatic
rocks with pyrrhotite–arsenopyrite dissemination. Photos of polished sections.

 

Figure 11. Arsenopyrite from the Maljavr gold occurrence. (A) zoning in arsenopyrite-1, polished sec-
tion photo, crossed polarized light. (B) a chain of arsenopyrite-2 grains in hornblende–hedenbergite
rock, polished section photo, plane polarized light. (C,D) complicated zoning in arsenopyrite-2—back-
scattered electron (BSE) images: arsenic-rich zones are lighter than arsenic-poor. Apy—arsenopyrite,
Bi—native bismuth.

217



Minerals 2024, 14, 535

T
a

b
le

1
.

M
ic

ro
pr

ob
e

da
ta

fo
r

ar
se

no
py

ri
te

(A
py

)a
nd

lö
lli

ng
it

e
(L

o)
of

th
e

M
al

ja
vr

go
ld

oc
cu

rr
en

ce
,w

t%
.

S
a
m

p
le

N
o

.
T
У

-
2
5
-1

T
У

-
2
5
-1

T
У

-
2
5
-2

T
У

-
2
5
-2

T
У

-
3
1

T
У

-
3
1

T
У

-
4
1

T
У

-
4
1

T
У

-
4
5

T
У

-
4
5

T
Y

-
4
1
-1

T
Y

-
4
1
-1

T
Y

-
4
1
-2

T
Y

-
4
1
-2

T
Y

-
2
9

T
Y

-
4
2

T
Y

-
4
2

T
Y

-
4
1

T
Y

-
4
1

T
Y

-
2
9

T
Y

-
4
2

T
Y

-
4
2

M
in

e
ra

l
A

p
y

-
1
-C

A
p

y
-

1
-R

A
p

y
-

1
-C

A
p

y
-

1
-R

A
p

y
-

1
-C

A
p

y
-

1
-R

A
p

y
-

1
-C

A
p

y
-

1
-R

A
p

y
-

1
-C

A
p

y
-

1
-R

A
p

y
-

2
-C

A
p

y
-

2
-R

A
p

y
-

2
-C

A
p

y
-

2
-R

A
p

y
-

2
A

p
y

-
2

A
p

y
-

2
L

o
L

o
L

o
L

o
L

o

S
14

.9
4

18
.3

2
16

.0
8

18
.9

4
15

.4
9

18
.3

6
18

.1
6

20
.0

3
17

.9
3

19
.2

8
18

.6
6

19
.3

0
17

.7
7

19
.2

8
17

.3
7

18
.0

6
18

.2
1

1.
40

1.
98

1.
84

1.
83

2.
04

Fe
26

.4
6

31
.4

27
.9

2
30

.5
6

27
.7

3
31

.4
9

33
.1

5
34

.6
1

31
.8

9
33

.6
5

33
.2

5
34

.5
4

33
.4

3
34

.3
6

33
.7

8
33

.6
2

33
.6

3
27

.6
6

28
.2

3
28

.0
3

25
.1

1
26

.3
1

C
o

3.
76

2.
32

3.
12

2.
44

4.
11

2.
23

0.
47

0.
13

1.
28

0.
48

0.
34

0.
12

0.
39

0.
09

0.
07

0.
24

0.
17

0.
08

0.
13

0.
10

0.
49

0.
42

N
i

2.
89

0.
64

2.
25

0.
81

1.
62

0.
38

0.
24

bd
l

0.
29

0.
02

0.
49

bd
l

0.
38

bd
l

0.
17

0.
26

0.
11

0.
09

0.
10

0.
13

2.
07

0.
68

A
s

51
.8

3
47

.6
9

50
.5

7
47

.4
5

50
.9

3
46

.8
47

.8
6

45
.4

7
48

.5
2

46
.3

8
47

.9
6

46
.7

2
48

.5
9

45
.8

0
48

.8
0

47
.8

7
48

.0
9

70
.2

7
69

.3
5

69
.9

4
70

.2
6

70
.0

4
To

ta
l

99
.8

8
10

0.
37

99
.9

3
10

0.
2

99
.8

8
99

.2
6

99
.8

8
10

0.
25

99
.9

1
99

.8
1

10
0.

70
10

0.
67

10
0.

55
99

.5
3

10
0.

19
10

0.
05

10
0.

21
99

.5
1

99
.7

9
10

0.
04

99
.7

6
99

.4
9

A
to

m
s

pe
r

fo
rm

ul
a

un
it

S
0.

80
5

0.
94

6
0.

85
2

0.
96

5
0.

83
1

0.
95

7
0.

94
1.

01
4

0.
92

7
0.

98
6

0.
95

2
0.

98
2

0.
92

1
0.

99
2

0.
90

8
0.

93
7

0.
93

9
0.

08
9

0.
12

5
0.

11
6

0.
11

4
0.

12
7

Fe
0.

81
9

0.
93

1
0.

85
0

0.
89

4
0.

85
4

0.
94

2
0.

98
5

1.
00

6
0.

94
6

0.
98

7
0.

97
5

1.
00

9
0.

99
6

1.
01

5
1.

01
4

1.
00

1
0.

99
6

1.
00

9
1.

02
4

1.
01

3
0.

90
4

0.
94

4
C

o
0.

11
0

0.
06

5
0.

09
0

0.
06

8
0.

12
0

0.
06

3
0.

01
3

0.
00

4
0.

03
6

0.
01

3
0.

00
9

0.
00

3
0.

01
1

0.
00

2
0.

00
2

0.
00

7
0.

00
5

0.
00

3
0.

00
4

0.
00

3
0.

01
7

0.
01

4
N

i
0.

08
5

0.
01

8
0.

06
5

0.
02

3
0.

04
8

0.
01

1
0.

00
7

0.
00

0
0.

00
8

0.
00

1
0.

01
4

0.
00

0
0.

01
1

0.
00

0
0.

00
5

0.
00

7
0.

00
3

0.
00

3
0.

00
3

0.
00

4
0.

07
1

0.
02

3
A

s
1.

19
5

1.
05

4
1.

14
8

1.
03

5
1.

16
9

1.
04

3
1.

06
0.

98
6

1.
07

3
1.

01
4

1.
04

8
1.

01
8

1.
07

9
1.

00
8

1.
09

2
1.

06
3

1.
06

1
1.

91
1

1.
87

5
1.

88
4

1.
88

6
1.

87
3

at
.%

A
s

39
.7

35
.0

38
.2

34
.7

38
.7

34
.6

35
.3

32
.7

35
.9

33
.8

34
.9

33
.8

35
.7

33
.4

36
.1

35
.2

35
.3

63
.4

61
.8

62
.4

63
.0

62
.8

N
ot

e:
bd

l=
be

lo
w

th
e

d
et

ec
ti

on
lim

it
.

A
to

m
s

p
er

fo
rm

u
la

u
ni

t
ar

e
ca

lc
u

la
te

d
fo

r
A

s
+

S
=

2.
A

p
y-

1
an

d
A

p
y-

2—
ar

se
no

p
yr

it
e

of
th

e
fi

rs
t

an
d

th
e

se
co

nd
ge

ne
ra

ti
on

s,
co

rr
es

po
nd

in
gl

y.
C

—
da

ta
fo

r
th

e
ce

nt
ra

lp
ar

to
ft

he
gr

ai
n,

R
—

da
ta

fo
r

th
e

ri
m

.

218



Minerals 2024, 14, 535

 

Figure 12. Pegmatite lenses, cutting biotite gneiss and metasomatic rock, a specimen photo with
detail area. The arrows point at a chain of arsenopyrite-2 grains in a thin biotite veinlet between two
pegmatite lenses. Apy—arsenopyrire, Bt—biotite, Grt—garnet, Hbl—hornblende, Hd—hedenbergite,
Qz—quartz.

Löllingite occurs as inclusions in arsenopyrite-2 (Figure 13), rarer as separate euhedral
grains up to 0.5 mm in size. Löllingite contains impurities of Ni (<2 wt%), Co (<0.5 wt%),
and S (<2 wt%) (Table 1).

 

Figure 13. Inclusions of löllingite, gold, native bismuth, and ehrigite in arsenopyrite-2 (A), and
concentration of bismuth–ehrigite–gold inclusions at the contact arsenopyrite–löllingite (B). BSE-
images. Apy—arsenopyrite, Au—native gold, Bi—native bismuth, Ehg—ehrigite, Lo—löllingite.
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Gold was found in numerous inclusions in arsenopyrite-2 and löllingite (Figure 13),
except the only gold grain in quartz, reported in [12]. The inclusions are monomineral or
polymineral, in the polymineral inclusions gold associates with native bismuth and bismuth
telluride ehrigite Bi8Te3 (the second finding in the world after Good Hope gold mine [29])
(Table 2, Figures 14 and 15). Rarer mineral phases, found in the inclusions, are maldonite,
bismuthinite, joseite-B, hedleyite, hessite, bismoclite, and demicheleite-Br. The inclusions
are of irregular angular form, up to 0.2 mm sized (Figures 13 and 14). High concentration
of bismuth–ehrigite–gold inclusions is reached at the contact arsenopyrite–löllingite, or
these minerals form veinlets along arsenopyrite–löllingite boundary (Figure 13B).

Table 2. Microprobe data for ehrigite (Ehg), hedleyite (Hdl), maldonite (Mdo), and native bismuth
(Bi) of the Maljavr gold occurrence, wt%.

Mineral Ehg Ehg Ehg Ehg Ehg Ehg Ehg Hdl Hdl Mdo Mdo Bi Bi Bi

S bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0.06 bdl bdl
Fe 0.27 bdl bdl 0.45 0.27 0.96 1.33 bdl bdl bdl 2.89 0.27 0.27 1.37
As 0.08 bdl bdl 0.00 0.03 0.10 bdl bdl bdl 0.12 0.13 0.05 0.14
Te 18.61 18.68 18.34 16.38 18.29 18.36 18.25 23.45 24.93 bdl bdl 0.00 bdl bdl
Au bdl bdl bdl bdl bdl bdl bdl bdl bdl 63.78 62.82 bdl bdl bdl
Pb bdl 0.78 bdl bdl bdl 0.94 bdl 4.08 bdl bdl bdl bdl bdl bdl
Bi 81.49 80.54 80.23 82.49 80.36 79.64 79.05 72.47 75.07 36.22 33.85 99.02 99.88 98.43

Total 100.45 100.00 98.56 99.39 98.95 99.89 98.73 100.00 100.00 100.00 99.68 99.49 100.20 99.94

Atoms per formula unit

S 0.047 0.004
Fe 0.099 0.168 0.099 0.347 0.479 0.291 0.010 0.010 0.049
As 0.022 0.008 0.028 0.009 0.004 0.001 0.004
Te 2.962 3.006 2.998 2.646 2.956 2.896 2.879 3.340 3.523 0.000
Au 1.954 1.791
Pb 0.077 0.091 0.358
Bi 7.917 7.915 8.003 8.140 7.934 7.667 7.615 6.302 6.477 1.046 0.910 0.982 0.989 0.947

Notes: bdl = below the detection limit. Atoms per formula unit are calculated for 11 atoms in ehrigite, 10 atoms in
hedleyite, and 3 atoms in maldonite.

 

Figure 14. Inclusions of native gold and bismuth, bismuth and ehrigite (A), and polymineral gold–
bismuth–ehrigite inclusion (B) in arsenopyrite-2. BSE-images. Apy—arsenopyrite, Au—native gold,
Bi—native bismuth, Ehg—ehrigite.
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Figure 15. Maldonite with gold (A) and with native bismuth and ehrigite (B) in polymineral in-
clusions in arsenopyrite-2, BSE-images. Apy—arsenopyrite, Au—native gold, Bi—native bismuth,
Ehg—ehrigite, Mdo—maldonite.

Gold fineness is high or medium, it contains from 53 to 99 wt% Au with two peaks
at 72–82 and 88–98 wt%. The main impurities are Ag (4–30 wt%), Fe and As (<0.2 wt%)
(Table 3). One more gold mineral in the deposit is maldonite Au2Bi (Table 2), which occurs
in the inclusions in arsenopyrite and löllingite together with gold, native bismuth, and
ehrigite (Figure 15).

Table 3. Microprobe data for native gold of the Maljavr gold occurrence, wt%.

Fe 1.94 0.48 1.48 1.12 1.71 0.77 0.24 1.11 0.11 0.24 1.35 1.67
As 0.04 0.01 0.04 bdl 0.03 0.07 0.10 0.11 bdl bdl bdl bdl
Ag 7.34 21.22 35.73 45.78 3.78 4.78 29.71 8.78 18.17 18.68 6.23 bdl
Au 88.97 77.08 61.42 53.10 94.19 92.83 69.32 89.45 77.69 78.62 91.16 99.22

Total 98.29 98.80 98.67 100.00 99.71 98.46 99.37 99.45 95.98 97.53 98.75 100.89

Atoms per formula unit

Fe 0.063 0.014 0.040 0.028 0.056 0.026 0.007 0.036 0.003 0.007 0.044 0.056
As 0.001 0.000 0.001 0.001 0.002 0.002 0.003
Ag 0.123 0.330 0.494 0.594 0.064 0.084 0.435 0.146 0.298 0.300 0.106
Au 0.814 0.656 0.465 0.378 0.879 0.889 0.556 0.816 0.698 0.692 0.850 0.944

4.2. Zircons in the Rocks of the Maljavr Occurrence and Age of Zircons

Zircon from sample SHM-12 of biotite gneiss–metaconglomerate forms euhedral
transparent pale yellow fractured crystals, with plain facets and smoothed edges. Prism
{110} and di-pyramid {111} facets are predominant. The crystal size is 50–150 μm, the
elongation coefficient varies from 2.0 to 3.0 (Figure 16). Some grains contain inclusions
of monazite and biotite (Figure 16). Coarse zoning was noted in the outer part of some
zircon crystals.
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Figure 16. BSE images of zircons from the Maljavr occurrence: (A) zircons from biotite gneiss,
(B) zircons from tourmaline granite pegmatite. Bt—biotite, Mnz—monazite, Zrn—zircon.

Ten samples of the least altered zircon crystals, selected from different size fractions,
were assayed for U and Pb isotopes (Table 4). Analytical points of isotopic composition of
ten zircon fractions lie in discordia with the age 2664 ± 18 Ma at the upper intersection with
the concordia, MSWD = 9.5 (Figure 17). The lower intersection with the age 378 ± 77 Ma
reflects the Paleozoic tectonic activity and formation of the Khibiny and Lovozero alkaline
intrusions [30].

Zircon from sample SHM-11 of tourmaline granite pegmatite forms euhedral long-
prysmatic transparent fractured crystals of brown color. Prism {110} and di-pyramid {111}
facets are predominant, the crystal faces are rough, and the edges are sharp. The inner
structure is nonhomogeneous, with dark and light areas of irregular form, some grains
contain small inclusions of uraninite (Figure 16). The crystal size is 100–300 μm, the
elongation coefficient varies from 3.0 to 4.0. Five samples of the least altered and free of
inclusions zircon crystals were selected from different size fractions and assayed for U and
Pb isotopes (Table 4). Analytical points of isotopic composition of five zircon fractions
lie in discordia with the age 2508 ± 7 Ma at the upper intersection with the concordia,
MSWD = 1.4 (Figure 18). The lower intersection with the concordia occurs at 358 ± 57 Ma.
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Figure 17. Diagram with concordia for biotite gneiss from the Maljavr occurrence.

 

Figure 18. Diagram with concordia for tourmaline granite pegmatite from the Maljavr occurrence.
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5. Discussion

The sequence of volcanic–sedimentary rocks, including the conglomerate hosting
the Maljavr gold occurrence, formed during the period from 2.95 to 2.83 Ga. The lower
boundary of the time interval is defined by the age of detrital zircons from the basal
conglomerates 2952–2939 Ma: the zircons are primarily magmatic, the probable parental
rock was TTG gneiss in the Kola province [14]. The upper time boundary of the interval
is specified by the age gneiss–metadacite 2838 ± 23 Ma (zircon, U-Pb, SHRIMP II) in the
upper sequence of the Uragubsky belt [16].

The volcanic sedimentary sequence was metamorphosed amphibolite at a temperature
of 600–620 ◦C, under a pressure of 4 kbar [17] during the period from 2.87 to 2.66 Ga. It was
the time of several accretion events, which lead to formation of the continent Kenorland [13].
An ancient island arc (the Kolmozero-Voron’ya and Uragubsky greenstone belts, at present)
and the Kola province were successively accreted to the Murmansk block 2.78–2.76 Ga
ago [13]. The peak of the Neoarchean metamorphic event in the Uragubsky greenstone
belts was reached at ~2.77 Ga: the U-Pb age of metamorphism is 2786 ± 31, 2774 ± 12 Ma
(SHRIMP-II, zircons of metamorphic genesis) [16,17], 2763 ± 8 Ma [15].

Age of zircon from the biotite gneiss in the zone of alteration in the Maljavr occurrence
is 2664 ± 18 Ma (Figure 17, Table 4), i.e., it is younger than the age of volcanic sedimentary
rocks and younger than regional metamorphism in the Uragubsky belt. Textural and struc-
tural characteristics of the metasomatic rocks in the Maljavr gold occurrence, such as mas-
sive fabrics with different orientation of biotite flakes and amphibole crystals (Figure 6B,C),
indicate alteration processes after the peak of regional metamorphism under conditions of
undirected pressure. Biotite–garnet [31,32] and amphibole–garnet [31] geothermometers,
applied to the composition of coexisting biotite–almandine and hornblende–almandine, cor-
respondingly (Table S2), indicate temperature of metasomatic rocks formation 600–630 ◦C,
it is close to the temperature of regional metamorphism in the Uragubsky belt [17].

This zircon age of biotite gneiss in the zone of alteration corresponds well to the age of
granulite metamorphism in the Kola-Norwegian province, adjacent to the Uragubsky belt
from SW (Figure 1, inset). The rocks of the Kola-Norwegian province were metamorphosed
granulite during the period 2.71–2.50 Ga [33,34]. This metamorphic event was dated with
the outer zones of zircon crystals, which defined the interval 2707–2656 Ma [33], and with
zircon from biotite–garnet–sillimanite gneiss 2648 ± 18 Ma [34].

The tectonic events 2.71–2.50 Ga in the Kola-Norwegian province are reflected in
the neighboring Uragubsky and Kolmozero-Voron’ya greenstone belts. The volcanic–
sedimentary sequences of the belts were intruded with plagioclase/microcline granites and
granite aplite dykes at 2696 ± 9 Ma [18]. These tectonic events probably caused increasing
intensity of hydrothermal processes in the greenstone belts: in the Kolmozero-Voron’ya
belt metasomatic rocks were dated 2629 ± 64 Ma [35], and we consider the age of zircon
from the Maljavr occurrence 2664 ± 18 Ma as the time of alteration of the biotite gneiss,
when the lenses of metasomatic rocks with sulfide (pyrrhotite-arsenopyrite) mineralization
formed. Morphological and isotope characteristics of zircons from the biotite gneiss agree
with the zircons of metamorphic genesis [36,37]: zircon grains are isometric or ellipsoid,
crystal zoning is weakly displayed or absent (Figure 16A). The discordancy of the analytical
points (Figure 17) appears probably due to zircon fracturing, which promoted partial loss
of radiogenic lead.

The more recent recognized stage of formation of the Maljavr occurrence was the
injection of tourmaline pegmatite with age of 2508 ± 7 Ma. Morphological and isotope
characteristics of zircons from the tourmaline granite pegmatite agree with the magmatic
zircons (Figure 16B, Table 4). Thin euhedral zoning can be seen in the outer crystal zones,
and zoning is blurred in the central parts of the zircon grains. Inhomogeneity of the inner
structure (Figure 16B) may be explained by later fluid alteration, which did not significantly
modify the crystal structure.

The pegmatite affected the biotite gneiss and metasomatic rocks and caused tourmalin-
ization and recrystallization of sulfides (arsenopyrite and löllingite): a chain of arsenopyrite
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grains, recrystallized due to pegmatite injection, can be seen in a thin veinlet of biotite
gneiss between two lenses of pegmatite (Figure 12). Recrystallization of sulfides resulted
in gold–bismuth mineralization in a form of numerous inclusions in arsenopyrite-2 and
löllingite grains.

The temperature of formation of arsenopyrite-2 (and gold–bismuth mineralization)
was determined with the arsenopyrite geothermometer [38]. The arsenopyrite geother-
mometer is believed to be the most reliable for sulfide systems, because arsenopyrite
composition is resistant to change of PT-parameters in the surrounding medium [39]. The
thermometer can be applied only to arsenopyrites with Co and Ni impurities less than
0.5 wt%: arsenopyrite-1 does not fit this requirement, but arsenopyrite-2 is acceptable
(Table 1). Composition of arsenopyrite-2 and its association with pyrrhotite indicate two
temperature intervals: 500–600 ◦C for arsenopyrite with As 34.6–35.9 at.% and 400–510 ◦C
for arsenopyrite with As 32.7–33.8 at.%. The first interval can be related to the temperature
of metasomatic rock’s formation. The second temperature interval 400–510 ◦C corresponds
well to the conditions of pegmatite crystallization: T = 415–460 ◦C was estimated for peg-
matite in the area of the Maljavr occurrence with different mineral thermometers and study
of fluid inclusions in beryl [40].

Two stages of gold mineralization evolution in the Maljavr gold occurrence are sup-
posed: 1—the stage of formation of lenses of metasomatic rocks with sulfide pyrrhotite-
arsenopyrite mineralization (0.03–0.5 g/t Au) at ~2.66–2.67 Ga; 2—gold concentration
in re-crystallized arsenopyrite and löllingite at the time of pegmatite injection ~2.51 Ga.
Therefore, the pegmatite age of 2508 ± 7 Ma reflects the time of formation of gold–bismuth
mineralization in its present form.

As it was shown in the example of the Suurikuusikko and Iso-Kuotko deposits in
the Central Lapland belt in Northern Finland [41], gold-mineralized rocks form with a
series of impulses of hydrothermal activity. In the Central Lapland belt, these impulses
correlate with magmatic events—the formation of different generations of minor granite
intrusions and dykes. Multi-stage formation was also supposed for gold mineralization in
the Rompas-Rajapalot deposits in the Perapohja belt (Northern Finland) [42].

The geological position of the Maljavr occurrence, the geochemical association Au-As-
Se-Te-Bi in the mineralized rocks, and the linkage of gold mineralization with pegmatite—all
these characteristics agree with the reduced intrusion related type of gold deposits [43–45],
but paucity of relevant data (fluid inclusions and isotope study) does not allow constraint of
the genetic type with certainty. Biotite gneiss–metaconglomerate, hosting the mineralized
metasomatic rocks, could be the primary source of arsenic and, probably, gold for the
mineralization, which formed during the later metasomatic event.

In Northern Fennoscandia, two stages of gold deposit formation are identified—the
Neoarchean (2.7–2.6 Ga) and Paleoproterozoic (1.92–1.74 Ga) [46]. Gold occurrences of
Neoarchean age are located in the north-eastern part of the region, within the Kola province
and north of it, in the Kolmozero-Voron’ya belt [46]. The deposits and occurrences, located
south of the Kola province, are of Paleoproterozoic age, even those hosted by the Archean
greenstone belts [46].

The Neoarchean Maljavr gold occurrence (2.67–2.51 Ga) in the Uragubsky belt (north
of the Kola province) fully fits this model. Close age 2.64–2.68 Ga (U-Pb, SHRIMP, outer
zones of zircon) was obtained for gold-mineralized in skarnoids in the Olenegorsk BIF
deposit [47] in the Kola province. Gold deposits in the Kolmozero-Voron’ya belt are older:
~2.82 Ga (Oleninskoe) and ~2.78 Ga (Nyalm-1) [46].

In the northern part of the Fennoscandian shield, two conglomerate-hosted gold
occurrences (Kaarestunturi and Outapää) were found in the 1970′s in the Central Lapland
greenstone belt in Finland [10,11]. The occurrences are hosted in quartzite and oligomictic
conglomerate of the Kumpu Group (<1850 Ma), deposited discordantly on graywackes
and carbonate metasedimentary rocks; the rocks are metamorphosed greenschist. In the
Kaarestunturi occurrence, Au-bearing lenses, containing up to 5.0 ppm Au, form a set
of up to 30 m long and up to 1 m (typically 30 cm) thick lenses within a 30–60 m thick
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conglomerate sequence. Free gold (about 5% Ag), with grain size of 0.03–0.4 mm, occur in
the matrix of the conglomerate. Other ore minerals are chalcopyrite, minor galena, pyrite,
magnetite, ilmenite, and hematite at Kaarestunturi, and rare magnetite and hematite at
Outapää. The gold occurrences are considered as Paleoproterozoic gold paleoplacers in
fluvio-deltaic fans [10,11]. Probable sources for gold are the “mesothermal” lode-gold
deposits in the greenstones stratigraphically below the metasedimentary host rocks [10,11].

The Maljavr occurrence is the first gold occurrence in the Fennoscandian Shield,
hosted in Archean conglomerates. It differs from the occurrences in Paleoproterozoic
conglomerates in high grade metamorphism, intensive alteration of the rocks, modification
by pegmatite injection, and in more diverse composition of mineralization.

6. Conclusions

The following story of formation of the Maljavr gold occurrence is reconstructed:

1. Deposition of sedimentary rocks, including the conglomerates hosting the Maljavr
gold occurrence, in the interval 2.95–2.83 Ga.

2. Regional upper amphibolite metamorphism of the volcanic–sedimentary sequence in
the interval 2.77–2.79 Ga.

3. Alteration of the biotite gneiss–metaconglomerate and formation of lenses of meta-
somatic rocks with sulfide pyrrhotite–arsenopyrite mineralization; this event took
place in a local zone of NNE strike at ~2.66–2.67 Ga. Geochemical association of the
metasomatic rocks includes Au, As, Ag, Se, Te, Bi, and Cu.

4. Injection of tourmaline pegmatite veins at ~2.51 Ga caused recrystallization of sulfides
and formation of gold–bismuth mineralization in its present form. Gold and bismuth
minerals (native gold, maldonite, native bismuth, ehrigite, and other tellurides) occur
in inclusions in recrystallized arsenopyrite (arsenopyrite-2) and löllingite.

Biotite gneiss–metaconglomerate, hosting the mineralized metasomatic rocks, was
the probable primary source of arsenic and gold for mineralization, which formed later.
The geological position of the Maljavr occurrence, the linkage of gold mineralization
with pegmatite, the geochemical association Au-As-Se-Te-Bi in the mineralized rocks all
correspond to the type of gold deposits, which are associated with intrusions. The Maljavr
occurrence is the first gold occurrence in the Fennoscandian Shield, to be reported from
Archean conglomerates.
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Abstract

The Eastern Kazakhstan Gold Belt is a major black-shale-hosted gold province in Central
Asia where the main types of deposits comprise mineralized zones with auriferous sulfides
(micro- and nano-inclusions of gold and refractory gold) and quartz veins with visible gold.
The quartz vein deposits are economically less important but may potentially represent
the upper parts of bigger ore systems concealed at depth. In this work, the mineralogy
of the quartz vein deposits and related wall rock alteration zones was studied using
microscopy and SEM-EDS analysis, and the geochemical dispersion of the ore elements in
primary alteration haloes was documented utilizing spatial distribution maps and statistical
treatment methods. The studied auriferous quartz veins are classified as epizonal black-
shale-hosted orogenic gold deposits. The veins generally have linear shapes with an average
width of ca. 1 m and length up to 150 m and contain high-grade native gold with minor
amounts of sulfides. In supergene oxidation zones, the native gold is closely associated
with Fe-hydroxide minerals cementing brecciated zones within the veins. The auriferous
quartz veins are usually enclosed by the wall rock alteration envelopes, where two types of
alteration are distinguished. Proximal phyllic alteration (sericite-albite-pyrite ± chlorite, Fe-
Mg-Ca carbonates, arsenopyrite, and pyrrhotite) develops as localized alteration envelopes,
and pervasive carbonation accompanied by chlorite ± sericite and albite is the dominant
process in the distal alteration zones. The rocks within the alteration zones are enriched in
Au and chalcophile elements, and three groups of chemical elements showing significant
positive mutual correlation have been identified: (1) an early geochemical assemblage
includes V, P, and Co (±Ni), which are the chemical elements characteristic for black
shale formations, (2) association of Au, As, and other chalcophile elements is distinctly
overprinting, and manifests the main stage of sulfide-hosted Au mineralization, and
(3) association of Bi and Hg (±Sb and U) includes the chemical elements that are mobile
at low temperatures, and can be explained by activity of the late-stage hydrothermal or
supergene fluids. The chalcophile elements show negative slopes from proximal to distal
alteration zones and form overlapping positive anomalies on spatial distribution mono-
elemental maps. Thus, the geochemical methods can provide useful tools to delineate the
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ore elemental associations and to outline reproducible anomalies for subsequent regional
gold prospecting.

Keywords: Eastern Kazakhstan Gold Belt; West Kalba zone; orogenic gold deposits; black
shale; quartz veins; primary alteration halo; gold hyper-enrichment

1. Introduction

The Eastern Kazakhstan Gold Belt is one of the biggest black-shale-hosted gold provinces
in Central Asia, containing several hundred placer and lode gold deposits with total endow-
ment ca. 500 t Au [1–4]. Similar to other major black-shale-hosted gold provinces of the region,
including the world-class Muruntau and Kumtor ore districts in the Tien Shan Gold Belt,
the lode gold deposits of Eastern Kazakhstan occur as structurally controlled mineralization
zones in metamorphosed carbonaceous flyschoid sediments [1,3,5–8]. Two main types of
deposits distinguished in the Eastern Kazakhstan Gold Belt comprise the mineralized zones
with auriferous sulfides and quartz vein-type deposits with visible native gold [7,8]. The
largest Au deposits of the belt, including the Bakyrchik-Bolshevik mining district (Kyzyl
Gold Project), Akzhal, Vasilievskoe, and Suzdalskoe, are classified as mineralized zones and
are relatively well studied [4,9–11], while numerous small and sub-economic quartz vein
deposits and occurrences, potentially representing upper parts of the hidden ore systems
at depth, remain insufficiently investigated [4]. In order to fill in this gap, several newly
discovered and re-examined quartz vein-type deposits have been studied in the course of
the ongoing exploration projects. The mineralogical composition of the ore zones and related
alteration envelopes was elucidated using conventional microscopy and scanning electron
microscopy/energy-dispersive X-ray spectroscopy (SEM-EDS analysis), and the geochemical
dispersion of the ore elements in primary alteration haloes was documented utilizing spatial
distribution maps and statistical treatment methods. The obtained results help to better
understand the ore-controlling factors playing an important role in formation of gold deposits
and can be used as valuable guidelines for regional prospecting.

2. Geological Setting of Eastern Kazakhstan

Geological formations exposed in Eastern Kazakhstan are part of the Central Asian
Orogenic Belt, one of the largest accretionary orogens comprising Precambrian and Pale-
ozoic microcontinents and island arcs that amalgamated during the final closure of the
Paleo-Asian Ocean in the late Paleozoic [12–17]. Tectonic units of Eastern Kazakhstan
include several NW–SE elongated terranes formed during the evolution of the Ob-Zaisan
branch of the Paleo-Asian Ocean. The Ob-Zaisan oceanic basin separated the early Pale-
ozoic (Caledonian) micro-continent of Paleo-Kazakhstan from Peri-Siberian continental
blocks of Altai-Sayan and was closed in the course of the late Paleozoic (Hercynian) col-
lisional events. From west to east, the tectonic units of Eastern Kazakhstan include the
Chingiz-Tarbagatai block, Zharma-Saur volcanic arc, West Kalba zone, Kalba-Narym belt,
Irtysh shear zone, and Rudny-Altai terrane (Figure 1).
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Figure 1. Major tectonic units of Eastern Kazakhstan. After [18], modified by the authors. Red box
indicates the territory shown in Figure 2.

The westernmost Chingiz-Tarbagatai block is composed of deformed early Paleozoic
volcanic arc formations comprising the basement of the Caledonian Paleo-Kazakhstan
continent [19–21]. The early Paleozoic basement of the Chingiz-Tarbagatai is partially
overlain by Devonian to early Carboniferous volcanics formed when subduction under the
Paleo-Kazakhstan continent resumed in the middle–late Paleozoic [22].

The Zharma-Saur volcanic arc is a 10–15 km-wide discontinuous belt of early Carbonif-
erous (Moscovian) volcanics stretching along the eastern margin of the Chingiz-Tarbagatai
block. To the southeast, this arc can be traced in the Tarbagatai Range and further east in
the Sawur Mountains of China [20,23–26].

The West Kalba, also known in the literature as the Chara zone, represents the largest
(ca. 50–70 km wide) regional tectonic unit that hosts numerous Au deposits and occurrences,
described as the Eastern Kazakhstan Gold Belt [8,10,27]. The West Kalba zone is interpreted
as a superimposed Carboniferous sedimentary basin filled with flysch-like and turbiditic
terrigenous sediments, derived from a juvenile intra-oceanic arc, which change upsection
to coarse-grained clastics and limnic molasses [28]. It is suggested that the opening of this
basin in the early Carboniferous (Visean) postdated the early stages of Hercynian collisional
events in the area, while subsequent collisional compression and shearing resulted in strong
deformation of the basin fill during the late Carboniferous–early Permian [20,27]. The
deformations were accompanied by the greenschist facies metamorphism and small-scale
granitoid magmatism, and can be generally characterized as top-to-the-west thrusting at
the stage of collision and strong sinistral strike-slip faulting and shearing in the NW–SE
direction at the post-collisional stage that occurred due to clockwise rotation of Siberia
relative to the Paleo-Kazakhstan continent [27,29,30]. The thrusting produced numerous
tectonic sheets of different geodynamic origin. One of them is the Char ophiolite mélange
located in the central part of the West Kalba zone [31]. Late Carboniferous volcanics and

232



Minerals 2025, 15, 885

associated rocks are developed in the southwestern part of the West Kalba zone. Intrusive
rocks are relatively rare and comprise Carboniferous diorites and granodiorites with ages
in the range 325–305 Ma and early Permian granites that form dikes and stocks in the
Carboniferous sediments [27,32].

The main volume of the early Permian post-collisional granitoids was emplaced in the
Kalba-Narym zone located to the east. In this area, batholiths of S-type granites, which also
marginally intrude in the West Kalba zone, occupy up to 70% of the territory on the present-
day erosion surface and host significant tin and rare metal mineralization [6,24,32,33]. The
basement of the Kalba-Narym zone is composed of the late Devonian–early Carboniferous
clastic sediments derived from the continental margins of Peri-Siberian blocks located to
the east.

Further east, the Irtysh shear zone is a 5–10 km-wide band of deformations and high-
grade metamorphic rocks developed along a system of continental-scale sinistral strike-
slip faults separating the Kalba-Narym zone from the Rudny-Altai terrane, a Hercynian
Peri-Siberian active continental margin hosting a number of world-class massive sulfide
deposits [20].

3. Types of Deposits and Metallogenic Features of the Eastern
Kazakhstan Gold Belt

The Eastern Kazakhstan Gold Belt, which is also known in the literature as the West
Kalba or Chara Gold Belt, stretches for more than 300 km along the NW striking West Kalba
zone and contains several hundred placer and lode gold deposits with total endowment
estimated at ca. 500 t Au [1,5,6,8,34].

The lode gold deposits are hosted by the Carboniferous flyschoids (black shales) de-
veloped in the central and northeastern parts of the West Kalba zone and by Devonian to
Carboniferous volcanics in the southern part of the zone (Figure 2). Based on field rela-
tionships and isotopic age determinations, it is generally accepted that major ore-forming
events took place during the late Carboniferous–early Permian (310–280 Ma) and were
related to the main phase of deformations and greenschist facies metamorphism in the West
Kalba zone [7,35,36]. The deposits are classified as typical orogenic gold deposits [34,37];
however, based on geological and mineralogical features, they can be subdivided into two
major types: (1) structurally controlled mineralized zones with auriferous sulfides (pyrite
and arsenopyrite) and (2) quartz veins with visible native gold [7,8]. There is also one
auriferous skarn and several gold occurrences in jasperoids, demonstrating the Carlin-type
deposit signatures [38].
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Figure 2. Part of the Mineral Deposits Map of Central Asia [39] showing Au deposits of the Eastern
Kazakhstan Gold Belt and study areas shown as blue squares out of scale. Red frame indicates the
territory shown in Figure 3.

Most of the major lode gold deposits, such as the largest Bakyrchik (or Baqyrchik)
deposit with estimated reserves of 240 t Au, and several smaller deposits, including
Bolshevik (~30 t Au), Akzhal (~14 t Au), Vasilievskoe (~18 t Au), and Suzdalskoe (~24 t Au),
can be defined as tectonically controlled mineralized zones, where strongly deformed host
rocks undergo potassic, propylitic, and carbonate-phyllic alteration [4,7,9–11,40]. The ore
zones in these deposits comprise disseminated or veinlet sulfide mineralization with main
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ore minerals represented by auriferous arsenopyrite and pyrite ± native gold with minor
amounts of galena, chalcopyrite, pyrrhotite, sphalerite, and tennantite-tetrahedrite [7,9].

In contrast to mineralized zones, the ores of the quartz vein-type deposits are domi-
nated by high-karat native gold with only minor amounts of sulfide minerals [4,10]. These
deposits usually represent a series of individual quartz veins or stockwork vein systems
often surrounded by alteration envelopes in the country rocks. The quartz veins can be
generally classified as crack-seal-type; however, metasomatic replacement veins are also
present in the areas of upper greenschist facies metamorphism [41]. The veins are generally
characterized by linear or slightly bended shapes with average width 0.5–1.5 m and length
up to 100–150 m. Deposits of this type are relatively small, with estimated reserves rarely
exceeding 2–5 t Au; however, they often contain ultra-high-grade native gold ore-shoots,
which represent attractive exploration targets for junior companies. Examples from the
ongoing exploration projects conducted in the quartz vein deposits are presented herein
and discussed in detail below.

Both types of deposits are structurally controlled. The regional-scale ore-controlling
lineaments include the Kyzyl thrust-shear zone hosting the Bakyrchik and Bolshevik de-
posits and the Akzhal-Boko fault system, in which the Akzhal and Vasilievskoe deposits
are located [4,6,7,10]. Character of deformations, ore-controlling faults, and spatial relation-
ships between the two types of Au deposits are illustrated by the schematic geological map
of the Bakyrchik ore field shown in Figure 3. In this map, late sublatitudinal top-to-the-
south thrusts that formed in a thrust-shear deformation regime distorting the early NW
trending structural pattern and controlling gold mineralization can be clearly seen. On a lo-
cal scale, the emplacement of individual quartz veins and mineralized zones was controlled
by transpressional structures, such as thrust planes, fold hinges, flexural folds, etc., where
zones of boudinage and mylonitization and/or tectonic breccia were formed [7,42,43]. Ex-
tensional structures, as well as granitoid dikes and black shale intervals in the sedimentary
section, are considered as important ore-controlling factors in the Eastern Kazakhstan Gold
Belt [4,6,10].

 

Figure 3. Schematic geological map of the Bakyrchik ore field. Modified after [44].
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4. Analytical Methods

The research methods used in this study aimed to characterize the mineralogical and
chemical composition of the rocks from the studied gold deposits and to elucidate geochem-
ical processes operating in the ore-forming systems. Description and preliminary identi-
fication of the ore minerals were conducted in the Analytical Centre of Saint-Petersburg
University, Russia, utilizing optical microscopy. Further identification of minerals in the
ores and altered rocks and determination of their chemical composition was conducted
utilizing a Hitachi S-3400N scanning electron microscope equipped with an Oxford In-
struments Energy-Dispersive Spectrometer X-Max20 (SEM-EDS) (Oxford Instruments,
Abingdon, UK). The spectra were processed automatically using the AzTec Energy soft-
ware package (version 3.1.) using the TrueQ technique. The electron beam accelerating
voltage of 20 kV and a current of 1.6 nA were used. X-ray acquisition time was 30 s in
spot-mode. The energy-dispersive spectra were processed using the AzTec Energy soft-
ware package. Quantification of elemental compositions was conducted using natural and
synthetic standards, including pyrite, InAs, PbTe, and pure metals Zn, Cu, Bi, W, Sn, Cd,
Sb, and Mn. X-ray lines measured were Ag Lα, Sb Lα, As Lα, Pb Lα, Zn Lα, Sn Lα, Fe Kα,
Cu Kα, and S Kα. The analytical errors for most elements were below 0.5–0.7 wt.% (1σ).
The lower detection limits for the analyzed elements were estimated at ~0.1 wt.% [45].

The composition of native gold particles was analyzed using a scanning electron
microscope Tescan VEGA-3 system equipped with an Oxford EDS detector in the South
Ural Federal Scientific Center of Mineralogy and Environmental Geology in Miass, RF.

Lithogeochemical and section whole-rock samples were analyzed in the LLC “Stewart
Geochemical and Assay” in Moscow, RF. A total of 23 chemical elements were determined.
The analytical methods included multi-channel arc atomic emission spectrometry (Arc
AES) for Ag, As, B, Bi, Cd, Co, Cr, Cu, Ge, Hg, Li, Mn, Mo, Ni, P, Pb, Sb, Sn, U, V, W, and
Zn, and fire assay with atomic absorption spectroscopy (FA-AAS) for Au.

The visible gold-bearing quartz vein samples were investigated utilizing a Neoscan
N80 X-ray microtomograph (Neoscan, Mechelen, Belgium) in the Analytical Centre of Saint-
Petersburg University, RF. The data were processed with the Neoscan 80 software, and
subsequent visualization of the data was performed using the Dataviewer (version 1.5.2.4)
and CTVox software (version 1.5.2) applications (Bruker Corporation, Karlsruhe, Germany).

5. Description of the Studied Gold Deposits/Occurrences and Sampling

The studied mineralization sites are located 40–60 km southeast of the Bakyrchik
deposit in the area hosting the majority of the quartz vein-type deposits of the Eastern
Kazakhstan Gold Belt (Figure 2). This area is composed of flyschoid sediments of the
lower Carboniferous (Serpukhovian) Dalankarninskaya Formation that changes upsection
to coarse molasse sediments of the middle Carboniferous (Bashkirian) Taubinskaya For-
mation [4,46,47]. The sediments are strongly deformed. The northwest-trending folding
dominates and is usually characterized by compressed, close to isoclinal folds inclined
to the northeast at an angle of 60–70◦ (Figure 4A). North-dipping longitudinal faults and
top-to-the-south thrusts are a characteristic feature. Along with the dominant northwestern
linear folding, superimposed transverse folding of northeastern orientation is locally devel-
oped [46]. Both formations contain carbonaceous mudstones and siltstones that are turned
into shales in the areas of green schist facies metamorphism. Carbonaceous sediments
reach up to 150 m in thickness and contain from 0.44 to 1.37 wt.% organic matter, which is
typical for black shales elsewhere [46].
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Figure 4. Typical geological features of the Sentash deposit area: (A) folded Carboniferous flyschoids
showing the NW vergence of folding, (B) quartz veins in the steppe regions are preserved on the
surface as large fragments of white quartz, and (C) dike of Carboniferous granitoid crosscutting the
layering of country shales.

Intensive prolonged deformation of the sediments under greenschist facies conditions
enabled mobilization of silica and formation of numerous quartz veins emplaced in ex-
tensional structures all over the area. Individual quartz veins can be up to 5 m thick and
100–300 m long and are well preserved on the surface in the steppe regions of eastern
Kazakhstan as large fragments of white quartz (Figure 4B). Auriferous quartz veins are
virtually indistinguishable from the barren veins, which makes exploration in this area a
challenging task because, statistically, only one out of several hundred veins may contain
economic gold mineralization [4,46,47].

Another characteristic feature of this area comprises dikes and stocks of the Kunush
gabbro-plagiogranite suite (Figure 4C). Dike swarms of the Kunush plagiogranite porphyry
were reported from many ore fields and dated at ca. 310–300 Ma [27]. The dikes are
deformed and hydrothermally altered together with surrounding sediments. Based on
geophysical data, the presence of bigger concealed intrusions was supposed under several
mineralized quartz vein systems of the region [4,7,47].

Currently operating quartz vein-type deposits in the study area include the Sentash,
Dzhumba, and Kuludzhun gold mines. Three gold occurrences in the vicinity of the Sentash
deposit where exploration projects resumed in the last years were studied in this work, and
their geological features are briefly described below.
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5.1. Sentash Deposit

The Sentash mine, where the exploration trenches and open pits were investigated
in the course of this study, was used as a reference site to characterize the alteration
and mineralization styles of a typical quartz vein-type deposit. The deposit includes
60 auriferous quartz veins on the territory of ca. 100 square km. Most veins were mined in
the past and are now abandoned, however, several new exploration projects were initiated
at the deposit in the last years.

The quartz veins crosscut deformed flyschoid sediments of the Dalankarninskaya
Formation, which undergo phyllic alteration and contain altered dikes of granodiorite
porphyry [46,47]. The veins predominantly have simple linear forms. The largest Udalaya
vein that produced 2.2 t Au is a short tabular body emplaced in a tectonic detachment zone
formed in the core of an anticlinal fold. The Udalaya vein is 1–5 m thick with a length of
about 70 m and was traced to a depth of 300 m [46]. The other ore bodies with average
reserves of about 0.1–0.3 t Au are represented by 0.1–1.0 m-thick quartz veins crosscutting
the layering of the country rocks and filling the fractures of northwestern strike. These
types of ore bodies are exemplified by a schematic geological map of exploration site No.
49 shown in Figure 5.

 

Figure 5. Schematic geological map and trans-section of exploration site No. 49, Sentash deposit.
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The auriferous quartz veins are the major host of gold in the Sentash deposit. However,
altered country rocks enclosing the veins may also contain economic concentrations of Au
represented by native gold particles hosted in quartz veinlets and surrounding altered
sediments. Typical mineralized quartz veins and veinlets in altered sandy shale are illus-
trated in Figure 6A. More than 95% of gold in the ore is native high-karat gold. Minor
sulfides are represented mainly by pyrite, and small amounts of pyrrhotite, chalcopyrite,
and arsenopyrite. The average gold grade is usually in the range of 2–5 ppm Au, how-
ever, it may vary significantly within individual veins, reaching several kg per ton in the
hyper-rich ore-shoots. Photographs of native gold from hyper-rich ore-shoots from the
Sentash deposit, presented in Figure 6C–F, show that free gold in supergene oxidation
zones usually associates with Fe-hydroxide minerals, filling the space between quartz
fragments in brecciated veins.

 

Figure 6. Auriferous quartz veins in the Sentash deposit area: (A) auriferous quartz veins/veinlets in
altered sandy shale at Sentash deposit, (B) auriferous quartz veins in contacts of granitoid dike at
Chetyrekhletka occurrence, and (C–F) specimens of quartz veins with native gold from hyper-rich
ore-shoots from Sentash deposit. Note the association of native gold with Fe-hydroxide minerals
(C,F), elongation of gold particles perpendicular to the strike of thin veins (E), and the slicken-side
formed along the native gold veinlet in Fe-hydroxide-filled fracture (F). Photographs C–F were
courtesy of LLC “Sentas”.
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Six representative rock samples collected at the Sentash deposit were used in this
study to characterize the mineralogical and chemical composition of mineralized rocks.
Three samples were investigated utilizing the SEM-EDS method (Supplementary Table S1).
All samples were analyzed for 23 elements, and the results were included in the dataset for
statistical treatment (Supplementary Table S1).

5.2. Chetyrekhletka Occurrence

The Chetyrekhletka occurrence located 16 km northeast of the Sentash deposit
(Figure 2) contains one linear ore zone where the gold mineralization associates with
auriferous quartz veins developed in contacts of strongly altered granitoid dike emplaced
parallel to schistosity in surrounding flyschoid sediments (Figures 6A and 7). Steeply dip-
ping ore-body with Au grade 2–5 ppm is 1.5–3 m thick and can be traced for approximately
300 m [48]. Twenty representative rock samples collected along the profile across the ore
zone were used in this study to characterize the mineralogical composition of the ore and
alteration of the country rocks. Eight samples were investigated utilizing the SEM-EDS
method (Supplementary Table S1). Au concentrations analyzed in 75 section samples
collected from trench No. 1 (Figure 7) are given in Supplementary Table S1.

 

Figure 7. Schematic geological map of Chetyrekhletka occurrence and trans-section along trench No.
1 showing gold concentrations in section samples. Sample numbers as in Supplementary Table S1.
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5.3. Valeria Prospect

The Valeria prospect is a 2 km × 2 km area located 7 km south of the Chetyrekhletka
occurrence (Figure 2), where the positive geochemical As anomaly was detected in the course
of 1:200,000 geological mapping in the 1960s [48]. Intercalating carbonaceous and sandy
shales exposed in this area predominantly strike NW and enclose several 100–300 m-thick
alteration zones, where the shales contain characteristic brownish porphyroblasts of carbonate
minerals and abundant veinlets of quartz. Valeria prospect was re-examined within the
frame of the ongoing exploration project, and lithogeochemical sampling conducted along
ca. 2 km-long profiles across strike of alterations zones revealed elevated concentrations of
gold in metasomatically altered shales. Eighty-eight lithogeochemical samples were analyzed
for twenty-three elements, and the results were used to construct mono-element geochem-
ical maps for main ore-forming metals and included in the dataset for statistical treatment
(Supplementary Table S1). Two representative rock samples from Valeria prospect were
investigated utilizing optical microscopy and SEM-EDS techniques in order to characterize
the mineral composition of auriferous alteration zones (Supplementary Table S1).

5.4. Georgievka Occurrence

This mineralization site in fresh road-cut near Georgievka village (Figure 2) was
recently discovered in the course of the ongoing exploration project. It represents a lin-
ear NW striking 300 m-thick alteration zone in sandy shales that contains 1–2 m-thick
quartz veins with sulfide minerals and visible gold identified in polished thin sections.
Three samples from the Georgievka occurrence were investigated utilizing optical mi-
croscopy and SEM-EDS techniques (Supplementary Table S1), and eleven samples an-
alyzed for twenty-three elements were included in the dataset for statistical treatment
(Supplementary Table S1). In addition, 2 quartz vein samples containing visible gold were
studied using the computer tomography method.

6. Results

6.1. Petrography and Mineralogy of Alteration Zones

The mineralized alteration zones in the study area occur in the poorly sorted imma-
ture Carboniferous flyschoids that vary in composition from carbonaceous mudstones
to coarse-grained graywacke sandstones [28]. The sediments are metamorphosed under
lower greenschist facies conditions and characterized by a low degree of recrystallization
and well-preserved sedimentary structures (Figure 8A) locally obliterated by schistosity,
cleavage, and mylonitic foliations as a result of regional folding. Two types of alteration
are distinguished: (1) Pervasive carbonate ± chlorite alteration is expressed in the field by
the appearance of characteristic brownish porphyroblasts of iron-rich carbonate commonly
replaced by Fe-hydroxide minerals (Figure 8B). This type of alteration is widely developed
in the area and can be defined as distal to mineralization. (2) Proximal sericite-albite-pyrite
alteration is expressed in the rocks as the light coloration zones often containing abundant
porphyroblasts of pyrite, which can develop pervasively (Figure 8C) or aligned to the
fractures serving as conduits for fluids (Figure 8D). Because these alteration styles are
typical for all studied localities, they are described below collectively.
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Figure 8. Characteristic alteration patterns in the study area: (A) Serpukhovian carbonaceous siltstone
of the Dalankarninskaya Formation with rhythmical bedding in the vicinity of Chetyrekhletka occur-
rence, (B) brownish porphyroblasts of Fe-rich carbonate replaced by Fe-hydroxide minerals in sandy
shale from Valeria prospect, (C) pervasively developed pyrite porphyroblasts in altered siltstone from
Georgievka occurrence, and (D) pyrite porphyroblasts aligned to fracture, Georgievka occurrence.

Brownish composite porphyroblasts predominantly composed of carbonate minerals
is a characteristic feature of the distal alteration zones that may be partially related to
regional metamorphism [49]. The porphyroblasts, comprising up to 30–40 vol.% of the rock,
vary in size from 2 to 10 mm and usually preserve the shapes of original carbonate crystals.
However, most of the porphyroblasts are characterized by complex internal structures, and
several compositional varieties were distinguished as a result of microscopic investigations.
Porphyroblasts of iron-rich carbonate (supposedly ankerite) completely replaced by Fe-
hydroxide minerals are a typical feature of the wall rock alteration at the Sentash deposit
and Chetyrekhletka occurrence (Figure 9A,B). Zoned porphyroblasts with fine-grained
quartz-chlorite aggregate in the cores and ferrodolomite-iron hydroxide rims, shown in
Figure 9C,D, were described in distal parts of alteration zones at the Chetyrekhletka
occurrence. Calcite porphyroblasts are characteristic for iron-poor rock types (Figure 9E),
and chlorite-dominated porphyroblasts with sericite rims were observed in black shales at
several localities (Figure 9F).
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Figure 9. Mineralogy of distal alteration zones. (A) Microphotograph of porphyroblasts of Fe-rich car-
bonate replaced by Fe-hydroxide minerals in altered siltstone from Sentash deposit. Plane polarized
transmitted light. (B) Microphotograph of Fe-rich carbonate porphyroblast replaced by Fe-hydroxide
minerals with sericite-filled pressure shadows in altered sandstone from Chetyrekhletka occurrence.
Transmitted light and crossed polarizers. (C) Microphotograph of composite porphyroblast with
quartz-chlorite core and ferrodolomite-iron hydroxide rim in altered siltstone from Sentash deposit.
Transmitted light and crossed polarizers. (D) BSE image showing mineral phases identified in
composite porphyroblasts from Sentash deposit. (E) BSE image showing mineral phases identi-
fied in altered siltstone with calcite porphyroblasts from Sentash deposit. (F) Microphotograph of
chlorite-dominated porphyroblasts with sericite rims in black shales from Chetyrekhletka occurrence.
Transmitted light and crossed polarizers. Abbreviations: Qz—quartz, Ab—albite, Chl—chlorite,
Dol—dolomite, Cal—calcite, Ms—muscovite, Gth—Fe-hydroxide minerals, Rt—rutile, Zrn—zircon,
Mnz—monazite, and Xnt—xenotime.

Carbonation is also manifested in the groundmass of the rocks, where it is accompa-
nied by the development of chlorite ± sericite and albite occurring as irregularly distributed
clusters and/or branching microveinlets (Figure 9E). Monazite, rutile, and zircon occur as
accessory and trace minerals (Figure 9E). SEM-EDS analysis has shown that the composi-
tions of carbonate minerals in the groundmass correspond to those in the porphyroblasts
and vary from ferrodolomite to calcite, with only one analysis plotting in the ankerite field
on the classification diagram (Figure 10 and Supplementary Table S1). The composition
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of carbonate minerals is probably controlled by the iron content in the host rocks and
by the degree of preservation of ankerite, which is easily decomposed and replaced by
Fe-hydroxide minerals and dolomite in the supergene oxidation zones [49]. Distal alter-
ation also includes silification expressed by the quartz-carbonate veinlets/veins typical for
central parts of alteration zones. Gold mineralization is interpreted as part of this alteration
assemblage, with highest concentrations (up to 0.2 ppm Au) found in veinlet-rich samples.

 

Figure 10. Compositions of carbonate minerals from auriferous alteration zones in flyschoid sedi-
ments on a classification diagram.

Proximal alteration zones usually occur as envelopes enclosing the auriferous quartz
veins and comprise typical phyllic alteration assemblage, including sericite, albite, pyrite
± chlorite, Fe-Mg-Ca carbonates, arsenopyrite, and pyrrhotite. Pervasive phyllic alter-
ation develops irrespectively of the host rock, affecting various types of sediments and
granitoid dikes to the same extent (Figure 11A,B). Sericite predominantly replaces the
matrix of sedimentary rocks and occurs as flakes and microveinlets comprising up to
50 vol.% of quartz-albite ± pyrite metasomatites (Figure 11C,D). Chlorite and calcite are
characteristic secondary minerals in altered granitoid dikes, where the ferromagnesian
phases are replaced by chlorite, and the primary feldspars are replaced by a fine-grained
aggregate of quartz, albite, carbonate, and sericite with patches of Fe-hydroxide minerals
(Figure 11E). Accessory minerals include apatite, ilmenite, rutile, zircon, and monazite
(Figure 11C–F). Sulfide mineralization is mainly represented by pyrite, which is usually
replaced by Fe-hydroxides as a result of supergene oxidation (Figure 11F). Concentrations
of Au in proximal alteration zones may vary significantly, with native gold being the main
host of this metal in the supergene oxidation zones.
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Figure 11. Mineralogy of proximal alteration zones. (A) Microphotograph showing pervasive
sericite alteration and oxidized porphyroblasts of Fe-rich carbonate in siltstone from Sentash deposit.
Transmitted light and crossed polarizers. (B) Microphotograph of pervasively altered granitoid dike
with relics of porphyritic texture from Chetyrekhletka occurrence. Transmitted light and crossed
polarizers. (C) BSE image showing mineral phases identified in sericite metasomatite from Sentash
deposit. (D) BSE image showing mineral phases and internal structure of quartz-albite-sericite
metasomatite from Sentash deposit. (E) BSE image showing mineral phases identified in altered
granitoid dike from Chetyrekhletka occurrence. (F) BSE image of pyrite and carbonate porphyroblasts
in altered siltstone from Sentash deposit. Abbreviations: Qz—quartz, Ab—albite, Chl—chlorite,
Cal—calcite, Ms—muscovite, Gth—Fe-hydroxide minerals, Rt—rutile, Zrn—zircon, Ilm—ilmenite,
and Ap—apatite.

6.2. Petrography and Mineralogy of Auriferous Quartz Veins

The auriferous quartz veins have sharp contacts with country rocks typical of crack-
and-seal-type veins [46,47]. The main constituent of the veins is milky white quartz
containing irregularly distributed patches of Fe-hydroxide minerals. Brecciation and recrys-
tallization are common and point to multiple episodes of deformation and fluid circulation.
Breccia zones usually contain coarse fragments of recrystallized quartz cemented together
by a matrix composed of Fe-hydroxide minerals (up to 50 vol.%). Microscopic studies show
that quartz displays multiple growth stages and a variety of textures, including sheared
quartz, comb quartz, and a mosaic texture of variably recrystallized quartz (Figure 12A). All
quartz veins contain variable amounts of carbonate minerals occurring as late-stage fracture-
filling aggregates and some veins occasionally contain plagioclase and K-feldspar grains
(Figure 12A,B). Accessory and trace minerals identified in the quartz veins include apatite,
monazite, zircon, and ilmenite. Most quartz vein samples studied in this work represent su-
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pergene oxidation zones, and unoxidized sulfides were found only in the quartz veins from
the Georgievka occurrence. In this locality, clusters of unoxidized pyrite in milky white
quartz are enclosed by the oxidized zones, where the sulfides are replaced by Fe-hydroxide
minerals and reddish vuggy quartz, and the transition between the oxidized zones and
the unoxidized sulfides is abrupt (Figure 12C). SEM-EDS analysis of samples from the
Georgievka occurrence has shown that sulfide minerals are predominantly represented
by pyrite with small inclusions of chalcopyrite, arsenopyrite, and galena (Figure 12D).
Botryoidal aggregate of Fe-hydroxide minerals with colloform banding, developed in the
oxidized parts of the quartz veins, contains relics of pyrrhotite and microinclusions of
iodargyrite (or iodyrite, AgI) and Bi phases (Figure 12E and Supplementary Table S1).
Native gold in the quartz veins usually occurs as variably sized particles in association with
Fe-hydroxide minerals (Figure 6C,F and Figure 12F) and as free grains and stringers filling
the fractures between the quartz grains (Figure 6D,E). Microprobe analyses of gold particles
recovered from the Chetyrekhletka occurrence have shown that most of the analyzed grains
were represented by high- and very-high-grade gold with fineness generally in the range
970–995‰ and Au/Ag ratios from 1:50 to 1:170 (Supplementary Table S1).

 

Figure 12. Mineralogy of auriferous quartz veins. (A) Microphotograph showing mosaic texture of
variably recrystallized quartz and crosscutting carbonate veinlets in quartz veins from Chetyrekhletka
occurrence. Transmitted light and crossed polarizers. (B) Microphotograph of plagioclase grains
and late carbonate veinlets in quartz vein from Chetyrekhletka occurrence. Transmitted light and
crossed polarizers. (C) Microphotograph showing distribution of oxidized and unoxidized pyrite
in quartz vein from Georgievka occurrence. Reflected light and crossed polarizers. (D) BSE image
of unoxidized pyrite in quartz vein from Georgievka occurrence. (E) BSE image showing mineral
phases identified in Fe-hydroxide aggregate in quartz vein from Georgievka occurrence. (F) Mi-
crophotograph of native gold in quartz vein from Georgievka occurrence. Reflected light and crossed
polarizers. Abbreviations: Qz—quartz, Gth—Fe-hydroxide minerals, Py—pyrite, Ccp—chalcopyrite,
Apy—arsenopyrite, AgI—iodargyrite, Gn—galena, Po—pyrrhotite, and Au—native gold.
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In order to further corroborate the distribution of gold particles within Fe-hydroxide
aggregate, a sample of visible gold-bearing quartz vein from the Georgievka occurrence
was scanned utilizing X-ray computed micro-tomography. This method generates a shad-
owgraph of a sample, where the differences in greyscale represent degrees of X-ray absorp-
tion that is a function of the density and atomic number of the sample materials [50,51].
Figure 13 shows two images of the gold-bearing quartz vein sample where the quartz
appears dark grey, the phases with the brightest grey values are Fe-hydroxide minerals,
and native gold particles appear bright yellow. In the image, shown in Figure 13A, the
sample is rendered opaque to illustrate the general distribution of Fe-hydroxide minerals
in quartz, and in the image shown in Figure 13B, quartz and Fe-hydroxide minerals are
rendered semitransparent, allowing the distribution and size of the gold particles in the
central part of the sample to be seen. Thus, the computed micro-tomography data matches
well the observations made in the hand specimens (Figure 6C,F) and under the microscope
(Figure 12F), showing that aggregates of Fe-hydroxide minerals are the main host of native
gold in the supergene oxidation zones.

Figure 13. Three-dimensional visualizations of visible gold-bearing quartz vein sample from
Georgievka occurrence generated by volume rendering of computed micro-tomography data:
(A) sample is rendered opaque, showing distribution of Fe-hydroxide minerals in quartz, and
(B) quartz and Fe-hydroxide minerals are rendered semitransparent, allowing the distribution and
size of gold particles to be seen.

6.3. Geochemistry of Mineralized Alteration Zones

Geochemical methods are widely used to analyze, visualize, and interpret data for
further mineral exploration [52–55]. Extensive lithogeochemical sampling conducted in
the course of this work allowed for the recognition of general metallogenic tenors in the
mineralized areas, and corresponding datasets for the studied localities are compiled in
Supplementary Table S1.

The wall rock alteration envelopes surrounding the auriferous quartz veins are en-
riched in Au and chalcophile elements, and the concentrations of the ore metals show
positive slopes from distal to proximal parts of the alteration zones (Figure 7). Thus, the
alteration zones in flyshoid sediments, which may or may not contain the auriferous quartz
veins exposed on the surface, can be considered as the primary dispersion haloes, and
their geochemical characteristics can provide important information relevant to ore genesis.
Therefore, in addition to mineralogical characterization of the alteration zones, analysis
of spatial distribution of the ore elements in the alteration zones and statistical analysis of
geochemical data were applied to determine the ore-forming elemental association.
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6.3.1. Spatial Distribution of Ore Elements in Alteration Zones

Spatial distribution of the ore elements was studied at the Valeria prospect, where
several alteration zones, described in Section 5.3, were sampled in the course of lithogeo-
chemical exploration. The mono-elemental maps illustrating the spatial distributions of
Au and other relevant ore elements were created by interpolating the lithogeochemical
data. The interpolated geochemical maps for Au, As, and Pb, presented in Figure 14A–C,
were constructed by classifying the measured concentration values into six groups using
the ArcGIS software (version 10.8.2, Environmental Systems Research Institute, Redlands,
CA, USA), with each concentration group equally covering approximately 15% of the total
variation range.

 

Figure 14. Mono-elemental maps illustrating spatial distribution of Au (A), As (B), and Pb (C) at
Valeria prospect.

As seen in Figure 14A, the whole-rock gold anomalies reaching up to 0.15 ppm Au
spatially overlap with the alteration zones in sandy shales that were identified and mapped
during the field work. The gold anomalies mainly coincide with broad anomalies of As
(up to 200 ppm; Figure 14B) and Pb (up to 25 ppm; Figure 14C). In addition, elevated
concentrations of Cu (up to 300 ppm) and Zn (up to 200 ppm) were found in the same areas
(Supplementary Table S1).
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6.3.2. Statistical Treatment of Geochemical Data

Statistical treatment is widely used for interpretation of geochemical data and employs
various statistical techniques that help to better understand the relationships between
different geochemical variables and identify the ore-forming processes, e.g., [56,57]. Herein,
the statistical treatment was applied to lithogeochemical datasets and included pairwise
correlation coefficients and factor analysis. Before entering the statistical treatment, the
data were processed following standard procedures including the log-ratio transformation
and censoring the data below the detection limit and outliers [57,58], and statistical analysis
was carried out utilizing the software platform IBM SPSS Statistics v30 [59,60].

Pairwise Correlation Coefficients

Correlation coefficients help to assess the degree of linear correlation between the
concentrations of different chemical elements. Pairwise correlation coefficients, based on
the Pearson’s correlation coefficient formula, were calculated for the data from each of the
studied mineralized areas and collectively. Positive correlation of Au with As and strong
mutual correlations in the distribution of the chalcophile elements (Zn, Cd, Cu, Pb, Sb, Ag,
Ge, and Hg) were established in all datasets and are exemplified here by the correlation
matrix calculated for lithogeochemical data from the Valeria prospect (Table 1). In this
dataset, where a correlation coefficient greater than the critical value indicated a significant
correlation (n = 39, α = 0.05, critical value = 0.41), gold showed a statistically significant
positive correlation with As (r = +0.44), Pb (r = +0.55), and Sb (r = +0.49; Figure 15). Mutual
correlation between the chalcophile elements is exemplified by Zn, which had positive
correlation with Cd, Cu, Pb, Ag, and Ge. Apart from gold, Sb showed a strong positive
correlation with Bi, Hg, and U, comprising association of the “low-temperature” chemical
elements. Ni had a predictably strong positive correlation with Co, Cu, and V, and the latter
also showed a positive correlation with other chalcophile elements and P. The results of the
pairwise correlation analysis point to the existence of distinct geochemical associations in
the analyzed database that are further corroborated by the factor analysis.

Table 1. Pairwise correlation coefficients between concentrations of chemical elements in the litho-
geochemical dataset from Valeria prospect. Correlation coefficients greater than the critical value,
indicating a statistically significant correlation, are marked in bold print.

Au Ag As B Bi Cd Co Cr Cu Ge Hg Li Mn Mo Ni P Pb Sb U V W Zn

Au 1
Ag 0.07 1
As 0.44 0.09 1
B 0.08 0.60 0.34 1
Bi 0.24 −0.21 0.14 −0.28 1
Cd 0.09 0.56 0.17 0.58 −0.34 1
Co 0.13 0.16 0.09 0.03 −0.36 0.13 1
Cr 0.20 0.07 0.30 0.17 0.18 −0.04 0.08 1
Cu 0.24 0.43 0.33 0.50 −0.39 0.41 0.59 0.21 1
Ge 0.13 0.18 0.22 0.46 0.21 0.31 −0.24 0.27 0.20 1
Hg 0.26 −0.19 0.10 −0.32 0.96 −0.28 −0.40 0.17 −0.42 0.23 1
Li - 0.18 −0.20 0.39 −0.67 0.56 0.22 −0.38 0.31 −0.01 −0.65 1
Mn 0.13 −0.24 0.26 −0.09 0.13 −0.05 0.30 0.23 0.20 0.06 0.06 −0.21 1
Mo 0.01 −0.17 −0.21 −0.25 0.29 −0.36 −0.14 −0.07 −0.19 0.08 0.31 −0.38 - 1
Ni 0.28 0.28 0.40 0.16 0.35 0.13 0.28 0.71 0.42 0.30 0.32 −0.30 0.36 −0.01 1
P - 0.29 0.23 0.56 −0.43 0.44 0.12 0.22 0.54 0.40 −0.48 0.36 0.10 −0.14 0.16 1
Pb 0.55 0.25 0.29 0.44 −0.45 0.40 0.37 0.22 0.45 0.10 −0.47 0.34 0.22 −0.25 0.14 0.50 1
Sb 0.49 0.07 0.18 0.09 0.68 0.12 −0.27 −0.03 −0.16 0.48 0.70 −0.20 0.01 0.06 0.18 −0.18 −0.01 1
U 0.25 −0.15 0.19 −0.26 0.98 −0.27 −0.36 0.21 −0.34 0.26 0.97 −0.63 0.09 0.24 0.39 −0.41 −0.44 0.73 1
V 0.01 0.50 0.13 0.79 −0.51 0.61 0.28 0.29 0.68 0.36 −0.55 0.50 0.17 −0.21 0.27 0.69 0.56 −0.17 −0.50 1
W - 0.62 0.09 0.32 −0.20 0.56 0.04 0.04 0.19 0.06 −0.21 0.32 −0.17 −0.15 0.13 0.25 0.26 −0.01 −0.14 0.37 1
Zn 0.04 0.52 0.17 0.72 −0.41 0.52 0.30 0.15 0.71 0.49 −0.44 0.42 0.04 −0.17 0.21 0.80 0.48 −0.09 −0.40 0.75 0.27 1
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Figure 15. Circular diagram visualizing strong positive correlations of Au with As, Pb, and Sb in the
lithogeochemical dataset from Valeria prospect.

Factor Analysis

Principal component analysis and factor analysis are routinely applied in processing
of geochemical data to reduce the dimensionality of large datasets, by transforming a large
set of variables into a smaller one that still contains most of the information in the large
set [57]. The factor analysis, in particular, aims to produce a small number of factors, which
can explain the observed variance in the larger number of variables [57,61]. It was shown
that the factor analysis was capable of uncovering relationships between the variables that
were not recognizable in the pairwise correlation and cluster analyses [62,63]. It was shown
that the factor analysis was capable of uncovering hidden relationships between chemical
elements, potentially indicating specific geochemical processes and/or mineralization
events that were not recognizable in the pairwise correlation and cluster analyses, even
with limited datasets [57,62,63].

In this study, the factor analysis was applied to a dataset containing 115 whole-
rock geochemical samples analyzed for 20 chemical elements (variables). The results
are summarized in Table 2, and a full report is given in Supplementary Table S1. After
extraction and Varimax rotation, three distinct linear components (or factors) accounting
for 55% of the total variance with the eigenvalue >1 were delineated within the dataset.
It is commonly suggested that the factors with eigenvalues above 1 could be considered
significant and that the proportion of the total variance explained by the extracted factors
should be greater than 50% [57,64]. The results of the data processing in this study show
that 55% common variance shared by 20 variables can be accounted for by 3 factors with
eigenvalues greater than one. Although the first three factors account for only 55% of
the total variance, it is considered as a good outcome because the identified factors are
geologically meaningful and are in line with the main principle of factor analysis that
lithologically controlled and regionally distributed variables are generally extracted first
and then the more locally controlled variables are identified [56,57].
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Table 2. Results of factor analysis from the n = 115 whole-rock geochemical data, including the 20
variables in relation to the first 3 factors accounting for 55% of the total data variance. Elements with
largest positive loadings onto each factor are marked in bold print.

Factor 1 Factor 2 Factor 3

Au 0.83 0.09 0.04
Ag 0.89 −0.01 −0.01
As 0.74 0.04 0.17
B −0.09 −0.41 0.51
Bi 0.16 0.82 0.01
Co 0.31 0.02 0.59
Cr 0.06 0.11 0.41
Cu 0.31 −0.09 0.73
Hg −0.20 0.91 −0.08
Li −0.28 −0.59 0.23

Mn 0.49 0.36 0.31
Mo 0.56 0.04 0.13
Ni 0.11 0.43 0.80
P −0.01 −0.22 0.57

Pb 0.49 −0.33 0.46
Sb 0.18 0.58 0.12
U −0.03 0.94 0.07
V 0.04 −0.50 0.63
W 0.04 −0.23 0.31
Zn 0.76 −0.14 0.28

Explained variance 3.77 4.07 3.27
Cumulative variance (%) 18.84 20.34 16.35

The first factor accounting for 19% of the total variance is dominated by large positive
loadings for main ore elements, including Au (0.83), Ag (0.89), As (0.74), and Zn (0.76). The
second factor has explained 20% of the total variance. Variables that strongly contribute
to the second factor with positive loadings are U (0.94), Hg (0.91), Bi (0.82), and Sb (0.58),
representing the chemical elements that are mobile at low temperatures. Factor three,
explaining 16% of the variance, is dominated by large positive loadings for Ni (0.80), Cu
(0.73), V 0.63), Co (0.59), and P (0.57), which represent the chemical elements typical for the
black shale formations.

The results of the factor analysis are in line with pairwise correlation coefficients
and provide further details on the dispersion of chemical elements in primary haloes and
internal structure of the dataset under study.

7. Discussion

7.1. Quartz Vein Deposits as Part of the Regional Ore-Forming System

Two major deposit types in the Eastern Kazakhstan Gold Belt comprise structurally
controlled mineralized zones with auriferous sulfides and quartz veins with visible native
gold [2,6,7,9–11,35,48]. Fluid inclusion data from the Bakyrchik mining district show that
the mineralized zones with auriferous sulfides formed from aqueous-carbonic fluids at
temperatures in the range 315–240 ◦C and pressures of ca. 1.3–1 kbar [7]. Comparable
conditions with slightly lower temperatures were reported for the hydrothermal breccias
and quartz veins with visible gold that were interpreted as the late manifestations of Au
mineralization at the Bakyrchik ore field [7]. The stable isotope studies point to a variable
(sedimentary to magma-derived) isotopic composition of sulfur and to a predominantly
sedimentary to metamorphic source of carbon [7]. Similar results were reported for the
Kostobe deposit in the Eastern Kazakhstan Gold Belt [65]. In general, the pressures reported
for deposits of the Eastern Kazakhstan Gold Belt are slightly lower than pressure estimates
for the Muruntau (~1.6 kbar) and Kumtor (~1.2–1.3 kbar) Au deposits in the Tien Shan
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orogenic belt and are comparable with the pressures reported for the Olympiada Au deposit
in the Yenisei Ridge [7]. Thus, available pressure estimates for Au deposits of Eastern
Kazakhstan correspond to lithostatic depths of ~4–5 km, which is typical for relatively
epizonal black-shale-hosted orogenic Au deposits elsewhere [7,37].

The quartz vein-type deposits in the study area do not associate with economically
significant sulfide-rich mineralized zones; however, in the other areas of Eastern Kaza-
khstan, the two types of deposits are closely associated, allowing for the recognition of
vertical and lateral zonation within the regional ore systems. In particular, the vertical
zonation was studied in several major mineralized areas, including the Espe, Kulundzhun,
and Kostobe deposits [4,46,65], and the Bakyrchik ore field [7,46,66]. The general features
of the vertical zonation delineated in these deposits include the appearance of auriferous
sulfides (Espe and Kulundzhun) and granitoid stocks (Kostobe and Bakyrchik) at the
deeper levels of quartz vein-type deposits, and the vertically zoned alteration pattern
with carbonate-sericite-phlogopite-quartz zone occurring at deeper levels that changes
upsection to typical phyllic alteration and to argillic alteration in the supergene oxidation
zones [4,7,10,48,67]. In addition, an increase in the arsenopyrite/pyrite ratio with depth
was reported for several ore systems that led some authors to propose an intrusion-related
model for their genesis [7,48]. Although the detailed study of the genesis of Au deposits
was not the aim of this work, the abovementioned features suggest that the quartz vein
Au deposits, investigated herein, may represent the upper parts of bigger concealed ore
systems with significant potential for future gold exploration.

7.2. Alteration Patterns, Geochemistry, and Implications for Regional Prospecting

Mineralogical characteristics of the alteration zones in combination with new lithogeo-
chemical data, obtained in this study, enable a better understanding of principal geochemi-
cal processes operating in the ore-forming systems. Hydrothermal alteration assemblages
associated with the studied quartz vein Au deposits can be subdivided into two types: dis-
tal and proximal to mineralized quartz veins. Pervasive carbonation locally accompanied
by the development of chlorite ± sericite and albite is the dominant process in the distal
alteration zones. The proximal phyllic alteration (sericite-albite-pyrite ± chlorite, Fe-Mg-Ca
carbonates, arsenopyrite, and pyrrhotite) develops as localized several-hundred-meter-
wide alteration envelopes in the wall rocks and is often superimposed onto the mineral
assemblages of distal alteration. These alteration styles are similar to those described
in the other Au deposits of the Eastern Kazakhstan Gold Belt [4,7,9,35,40,48] and in the
black-shale-hosted orogenic gold deposits elsewhere [7,49,68–71].

Proximal alteration zones are characterized by elevated concentrations of Au (up to
0.2 ppm), As (up to a several hundred ppm), and other chalcophile elements, such as Zn,
Pb, and Cu (Supplementary Table S1). The distribution of Au and chalcophile elements
generally shows negative slopes from proximal to distal alteration zones, which is well
seen in the profile lines across the ore zones (Figure 7 and Supplementary Table S1). The
ore-forming elemental association can be further recognized utilizing statistical treatment
of lithogeochemical data and mono-elemental geochemical maps. Pairwise correlation
coefficients and factor analysis of the lithogeochemical dataset revealed three groups of
chemical elements showing significant positive mutual correlations: (1) Au and As (±Ag,
Sb, Cu, Pb, and Zn), (2) V and P (±Co, Ni, Mo, and Cu), and (3) Bi, Hg, U, and Sb
(Tables 1 and 2). The association of V and P, which are characteristic chemical elements of
black shale formations, is interpreted as an early geochemical assemblage, and a positive
correlation of V and P with Co (±Ni) can be explained by the presence of early authigenic
pyrite enriched in these elements. The association of Au, As, and chalcophile elements
is distinctly overprinting, and is explained by the development of gold-bearing sulfides
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(pyrite and arsenopyrite), manifesting the main stage of the gold mineralization in the
area. Finally, association of Bi and Hg (±Sb and U) includes the chemical elements that are
mobile at low temperatures and can be related to the late-stage hydrothermal or supergene
fluids. Similar patterns of distribution of the ore elements have also been reported for
the large Bakyrchik gold deposit by Soloviev et al., 2020 [7], and for black shale-hosted
orogenic gold deposits of the Yenisei Ridge by Mansurov and Tarasov, 2017 [49].

Spatial distribution maps represent another method to visualize the ore elemental
association of Au, As, and chalcophile elements in the alteration zones. Positive anomalies
of Au, As, and Pb on mono-elemental maps constructed for the Valeria prospect broadly
coincide with each other, and with the alteration zones in the sandy shales identified
in the field (Figure 14). Distribution of concentrations shows that the alteration process
has led to an increase in the content of Au and chalcophile elements by several orders
relative to background values. Because the alteration zones at the Valeria prospect do not
associate with any known auriferous quartz veins outcropped on the surface, they can
represent the primary dispersion haloes above the concealed ore bodies, which make them
potentially interesting for future gold exploration. Thus, the geochemical methods can
provide useful tools to delineate the ore elemental associations and to outline reproducible
regional anomalies for subsequent follow-up.

7.3. Bonanza Quartz Veins and Formation of Ultra-High-Grade Ore-Shoots

The auriferous quartz veins are usually enclosed by the wall rock alteration envelopes
where the degree of alteration and concentrations of gold increase toward the central
parts of the zones. This is illustrated by the sampling profile from the Chetyrekhletka
occurrence showing gradual increase of gold concentrations toward the central part of
the alteration envelope where a series of high-grade auriferous quartz veins is located
(Figure 7). Similar geochemical patterns were observed in the other studied mineralized
areas (Supplementary Table S1). Although the gradual increase of gold concentrations
in the alteration zones is evident, the content of gold in the altered wall rocks usually do
not exceed 0.1–0.2 ppm that, compared with high and ultra-high concentrations of gold in
bonanza-type quartz veins, may indicate that the process responsible for the accumulation
of gold in the ultra-high-grade ore-shoots was geochemically different. This conclusion is
corroborated by the spatial distribution maps of As and Au for the Valeria prospect where
the localized Au anomalies only partially overlap with broad anomalies of As (Figure 14).
Such distribution patterns of Au and As anomalies, also reported for the Bakyrchik mining
district [48] and for other black-shale-hosted gold provinces, e.g., [70], may indicate that
the quartz vein-type gold mineralization was localized and superimposed onto larger
pre-existing alteration zones containing disseminated sulfides.

It is generally accepted that the ultra-high-grade gold concentrations in bonanza veins,
exceeding the Au solubility expected for fluids in orogenic gold deposits, can be explained
by the physical transport of gold as solid colloidal nanoparticles and their aggregates in
suspension [72–75]. This mechanism matches well the thermodynamic conditions typical
for the black-shale-hosted gold provinces where hydrothermal activity, associated with
deformations and greenschist facies metamorphism, resulted in the mobilization of large
volumes of silica [71,73]. Rapid precipitation of amorphous silica was accompanied by pre-
cipitation and accumulation of gold particles and occurred when fluids experienced rapid
changes in chemical composition and/or physical state (liquid–gas phase transitions) as a
result of decompression, cooling, or flash vaporization in the fault valve systems [73,76,77].
In this model, the observed association of native gold with Fe-hydroxide minerals can be
explained by oxidation of ankerite and sulfides by the late-stage hydrothermal or supergene
fluids, and precipitation of Fe-hydroxide minerals in the brecciated zones within the quartz

253



Minerals 2025, 15, 885

veins. This process resulted in recrystallization and further concentration of native gold
and formed the low-temperature mineral assemblages, including Ag (AgI) and Bi phases
typical for supergene oxidation zones [43,78].

8. Conclusions

The quartz vein deposits of the Eastern Kazakhstan Gold Belt are classified as epizonal
orogenic Au deposits. The auriferous quartz veins, hosted in Carboniferous flyschoids
(black shales), have linear or slightly bended shapes with average width 0.5–1.5 m and
length up to 100–150 m, and contain high-karat native gold with only minor amounts of
sulfide minerals. In supergene oxidation zones, the native gold is closely associated with
Fe-hydroxide minerals cementing brecciated zones within the veins.

The auriferous quartz veins are usually enclosed by the wall rock alteration envelopes
where two types of alteration are distinguished. Proximal phyllic alteration (sericite-albite-
pyrite ± chlorite, Fe-Mg-Ca carbonates, arsenopyrite, and pyrrhotite) develops as localized
alteration envelopes, and pervasive carbonation accompanied by chlorite ± sericite and
albite is the dominant process in the distal alteration zones.

The rocks within the alteration zones are enriched in Au and chalcophile elements, and
three groups of chemical elements showing significant positive mutual correlation have
been identified: (1) an early geochemical assemblage includes V, P, and Co (±Ni)—chemical
elements characteristic for black shale formations, (2) association of Au, As, and chalcophile
elements is distinctly overprinting, and manifests the main stage of the sulfide-hosted
Au mineralization, and (3) association of Bi and Hg (±Sb and U) includes the chemical
elements mobile at low temperatures. The chalcophile elements form reproducible positive
anomalies on spatial distribution maps and can be used as reliable pathfinders for regional
gold prospecting.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min15080885/s1. Supplementary Table S1: Analytical data for
lithogechemical samples.
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