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Abstract

Sandstone-type uranium deposits represent one of the most significant uranium deposit
types in China, predominantly hosted in Meso-Cenozoic sedimentary basins in the north-
ern part of the country. Due to characteristics such as deep burial of orebodies, fine grain
size of ores, and strong heterogeneity, traditional geological logging methods have limita-
tions in rapidly and accurately identifying alteration minerals and mineralization indicator
information. Core spectral technology (wavelength range approximately 400-2500 nm),
particularly short-wave infrared spectroscopy (SWIR, 1300-2500 nm), enables rapid, non-
destructive, and quantitative extraction of alteration mineral information from drill cores.
This provides robust technical support for reconstructing metallogenic environments, de-
lineating oxidation-reduction zones, and prospecting and prediction in sandstone-type
uranium deposits. This review systematically examines the spectral absorption characteris-
tics and geological significance of key alteration minerals (e.g., clay minerals, carbonate
minerals, iron oxides, and hydrocarbon substances) in sandstone-type uranium deposits.
It elaborates on the current application status of core spectral technology in sandstone-
type uranium exploration within typical basins in northern China, such as the Ordos,
Songliao, Erlian, and Qaidam Basins. These applications include alteration mineral map-
ping, oxidation—reduction zone delineation, and metallogenic fluid tracing. Due to the
unique characteristics of host rock lithology, alteration mineral assemblages, and fluid
properties in sandstone-type uranium deposits, the application of this technology also faces
certain challenges, such as difficulties in spectral interpretation and insufficient accuracy
in quantitative inversion. Integrating this technique with multiple methods, including
petrography and X-ray diffraction (XRD), will facilitate more effective applications in both

metallogenic research and prospecting practices for sandstone-type uranium deposits in
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o Uranium resources are a critical strategic resource for national security and the devel-
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most important types of uranium deposits. With the progression of exploration efforts
and the application of in situ leaching (ISL) technology, sandstone-type uranium deposits
have also become the main exploration target in China, accounting for 72% of the country’s
total uranium production in 2021 (Figure 1) [1]. However, China’s uranium resources
are still relatively scarce, constituting only 4.38% of the world’s total [2,3]. According to
national development plans, domestic uranium resources are far from sufficient to meet
developmental needs, resulting in a high dependence on foreign supplies. There is an
urgent need to further strengthen investment in uranium exploration and discover more
uranium resources. In recent years, China has achieved a series of major breakthroughs in
the search for in situ leachable sandstone-type uranium deposits within Meso-Cenozoic
sedimentary basins in the northern part of the country. Notably, a number of significant
sandstone-type uranium deposits and metallogenic potential areas have been identified in
basins such as the Ordos, Songliao, Erlian, and Qaidam Basins (Figure 1) [4-8].
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Figure 1. Distribution map of sandstone-type uranium deposits in the Meso-Cenozoic basins, North
China (modified after [7,9]).

Sandstone-type uranium deposits are formed by the enrichment of U** when U°*-
bearing fluids migrate to the oxidation-reduction transition zone within sandstones and
are reduced by reductants such as pyrite, organic matter, or hydrocarbon fluids [10].
During fluid-rock interaction, minerals that may record information about the mineralizing
fluids are formed [11]. Alteration minerals are important components of the uranium-
hosting sandstones in these deposits, and previous studies have extensively investigated
them [8,12-17]. It has been established that alteration is widespread in sandstone-type
uranium deposits within basins of northern China. The main alteration types include
pyritization, hematitization, limonitization, chloritization, calcitization, bituminization, and
kaolinization (Figures 2 and 3), and the dominant alteration types vary among different
basins (Figure 2). For example, in the Qaidam Basin, mineralization-related alterations
in the Yuejin-II and Qigequan deposits are primarily chlorite, carbonate, pyrite, and illite
(Figures 2 and 3A-E) [8,18]. In the Luhai uranium deposit of the Erlian Basin, the primary
mineralization-related alteration is kaolinite (Figure 2) [19]. In the Jingchuan uranium
deposit of the Ordos Basin, the main mineralization-related alterations are chlorite and
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carbonate (Figures 2 and 3H) [7]. Due to their fine grain size and high specific surface
area, these alteration minerals are extremely sensitive to changes in fluid physicochemical
conditions (e.g., pH, Eh, temperature, salinity). Their types, assemblages, abundances, and
spatial distribution patterns record the evolutionary history of diagenetic and mineralizing
fluids, as well as the characteristics of the metallogenic environment [12,20]. Various
scholars have leveraged this property, integrating alteration mineral types and assemblage
patterns with geological processes such as sediment provenance, paleoclimate, tectonic
setting, and geochemical environmental changes to analyze the diagenetic and metallogenic
processes of sandstone-type uranium deposits [21-27]. Currently, research on alteration
minerals in sandstone-type uranium deposits primarily relies on traditional methods such
as visual core logging, microscopic petrographic analysis, and X-ray diffraction (XRD)
analysis. Constrained by factors like sample quantity, individual identification capabilities,
and analytical costs, obtaining macro-scale distribution information of alteration minerals is
often difficult. This, in turn, limits research on fluid migration directions and distinguishing
the effects of sedimentation-diagenesis from mineralization-related fluids in these deposit

types [12].
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Figure 2. Representative drill core photographs from the Yuejin-II sandstone-type uranium deposit
in the Qaidam Basin (from [8]), the Qigequan sandstone-type uranium deposit in the Qaidam Basin,
the Luhai sandstone-type uranium deposit in the Erlian Basin, and the Jingchuan sandstone-type
uranium deposit in the Ordos Basin (modified from [7]), illustrating the diversity of alteration across
different basins.
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Figure 3. (A—-C) Backscattered electron (BSE) images of alteration minerals associated with uranium
minerals in the Qigequan sandstone-type uranium deposit. Qaidam Basin: (A) Chlorite intergrown
with uranium minerals; (B) Illite intergrown with uranium minerals (modified from [18]); (C) Carbon-
ate minerals and pyrite intergrown with uranium minerals (modified from [18]). (D,E) BSE images of
alteration minerals (chlorite, carbonate) associated with uranium minerals in the Yuejin-II sandstone-
type uranium deposit, Qaidam Basin (modified from [8]). (F) Scanning electron microscope (SEM)
image of kaolinite associated with uranium minerals in the Qianjiadian sandstone-type uranium de-
posit, Songliao Basin (from [13]). (G) SEM image of kaolinite associated with uranium minerals in the
Saihan Formation, Sangendalai Sag, Chuanjing Depression, Erlian Basin (from [17]). (H) BSE image
of chlorite and carbonate minerals associated with uranium minerals in the Jingchuan sandstone-
type uranium deposit, Ordos Basin (modified from [7]). (I) Limonite inclusions within Fe-bearing
dolomite, an alteration mineral in the Jingchuan sandstone-type uranium deposit, Ordos Basin, PRL
(modified from [7]). Abbreviations: Ana = anatase, Cal = calcite, Chl = chlorite, Ilt = illite, Py = pyrite,
Qz = quartz, Rut = rutile, U = uranium minerals, Kln = kaolinite, Zrn = zircon, Xen = xenotime,
Dol = dolomite, PRL = plane polarized reflected light.

Core spectral technology is a mapping technique that has been developed and gradu-
ally matured in recent years. Sandstone-type uranium deposits are often blind ore deposits,
and their key prospecting geological information primarily relies on geological drilling
for exposure. Therefore, drill core is of particular significance in sandstone-type uranium
exploration [16]. Traditional manual core logging depends on the experience of geolo-
gists and suffers from issues such as strong subjectivity, low efficiency, and difficulty in
identifying subtle alteration minerals. The advent of core spectral technology provides an
excellent solution to this problem, enabling rapid, efficient, and relatively accurate extrac-
tion of alteration mineral information from sandstone-type uranium cores. This technology
identifies and semi-quantitatively extracts mineral information from cores based on their di-
agnostic spectral features at specific wavelengths, thereby guiding sandstone-type uranium
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exploration [28]. Currently, this technology primarily utilizes the visible-to-near-infrared
and short-wave infrared spectral range (approximately 0.4-2.5 um). The visible-to-near-
infrared region (0.4-1.3 pm) can effectively identify electronic transition processes of certain
transition metal ions (Fe>*, Cr3*, Mn®*, rare earth elements, etc.), typically exhibiting
broad absorption bands. The short-wave infrared region (1.3-2.5 um) mainly detects over-
tones and combinations of molecular vibrations in hydrous and hydroxyl-bearing minerals
(clay minerals, carbonates, some hydrated sulfates), characterized by relatively narrow
absorption bands [29,30]. Notably, the sensitivity of the short-wave infrared region to
hydroxyl-bearing, hydrous minerals, and hydrocarbon substances aligns perfectly with
the research needs for major alteration types like clay alteration and carbonatization in
sandstone-type uranium deposits. Analyzing core spectral data with specialized software
allows for effective interpretation and semi-quantitative estimation of information such as
organic carbon, total clay content, kaolinite content, and total iron content in target horizons.
This, in turn, supports the screening of favorable horizons and the detailed analysis of fluid
alteration and uranium mineralization processes [12,31]. Overall, core spectral technology
offers significant advantages in analyzing alteration minerals (e.g., kaolinite, illite, chlorite,
carbonate) due to its speed and efficiency, coupled with its portability, low cost, and non-
destructive nature, making it an ideal tool for alteration identification. Coupled with the
widespread occurrence of alteration and its diversity across different basins in northern
China (Figure 2), this provides a strong rationale for the application of this technology and
is a key motivation for this review to synthesize these application practices.

Although core spectral technology has established relatively mature prospecting crite-
ria and application systems in magmatic-hydrothermal deposits [32-35], sandstone-type
uranium deposits differ fundamentally from magmatic-hydrothermal systems in terms
of host rock lithology, alteration mineral assemblages, and fluid properties. The former
is characterized by complex host rock lithologies (interbedded sandstone and mudstone),
alteration minerals that can be easily confused with sedimentary—diagenetic backgrounds,
and low-temperature oxidation-reduction fluid systems. These differences necessitate
the establishment of a specialized evaluation system and workflow when applying this
technology to sandstone-type uranium deposits. In recent years, Chinese scholars have
conducted extensive core spectral research in basins such as the Ordos, Songliao, Erlian, and
Qaidam, accumulating a number of typical case studies and important insights. However,
systematic synthesis and review of these research findings are currently lacking.

Based on the above background, this review aims to: (1) systematically summarize the
fundamental principles of core spectral technology; (2) outline the spectral characteristics of
key alteration minerals in sandstone-type uranium deposits within major basins of northern
China; (3) comprehensively elaborate on the current application status of this technology in
alteration mineral mapping, oxidation-reduction zone delineation, and metallogenic fluid
tracing in the sedimentary basins of northern China (including the Qaidam, Ordos, Erlian
and Songliao Basins); (4) deeply discuss the challenges currently faced by the technology,
and propose future development directions and application recommendations tailored to
the characteristics of sandstone-type uranium deposits, with the goal of promoting the
further application and development of this technology in the field of sandstone-type
uranium exploration.

2. Technical Principles

When incident light interacts with a material, specific wavelengths are absorbed. This
absorption behavior is a spectral manifestation of the material’s internal structure, trace
elements, and indicator ions [36—40]. Generally, after photons interact with atoms and
molecules within a mineral crystal, electrons in certain atoms or molecules absorb specific
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amounts of light energy. In the visible-near-infrared (VNIR) and shortwave infrared (SWIR)
regions (approximately 0.4-2.5 um), molecular vibrations and electronic transitions are the
primary interactions between matter and electromagnetic waves. Electronic transitions
occur within the 400-1000 nm wavelength range, producing spectral features. In the
1000-2500 nm range, absorption of energy by atoms and molecules can cause changes in
dipole moments, leading to vibrational transitions and resulting characteristic spectral
bands. The spectral range utilized by core spectral technology (approximately 0.4-2.5 um)
primarily targets absorption features related to functional groups including C-H (methyl,
methylene, methoxy, carboxyl, aryl, etc.), hydroxyl O-H, sulfhydryl S-H, and amino N-H.
Their combination and first overtone modes are located in the 1300-2500 nm region [41-43].

Most alteration minerals in sandstone-type uranium deposits contain varying amounts
of metal ions (e.g., Fe?*, Fe3*, Mn?*) and anionic groups such as OH~ and CO3%~, as well
as specific structural units. For instance, illite, montmorillonite, and kaolinite contain
Al-OH groups; chlorite contains Mg-OH and Fe-OH groups; calcite and dolomite contain
CO32~ groups. These minerals exhibit diagnostic spectral absorption features within
the wavelength range (approximately 0.4-2.5 um) employed by core spectral technology.
Spectral absorption characteristics include wavelength position, depth, and width at half
maximum (Figure 4A). These parameters are determined by the mass and number of atoms
within the functional groups, their geometric arrangement, and the interatomic bonding
forces, directly reflecting the mineral composition and crystal structure [44]. For example,
the full width at half maximum (FWHM) refers to the width of the spectral feature at half
the absorption depth. It is related to the temperature of mineral formation; a smaller FWHM
generally corresponds to higher crystallinity, which can be associated with higher formation
temperatures or slower crystal growth rates. The wavelength position is the location
of the absorption feature, typically defined as the wavelength of minimum reflectance
(maximum absorption depth). This position can shift due to elemental substitutions, such
as the replacement of AI** by Fe?* or Mg?* in mica, which causes a shift in the AlI-OH
absorption feature. The intensity ratio (IC value) is the ratio of the absorption intensities
of characteristic mineral peaks, often expressed as the ratio of the depth of a specific
alteration mineral feature to the depth of the ubiquitous water absorption feature. This ratio
provides information on the mineral’s crystallinity. The IC value is influenced by both the
temperature and chemical environment during mineralization, as well as clay weathering
within the alteration system [33]. For example, in micaceous minerals, the IC value is
positively correlated with crystallinity; higher IC values indicate better crystallinity and
thus higher formation temperatures. The shape and depth of diagnostic spectral absorption
bands are primary criteria for mineral identification and semi-quantitative estimation [12].
Peak intensity refers to the normalized absorption depth of a spectral feature, which is
proportional to the relative abundance of the target mineral within the measured area.
Theoretically, according to the Beer-Lambert law, this normalized value generally exhibits a
positive correlation with mineral content. This relationship has been well-validated and
widely applied in previous studies (Figure 4B,C) [45,46]. In the study of metallogenic
environments in sandstone-type uranium deposits, these spectral parameters have clear
geological implications: shifts in absorption peak wavelength position (Pos) can be used to
trace fluid temperature, pH, and sources—for example, a short-wavelength shift of the illite
2200 nm absorption peak (<2205 nm) typically indicates higher-temperature, acidic fluid
activity associated with deep hydrothermal or uranium-rich fluid centers; absorption depth
(Depth) is positively correlated with the relative abundance of the target mineral, allowing
semi-quantitative assessment of alteration intensity and delineation of oxidation-reduction
transition zones—for example, in the Yuejin-II sandstone-type uranium deposit in the
Qaidam Basin, sharp increases in chlorite or carbonate absorption depth often coincide
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spatially with uranium mineralization intervals [8]; FWHM reflects mineral crystallinity,
with smaller FWHM values indicating higher crystallization temperatures, which can help
distinguish hydrothermal chlorite (smaller FWHM) from diagenetic chlorite (larger FWHM).
The comprehensive interpretation of these parameters provides important constraints for
reconstructing the physicochemical conditions (pH, Eh, temperature) of ore-forming fluids
and the evolution of the metallogenic environment.
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Figure 4. (A) Schematic diagram illustrating spectral feature parameters—using the short-wave
infrared region as an example. (B,C) Distribution diagrams showing the correlation between alter-
ation mineral absorption intensity and content: (B) demonstrates the positive correlation between
hematite content measured by XRD and the absorption depth of the Fe3*-related band; (C) shows
the positive correlation between K,O content in sericite and the absorption intensity of the AI-OH
feature (after [45,46]).

3. Main Alteration Types and Spectral Characteristics of Sandstone-Type
Uranium Deposits

In sandstone-type uranium deposits, low-temperature alteration minerals constitute
the main alteration types, generally including clay alteration, carbonatization, and hematiti-
zation. The minerals involved primarily comprise kaolinite, montmorillonite, illite, chlorite,
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calcite, dolomite, gypsum, hematite, limonite, and pyrite (Figures 2 and 3) [12]. Most
alteration minerals, especially those closely associated with mineralization such as chlo-
rite, carbonates, and clay minerals, can be identified using core spectral technology. This
paper primarily outlines the spectral characteristics of several common minerals found in
sedimentary basin sandstone-type uranium deposits (Figure 5).
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Figure 5. (A) Typical short-wave infrared (SWIR) spectral characteristics of clay minerals, chlorite,
carbonate minerals, gypsum, and organic matter, modified after [8]. (B) Spectral curves of iron oxides,
sourced from the USGS spectral library. (C) Absorption spectra of hydrocarbons, modified after [47].
The two absorption bands centered at 1730 nm and 2310 nm are commonly used for identifying
petroleum in rocks. Note that panel (C) displays absorption (A) spectra, whereas panels (A,B) display
reflectance (R) spectra. For opaque surfaces (e.g., rocks), absorption A is approximately related to
reflectance Rby A~ 1 —R.

3.1. Clay Minerals
Clay minerals are the most common and information-rich type of alteration minerals
in sandstone-type uranium deposits. They are hydrous silicates with layered structures,
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constituting the main mineral components of clay rocks and soils, and are widely dis-
tributed in sedimentary rocks. In sandstone-type uranium deposits, the main clay minerals
involved are kaolinite, montmorillonite, and illite. All are hydroxyl-bearing minerals and
can be identified in the short-wave infrared (SWIR) region (1.3-2.5 pm) (Figure 5A).

3.1.1. Kaolinite

Kaolinite has the chemical formula Al4[Si4O19](OH)s, primarily formed by the weath-
ering of feldspars and other silicate minerals or under acidic conditions. Kaolinite is an
Al-OH mineral, spectrally characterized by a secondary absorption feature near 2160 nm
and a main absorption feature near 2200 nm, forming a diagnostic doublet (Figure 5A) that
allows for easy distinction from other clay minerals. Kaolinite has been identified in close
spatial association with uranium mineralization in some basins, such as the Qianjiadian
deposit (Figure 3F) and the Saihan Formation in the Sangendalai Sag (Figure 3G); however,
its abundance can vary and is not always a direct indicator of ore-grade mineralization (see
Section 4.1). As a typical indicator mineral for acidic environments, kaolinite predominantly
occurs in the oxidized subzone or strongly leached zone of interlayer oxidation zones.

3.1.2. Illite

Ilite, also known as hydrous mica, has the ideal chemical composition
K < 1(AL,R?*),[(Si,A1)Si3O19][OH], - nH,O and is often formed by the weathering of mus-
covite and K-feldspar. Illite is also an AI-OH mineral, exhibiting a characteristic AI-OH ab-
sorption feature around 2200 nm, a mixed H,O and OH™ absorption feature near 1400 nm,
and an HyO absorption feature around 1900 nm (Figure 5A). Its spectral characteristics in
the SWIR region are similar to those of muscovite and sericite. The wavelength position of
the absorption peak near 2200 nm for this mineral group is not fixed and tends to shift to
shorter wavelengths with an increasing content of four-fold coordinated aluminum (AI'Y)
in the mineral lattice. The shift range is approximately 2195-2220 nm, with a maximum
amplitude of nearly 30 nm [48]. Short-wavelength illite (<2205 nm) typically indicates
formation in higher temperature, relatively acidic fluid environments, possibly associated
with magmatic-hydrothermal activity or upwelling of deep-seated fluids, and is often
closely related to the activity centers of U-bearing fluids. Long-wavelength illite (>2210 nm)
is more commonly formed in lower temperature, neutral to weakly alkaline diagenetic
environments. Illite is associated with uranium mineralization in some basins, such as the
Qigequan sandstone-type uranium deposit in the Qaidam Basin (Figure 3B) [18].

3.1.3. Montmorillonite

Montmorillonite (Na,Ca)g 33(Al,Mg)2 [Si4019](OH),-nH,O is a layered mineral com-
posed of extremely fine-grained hydrous aluminum silicates. It typically forms during
early diagenesis or in alkaline environments; however, some montmorillonite can also form
under reducing conditions. In the mineralized zones of sandstone-type uranium deposits,
its abundance often shows a negative correlation with kaolinite content, as observed in
the Qianjiadian sandstone-type uranium deposit in the Songliao Basin [13]. Under specific
temperature-pressure conditions, montmorillonite can transform into illite (forming I/S
mixed layers). Montmorillonite is also an AI-OH mineral, with its characteristic absorption
feature located near 2215 nm, close to the Al-OH absorption of illite (Figure 5A). Current
SWIR studies do not heavily emphasize a paragenetic relationship between montmoril-
lonite and uranium mineralization, but it can serve as an indirect indicator for orebody
characteristics, such as mineralization intensity. The relationship between montmorillonite
and uranium mineralization is mainly reflected in two aspects: First, montmorillonite has a
large specific surface area and exchangeable interlayer cations, giving it a strong adsorption
capacity for U®*, which can temporarily enrich uranium before the formation of a reducing
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environment. Second, the transformation of montmorillonite to illite (I/S mixed layers) is
an important potassium-consuming reaction during diagenesis; the cations released and
changes in geochemical conditions during this transformation may affect the stability of
uranium-bearing fluids. However, in most sandstone-type uranium deposits, montmoril-
lonite is often associated with the diagenetic background rather than directly indicating
mineralization events, and thus should not be used alone as a prospecting indicator.

3.2. Chlorite

Chlorite has the general chemical formula Y3[Z4019](OH);-Y3(OH)s, where Y is pri-
marily Mg?*, Fe?*, AI**, and Fe**, making it a Mg-, Fe-bearing silicate mineral. Its spectral
absorption characteristics result from the combined effects of Mg-OH and Fe-OH, mani-
fested as a main absorption peak between 2330-2350 nm and a secondary absorption peak
around 2250-2260 nm (Figure 5A). The Mg-OH absorption peak of chlorite near 2340 nm is
close to the asymmetric single peak characteristic of carbonates in the 2300-2400 nm range.
Therefore, the identification of chlorite in sandstone-type uranium deposits primarily re-
lies on the Fe-OH absorption peak around 2250 nm because the Mg-OH peak of chlorite
overlaps significantly with carbonate absorption, whereas the Fe-OH peak near 2250 nm is
unique to chlorite and not shared by most carbonate minerals [8]. Chlorite associated with
uranium mineralization is present in most basins. For example, significant amounts of chlo-
rite intimately intergrown with uranium minerals have been found in the Qigequan and
Yuejin-II sandstone-type uranium deposits in the Qaidam Basin (Figure 3A,D,E) [8], as well
as in the Jingchuan sandstone-type uranium deposit in the Ordos Basin (Figure 3H) [7]. The
presence of chlorite is often linked to reducing environments or hydrothermal activity. Stud-
ies on chlorite alteration in the Nalinggou uranium deposit suggest its formation is closely
related to oxidation-reduction reactions, the involvement of organic matter/hydrocarbon
fluids, and diagenetic-hydrothermal fluid activity [49].

3.3. Carbonate Minerals

Common carbonate minerals in sandstone-type uranium deposits mainly include cal-
cite (CaCQO3), dolomite (CaMg(CO3),), and siderite (FeCO3) [12]. All exhibit characteristic
absorptions in the SWIR region, but their positions and shapes differ slightly. The main
absorption peaks for calcite and dolomite, caused by vibrations of the CO32~ group, are
located near 23202350 nm. Calcite’s characteristic peak is near 2340 nm, largely over-
lapping with the Mg-OH absorption of chlorite, while dolomite’s absorption position is
slightly shorter than that of calcite (Figure 5A). Carbonate minerals, like chlorite, are al-
teration minerals closely associated with uranium mineralization. Carbonates intimately
intergrown with uranium minerals are widespread in most basins, such as the Qaidam
and Ordos Basins (Figure 3C-E,H) [7,8,18]. The co-occurrence of carbonate and chlorite
is common in basins of northern China (Figure 3H) [7,8,16]. It has been suggested that
zones where carbonate and chlorite coexist may represent interfaces where geochemical
parameters like pH change, potentially facilitating the decomposition and precipitation of
uranium minerals [16]. Identifying the type and distribution of carbonate minerals aids in
understanding the properties of ore-forming fluids and water-rock interaction processes.
For instance, the carbonate minerals in the Yuejin-II sandstone-type uranium deposit in
the Qaidam Basin are predominantly calcite [8]. This calcite-dominated carbonatization
reflects a neutral to alkaline fluid environment, with the altering fluid being rich in Ca®*
and containing a certain concentration of carbonate species [7].

3.4. Gypsum

Gypsum exhibits a characteristic absorption peak at 1750 nm (Figure 5A), a unique
spectral feature enabling its unambiguous identification. In some basins, gypsum can also
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serve as a mineralization indicator. For example, SWIR analysis of the Pengyang sandstone-
type uranium deposit in the Ordos Basin revealed that the most prominent feature of
mineralized intervals is a sharp increase in gypsum content [14]. The relationship between
gypsum and uranium mineralization varies among different basins. In the Pengyang
deposit, the sharp increase in gypsum content may reflect the precipitation of sulfate
minerals resulting from the injection of reducing, acidic fluids during mineralization [14].
The mechanism can be explained as follows: acidic hydrocarbon-bearing fluids (rich in H,S)
mix with supergene oxygen—uranium-bearing fluids, oxidizing H,S to SO42~, which then
combines with Ca?* in the formation to precipitate gypsum; simultaneously, U%* is reduced
to U** and precipitates as ore. Thus, gypsum can serve as a mineralization indicator in this
deposit, but its applicability needs to be verified based on the specific fluid characteristics
of each basin.

3.5. Iron Oxides

Hematite (Fe;O3) and limonite (2Fe;O3-3H,0) are indicative minerals of oxidizing en-
vironments, commonly found in sedimentary strata. Limonite, in particular, is extensively
developed in shallow, near-surface parts of some basins, such as the shallow portion of the
Yuejin-II sandstone-type uranium deposit in the Qaidam Basin (Figure 2) [8]. Limonite is
also developed in the Jingchuan uranium deposit in the Ordos Basin, where it decreases
in abundance and transitions to pyrite within the mineralized zone (Figure 3I) [7]. These
iron oxides exhibit broad absorption features in the visible-to-near-infrared (VNIR) re-
gion (especially 400-1200 nm) due to electronic transitions of Fe>*. Hematite typically
shows absorptions around ~550 nm and ~850 nm, while limonite’s main absorption peak
is located around ~950 nm (Figure 5B) [47]. The ability to differentiate hematite from
limonite (hydrated iron oxide) allows for more refined interpretation of oxidation intensity
and water-rock interaction history, as hematite typically indicates more oxidizing and/or
higher-temperature conditions. Utilizing VNIR data allows for effective identification and
differentiation of these iron oxides, enabling detailed delineation of the oxidation front
position within interlayer oxidation zones.

3.6. Organic Matter and Hydrocarbons

Reducing agents such as organic matter or oil and gas are often present in the reduc-
tion zone. Many sandstone-type uranium deposits in the basins of northern China are
characterized by the co-exploitation of oil and uranium. Such deposits commonly have
spatial and genetic associations with hydrocarbons. For example, the Qaidam Basin hosts
extensive oilfields, and significant amounts of oil and gas are developed in the Neogene
Shizigou Formation at depth in both the Qigequan and Yuejin-II sandstone-type uranium
deposits within the basin (Figure 2), showing a close relationship with uranium mineral-
ization, as discussed in the Qaidam Basin case study (Section 4.2). In basins where oil-gas
and uranium coexist, using core hyperspectral technology to directly identify hydrocarbon
anomalies is of great significance for evaluating reducing capacity and delineating reduc-
tion alteration zones. Hydrocarbons exhibit characteristic absorptions due to C-H bond
vibrations. The combination and overtone modes of C-H covalent bond vibrations pro-
duce distinct absorption features in the 1000-2500 nm wavelength range [50,51], allowing
hyperspectral technology to be directly applied for hydrocarbon analysis and identifica-
tion. Wavelengths around 1730 nm, 1755 nm, and 2310 nm are three characteristic SWIR
absorption features for hydrocarbons [50,52]. Considering the potential coexistence of clay
minerals and carbonates in drill core samples from sandstone-type uranium deposits, the
observable hydrocarbon absorptions are likely to be primarily at 1730 nm and 1755 nm
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(Figure 5C). The absorption band near 1730 nm is particularly important (Figure 5A), as
there is minimal mineral interference at this wavelength [47].

4. Application Practices of Core Spectral Technology in Sandstone-Type
Uranium Deposits Within Basins of Northern China

In recent years, core spectral technology has been successfully applied in major
uranium-bearing basins of northern China, including the Ordos, Songliao, Erlian, and
Qaidam Basins, achieving remarkable results [8,12-17]. Research indicates that the domi-
nant alteration types vary among different basins (Figure 2) [7,8,13,18,19]. The widespread
occurrence of alteration across basins in northern China, coupled with the diversity of alter-
ation assemblages in different basins, provides the foundation for the practical application
of this technology. Borehole alteration mineral mapping represents the most fundamental
and core application of core hyperspectral technology. Its primary objective is to transform
continuous spectral data from drill cores into geologically meaningful, vertical profiles
showing variations in mineral species and relative abundances, thereby constructing a
“log of alteration minerals” for individual boreholes. Compared to traditional descriptions
based on sparse sampling and visual inspection, such continuous mineralogical logs can
reveal the vertical zoning patterns of alteration minerals within the ore-bearing horizon and
their intrinsic relationships with lithology and uranium mineralization in a more detailed
and objective manner. In recent years, Chinese scholars have conducted systematic borehole
alteration mineral mapping in sandstone-type uranium deposits across multiple basins
using independently developed CMS series core spectral scanners (e.g., CMS350A /B) and
portable field spectrometers (e.g., ASD LabSpec4), yielding significant insights.

4.1. Songliao Basin: Qianjiadian Uranium Deposit

The Songliao Basin is the largest Meso-Cenozoic continental sedimentary basin in
northeastern China. The Qianjiadian Depression in its southwestern part is a significant
enrichment area for sandstone-type uranium deposits (Figure 6A,B). The Upper Cretaceous
Yaojia Formation (K3y) serves as the main ore-bearing horizon. The lithology primarily con-
sists of light gray, gray, light red, and variegated fine-grained sandstones, intercalated with
red and gray mudstones, carbonaceous mudstones, and silty mudstones. It exhibits a typical
positive rhythmic sequence, characteristic of a braided river depositional system. Multiple
stable mudstone aquicludes form a favorable “mudstone-sandstone-mudstone” structure,
providing good pathways for fluid migration and storage space for alteration minerals.

4.1.1. Borehole Alteration Mineral Mapping

Li et al. (2020) [13] employed the CMS350A fully automated digital core spectral
scanner (developed by the Nanjing Geological Survey Center, China Geological Survey) to
conduct high-resolution (5 cm sampling interval) continuous spectral scanning on cores
from 85 boreholes. Through interpretation using TSG software, they constructed vertical
distribution maps of clay minerals for boreholes within the mining area and its periphery
(Figure 7). These maps clearly reveal the vertical evolution of clay minerals within the
Yaojia Formation: in barren boreholes (Figure 7B), the clay mineral assemblage is relatively
simple, dominated by montmorillonite or I/S mixed-layer clays. In contrast, in miner-
alized boreholes, kaolinite content increases significantly, exhibiting a clear “antithetic”
relationship with montmorillonite (Figure 7A). More importantly, kaolinite enrichment is
not uniformly distributed but concentrated in specific intervals, showing good spatial cor-
respondence with uranium mineralization zones (e.g., borehole QIV-88-112 in Figure 6D).
This discovery provides crucial mineralogical evidence for subsequent fluid tracing and
metallogenic mechanism studies. While kaolinite generally correlates with mineralization

https:/ /doi.org/10.3390/min16050471


https://doi.org/10.3390/min16050471

Minerals 2026, 16, 471 13 of 34

in this area, this relationship is not absolute; a multi-parameter approach integrating kaoli-
nite, montmorillonite, illite, and iron oxide content is recommended for optimal analysis.
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Figure 6. (A,B) Regional geological sketch map of the Qianjiadian sandstone-type uranium deposit
in the southwestern Songliao Basin, showing the location of the study area and boreholes (mod-
ified after [13]). (C) WS-NE trending cross-section A-A’ illustrating the distribution of alteration
minerals in the lower member of the Upper Cretaceous Yaojia Formation. Key observation: From
the oxidation zone (red sandstones, high kaolinite + Fe>* oxides) to the reduction zone (gray sand-
stones, high montmorillonite + illite + pyrite), a distinct transition zone characterized by moderate
kaolinite + montmorillonite (I/S) and high pyrite + ankerite is developed, and the uranium orebodies
are hosted in this transition zone. (D) NW-SE trending cross-section B-B’ showing a symmetrical
zoning pattern (red — gray — red sandstone). Note: The kaolinite content in the red sandstone at
the SE end is significantly lower than that at the NW end, interpreted by the Li et al. (2020) [13] as
being related to the proximity to the deep-seated F; fault and the influence of deep-seated acidic,
hydrocarbon-bearing fluids. (E) Planar distribution map of relative kaolinite content in the lower member
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of the Yaojia Formation. The high-value area extends from the NE-trending deep-seated fault towards
the mining area. (F) Planar distribution map of relative ferric iron oxide content in the lower member
of the Yaojia Formation. The high-value area exhibits a “U-shaped” distribution surrounding the
mining area and uplifted zones, with high contents located to the WS and WN of the mining area.
Interpretation: The spatial gradient in mineral content indicates that acidic, hydrocarbon-bearing
fluids were primarily de-rived from the NE direction, whereas oxygenated, uranium-bearing fluids
originated mainly from the WS and WN directions. The orebodies are precisely situated at the
confluence of these two fluids, within the gradient zone of kaolinite variation and the transition zone
of ferric iron oxides. This figure demonstrates how SWIR-based alteration mapping can be used for
large-scale fluid system reconstruction and orebody targeting.
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Figure 7. Vertical distribution of clay minerals in representative boreholes from the periphery
of the Qianjiadian deposit, southwestern Songliao Basin (modified after [13]). (A) Mineralized
borehole D1 (located at the orebody margin). Key observation: Within the kaolinite-rich interval
(highlighted by the yellow band), a distinct “antithetic” relationship is observed between kaolinite and
montmorillonite—kaolinite abundance increases sharply while montmorillonite decreases. Uranium
mineralization (shown by the gamma-ray log, GR curve) coincides with the kaolinite peak and
the montmorillonite trough, indicating that the orebody is located within the gradient zone of
clay mineral transformation. This relationship reflects alternating acidic (kaolinite-precipitating)
and alkaline (montmorillonite-stabilizing) fluid conditions. (B) Barren borehole QC107. The clay
mineral assemblage is relatively simple, dominated by montmorillonite or I/S mixed-layer clays. No
significant kaolinite enrichment or anti-thetic relationship is observed, and the gamma-ray anomaly
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is weak. Significance: The antithetic relationship between kaolinite and montmorillonite can serve as
a proximal indicator of the oxidation—reduction transition zone and can be used to locate potential
orebodies. However, kaolinite enrichment alone is not an absolute indicator; integrated assess-
ment combining kaolinite, montmorillonite, illite, and iron oxide data is recommended to improve

prospecting reliability.

4.1.2. Delineation of Oxidation-Reduction Zones

Accurate delineation of oxidation-reduction zoning is one of the core objectives in
studying metallogenic regularities and conducting prospecting predictions for sandstone-
type uranium deposits. Traditional methods for defining oxidation-reduction zones pri-
marily rely on visual observation of rock colors (red, yellow, gray, green) and analysis of
a limited number of geochemical samples. This approach is not only highly subjective
but also struggles to achieve continuous and quantitative characterization. Its limitations
become particularly pronounced in complex mineralized zones characterized by gradual
color transitions and multi-stage fluid overprinting. Previous studies have demonstrated
that oxidation-reduction environments can be inferred using alteration minerals and their
assemblages [53]. The presence of ferric iron oxides and hydroxides (e.g., hematite, limonite)
typically indicates oxidizing conditions. Conversely, ferrous iron sulfides (e.g., pyrite, mar-
casite), which can only form or be preserved under reducing conditions, serve as indicators
of reducing environments [16]. Among these, iron oxides such as hematite and limonite
exhibit broad absorption features in the visible to near-infrared (VNIR) region (particularly
400-1200 nm) due to electronic transitions of Fe** making them readily identifiable by
core spectral technology. Therefore, by leveraging this technology to identify the types,
abundances, and assemblages of characteristic minerals within different zones, a refined
and quantitative characterization of oxidation-reduction zoning can be achieved.

Based on the spectral mapping results from 85 boreholes, Li et al. (2020) [13] also con-
structed alteration mineral distribution maps for the lower member of the Yaojia Formation
along the WS-NE A-A’ cross-section and the NW-SE B-B' cross-section (Figure 6C,D). These
cross-sections clearly reveal the mineralogical evolution sequence from the oxidation zone
to the reduction zone. Along A-A’, from WS to NE, rock color gradually transitions from
red to gray sandstones, corresponding to systematic changes in alteration assemblages: the
oxidation zone is characterized by high abundance of “kaolinite + Fe>* oxides” (hematite,
goethite), indicating a strongly oxidizing environment; progressing northeastward into
the oxidation—reduction transition zone, the assemblage shifts to moderate abundances
of “kaolinite + montmorillonite (I/S mixed layers)”, accompanied by high abundances of
“pyrite + ankerite”. The appearance of this assemblage marks the transition from oxidizing
to reducing conditions and represents the most favorable site for uranium mineralization.
Further into the reduction zone, the assemblage is dominated by high abundances of “mont-
morillonite (I/S) + illite + pyrite”, indicating a stable reducing environment. Along B-B/, a
symmetrical zoning pattern of “red sandstone — gray sandstone — red sandstone” is ob-
served, wherein kaolinite content in the red sandstones at the SE end is significantly lower
than at the NW end, attributed by the Li et al. (2020) [13] to proximity to the deep-seated F;
fault and influence of deep-seated acidic, hydrocarbon-bearing fluids.

4.1.3. Tracing of Ore-Forming Fluids

The spatial distribution patterns of alteration minerals provide critical information
for interpreting the properties, sources, and migration pathways of ore-forming fluids.
Core spectral technology, by identifying spectral parameters of specific minerals, offers key
evidence for fluid tracing and delineation of mineralization centers. Li et al. (2020) [13]
conducted fluid migration analysis based on mineral content gradients. They constructed
planar distribution maps of kaolinite and ferric iron oxides in the lower member of the
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Yaojia Formation (Figure 6E,F). The results revealed that the high-value area for kaolinite
extends from the NE-trending deep-seated fault towards the mining area, while the high-
value area for Fe>* oxides exhibits a “U-shaped” distribution surrounding the mining area
and uplifted zones, with high content areas located to the WS and WN. This spatial gradient
clearly indicates that acidic, hydrocarbon-bearing fluids were primarily derived from the
NE direction at depth, whereas oxygenated, uranium-bearing fluids originated mainly from
the WS and WN directions. The ore bodies are precisely situated at the confluence of these
two fluids, within the gradient zone of kaolinite content variation and the transition zone
of Fe3* oxide distribution. This study represents an exemplary application of hyperspectral
data for large-scale reconstruction of fluid systems.

4.2. Qaidam Basin: Yuejin-II Uranium Deposit

The Qaidam Basin is a significant Meso-Cenozoic intracontinental sedimentary basin
in northwestern China. In recent years, sandstone-type uranium mineralization closely
associated with hydrocarbon fluids has been discovered in the Yuejin-II area of its western
part during petroleum exploration (Figure 8A,B). The Cenozoic stratigraphy is fully devel-
oped, with the main ore-bearing horizons being the Quaternary Qigequan Formation and
the Neogene Shizigou Formation (Figure 8C). The Qigequan Formation primarily consists
of pebbly sandstones and sandy conglomerates, intercalated with yellowish-brown argilla-
ceous siltstones and grayish-white marlstones, with locally intense carbonatization. The
Shizigou Formation is dominated by grayish-white sandstones and sandy conglomerates,
locally interbedded with mudstones; brown oil-impregnated sandstones are commonly
observed at its basal contact with the underlying Upper Youshashan Formation. A regional
angular unconformity separates these two ore-bearing sequences (Figure 8C).

4.2.1. Borehole Alteration Mineral Mapping

Wu et al. (2026) [8] conducted detailed spectral measurements on cores from three bore-
holes in the Yuejin-II deposit using an ASD LabSpec4 Hi-Res portable SWIR spectrometer
(Malvern Panalytical, Great Malvern, UK). Integrating petrographic observations and XRD
validation, they constructed comprehensive alteration mineral logs for the three bore-
holes (Figure 9) and a mineralization-alteration model diagram (Figure 10). The log from
representative borehole ZKII-4 (Figure 9) displays the vertical zoning of alteration miner-
als from the shallow Qigequan Formation to the deeper Shizigou Formation. The study
revealed that uranium mineralization intervals, primarily concentrated near the unconfor-
mity, do not correlate with a synchronous enrichment of all alteration minerals but exhibit
a strong positive correlation with a sharp increase in the “chlorite + carbonate” assemblage
(Figure 9). The absorption intensity curves for chlorite and carbonate fluctuate almost
synchronously with the gamma-ray uranium signal within mineralized intervals, form-
ing a distinct peak-to-peak correspondence. In non-mineralized intervals, the abundance
variations of these two minerals are relatively subdued or show a negative correlation.
This detailed mapping result not only identified the alteration assemblage most closely
related to mineralization but also provided a direct basis for tracing stratabound orebodies
along the unconformity surface. Notably, Wu et al. (2026) [8] also noted that in intervals
with complex lithology (e.g., upper part of Figure 9), the presence of numerous interfering
factors makes SWIR interpretation challenging, resulting in noisy data; in contrast, in
intervals with relatively homogeneous lithology (e.g., lower part of Figure 9), the SWIR
results for mineralization-related alterations correspond well with mineralization position
and intensity. This observation supports the challenges discussed later in Section 5.
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Figure 8. (A) Geological map of the Qaidam Basin and the surrounding regions, modified from [54].
(B) Geological map of the Yuejin-II mining area in the western margin of the Qaidam Basin, mod-
ified after [8]. (C) Geological cross-section along exploration line 0-0’, modified after [8], showing
that mineralization is primarily hosted in the Quaternary Qigequan Formation and the Neogene

Shizigou Formation.

4.2.2. Tracing of Ore-Forming Fluids

Based on the distribution of the chlorite-carbonate assemblage and mineralization in
the Yuejin-II mining area, Wu et al. (2026) [8] preliminarily delineated a layered alteration
zone extending laterally for over 500 m along the unconformity, which closely coincides
spatially with the ore bodies (Figure 10). This discovery confirms the effectiveness of SWIR
in identifying key alteration indicators and provides an economical, efficient technical
approach for rapidly delineating prospecting targets in similar basins.
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Figure 9. Vertical distribution of alteration minerals in borehole ZKII-4 from the Yuejin-II sandstone-
type uranium deposit, western Qaidam Basin, modified after [8]. Spectral data were acquired using
an ASD LabSpec4 Hi-Res portable short-wave infrared spectrometer manufactured by Malvern
Panalytical, UK. The figure shows that within this borehole, the abundances of carbonate and chlorite
exhibit a positive correlation in the uranium mineralization intervals, both showing increases that
broadly coincide with variations in the uranium signal. In the upper part, where lithology is complex
with numerous interfering factors, SWIR identification is challenging, resulting in relatively noisy
data. In the lower part, where lithology is relatively homogeneous with fewer interfering factors, the
SWIR results for mineralization-related alterations correspond well with the mineralization position
and intensity.
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Figure 10. Mineralization-alteration model map of the Yuejin-II mining area, western Qaidam Basin,
modified after [8]. (A) shows the spatial relationship of the three boreholes in plan view. (B) shows
that in zones with better mineralization, the correlation between chlorite and carbonate abundances
and the uranium signal is stronger, indicating that sharp increases in chlorite and carbonate can, to a
certain extent, indicate sandstone-type uranium mineralization.

4.3. Ordos Basin: Pengyang Uranium Deposit

The Ordos Basin, located in north-central China, is the second largest sedimentary
basin in the country, covering an area of 250,000 km?. It hosts one of the most significant
sandstone-type uranium mineralization belts in China. In recent years, a deep-seated
sandstone-type uranium deposit has been newly discovered in the Pengyang area on
its southwestern margin (Figure 11), characterized by large-scale sand bodies, extensive
uranium mineralization, and significant thickness. The Lower Cretaceous Luohe Formation
serves as the primary ore-bearing horizon. It comprises a set of thick red sand bodies
developed under an aeolian depositional system, with lithology predominantly reddish-
brown, light yellow, and gray medium- to fine-grained sandstones, locally intercalated
with pebbly coarse sandstones, sandy conglomerates, or thin silty mudstones. The top and
bottom are bounded by lacustrine mudstones and siltstones, forming a giant “mudstone-
sandstone-mudstone” assemblage. The ore bodies are mainly located in the light gray
medium- to fine-grained sandstones in the lower part of the Luohe Formation, reflecting
the transition from an oxidizing to a reducing environment, which is a key control in
uranium mineralization.
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Figure 11. Simplified geological map of the Ordos Basin (modified after [55]), showing the distribution
of major sandstone-type uranium deposits and main tectonic boundaries: Yimeng Uplift, Weibei
Uplift, Western Margin Thrust Belt, and Jinxi Fold Belt.

4.3.1. Borehole Alteration Mineral Mapping

Zhang et al. (2022) [14] conducted near-infrared spectral scanning on core from bore-
hole ZK1 using a CMS350B core spectral scanner (developed by the Nanjing Geological
Survey Center, China Geological Survey), generating a mineral distribution map for the
Luohe Formation (Figure 12). The map details the vertical variation of minerals such
as illite (including 1/S), kaolinite, chlorite, carbonate, gypsum, and iron oxides over a
depth interval of ~1050-1450 m. The mineral assemblage within the uranium mineralized
interval is distinctly characterized by “illite (I/S) + gypsum + carbonate”, with kaolinite
observed locally (Figure 12). Compared to non-mineralized wall rocks, the most significant
changes are a sharp increase in gypsum content and the near-complete disappearance of
iron oxides. This detailed mineral assemblage mapping provides critical constraints for
interpreting the nature of the ore-forming fluids (reducing, acidic fluids) and the metallo-
genic environment (transition from oxidizing to reducing conditions). It is worth noting
that carbonatization here has been influenced by late-stage overprinting and contamination
from the surrounding rock matrix. Therefore, although its relationship with mineralization
is very close [7], the actual abundance of syn-mineralization siderite is not that signifi-
cant, making it less prominent in spectral testing. Consequently, refining key indicators is
essential for effective prospecting.

4.3.2. Tracing of Ore-Forming Fluids

Using near-infrared core spectral scanning technology, Zhang et al. (2022) [14] identi-
fied the characteristic mineral assemblage within the uranium mineralized interval of the
Luohe Formation as “illite (I/S mixed-layer clays) + gypsum + carbonate”, with kaolinite
observed locally (Figure 12). Based on this, Zhang et al. (2022) [14] interpreted that the
ore-bearing interval was primarily in an alkaline environment during deposition, whereas
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reducing, acidic fluids were introduced during mineralization. This provides critical
mineralogical evidence for understanding the genesis of this deep-seated deposit.
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Figure 12. Vertical distribution of alteration minerals in borehole ZK1 from the Pengyang area
sandstone-type uranium deposit, southwestern margin of the Ordos Basin, modified after [14].
Spectral data were acquired using a digital core spectral scanner (CMS350B model) developed by
the Nanjing Geological Survey Center, China Geological Survey. The figure shows that the mineral
assemblage within the uranium mineralized interval of the Lower Cretaceous Luohe Formation in
this area is characterized by “illite (including I/S mixed-layer clays) + gypsum + carbonate”, with
kaolinite observed locally. Compared to the non-mineralized wall rocks above and below, the most
significant changes within the mineralized interval are a sharp increase in gypsum content and the
near-complete disappearance of iron oxide minerals. The color of the core column in the figure
represents the color of the rock.

4.4. Erlian Basin: Sangendalai Sag

The Erlian Basin is an important Meso-Cenozoic sedimentary basin in northern China,
hosting abundant oil, gas, coal, and uranium resources. Sandstone-type uranium deposits
are predominantly distributed in the Manite and Ulangab Depressions in the western part
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of the basin (Figure 13A). The primary ore-bearing horizon is the upper member of the
Saihan Formation, followed by the Erlian and Tenggeer Formations. The uranium source is
mainly derived from uranium-rich felsic igneous rocks in the provenance area [9,19,56-63].
In contrast to these depressions, the Chuanjing Depression in the western part previously
received limited uranium exploration, resulting in only localized uranium mineralization
and anomalies [64]. Recently, through further drilling, a relatively continuous industrial
uranium orebody (BYH deposit) was discovered in the slope zone of the southwestern
corner of the Sangendalai Sag, northeastern Chuanjing Depression (Figure 13B,C). In this
area, the Lower Cretaceous Saihan Formation serves as the main ore-bearing horizon. It is
a coal-bearing clastic sequence rich in reducing agents such as organic matter and pyrite,
primarily consisting of braided river, braided river delta, and shallow lacustrine deposits.
The lithology is predominantly variegated, light yellow, and gray sandy conglomerates,
conglomeratic sandstones, and sandstones, intercalated with thin layers of gray siltstone,
mudstone, and coal seams (Figure 13C).
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Figure 13. (A) Tectonic map of the Erlian Basin showing the distribution of different types of
uranium deposits and oil-bearing sags, modified after [19]. BB = Bohai Basin, EB = Erlian Basin,
EGB = East Gobi Basin, HB = Hailar Basin, OB = Ordos Basin, SB = Songliao Basin, YB = Yingen
Basin, BL = Baikal Lake, MOZ = Mongol-Okhotsk Zone. (B) Tectonic division map of the Chuanjing
Depression, modified after [17]. (C) SE-NW trending cross-section of sand bodies showing correlation
between boreholes in the Sangendalai Sag, Chuanjing Depression, modified after [17].

https:/ /doi.org/10.3390/min16050471


https://doi.org/10.3390/min16050471

Minerals 2026, 16, 471

23 of 34

4.4.1. Delineation of Oxidation-Reduction Zones

Zhu et al. (2025) [17] employed core spectral technology to conduct continuous
measurements of ferric iron oxide content, constructing an NW-SE trending cross-section
of variations in boreholes intersecting the Saihan Formation (Figure 14). This cross-section
visually illustrates the lateral and vertical distribution patterns of iron oxides. Laterally,
variations in iron oxide content primarily reflect paleotopographic relief during deposition
and do not exhibit obvious pinch-out patterns. Notably, the distribution of iron oxides
in the upper submember of the upper Saihan Formation member is relatively consistent.
Vertically, however, the iron oxide content in the upper submember is significantly higher
than that in the lower submember. Crucially, within zones of uranium orebody enrichment,
iron oxide content decreases markedly, forming a distinct boundary of abrupt content
change, while oxidation intensity increases in the upper part of the orebody (Figure 14).
This spatial coupling between “low-value anomalies” in iron oxide content and uranium
mineralization clearly delineates the precise location of the oxidation-reduction front.
Based on these observations, the authors inferred that reduction intensity is slightly higher
in the northwest compared to the southeast, and that epigenetic reduction intensity in the
lower submember is stronger than in the upper submember.
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Figure 14. NW-SE trending cross-section showing ferric iron oxide content variations in boreholes
intersecting the Saihan Formation in the Sangendalai Sag, Erlian Basin, modified after [17]. Spectral
data were acquired using the CMS350A fully automated digital core scanner, jointly developed and
introduced by the Nanjing Geological Survey Center, China Geological Survey, and the Nanjing
Zhongdi Instrument Company. This cross-section visually illustrates the lateral and vertical distri-
bution patterns of iron oxides. Laterally, variations in iron oxide content do not exhibit obvious
pinch-out patterns. Notably, the distribution of iron oxides in the upper submember of the upper
Saihan Formation member is relatively consistent. Vertically, the iron oxide content in the upper
submember of the upper Saihan Formation member is significantly higher than that in the lower
submember. Crucially, within zones of uranium orebody enrichment, iron oxide content decreases
markedly, forming a distinct boundary of abrupt content change, while oxidation intensity increases
in the upper part of the orebody. The color of the core column in the figure represents the color of
the rock.

4.4.2. Tracing of Ore-Forming Fluids

Zhu et al. (2025) [17] suggested that the reduction intensity is slightly higher in the
northwestern area compared to the southeastern area, and that the intensity of epigenetic
reduction in the lower submember is stronger than that in the upper submember. Based on
these observations, they further speculated that reducing fluids might have originated from
the vertical escape of underlying hydrocarbon fluids. This demonstrates that even without

https:/ /doi.org/10.3390/min16050471


https://doi.org/10.3390/min16050471

Minerals 2026, 16, 471

24 of 34

complex mineral assemblage identification, high-density, continuous measurements of
a single mineral component (iron oxides) can effectively constrain oxidation-reduction
zoning and help interpret fluid migration pathways.

4.5. Horizontal Comparison and Comprehensive Review

Comparing the four basin cases reveals different application strategies for core spectral
technology in sandstone-type uranium deposits.

4.5.1. Differences in Alteration Mineral Assemblages

The Qianjiadian deposit is characterized by the antithetic relationship between kaoli-
nite and montmorillonite, reflecting alternating acidic and alkaline fluids; the Yuejin-II
deposit is characterized by coupled enrichment of the chlorite-carbonate assemblage, indi-
cating spatial coupling of reducing fluids with an unconformity; the Pengyang deposit is
characterized by a sharp increase in gypsum, reflecting oxidation of acidic hydrocarbon-
bearing fluids; the Sangendalai Sag uses low-value anomalies of ferric iron oxides to
delineate the oxidation-reduction front. These differences are primarily controlled by
different fluid end-members (supergene oxygenated water vs. deep hydrocarbon-bearing
fluids) and tectonic settings (unconformities, fault systems).

4.5.2. Different Technical Emphases

In deposits with well-defined alteration assemblages (e.g., Qianjiadian), SWIR is
mainly used for detailed clay mineral mapping and fluid tracing; in deposits where
mineralization is well-coupled with specific assemblages (e.g., Yuejin-II), SWIR can de-
lineate layered alteration zones and trace orebody extensions; in deposits with clear
oxidation-reduction zoning (e.g., Sangendalai), SWIR can quickly locate the front using
single-mineral (iron oxide) content measurements; in deep-seated concealed deposits (e.g.,
Pengyang), SWIR helps reconstruct fluid properties and metallogenic environments.

4.5.3. Implications for Applicability

These cases indicate that successful application of SWIR in sandstone-type uranium
deposits depends on a thorough understanding of the deposit’s geological background.
Prioritizing mining areas with abundant alteration minerals, relatively homogeneous lithol-
ogy, and weak post-mineralization modification can improve the accuracy and reliability of
spectral interpretation.

5. Challenges and Prospects

5.1. Instrumental and Spectral Limitations and Response Strategies
5.1.1. Instrumental and Spectral Limitations

The key to interpreting spectral data is to understand the variables that influence spec-
tra. Multiple variables can affect spectral results, including grain size, transparency, sulfide
content, overall reflectance, water content, heavy metals, contaminants (e.g., grease, organic
matter), mineral orientation, and degree of mineral mixing [65]. Grain size primarily affects
light scattering and absorption paths. Coarser grains enhance scattering, increasing overall
reflectance but potentially masking absorption features. Finer grains may make absorption
features more pronounced. Increased surface roughness can cause “shadowing effects,”
reducing the signal-to-noise ratio [66]. Transparent minerals (e.g., quartz) allow light to
penetrate, causing multiple internal reflections that may enhance or obscure absorption
features. Opaque minerals (e.g., sulfides) are dominated by surface reflectance and may
mask SWIR signals. The spectra of translucent minerals (e.g., chlorite, illite) are influenced
by thickness [67]. Sulfides such as pyrite (Fe-S bonds) lack SWIR-active chemical bonds
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(OH—, H,0, CO32~, NH, "), with absorption peaks mainly in the mid- to far-infrared
(>2500 nm) [68], beyond the detection range of core spectral technology. Moreover, pyrite’s
metallic luster can generate strong specular reflection, masking the SWIR absorption signals
of surrounding alteration minerals. Therefore, during measurement, areas with widespread
pyrite should be avoided as much as possible. Organic matter (humic acids, kerogen,
bitumen, grease) has its own distinct absorption features in the SWIR region due to C-H
vibrations (1720-1750 nm, 2300-2350 nm, and 1400/1900 nm) [39], which may overlap with
characteristic features of clays and carbonates. In practical applications, however, most
sandstone-type uranium deposits in northern China are characterized by the coexistence of
oil and uranium, so organic matter is not considered an interfering factor. On the contrary,
its strong absorption can be leveraged to identify hydrocarbons and evaluate reducing
capacity. The degree of mineral mixing is also a key factor affecting identification accuracy.
Physical mixing (e.g., quartz + clay) can dilute absorption depths, while chemical mixing
(e.g., 1I/S mixed layers) can cause peak shifts or broadening. Additionally, the wavelength
range of this technology is not suitable for identifying most anhydrous silicate minerals.
When the mineral content is below 5%, identification using this technology is generally
difficult, unless the sample is a simple binary mixture with a spectrally neutral matrix
like quartz, and the target mineral has a high albedo. However, as a general rule, mineral
content needs to reach 10% or more for definitive determination. If the sample contains
minerals with low reflectance (e.g., carbonates, chlorite), identification may require even
higher mineral contents [65].

5.1.2. Response Strategies for Instrumental and Spectral Limitations

In response to the instrumental and spectral limitations outlined in Section 5.1.1, the
following practical strategies are proposed for sandstone-type uranium deposits, taking
into account their specific lithological and mineralogical characteristics.

Multi-Scale Measurement and Normalization

Given the strong heterogeneity of grain size and the common interbedding of sand-
stones and mudstones in sandstone-type uranium deposits, a single-point measurement can
hardly represent the true spectral characteristics of the sample. To reduce errors caused by
grain-size variations and surface roughness, it is recommended to: (1) Take measurements
at multiple points on the same sample and calculate the average reflectance spectrum.
(2) Use a contact probe with a larger spot size (e.g., >1 cm diameter) to integrate signals
from a broader area. (3) Normalize spectra using continuum removal to enhance subtle
absorption features and facilitate comparison between different lithologies.

Avoidance of Pyrite Interference

Pyrite is commonly associated with uranium mineralization in sandstone-type de-
posits. Its metallic luster generates strong specular reflection, which can mask SWIR
absorption signals of surrounding alteration minerals (such as illite and chlorite). Effective
mitigation strategies include: (1) Identify pyrite-rich zones by visual inspection or core
scanning images before measurement and avoid these areas during data acquisition. (2) Ap-
plying post-processing algorithms to detect and remove high-reflectance outliers caused
by specular reflection. (3) Using coarser spectral sampling intervals or spatial filtering to
reduce the influence of isolated pyrite grains

Utilization of Organic Matter

In many sandstone-type uranium deposits of northern China, particularly oil-bearing
basins such as the Qaidam Basin, organic matter and hydrocarbons are closely associated
with uranium mineralization. Although organic matter can interfere with the identifica-
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tion of clay and carbonate minerals due to overlapping absorption features (e.g., C-H
bonds around 1730 nm and 2310 nm), it also represents a valuable indicator of reducing
conditions. Practical strategies include: (1) Using characteristic hydrocarbon absorptions
at 1730 nm and 2310 nm as direct proxies for the presence of reductants. (2) Evaluating
reduction capacity by calculating the absorption depth ratio of these hydrocarbon bands.
(3) Incorporating organic matter absorption intensity as an auxiliary parameter in redox
environment characterization.

Spectral Unmixing Strategies

Mineral mixing is a common issue in sandstone-type uranium deposits, occurring
both as physical mixtures (e.g., quartz + clay) and chemical mixtures (e.g., illite-smectite
mixed layers). To improve the accuracy of mineral identification and semi-quantitative
estimation, the following approaches are recommended: (1) For physical mixtures: apply
linear spectral unmixing algorithms (e.g., LSMM) to separate endmember spectra and
estimate their relative abundances. (2) For chemical mixtures (e.g., I/S mixed layers):
rely on changes in FWHM and absorption peak positions (e.g., the 1900 nm H,O feature
and 2200 nm Al-OH feature) to infer mixing ratios. (3) For low-reflectance minerals (e.g.,
carbonates, chlorite), supplementary analytical methods such as XRD should be used to
validate SWIR results, especially when mineral content is near or below the detection
limit (~10%).

5.2. Geological Complexity and Identification Methods
5.2.1. Geological Complexity

Currently, core spectral technology (particularly SWIR) has been widely applied in
mineral exploration, successfully establishing prospecting indicators for various deposit
types [69-86], especially magmatic-hydrothermal deposits. However, applying this tech-
nology to sandstone-type uranium deposits presents distinct challenges due to fundamental
differences in host rock lithology, alteration mineral assemblages, fluid properties, and,
most importantly, the interpretive framework for spectral data.

Fundamental Differences

In magmatic-hydrothermal systems (e.g., porphyry Cu deposits), alteration minerals
typically form concentric, ring-like zonation patterns around a fluid source, providing a
clear spatial vector to mineralization [33,34,71,80,85,86]. These deposits have homogeneous
igneous or metamorphic host rocks (granite, andesite, tuff), where primary minerals (quartz,
feldspar, amphibole) exhibit weak or no SWIR response, making hydrothermal alteration
minerals (illite, kaolinite, alunite) easily identifiable [33,65]. In contrast, sandstone-type
uranium deposits are hosted in interbedded sandstone-mudstone sequences. Alteration
is controlled by facies architecture, redox interfaces, and permeability contrasts, resulting
in irregular, stratigraphically controlled patterns. Rapid lithological variations cause poor
vertical continuity of SWIR data [8], and alteration minerals are easily confused with detrital
or diagenetic phases (e.g., clay minerals from montmorillonite-to-illite transformation) [87].
The ore-forming fluids are typically low-temperature oxidation—reduction fluids (meteoric
or basinal brines), and uranium grades are relatively low. Consequently, spectral parameters
used for magmatic-hydrothermal systems (e.g., chlorite Pos2250 shifts, IC values, and
Pos2200 values) [33-35,75,76,88-90] do not exhibit significant changes in sandstone-type
deposits. A concise comparison of key characteristics is provided in Table 1.
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Table 1. Comparison of key characteristics between sandstone-type uranium deposits and
magmatic-hydrothermal deposits in hyperspectral applications.

Magmatic-Hydrothermal Deposit

Aspect Sandstone-Type U Deposit (e.g., Porphyry Cu)
. Interbedded sandstone—mudstone, Homogeneous
Host rock lithology . . . .
complex, rapidly changing igneous/metamorphic rock

Alteration mineral assemblage

Low-T: kaolinite, smectite, illite, chlorite, High-T: K-feldspar, biotite, sericite,

carbonate, pyrite alunite, pyrophyllite
Alteration zonin Irregular, stratabound Regular, concentric areal
8 oxidation-reduction zones alteration zones

Ore-forming fluid

Low-T (<120 °C), redox

(meteoric/basinal brine + hydrocarbons) High-T (>200 °C), acidic hydrothermal

Spectral prospecting indicators assemblages, relative abundance

Appearance/disappearance of Peak shifts (e.g., Pos1480, Pos2200,

changes, Fe-oxide low anomalies [91,92] Pos2250), IC values [33,34,75,76,88]

Locating redox fronts, distinguishing Tracing hydrothermal centers,
Technical focus fluid end-members, separating alteration mapping alteration zones,
from diagenetic background targeting exploration
. Diagenetic mineral interference, weak Overprinting alteration, erosion
Main challenges . - s )
low-T signals, rapid lithological changes level assessment

Implications for SWIR Application

The above differences necessitate a shift in interpretive framework when applying
SWIR in sandstone-hosted systems. In hydrothermal deposits, the goal is “zonation vec-
toring” toward a heat/fluid source [33,34,85,86]. In sandstone-type deposits, the goal is
“facies and redox mapping” to locate oxidation-reduction fronts and identify favourable
fluid mixing zones. Therefore, successful application of SWIR in sandstone-type uranium
deposits requires a preliminary understanding of the regional fluid system (e.g., mete-
oric, hydrocarbon, basinal brine) [91,92] to interpret which alteration assemblages are
likely mineralization-related versus diagenetic [87]. For example, Ghoneim et al. (2023)
demonstrated that in the El Sela area, successive hydrothermal alterations (beresitization,
propylitization, argillitization) along shear zones were key to uranium remobilization,
and understanding these fluid-rock interactions allowed effective use of radiometric and
mineralogical data to distinguish mineralized zones [93]. This principle applies equally to
SWIR-based alteration studies: without knowing the dominant fluid end-members, spectral
patterns cannot be reliably assigned to mineralization.

In summary, sandstone-type uranium deposits should not be explored using the
same SWIR approach as magmatic-hydrothermal systems. Exploration geologists should
shift from “zonation vectoring” to “facies and redox mapping” when applying SWIR in
sandstone-hosted systems [33,34,65,87]. This conceptual takeaway is essential for maximiz-
ing the value of spectral data in these deposits.

5.2.2. Response Strategies for Geological Complexity
Criteria for Distinguishing Syn-Mineralization Alteration from Diagenetic Background

(1) Spatial correlation: syn-mineralization alteration is typically spatially associated
with uranium mineralization intervals (high gamma-ray anomalies), while diagenetic
minerals have wider distribution with no correlation. (2) Assemblage characteristics:
syn-mineralization alteration often forms specific assemblages (e.g., chlorite + carbonate
+ pyrite [8]), while diagenetic assemblages are simpler. (3) Microtextural evidence: pet-
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rographic observation shows syn-mineralization alteration occurs as pore-filling cements
or replaces precursor minerals, whereas diagenetic minerals occur as detrital grains or
early cements.

Dealing with Rapid Lithological Variations

In intervals with complex lithology (e.g., interbedded mudstone and sandstone),
establish background baselines for each lithology separately and extract anomalies by
difference; or focus on relatively homogeneous sandstone intervals and avoid mudstone-
dominated sections.

Spectral Proxies for Low-Temperature Systems

Since sandstone-type uranium deposits have low formation temperatures (<120 °C),
traditional high-temperature spectral proxies (e.g., chlorite P0s2250 shifts) are not ap-
plicable. Instead, focus on qualitative to semi-quantitative indicators such as the appear-
ance/disappearance of mineral assemblages (e.g., disappearance of iron oxides) and relative
changes in mineral abundance (e.g., increased chlorite absorption depth).

5.3. Interpretational Pitfalls and Future Directions
5.3.1. Interpretational Pitfalls to Avoid

Based on the practical experience gained from the four typical sandstone-type uranium
deposits reviewed in this study, several interpretational pitfalls should be carefully avoided
when applying SWIR technology.

Avoid Over-Reliance on Single Mineral Indicators

Although kaolinite enrichment shows a good spatial correlation with uranium min-
eralization in the Qianjiadian deposit, this relationship is not universal. In other basins,
kaolinite may simply reflect diagenetic acidification unrelated to uranium mineralizing
events. Therefore, it is recommended to: (1) Integrate multiple mineral parameters (kaolin-
ite, montmorillonite, illite, iron oxides, carbonates) in the interpretation. (2) Pay attention to
mineral assemblages (e.g., kaolinite + pyrite + ankerite in the oxidation-reduction transition
zone) rather than individual mineral anomalies.

Use Spectral Parameter Shifts Cautiously

In magmatic-hydrothermal systems, systematic shifts in spectral parameters such as
the Pos2200 value of illite or the Pos2250 value of chlorite are frequently used as vectors
toward mineralization centers. However, in low-temperature sandstone-type uranium
deposits (T < 120°C), these spectral parameters generally do not show significant varia-
tions. Thus, it is not appropriate to directly transplant these high-temperature spectral
proxies. Instead, priority should be given to: (1) The presence or absence of diagnostic
mineral assemblages. (2) Relative changes in mineral abundances (e.g., absorption depth
increases in chlorite or carbonates [8]). (3) The spatial relationship between specific mineral
associations and uranium mineralization intervals.

Necessity of Multi-Method Validation

SWIR is an excellent tool for rapid screening of alteration minerals over long core
intervals, but it has limitations in identifying low-abundance minerals (typically <5%-10%)
and cannot reliably distinguish syn-mineralization alteration from background diagenetic
alteration. Therefore, SWIR results should always be validated by: (1) Petrographic ob-
servations (optical microscopy, BSE imaging). (2) Electron probe microanalysis (EPMA)
for mineral chemistry, especially for critical minerals like chlorite and carbonates. Such
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a multi-method approach ensures the accuracy and reliability of mineral identification
and interpretation.

5.3.2. Future Directions
Multi-Method Integration

A systematic workflow is proposed for future research: (1) SWIR rapid scanning over
long core intervals, (2) targeted sampling based on key spectral anomalies, (3) petrographic
validation, (4) XRD and EPMA quantification, (5) comprehensive interpretation integrating
mineralogical and spectral data.

Intelligent Data Processing

The application of machine learning algorithms (e.g., random forest, convolutional
neural networks) for automatic mineral identification and spectral unmixing is a promis-
ing direction. Training models on large datasets of SWIR spectra with corresponding
XRD and thin-section labels can significantly improve the accuracy and efficiency of
mineral mapping.

Quantitative Models

Build calibration models between mineral content and spectral parameters specifically
for sandstone-type uranium deposits. Establishing quantitative relationships between
spectral parameters (such as absorption depth and FWHM) and mineral abundance under
controlled conditions is essential for advancing from semi-quantitative to quantitative
SWIR applications.

3D Modeling

By integrating SWIR data from multiple boreholes, 3D models of alteration mineral
distribution can be constructed. These models can visualize the spatial morphology of
oxidation-reduction fronts and guide further drilling and resource estimation.

Standardization

Establish industry technical standards covering data acquisition, processing, and
interpretation workflows. Industry-wide technical standards are urgently needed to ensure
data comparability across different instruments and projects.

6. Conclusions

(1) Applicable conditions: Core spectral technology (especially SWIR) is suitable for
sandstone-type uranium mining areas with abundant alteration minerals (target mineral
content > 5%-10%), relatively homogeneous lithology or strategies to overcome heterogene-
ity, and clear spatial coupling between alteration and mineralization. Priority should be
given to deposits developing SWIR-sensitive minerals such as chlorite, carbonate, kaolinite,
illite, and iron oxides.

(2) Key prospecting indicators: Mineral assemblage indicators include: oxidation zone
marked by “kaolinite + Fe3* oxides”; reduction zone marked by “montmorillonite + illite
+ pyrite”; transition zone marked by “kaolinite + montmorillonite + pyrite + ankerite”
or “chlorite + carbonate”. Single-mineral content indicators include sharp increases in
chlorite or carbonate absorption depth, or significant decreases in ferric iron oxide absorp-
tion depth, can serve as indirect indicators of mineralization intervals. Specific mineral
anomalies include sharp increases in gypsum (e.g., Pengyang) or the antithetic relationship
between kaolinite and montmorillonite (e.g., Qianjiadian) can indicate fluid properties. The
applicability of these indicators is basin-specific.
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(3) Main limitations: Detection limit (difficult to identify when alteration mineral
content is <5%-10%), lithological interference (interbedded sandstone-mudstone sequences
lead to poor vertical continuity of spectral signals), mineral confusion (syn-mineralization
alteration easily confused with diagenetic background), low-temperature limitation (not
suitable for heat-source tracing based on spectral parameter shifts), and spectral masking
by opaque minerals such as pyrite.

(4) Future directions: Multi-method integration (establish a workflow of “SWIR rapid
mapping—petrographic validation—XRD/EPMA precise quantification”), intelligent data
processing (develop machine learning-based automatic mineral identification and spectral
unmixing algorithms), quantitative models (establish calibration models between mineral
content and spectral parameters), 3D modeling (construct deposit-scale 3D alteration
models), and standardization (establish industry technical standards).

(5) Application prospects: The integrated application of core spectral technology with
petrography, XRD, SEM, and electron probe microanalysis holds considerable promise for
advancing metallogenic research and prospecting practices for sandstone-type uranium
deposits in northern China.
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