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Abstract: Nanhong agate, esteemed for its vivid color and natural shine, is experiencing a scarcity
in supply despite its high demand. The primary deposits of agate, typically found near the surface,
have not been extensively explored due to the predominance of traditional manual excavation
methods. This research examined the Nanhong agate deposits in the Zhaojue-Meigu region of
Liangshan, China, employing the integration of geological and geophysical surveys. Field geological
surveys allowed us to outline the general areas where agate is found. Following this, using magnetic
surveys, vertical electrical sounding, and controlled-source audio magnetotellurics, agate deposits
were located within the conglomerate layer of the second member of the Feixianguan Formation
from the Lower Triassic period at depths of less than 100 m. Our results identify mineralized layers,
Xuanwei Formation mudstone, and the underlying bedrock, thus supporting the creation of a mineral
prediction map. This research provides essential insights and guidance for agate exploration and the
development of associated mineral resources.

Keywords: agate deposits; Liangshan; geological survey; vertical electrical sounding; controlled-source
audiomagnetotelluric method

1. Introduction

The jadeite mineral group is highly esteemed in the gemstone market due to its variety
of colors and textures [1,2]. Among these variants, Nanhong agate stands out for its rich
crimson hue and exquisite texture, commanding significant popularity among consumers.
Among these, Nanhong agate is particularly notable for its deep crimson color and fine
texture, making it highly popular among buyers. Nanhong refers to a specific type of red
agate found in the southwestern part of China. Notably, the Nanhong agate deposits in the
Zhaojue-Meigu area of Liangshan, Sichuan Province, China, are renowned for their pristine
condition [3,4]. The formation of Nanhong agate is linked with the creation of the nearby
Emeishan basalt during the late Permian period. Volcanic activities during this period
enabled the mineralization of agate through the percolation of silica-rich hydrothermal
fluids containing metal ions, which imparted the distinctive coloration. Further geological
processes, such as weathering and erosion, shaped these agate minerals, leading to the
abundant presence of Nanhong agate pebbles. These pebbles were then deposited within
the sedimentary layers of the Xuanwei and Feixianguan groups in the Zhaojue-Meigu area,
forming secondary ore deposits [5,6].
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Despite the high economic value of Nanhong agate, exploration in the region largely
depends on outdated manual excavation methods. These methods are inherently inefficient
and largely fortuitous, underscoring the necessity for more scientifically rigorous and efficient
exploration techniques. Although geophysical methods offer considerable benefits for mineral
exploration [7-12], their use in jadeite mineral investigations has been relatively limited.
Therefore, this study seeks to assess the efficacy of integrated geophysical methods in the
exploration of Nanhong agate deposits. We conducted a detailed and systematic exploration
of Nanhong agate deposits in the Liangshan area, building on field geological surveys and
employing a suite of geophysical techniques, including magnetic surveying, vertical electrical
sounding (VES), and the controlled-source audiomagnetotelluric (CSAMT) method.

Geological investigations revealed that the conglomerate bed of the Lower Triassic
Feixianguan Formation harbors Nanhong agate deposits, buried at depths of less than
100 m. Through the application of geophysical methods, we delineated ore-bearing lay-
ers, identified the low-resistivity mudstone of the Xuanwei Formation, and mapped the
underlying bedrock. This comprehensive characterization facilitated the development of
a mineral prediction map, offering insights into the precise distribution of agate-bearing
layers. Our study establishes a scientific foundation for the accurate localization and
evaluation of Nanhong agate deposits while also introducing innovative methodologies
for jadeite mineral exploration. We anticipate that our findings will contribute to the
sustainable development and utilization of Nanhong agate resources, thereby advancing
exploration efforts in the domain of chalcedony mineral deposits.

2. Geological Background

The study area, located in the southwestern part of Sichuan Province, China, is part of
the Emeishan large igneous province. The exposed strata primarily include the Emeishan
Basalt Formation of the Upper Permian, the Xuanwei Formation, and the Feixianguan
Formation of the Lower Triassic (Figures 1 and 2).
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Figure 1. Simplified geological map of the study area.
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Figure 2. Geological map of the exploration area with measurement points (locations of geological
and geophysical surveys are shown in the figure).

The Emeishan Basalt Formation comprises dense, mottled basalts often interbedded
with volcanic breccias or tuffaceous sandstones. It nonconformably comes into contact
with the underlying Yangxin Formation of the Upper Permian, with a thickness exceeding
200 m [5].

The Xuanwei Formation (P3x) is characterized by fine-grained sandstone and iron-
bearing claystone, with purple-red claystone at the base, coal-bearing mudstone in the mid-
dle, and grayish-green lithic sandstone at the top. It lies nonconformably over the Emeishan
Basalt Formation, exhibiting significant weathering and sedimentary discontinuities [13].

The Feixianguan Formation (T f) is widespread in the study area, featuring consistent
lithology with a thickness ranging from 193 to 259 m [5]. It primarily consists of purple-red
gravelly feldspathic quartz sandstone and sandy shale, with gravel layers dominated by
siliceous rocks and occasional agate gravel. Based on its lithological attributes, the Feixian-
guan Formation can be categorized into three members. The first member is characterized
by thin-bedded, purple-red, medium-grained lithic sandstone alternating with purple-red
thin-bedded mudstone. The second member consists of a medium-thick-bedded conglom-
erate displaying rhythmic layers of conglomeratic sandstone with numerous agate pebbles
embedded within. Notably, sandstone layers exhibit distinct parallel bedding, tabular
cross-bedding, and wedge-shaped cross-bedding. The third member comprises purple-red
sandstone and fine sandstone interbedded with purple-red siltstone and mudstone. Of eco-
nomic significance, agate deposits are predominantly situated within the second member
of the Feixianguan Formation (Figure 3).
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Figure 3. Field and processed photos of agate minerals. (a) Agate conglomerate of the Feixianguan
Formation; (b) raw cherry-red agate; (c) processed cherry-red agate; (d) fresh cherry-red agate with
red jasper outcrop; (e) ice-drift red agate; (f) processed ice-drift red agate.

3. Methodology
3.1. Field Geological Survey

A field geological survey was conducted to elucidate the ore-bearing strata of Nanhong
agate, examine the sedimentary environment within the exploration area, and character-
ize corresponding lithological features. This process facilitated the rapid delineation of
the exploration area. Initially, the survey involved the preliminary identification of litho-
logical types, material compositions, sedimentary characteristics, ore-bearing potential,
contact relationships, and spatiotemporal distribution variations in sedimentary rock layers.
Concurrently, lithostratigraphic sequences were established, and an analysis of their depo-
sitional facies and environments was conducted. Furthermore, stratigraphic profiles were
measured to discern ore-bearing structures and lithological assemblages. The prospecting
and delineation of ore-bearing rock layers, coupled with the identification of specific litho-
logical layers associated with mineralization, were undertaken. Additionally, structural
features and mineralization alterations related to ore formation were studied. This phase
of research aimed to provide a foundational understanding for subsequent geophysical
exploration efforts. The locations of geological observations and sampling are marked in
Figure 2.

3.2. Physical Property Measurements

The measurement of the physical properties of rock specimens contributes to the
evaluation of feasibility and the interpretation of geophysical surveys [14]. Representative
rock samples were collected from the field superficially and from the artificial mining cave,
and they were subjected to laboratory-based measurements of magnetic and electrical
resistivity properties. The samples of gravel with conglomerate agate and sandstone were
taken from the cave, while the samples of basalt were collected superficially. The sampling
was carried out at a few locations of the geological observation (Figure 2). Prior to laboratory
measurements, samples were processed under water-cooled conditions using a tabletop
drill and a cutting machine to produce cylindrical specimens with standardized dimensions:
approximately 22 mm in height and 25 mm in diameter. Magnetic susceptibility parameters
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were determined using a British MS2 magnetic susceptibility meter [15], with a resolution of
2 x 107 SI units. Subsequently, following saturation in water for over 24 hours, electrical
resistivity parameters were measured using an RP-1 rock and mineral electrical conductivity
meter [16]. A total of 128 samples, comprising sandstone, conglomerate, and basalt, were
collected for physical property measurements.

3.3. Geophysical Exploration

High-resolution magnetic survey is a geophysical method that involves observing and
analyzing magnetic anomalies caused by differences in the magnetic properties of rocks
and ores, thereby studying the geological structures and distribution patterns of mineral
resources. It investigates the distortion of the geomagnetic field caused by the superpo-
sition of magnetic fields generated by magnetic bodies on Earth [17-21]. In this study,
the presence of highly magnetic basalt may cause overlapping magnetic anomalies with
conglomerates, which should be distinguished during the analysis. Total field measure-
ments were conducted using a PMG-2 proton magnetometer manufactured by the Czech
company Satisgeo [22], with diurnal variations corrected to obtain magnetic anomalies.
Prior to operation, on-site performance checks were carried out for all instruments used in
the study, including accuracy calculations and inter-instrument consistency tests, to ensure
proper functioning and accuracy requirements.

We generally use the induced polarization method or electrical and electromagnetic
methods for electrically conductive mineral exploration [9,10,23-25], and sometimes, de-
pending on the properties of the targeted mineral and associated host rock types, we
could use ground penetrating radars (GPRs) [26] and other geophysical methods. The
chalcedony ore does not have polarization characteristics and has its own properties, so we
used magnetic, VES, and CSAMT methods. CSAMT is an electromagnetic sounding tech-
nique that uses finite-length grounded electric dipoles as current transmitting sources to
simultaneously measure electrical and magnetic fields at a certain distance from the source
dipole [11,12,27,28]. It effectively delineates subsurface electrical resistivity or conductivity
information, although its resolution for near-surface is relatively limited. In this study, an
equatorial dipole setup was used for scalar measurements, simultaneously observing the
horizontal components of the electric field (Ey) parallel to the source and the magnetic field
(Hy) orthogonal to the source. Subsequently, impedance resistivity was calculated using the
electric field amplitude (Ex) and magnetic field amplitude (Hy), and the impedance phase
was calculated using the electric field phase and the magnetic field phase. The resistivity
parameters were inverted using a joint inversion of impedance resistivity and impedance
phase. The study employed the GDP32!multifunctional electrical method workstation
manufactured by Zonge [29], USA. The transmitter electrodes were set at AB = 800 m,
receiver—transmitter separation was set at 6 ca. km (Figure 1), measuring receivers had a
separation of MN = 40 m, and the frequency range was set at 8-8192 Hz, with a detection
depth of 440 m.

With respect to resistivity sounding, VES employs a symmetric four-electrode con-
figuration, in which four electrodes—A, M, N, and B(A and B as current electrodes and
M and N as potential electrodes)—are arranged in a straight line and are systematically
spread about the midpoint O of MN [30]. An increase in the distance between transmitting
electrodes A and B is used to achieve deeper probing of the electrical characteristics of
subsurface geological structures. The range of AB spans from 3 to 800 m, with a probing
depth of 160 m. This method provides high resolutions for near-surface geological units
but is less effective in detecting deep geological bodies and is time consuming.

Two CSAMT profiles (line 6 and line 26) were deployed along the agate mineralization
zone, as shown in Figure 2. The line spacing was 200 m, and the profile direction was 150°.
Finally, two resistivity sounding points were established on the profiles: VES 1 on line
6 and VES 2 on line 26. A symmetric four-electrode setup was used, with AB ranges of
3-700 m for VES 1 and 3-800 m for VES 2.



Minerals 2024, 14, 677

6 of 15

4. Results and Discussion
4.1. Geological Measurements

The Nanhong agate deposit, classified as a chalcedony-type deposit, can be further dif-
ferentiated into volcanic and sedimentary types based on its genesis [31,32]. Field surveys
reveal predominantly stratiform ore bodies within sedimentary rocks, manifested as con-
glomerates and pebbly sandstones, which are indicative of a secondary sedimentary origin.
These deposits predominantly stem from the early Permian agate layers of the Emeishan
basalt group. Over time, these layers underwent weathering, erosion, and redeposition,
resulting in the current agate layers observed within the Feixianguan Formation. This
formation, which can be subdivided into three members, is predominantly characterized
by purple-red conglomerates, sandstones, and siltstones interspersed with agate-bearing
conglomerate layers.

Notably, the agate-bearing layers are primarily confined to the second member of
the Feixianguan Formation. These layers are characterized by medium-grained volcanic
conglomerates with minor occurrences of sandstone and mudstone. These hard layers,
marked by siliceous cementation, host an agate ore grade of 2-3%, predominantly featuring
cherry-red agate, with some occurrences of floating ice-red and white agate. These distinc-
tive agate-bearing layers, harder than the adjacent strata and with a gravel content ranging
from 60% to 70%, are predominantly composed of volcanic rocks. The grain size within
these conglomerates varies from 3 mm to 10 cm, with a predominant range of 1-5 cm.
Geological observations indicate gentle dip angles of 5°~15° in the agate layers, suggesting
ease of mining.

Further investigations highlight that both the roof and floor of these agate deposits
pertain to the second member (T{f?) of the Feixianguan Formation within the Triassic
system. The roof is characterized by purple-red thin-medium-grained quartz siltstones
exhibiting horizontal bedding, whereas the floor is dominated by purple-red medium-
grained feldspathic quartz sandstones with parallel bedding and minor cross-bedding.
Specialized geological surveys pinpoint the sedimentary environment of this formation as
a tidal deltaic phase and delta plain subphase. The hard-cemented agate-bearing conglom-
erates at the base correspond to the main river channel microfacies, while the upper sandy
mudstone-cemented conglomerates are indicative of debris flow microfacies. Sandstone
layers with parallel bedding represent inter-channel microfacies. The unique sedimen-
tary environments associated with the agate layers, combined with distinct lithological
features, offer valuable insights for narrowing down the exploration area, as illustrated in
Figures 2 and 4.
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Figure 4. A representative sedimentary sequence of the second member of the Feixianguan Formation
(results of this field geological survey).
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4.2. Physical Property Measurements

Table 1 presents the physical property measurements of conglomerate, sandstone, and
basalt samples collected from the exploration area. However, the mudstone samples in
this area proved to be extremely fragile, making it impossible for us to produce suitable
specimens for analysis. So, it is not shown in Table 1. The measurements reveal distinct
characteristics among the rock types. Conglomerates exhibit medium to high resistivity
and significant magnetic variations, generally displaying strong magnetism. In contrast,
sandstones have lower resistivity and are essentially non-magnetic. Basalts demonstrate
high resistivity with pronounced magnetism. Mudstones, due to their water content, exhibit
low resistivity. Importantly, conglomerates containing agate display higher magnetism
compared to sandstones. Thus, targeting conglomerate layers with medium characteristics
can effectively guide the exploration and prospecting of agate deposits.

Table 1. Statistical parameters of rock physical properties in the study area.

Susceptibility (K) (x10—¢ SI) Resistivity (p) (€2-m)
Name Samples
Min Max Mean Min Max Mean
Gravel (with conglomerate and agate) 31 5059.74 18,432.87 9715.50 286.10 510.31 382.80
Sandstone 57 165.49 543.18 304.54 37.95 308.79 141.66
Basalt 40 18,493.18  78,893.85 52,644.5 957.62 2964.69 1892.01

4.3. Integrated Geophysical and Geological Section Measurements

CSAMT data were processed using the smooth-model inversion software SCSINV [33].
The RMS errors for the various measurement points ranged from 1.1 to 2.3.

Figure 5 illustrates the integrated profile of the line 6 geological and geophysical
survey, sequentially presenting magnetic survey results, CSAMT data, and geological
profile measurements. The topography displays notable undulations. Within the profile’s
central segment, magnetic anomalies remain steady, with elevated anomalies at both ends
of the profile. The positions at the end of the profile indicate the presence of basalt according
to the geological assessment.

The CSAMT method results delineate a 440-meter-deep section into three distinct
electrical layers: a high-resistivity near-surface layer, a subsequent low-resistivity layer,
and a bedrock layer characterized by high resistivity. Geological interpretations align
with these electrical findings, identifying the high-resistivity layer at 30-80 m as sand-
stone from the Feixianguan Formation, the low-resistivity layer as mudstone from the
Xuanwei Formation, and the bedrock as basalt. Notably, the sandstone of the Feixian-
guan Formation houses agate layers, with agate minerals discovered near mountain
peaks and basalt exposures at the position of the end of the profile. The slightly higher
magnetic anomalies at the position of the beginning of the profile likely indicate gravel
associated with agate mineralization. However, not all moderate anomalies correspond
to the agate layers. Deep-seated magnetic minerals can significantly impact surface mag-
netic survey results. As previously mentioned, the magnetic anomaly at the end of the
profile is indicative of basalt. Consequently, vertical electrical sounding was conducted
near the point 278 of line 6 to refine the depth characterization of the ore-bearing layer
within the Feixianguan Formation.

Figure 6 illustrates the composite profile of the 26-line survey, which shares similarities
with the 6-line results. High values of magnetic anomalies are observed at both ends of the
profile. The CSAMT measurements revealed the electrical characteristics of the section, and
vertical electrical sounding was carried out near the point 262 of line 26. Geological profiles
also indicate the presence of agate minerals near mountain peaks and at the position at the
beginning of the profile.
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Figure 5. Geological-geophysical composite profile along the exploration line 6.

Figures 7 and 8 show the CSAMT depth soundings at various frequencies for points
206 on line 6 and 226 on line 26, respectively. This area has relatively low resistivity, with
apparent resistivity values near 100 (Om. The signal transitions to the near-field around
100 Hz. One key feature of CSAMT is that as the frequency decreases, the depth of detection
increases. The curves (Figure 7) imply a simplified three-layer electrical structure from
shallow to deeper depths. Formulas to convert electric and magnetic fields with respect to
impedance resistivity and phases are described in [34].
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Figure 8. Electromagnetic field curves from the controlled-source audiomagnetotelluric measure-
ment point.

According to geological observations (Figure 9), the first member (T{f!) of the Feixian-
guan Formation consists of greenish-gray lithic feldspathic sandstone, ranging in grain size
from coarse to fine, with a thickness varying between 40 cm and 2 m. As one moves up-
wards, the lithology changes to purplish-red medium-bedded lithic feldspathic sandstone
interspersed with layers of purplish-red siltstone (Figure 9a). These sandstones frequently
include clasts of purplish-red mudstone and occasional calcareous nodules, while the
siltstones sometimes contain small calcite crystals.

Figure 9. Characteristics of the agate-rich strata of the Feixianguan Formation. Locations of these
samples are shown in Figure 2. (a) Interbedded sand-mudstone of the first member of the Feixianguan
Formation; (b) agate conglomerate layer of the second member of the Feixianguan Formation;
(c) wedge-shaped cross-bedding in the second member of the Feixianguan Formation; (d) mudcracks
in the third member of the Feixianguan Formation.

The second member (T1f2) of the Feixianguan Formation is composed of purplish-red
medium-bedded lithic feldspathic sandstone interlayered with purplish-red agate-bearing
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lithic feldspathic sandstone, siltstone, or mudstone (Figure 9b). This section is notable for
its abundant agate clasts within the sandstone, which exhibits parallel bedding, tabular
cross-bedding, and wedge-shaped cross-bedding (Figure 9c).

Vertical electrical sounding (Figure 10) offers high-resolution insights into the subsur-
face. We used the IP12win software from Moscow State University for the interpretation.
The RMS error of point 01 and point 02 is, respectively, 1.2 and 1.6. It showed good data
fitting in Figure 11. The results reveal a near-surface low-resistivity layer corresponding
to water-rich sandstone, overlying the higher-resistivity gravel-bearing sandstone of the
Feixianguan Formation. Beneath this, the sequence transitions to the Xuanwei Formation
mudstone and bedrock. Notably, from VES 1 to VES 2, the burial depth of the agate layer
progressively decreases.
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Figure 11. Data fitting for vertical electrical sounding.

4.4. Practicality of Integrated Geological and Geophysical Measurements in Agate Exploration

The formation of Nanhong agate in the Liangshan region of Sichuan, China, is
primarily influenced by volcanic and sedimentary processes. Late Permian tectonic
stresses, mainly manifesting as east-west extensional forces, resulted in the development
of north-south trending extensional faults, which triggered extensive volcanic activity.
These faults served as conduits for the extrusion and shallow intrusion of basaltic magma
and subsequently facilitated the deposition of Nanhong agate through the filling of early
volcanic rock cavities by post-volcanism hydrothermal fluids. Additionally, the trans-
formation of primary agate through weathering, erosion, transportation, and diagenesis
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contributes to the formation of agate deposits. Sedimentary processes also play a crucial
role in this formation.

Our exploration of this distinctive agate-type quartz mineral commenced with ge-
ological surveys. By analyzing the unique sedimentary environment and petrological
characteristics of the exploration area, we identified geological formations and rock compo-
sitions. These foundational data facilitated the rapid delineation of potential mineralized
sedimentary strata. Our findings revealed that agate deposits predominantly occur as
stratiform or stratiform-like bodies within sedimentary rocks, often appearing as conglom-
erates or pebbly sandstones, classified as secondary sedimentary deposits. The second
conglomerate layer of the Feixianguan Formation is the primary ore-bearing horizon for
agate. It exhibits a gentle dip ranging from 5° to 12°, aligning closely with the terrain
due to its mild inclination. The grain size is predominantly coarse, consisting mainly of
purplish-red fine-medium-grained sandstone interbedded with purplish-red mudstone
containing agate. Agate pebbles are commonly found within the sandstone, indicating
significant sedimentary hydrodynamics during deposition. Sedimentary structures such
as parallel bedding, tabular cross-bedding, and wedge cross-bedding are highly devel-
oped, reflecting the strong sedimentary hydrodynamics of the Feixianguan Formation’s
second conglomerate layer. This layer’s ore formation is primarily attributed to an earlier
formed agate layer of the Emeishan basaltic formation during the late Permian, which
underwent weathering, erosion, transportation, and re-deposition, culminating in the cur-
rent conglomerate agate layer of the second member of the Feixianguan Formation. The
sedimentary environment is predominantly characterized by alluvial fan or deltaic facies.
The magmatic rocks in the mining area mainly belong to the Emeishan basaltic group.
While ore-controlling structures are not prominently visible and alteration is minimal, the
agate primarily exhibits a single-layer structure with colors mainly in shades of cherry red,
and they exhibit ice-floating patterns (Figure 3).

Upon delineating the preliminary agate deposit zones through basic field geological
surveys, we utilized physical property measurements for geophysical interpretation. High-
precision magnetic surveys were conducted to identify potential agate-bearing areas. The
CSAMT method was employed to probe deep electrical structure, thereby determining the
thickness of the ore-bearing strata and the depth to bedrock. Further precision in deter-
mining the depth and thickness of the agate layer was achieved through vertical electrical
sounding. Table 2 presents the comparison results between CSAMT, resistivity sounding,
and physical property measurements. As shown in the table, the resistivity ranges of
geological units measured by various geophysical methods are generally consistent with
those obtained from physical property measurements.

Table 2. Comparison of survey results of geophysical methods and resistivity measurements for
different geological units.

Result of CSAMT Result of Re‘51st1V1ty Resistivity
Sounding Measurements
Gravel bearing agate 100-400 Om 200-400 Om 382.8 Om
and conglomerate
Sandstone 100-400 Om 20-100 Om 141.66 Om
Mudstone 10-100 Om 20-30 Om /
Basalt >400 Om >20,000 Om 1892.01 Om

Previous studies have recognized the shallow burial depth and non-polarizing char-
acteristics of agate, employing ground-penetrating radar for prospecting. Measurements
were taken at several study test sites with respect to the subsurface geology of weath-
ered melaphyre and pyroclastic deposits using a GPR system (ProEx) [26]. However, no
precedent exists for agate exploration using the combination of geological and electrical
methods employed in this study. Therefore, our study integrates geological surveys with
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high-precision magnetic surveys, CSAMT, and vertical electrical sounding to construct
an agate ore prediction map (Figure 12). The predictive map was constructed using the
stratigraphic sequence obtained from geological surveys, incorporating the medium mag-
netic anomaly of the agate gravel layer and the resistivity parameter values measured for
various geological units based on their physical properties, as shown in Table 2.
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Figure 12. Predicted mineral body map of the agate deposit in the exploration area. 1—Sandstone;
2—conglomeratic sandstone; 3—silty sandstone; 4—mudstone; 5—basalt; 6—agate. Location of this
predicted mineral is shown in Figure 2.

Our extensive survey indicates that the surface is largely dominated by sandstone,
with agate deposits found within the conglomerate layer of the second member of the
Feixianguan Formation, which comprises pebbly sandstones. This layer is underlain by the
mudstones of the Xuanwei Formation and sits atop the Emeishan basalt bedrock. According
to the ore prediction map, agate deposits are identifiable by targeting high-resistivity and
magnetically active conglomerate layers within the second member of the Feixianguan
Formation. Consequently, the applied methods and techniques for exploring agate-bearing
horizons have proven effective. This study confirms that geological surveys, physical
property measurements, and geophysical methods, particularly high-precision magnetic
surveys and CSAMT, are powerful tools for chalcedony mineral exploration.

5. Conclusions

In this study, geological investigations were undertaken to identify the ore-bearing
strata, sedimentary environments, and petrological characteristics of agate deposits in the
Liangshan region of Sichuan, China. This strategy significantly narrowed the exploration
area. Advanced geophysical exploration methods, including high-precision magnetic sur-
veys, CSAMT techniques, and vertical electrical sounding, were then applied to enhance
differentiation capabilities. These techniques successfully identified the agate-bearing strata,
the low-resistivity mudstones of the Xuanwei Formation, and the underlying bedrock, lead-
ing to the creation of a comprehensive mineral prediction map that details the distribution
of ore-bearing agate layers.

Our results indicate that the agate deposits are primarily located within the con-
glomeratic sandstone layer of the second member of the Triassic Feixianguan Formation,
characterized by relatively high resistivity and a thickness of approximately 40 m. Beneath
this layer lies the low-resistivity mudstones of the Xuanwei Formation, underlain by the
highly magnetic Permian Emeishan basalt.

This research provides a solid scientific basis for the precise identification and eval-
uation of Nanhong agate deposits and introduces new perspectives and methodologies
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for exploring similar quartz mineral deposits. We believe that the insights gained from
this study will significantly contribute to the responsible exploitation and utilization of
Nanhong agate resources. Additionally, the methods and findings presented are expected
to serve as a crucial reference for geophysical exploration efforts targeting quartz mineral
deposits worldwide.
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