:' frontiers ‘ Frontiers in Earth Science

‘ @ Check for updates

OPEN ACCESS

Edson Campanhola Bortoluzzi,
The University of Passo Fundo, Brazil

Hartmann, LA,

Federal University of Rio Grande do Sul, Brazil
Diovane Freire Moterle,

Federal Institute of Rio Grande do Sul, Brazil

Bo-Chao Wang,
wangbochao@mail.cgs.gov.cn

19 December 2024
23 April 2025
02 May 2025

Zhang P, Wang B-C, Zheng J-L and Guo X-Y
(2025) Formation mechanism of
basalt-related agate deposits: an example
from the Ating River alluvial gravels in the
Xunke area, Heilongjiang, NE China.

Front. Earth Sci. 13:1548167.

doi: 10.3389/feart.2025.1548167

© 2025 Zhang, Wang, Zheng and Guo. This is
an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in

accordance with accepted academic practice.

No use, distribution or reproduction is
permitted which does not comply with
these terms.

Frontiers in Earth Science

Original Research
02 May 2025
10.3389/feart.2025.1548167

Formation mechanism of
basalt-related agate deposits: an
example from the Ating River
alluvial gravels in the Xunke area,
Heilongjiang, NE China

Peng Zhang?, Bo-Chao Wang?*, Ji-Lin Zheng? and
Xiao-Yu Guo?

!School of Management, Harbin University of Commerce, Harbin, China, ?Harbin Center for
Integrated Natural Resources Survey, Geological Survey of China, Harbin, China

This study investigates Xunke agates from Ating River alluvial gravels
(Northeast, NE China) using optical microscopy, electron probe microanalyzer
mapping (EPMA), and laser ablation—inductively coupled plasma—-mass
spectrometry (LA-ICP-MS) to constrain the formation mechanisms of basalt-
hosted agate deposits. Xunke's secondary gravel agates are genetically
associated with Early Cretaceous Ganhe (GH) Formation basalts in
Mesozoic fault-depression basins. The basalt serves as the primary ore-
forming fluid reservoir. Two distinct structural sequences are found. Type
| (colloform-cryptocrystalline—fibrous—crystalline quartz) reflects rapid
cooling-induced fluid mixing, evidenced by the co-enrichment of Na-K-
U-Ge in crystalline layers (U up to 1.541 ppm) indicative of a sustained
low-temperature acidic condition in the ore-forming fluid. Type Il (micro-
granular—fibrous—crystalline quartz(—fibrous)—-cryptocrystalline—crystalline
quartz) forms at a higher temperature, marked by micro-granular texture
chalcedony initial layers. There is a depletion of Al-K-Na in the spherulitic layers
and Ge depletion (0.24 ppm) in Type II's nucleation layers. Si and Ti-Ga-Ge
substitution coupled with Ce and Eu negative anomalies fingerprint hybrid fluids
mixing magmatic (basalt-derived) and meteoric components. Outer-to-inner
Hf depletion (0.24—0.07 ppm) tracks fluid evolution toward lower H,O content
and higher acidity. Band redness correlates with Fe concentration gradients
(4,635—1.202 ppm), controlled by oxidation state fluctuations.

agate, basalt-related, formation mechanism, origin of mineral-forming fluids, EPMA
mapping, LA-ICP-MS

1 Introduction

The study of agate has a long-standing history; however, many aspects of its formation
and geochemical characteristics remain elusive. The terminology “agate” has been used
since 350 BC, and research into its chemical composition, properties, and genesis dates
back to the 19th century (Gotze et al., 2020b). While agate deposits worldwide are
genetically affiliated with three principal volcanic lithologies (rhyolite, andesite, and basalt),
discriminative criteria for their metallogenic mechanisms lack systematic constraints

01 frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2025.1548167
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2025.1548167&domain=pdf&date_stamp=2025-04-30
mailto:wangbochao@mail.cgs.gov.cn
mailto:wangbochao@mail.cgs.gov.cn
https://doi.org/10.3389/feart.2025.1548167
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/feart.2025.1548167/full
https://www.frontiersin.org/articles/10.3389/feart.2025.1548167/full
https://www.frontiersin.org/articles/10.3389/feart.2025.1548167/full
https://www.frontiersin.org/articles/10.3389/feart.2025.1548167/full
https://www.frontiersin.org/articles/10.3389/feart.2025.1548167/full
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Zhang et al.

(Dumanska-Slowik et al., 2013; Fallick et al., 1985; Gliozzo et al.,
2019; Gotze et al., 2020b; Gotze et al., 2024; Gotze et al., 2016;
Gotze et al., 2001a; Gotze et al., 2001b; Heaney, 1993; Moxon et al.,
2013; Pabian and Zarins, 1994; Powolny et al., 2019; Zhang et al.,
2020). Previous research on agates has focused on various aspects
such as banding, formation environments, and age determination
(Gliozzo et al,, 2019; Gétze et al., 2024; Gotze et al., 2016; Heaney
and Davis, 1995; Merino et al., 1995); however, studies on the
geochemical composition and origin of alluvial agate gravels related
to volcanic formation environments are limited (Gliozzo et al,,
2019; Gotze et al., 2020b; Gotze et al, 2024; Gotze et al.,
2001a). Although some research has explored the relationship
between SiO, crystallinity, water content, and major trace element
changes in fully crystallized agate in magmatic fluids (Lee, 2007;
Mrozik et al., 2023; Stoch et al., 1985), the understanding of trace
element distribution characteristics in different textures of agate
remain insufficient.

While agate mineralization in volcanic settings has been
extensively documented globally, critical knowledge gaps persist
regarding basalt-hosted systems—particularly in resolving fluid
source signatures, texture-dependent trace element partitioning,
and modeling of the formation process. The Xunke agate deposits
(Northeast, NE China) represent one of the largest basalt-related
gemstone reserves in China and provide an exceptional natural
laboratory to address these challenges. Building upon limited
prior geochemical research (Lu et al, 2020; Shen et al., 2022),
this study employs an integrated microtextural-geochemical
approach combining high-resolution electron probe microanalyzer
mapping (EPMA) mapping and laser ablation-inductively coupled
spectrometry (LA-ICP-MS)
to decode ore-forming fluid evolution. Crucially, the first

plasma-mass microstratigraphy
process-response model that directly links the elemental and
physicochemical evolution of ore-forming fluids to oscillatory
crystallization mechanisms is established. These advances not only
redefine genetic criteria for basalt-associated agate formation but
also provide a transferable framework for interpreting trace element
stratigraphy in banded siliceous deposits globally.

2 Geological background
2.1 Regional geology

The agate associated with basalt in NE China is predominantly
found in the Greater and Lesser Hinggan Range (Lu et al,
2020; Ma et al., 2023; Shen et al.,, 2022) along the Heilongjiang
River, located in the south of the suture zone in the junction of
the North China Craton and the Siberia Craton, and the north
part of the Solonker-Xilinhot-Hegenshan fault system (Figure 1A)
(Zhang et al., 2010). The suture zone between the northern
margin of the North China Craton and the Mongolian plate
(Li et al., 2018; Zhang et al., 2010). The Mid-Ordovician to Early
Silurianfophiolite suites are related to the closure of the paleo-
Asian and Mongolia-Okhotsk Oceans, indicating multiple stages
of oceanic subduction and continent-arc collisions (Xiao et al.,
2003; Li et al, 2018; Zhang et al., 2010). The amalgamation of
the Hinggan and Songnen-Zhangguangcai Range massifs occurred
in the Early Cretaceous (Li et al, 2014; Wu et al, 2015;
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Li et al,, 2018; Zhang et al., 2010). The Hinggan Massif was an
extensional setting with various intrusive rocks, facilitated by the
combined tectonic influence of the Mongol-Okhotsk regime and the
subduction of the Paleo-Pacific Plate (Li et al., 2018; Zhang et al.,
2010). Since the Middle Jurassic, the oblique subduction of the
Izanagi-Pacific Plate beneath the eastern margin of the Chinese
continent has resulted in the formation of Mesozoic magmatic belts
trending in a north-northeastern direction, the development of
north-northeastern strike-slip faults, and the evolution of a basin-
and-range tectonic pattern (Li et al., 2018; Zhang et al., 2010).

The stratigraphic sequence in this region encompasses four
tectonostratigraphic units, as illustrated in Figure 1B. Precambrian
metamorphic basement rocks, submarine sedimentary rocks from
the Cambrian and Permian periods, terrigenous clastic and volcanic
rocks spanning from the Jurassic to Cretaceous periods, and
Cenozoic coarse clastic and continental basaltic rocks (Han, 1995;
Li et al., 2018; Yin and Ran, 1997).

Precambrian metamorphic rocks, which are comparatively
scarce, overlaid by Cambrian strata that contain dolomitic marble,
phyllite, and carbonaceous slate (Ma et al, 2023; Zhang et al,
2010). The Early Jurassic terrigenous clastic rocks discordantly
overlie the Permian strata, consisting of conglomerate to siltstone
intercalated with coal seams (Ma et al., 2023; Zhang et al., 2010).
Throughout the entire belt, Early Cretaceous volcanic rocks are
widely distributed and encompass a variety of lava flows, including
basaltic, trachyandesitic, and rhyolitic (Ma et al., 2023; Zhang et al.,
2010). Sandstone and conglomerate of the Oligocene to Pliocene
are also extensively distributed, covering the Pre-Cenozoic strata
(Ma et al., 2023; Zhang et al., 2010).

The volcanic sequences of the Early Cretaceous period
can be divided according to their lithological correlations and
interrelationships, including the Fuminhe (FM), Taoqihe (TQ),
and Ganhe (GH) Formations (Li et al., 2018; Zhang et al., 2010;
Yang et al., 2022). The FM Formation is predominantly composed
of rhyolitic and dacitic lava flows, as well as tuff and perlite
(Li et al., 2018; Yang et al., 2022; Zhang et al., 2010). The TQ
Formation, consisting of conglomerate, sandstone, and siltstone,
overlays the FM Formation (Li et al, 2018; Yang et al., 2022;
Zhang et al, 2010). At the bottom of the sequence, the GH
Formation is mainly composed of porous and almond-structured
basalt, along with dense, massive basaltic rocks (Li et al., 2018;
Yang et al.,, 2022; Zhang et al., 2010).

These complex regional geological processes set the stage for the
formation and distribution of agate deposits in the area. The multiple
tectonic movements, such as oceanic subduction and continent-arc
collisions, led to the formation of diverse volcanic rocks and created
a series of cavities within the GH formation basalt. These cavities
served as channels for fluid migration and provided spaces for
agate mineral precipitation. Moreover, the basaltic rocks in the GH
Formation, played a crucial role as potential sources of the elements
necessary for agate formation.

2.2 Deposit geology
Renowned as China’s most prominent agate deposit, Xunke

agates are distinguished by their occurrence as the alluvial
gravels deposited along the Ating River (Shen et al., 2022). The
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FIGURE 1

(A) Simplified tectonic map of NE China (Fan et al,, 2003; Zhang et al., 2010). (B) Regional Geological Map of the Northern Foothills of the Lesser
Hinggan Mountains (Ma et al., 2002; Han, 2013; Zhang et al., 2010). (C) Geological map of Xunke district (H.G..G.E.R., 2009). (D) Outcrop photographs
of the bank of the Ating River; (E) Alluvial gravel deposited by the Ating River, which exhibits no banded structure on the surface; (F) Typical banded

structure revealed within the sliced section of the sample in (E).
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Baoshan region located in the southeast of Xunke is predominantly
underpinned by GH basalt, FM rhyolite, and monzogranite
spanning from the Early Jurassic to the Late Triassic, the
majority of which have been overlain by quaternary sediments
(Figure 1C) (Li et al, 2018; Yang et al., 2022; Zhang et al,
2010). SHRIMP U-Pb zircon dating of the FM rhyolite is 108.1
+ 24Ma (Zhang et al, 2010), while OAr/PAr dating of the
GH basalt is 110-120 Ma (Yang et al.,, 2022), indicating a Lower
Cretaceous origin that can be further subdivided into distinctive
geochemical units.

The typical geological occurrences of Xunke agate can be
divided into two categories. One is the primary agate deposit
occurring in the form of amygdales in the basic volcanic rocks
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of the GH Formation (Lu et al., 2020; Shen et al., 2022). The
other is the secondary alluvial placer-deposit agate formed by the
weathering, leaching, and river transportation of primary agate
(Lu et al, 2020; Shen et al, 2022). Both types are spatially
controlled by the widely developed Mesozoic fault-depression
basins of the GH Formation volcanic rocks (Figure 1C). The two
peneplanation events during the Mesozoic and Pleistocene epochs
provided a favorable paleo-natural-geographical environment for
the formation of secondary agate placer deposits (Lu et al., 2020;
Shen etal., 2022). Currently, all agate ore occurrences in the Baoshan
area of Xunke County, Heihe City, are of the secondary alluvial placer
deposit (Lu et al., 2020; Shen et al., 2022). Samples in this study
were gathered southeast of Xunke, Baoshan region, in proximity
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to the contact zone with the Lower Cretaceous basalt of the GH
Formation (Figures 1C-F).

3 Analytical methods

In this study, agate samples were collected from the riverbed and
gravel layer along the bank of the Ating River, specifically in the
Baoshan region of Xunke. A total of five samples were collected. The
agate samples exhibit a preferential color range from a light yellow
to a dark brownish red. BH3 (Figure 2A) and BH2 (Figure 2B) show
a complete and symmetrical structural sequance. The samples were
divided into two groups for research. One group is Type I (BH3, 4;
Figures 2A,C), in which no apparent crystalline quartz grains can be
identified in the cores of these agate samples using the naked eye.
The other group is Type II (BH2, 6, 5; Figures 2B,D,E), in which
crystalline quartz grains in the cores of these samples are visible
to the naked eye. These characteristics render them representative
of the agate population in this area and suitable for studying their
geochemical properties.

3.1 Optical microscopy

For the optical microscopy analysis, thin sections (with a
thickness of 0.03 mm) of the five specimens were examined. The
thin sections of the specimens were examined under a Nikon
LV100 polarized-light microscope (Nikon, Tokyo, Japan) utilizing
polarized light microscopy. A x10 objective lens was used in
conjunction with the Sony IMX264LQR camera. Magnifications
ranging from x50 to x500 under transmitted and reflected light
modes were employed to analyze the sample comprehensively. The
results of the optical microscopy analysis are presented through
detailed descriptions of the microstructural features observed
under different magnifications. In addition, photomicrographs are
included in the manuscript to illustrate the observed features.

3.2 Electron probe microanalysis mapping

The EPMA element mapping of three agate samples (BH4, 5,
6), which feature easily recognizable and representative structures,
collected from Xunke was conducted utilizing a JEOL JXA-iSP100
instrument. The analytical conditions were an acceleration voltage
of 15 kV, a beam current of 50 nA, a pixel interval of 20.0 pm, and
a dwell time of 50.00 ms. The analysis employed characteristic X-
rays and analyzed crystals tailored for specific elements. Raw data
were subsequently processed using the atomic number, absorption,
and fluorescence (ZAF) correction method through proprietary
Shimadzu software. The EPMA mapping results and element maps
of the analyzed samples are presented, showing the distribution of
nine major elements, including Si, Fe, Ti, Na, K, Mn, P, Al, and Ca,
within the agate samples.

3.3 LA-ICP—-MS trace element analysis

In the case of the LA-ICP-MS trace elements analysis, five agate
samples (BH2, 3, 4, 5, 6) that feature continuous banded structural
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variations were analyzed on polished thick sections to acquire the
geochemical characteristics of the agate. The LA-ICP-MS analysis
of polished thick sections was performed at the In Situ Mineral
Geochemistry Lab of ODEC, Hefei University of Technology, China.
The analysis was conducted using an Agilent 7900 Quadrupole
ICP-MS instrument coupled with a Photon Machines IRIDIA
193-nm ArF Excimer Laser Ablation system, with argon as the
make-up gas mixed with the carrier gas via a T-connector before
introduction into the ICP (Wang et al., 2017; Liu et al., 2008). In
conducting each analysis, a consistent spot size diameter of 35 mm
was employed at a frequency of 7 Hz, with an energy density of
approximately 2.5 J/cm? maintained for 40's, preceded by a 20-
s gas blank measurement (Liu et al., 2008; Liu et al, 2010). To
establish the calibration curve, NIST SRM 610, 612, and BCR-2G
were utilized as external benchmarks (Liu et al., 2008; Liu et al.,
2010). The concentrations of elements for the USGS reference glasses
were referenced from the GeoReM database (http://georem.mpch-
mainz.gwdg.de). To ensure accuracy, standard reference materials
were analyzed after every series of 10 unknowns (Liu et al., 2008).
During each spot analysis, detection limits for each element were
computed (Liu et al, 2008). Data processing was facilitated by
the ICPMSDataCal program (Liu et al., 2008; Liu et al., 2010).
The trace element compositions of agate samples were calibrated
against multiple reference materials without the need for internal
standardization, with the sum of all element concentrations being
considered as 100% m/m (Liu et al., 2008; Liu et al., 2010). The results
are presented to illustrate the relative abundances of trace elements
across the various samples.

4 Results
4.1 Petrography

Xunke agates are usually found as alluvial gravels along
the Ating River, with sizes up to several centimeters (Figure 2).
They are mainly composed of silica phases with diverse textures,
including colloform, micro-granular, fibrous, and cryptocrystalline
chalcedony layers, along with crystalline quartz and minor Fe
compounds (as illustrated in Figures 2, 3).

Two distinct structural sequences, Type I (Figures 3A-E)
and Type II (Figures3F-]), are observed, characterized by
alternating layers in colors from white to pale and dark brown.
Concentric and rhythmic banding, due to composition and/or
texture variations and accentuated by variable Fe contents, is
a prominent feature, indicating a multi-faceted and prolonged
formation process.

The initial layer of Type I agates has spherulites with a colloform
texture originating from nucleation and growth along the wall of
the vesicle in basalt (layer 1 in Figures 3A,B). Then, the primary
zone is fibrous chalcedony layers (layers 2-9 in Figures 3C,D).
In the central part, there is a transition from a fibrous texture
layer to microcrystalline quartz (layer 10 in Figure 3A). The
outermost layer is rich in spherulitic structures, followed by layers
from cryptocrystalline to fibrous texture, and the final layer is
microcrystalline prismatic quartz. Microscopically, different texture
chalcedony layers are mainly length-fast with interspersed length-
slow chalcedony layers.
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FIGURE 2

Xunke agate samples and the thin section under polarized light microscopy. These layers vary in color, ranging from white to pale brown. (A, F) Sample
BH3 displays a distinct pattern of rhythmic layers from micro-granular to fibrous texture chalcedony layers and prismatic quartz crystals in the core; (B,
G) Sample BH2 displays a distinct pattern of rhythmic chalcedony layers forming a micro-granular texture, cryptocrystalline texture to prismatic quartz
crystals; (C, H) Sample BH4 displays a distinct pattern of rhythmic chalcedony layers, characterized by alternating zones of white color and
translucency. (D, 1) Sample BH6 displays a distinct pattern of rhythmic layers forming a micro-granular fibrous texture, cryptocrystalline texture to
prismatic quartz crystals; (E, J) Sample BH5 exhibits a distinct pattern, consisting of colloform, cryptocrystalline and micro-granular layers that are
found within coarse prismatic quartz crystals. The area in red rectangles indicates where the LA-ICP—MS analysis was performed. The area in the blue
rectangle indicates where both the LA-ICP-MS analysis and EPMA mapping were performed

The initial layer of Type II agates contains radiated structures
with a micro-granular texture (layer 1 in Figure 3£G). Then, the
primary zone is fibrous texture chalcedony layers, and there is a
shift from fibrous or cryptocrystalline texture chalcedony layers to
granular quartz in the central part. The outermost layer is micro-
granular texture chalcedony, followed by colloform to fibrous texture
layers, and subsequent layers have micro-to macro-crystalline
prismatic quartz interwoven with colloform and fibrous textures
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(layers 2-7 in Figures 3F-I). Certain layers have a sequence of
crystalline quartz, cryptocrystalline texture chalcedony layer, and
crystalline quartz again (layers 2-5 and 8-10 in Figures 3F-1,]).
Microscopically, different texture chalcedony in different layers
varies in grain size and morphology, mainly as length-slow
chalcedony layers. At the core, there is a sharp transition from a
fibrous or cryptocrystalline texture chalcedony layer to prismatic
quartz with inclusions, with layering at the contact zone.
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Microscopic characteristics of xunke alluvial agates. (A—E) Type | Structural Sequence; (B) Spherulitic structures displaying colloform texture (layer 1),
followed by cryptocrystalline texture (layer 2); (C) Fibrous texture (layer 3) intertwined with spherulitic structures (layer 4) and cryptocrystalline features
(layer 5); (D) Fibrous texture (layer 6), succeeded by micro-granular texture accompanied by cryptocrystalline characteristics (layer 7); (E) Fibrous
texture (layer 8), followed by a transition layer from cryptocrystalline to fibrous texture (layer 9); (A) Microcrystalline prismatic quartz crystals (layer 10).
(F-J) Type Il Structural Sequence; (G) Initial layer characterized by micro-granular texture (layer 1), followed by a radiated fan-shape layer with fibrous
texture (layer 2); (H) Alternating thin layers of micro-granular to cryptocrystalline texture with a fibrous radiated fan-shape layer exhibiting colloform
texture (layer 3), and the radiated fan-shape layer contains alternating sublayers of cryptocrystalline texture (layer 4); (I) Crystalline prismatic quartz
(layer 5), followed by cryptocrystalline texture (layer 6) and a crystalline layer (layer 7); (J) Fibrous texture layer (layer 8), succeeded by a
cryptocrystalline texture layer (layer 9), a microcrystalline texture layer (layer 10), a fibrous radiated fan-shape layer (layer 11), and a prismatic quartz

crystalline layer (layer 12). The upper left portion of photographs (B—E) and the lower left portion of photographs (G-J) are acquired under
plane-polarized light (PPL), while the remaining portions are acquired under cross-polarized light (CPL).

4.2 Element distribution in agate

EPMA mapping, in conjunction with optical microscopy,
secondary electron detector (SED), and back-scattered electron
detector (BED) analyses of samples BH4, BH5, and BH6, indicates
a significant correlation exists between texture variations and
compositional differences within these agates.

In the BH4 (Figure 4A), the
cryptocrystalline texture chalcedony layer and fan-shaped regions

Type 1 agate sample
exhibit relatively lower contents of Al, Na, and K. The micro-
granular textures with cryptocrystalline features have reduced
Ca levels, while colloform with spherulites and cryptocrystalline
textures display elevated Fe concentrations. In these samples,
large fan-shaped and thin alternating layers demonstrate diverse
trends in Al and K concentrations (Figure 4B). In the Type II
agate sample BH5 (Figure 4C), the colloform fibrous layer is
characterized by lower Al and K contents but higher Fe and Ca
contents. Moreover, the elements are more uniformly distributed
in fan-shaped and fibrous texture layers compared with alternating
bands (e.g., in BH4 and BHG6; Figures 4A,B). Generally, micro-
granular and crystalline textures contain lower K, whereas Fe

Frontiers in Earth Science

is relatively enriched in spherulitic, fan-radiated, or fibrous
textures.

The elemental trends vary among samples from the outer
to the inner layers along the growth direction. For instance,
the behavior of Si differs in BH4, BH5, and BH6, with Ca, K,
and Na typically showing contrasting trends (Figures4A-C).
Color zonation in agate bands correlates with Fe enrichment,
where ochre bands exhibit elevated Fe coupled with depleted
Al, K, and Ca (Figures 4A-C). While Mn shows no chromatic
relevance, fracture-associated colloidal textures in BH4 and
BH6 display localized Al and Fe enrichment (Figures4A,B).
Notably, Ti, Mn, and P concentrations remain texturally
invariant.

4.3 Element composition in agate

LA-ICP-MS analysis was performed on 77 spots of chalcedony
layers with various textures and crystalline quartz from the Xunke
agate samples (Supplementary Table S1). These data revealed the
typical agate composition, with minimal contents of trace elements
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FIGURE 4

EPMA element distribution maps of agate showing the distribution characteristics of Xunke agate. PL means polarized light; SED means secondary
electron detector image; BED means back-scattered electron detector image. (A) Sample BH4. (B) Sample BH6. (C) Sample BH5.
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(Merino et al., 1995; Mockel et al., 2009; Gliozzo et al., 2019;
Gotte et al., 2009; Gotze et al., 2020b; Gotze et al., 2016; Gotze et al.,
2001a; Gotze et al., 2001b). Generally, measurable trace elements
were present in agate from the Xunke area (Supplementary
Table S1).

Fe was the primary trace element, ranging from 1.2 to
4,635 ppm (avg. 486 ppm). Notable trace elements included Al,
Na, K, and Ca, with concentrations averaging 131 ppm (excluding
BH6-3), 114 ppm, 118 ppm, and 116 ppm, respectively. Mg,
P, and Zn were consistently detected, averaging 10.11 ppm,
28.06 ppm, and 15.08 ppm, respectively. Cr, Mn, Cu, Ge, Ba, Pb,
and La typically exhibited average concentrations of less than
7.086 ppm, with other elements averaging less than 1 ppm. Strong
geochemical coherence emerges among Al-K-Rb-Na, with pairwise
0.623-0.782) demonstrating
significant covariance (e.g., Al-Na: 0.748, Figure 5A; K-Na: 0.643,
Figure 5B). The Rb-K system exhibits the strongest linear coupling
(R? = 0.782, Figure 5F).

The measured trace element profiles (Supplementary Table S1;

correlations (Figures 5A-F, R?

Figures 6, 7) indicate that the agate bands with darker colors have
the highest Fe content. Agate samples revealed regular trends in
the growth direction of the agates. As Na, K, Al, Cu, U, Sr, and Hf
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showed higher concentrations in the initial layer compared with the
inner layer.

Significant differences exist in the distribution patterns of trace
elements between Type I agate (Figure 6, samples BH3 and BH4) and
Type II agate (Figure 7, samples BH2, BH5, and BH6).

In Type I agate (Figure 6), alkali metal elements such as Na
and K vary in different growth layers and are closely related to the
growth structure of the agate. For example, sample BH3 (Figure 6A)
from the central crystalline quartz to the outer concentric length-fast
layers and micro-granular texture layers, Na and K show a similar
pattern, suddenly increasing at the crystalline quartz (Figure 6A, no.
9). In addition, the same trend is observed for the elements U and
Ge. For the trivalent metal element Al, it shows a sudden decrease in
the micro-granular texture chalcedony layers (Figure 6A, no. 7 and
11) and the crystalline quartz (Figure 6A, no. 9). For transition metal
elements such as Fe, it shows a fluctuating downward trend from
the outer layer toward the inner layer, consistent with the growth
direction. In terms of the light rare earth elements (LREEs), they are
enriched in the central crystalline quartz (Figure 6A, no. 9), and the
micro-granular texture chalcedony layers (Figure 6A, no. 7), and the
element Hf also shows a similar regular change.

In Type II agate (Figure 7), the variations in trace elements
are more complex. In addition to being related to the growth
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structure, unique content change characteristics appear in certain
special texture layers. For example, in the layer rich in spherulitic
structure (Figure 7C, no. 7 of sample BH5), alkali metal and trivalent
metal elements such as Na, Al, and K decrease sharply. In the
nucleation layer (Figure 7B, no. 8 of sample BH6), Ge shows a
decrease in content, but they are almost uniformly distributed in
other layers.

As depicted in Figures 8A-E, agate layers with diverse textures
and crystalline quartz display distinct chemical compositions. The
concentrations of most elements, including Na, K, Rb, Ba, Mg, Al,
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Ca, Sc, Mn, Fe, and Cu, are higher in chalcedony layers of different
textures compared with crystalline quartz layers (Figures 8A-D).
Conversely, Cs, Th, La, Eu, and Zheavy rare earth elements (HREE)
exhibit relatively higher concentrations in both the micro-granular
texture layers and crystalline quartz (Figures 8A,C,E).

Notably, the Fe contents are elevated in the cryptocrystalline
and colloform layers (Figure 8D). The concentrations of Ca, Ge, and
Sr decrease in the order of colloform, cryptocrystalline, fibrous, to
micro-granular textures (Figure 8B), while Cs, Sc, Zr, Cr, Mn, Ni,
Zn, Sm, Th, and XHREE follow a contrasting trend (Figures 8A-E).
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The contents of Mg and Ga increase in fibrous, micro-granular,
cryptocrystalline, and colloform textures (Figure 8B). Pb is more
abundant in cryptocrystalline than in colloform textures. The
contents of Ba and U decrease in the sequence of cryptocrystalline,
fibrous, micro-granular, and colloform textures (Figures 8A,C), and
Al is more concentrated in colloform than in micro-granular
textures. For Y and Cu, although their average values show
minimal differences, there are sharp decreases in colloform and
cryptocrystalline textures, respectively (Figures 8C,D).

5 Discussion

Petrographic analysis shows Xunke agates have diverse textures
(colloform, micro - granular, fibrous, cryptocrystalline layers, and
crystalline quartz) arranged in Type I and Type II structural
sequences. EPMA mapping and LA-ICP-MS analysis reveal that

Frontiers in Earth Science

different textures have distinct elemental compositions. These
findings are fundamental for understanding Xunke agate formation
processes, as well as the substitution, distribution of trace elements,
and the characteristics of ore-forming fluids.

5.1 Distribution characteristic and
substation of trace elements in agate

Elemental partitioning in agate layers exhibits systematic
texture-dependent patterns (Figure 8). Colloform textures show
lithophile elements (Mg, Ca, Ga, and Sr) enrichment, but high-field
strength element (HFSE: Th, U, Y, and Zr), transition metal (Cr,
Ni, and Zn), and rare earth element (REE) depletion, mirroring
primitive mafic fluid signatures. Micro-granular chalcedony displays
peak concentrations of large-ion lithophile elements (LILEs; e.g.,
Ti, Th, Zr, and Hf), transition metals, and REEs, contrasting with

frontiersin.org


https://doi.org/10.3389/feart.2025.1548167
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Zhang et al.

13115
1234 3bl7g 113

1 27468710 12 1415 16
lom ' 22080012 ¢
— growth direction

=]

1sls 6 78 9
lem 247"

growth direction

growth direction

10° 10
2100 z
10t T 1 | e St
210 ™~ 2 ~
10 100
100 10%
IS g Z10°
E 10 N js g |
£l N N g1 N
70 2104 —
10 108
1 10°
£ 10 — N ENENENESE - AL
£ 105 \/ T B — T ;\
10 M
102 100
10° he
g Z 10 111 |
S0 T AT | B T S
3 N /\./ < 100 %
o T 810
108 107
10! 1
=100
£ 100 N ~ £ 10
ARt ~T o /
10" s | .
. 510 T T
102 10
10" o
g N 710
2 1071 o /\\/
ol N ] B NN
= 10
107 107
100 10t
= 10 @ 10
g 00 2
21 ¢\//\/‘ | B LA
A0 A2 T T
107 S
10° ot
F10 B - Iy
210 \ /\ / dhmut gigz / \*«\/\»~L—‘/\
210 ~ 3
10° o
123 456789101112131415 1234567 8010111213141516

12345678 9

‘ lem

growth direction

T

g

Sl T N
10°

10°

E 10° —1 A
Bl | T ~
= 10° d

107!

10°

£10%

MG / V/A—‘—\\/ ™

FIGURE 7
Spatial distribution of selected trace elements in Type Il agates

measured using LA-ICP-MS. (A) Sample BH2; (B) Sample BH6; (C)
Sample BH5.

cryptocrystalline layers enriched in fluid-mobile elements (FMEs:
Li, K, Rb, and Ba), select lithophiles (Al and Ge), HFSEs (Pb and
U), and LREEs (La, Ce, and Eu). Fibrous textures feature Y-Cu
enrichment but FME and HFSE (Pb and Hf) depletion.

Crystalline quartz contains minimal FMEs, lithophiles,
and transition metals, validating REEs as fluid source tracers.
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REE mechanisms  follow

controls: ionic radius/charge mismatches prevent direct lattice

incorporation crystal-chemical
substitution, necessitating fluid inclusion-mediated transport
2019; 2019),
REE fractionation where micro-granular/crystalline textures
exhibit LREE/HREE decoupling (low HREE/LREE ratio) and
colloform/cryptocrystalline/fibrous texture chalcedony layers show
coupled LREE-HREE enrichment.

exhibit coupled Si-Ti-Ga-Ge
across textural domains (Figure 9A), reflecting tetravalent cation
saturation (Ti*", Ge*", and Ga**) in silica-saturated fluids
(Watt et al., 1997; Gotze et al,, 2001a; Chen et al., 2011). The
absence of AI** + P°* « 2Si** substitution (Figure 9B) (Jacamon
and Larsen, 2009) contrasts with documented Al-Li charge-balance
compensation (Si*" < A" + Li*, Figure 9C) (Rusk et al., 2008a),
requiring supplementary alkali influx (K*/Na*) to maintain AI**/Li*
<1:1 stoichiometry (Rusk et al, 2008b). Consistent Al-K-Na
correlations (Figures 5A-F) and observed Si** « (AI’*, Fe*") +
(K*, Na*, Li*) (Figure 9D) collectively demonstrate trace element

(Gliozzo, Gliozzo et al, producing  distinct

Xunke agates covariation

regulation by alkali-enriched hydrothermal fluids (Lan et al., 2021),
with textural variations modulating solid solution capacities through
crystal-chemical constraints.

5.2 Origin and geochemical characteristics
of agate-forming fluids

Geochemical analysis is pivotal in determining the origin
of Xunke agate ore-forming fluids. Comparing the elemental
concentrations of Xunke agates and GH Formation basalt,
normalized to chondrite values (Figure 10A), reveals similarities
in Ba, Fe, and Mg. There are enrichments in Ti, La, Pb, P, Tb, Tm,
Hf, and U, and depletions in Nb, Sr, Y, and HREEs relative to LREEs,
with a distinct negative Ce anomaly. The chondrite-normalized
patterns of trace and REEs in basalt and agate (Figure 10B) show
similar trends of LREE depletion, HREE enrichment, and negative
Ce and Eu anomalies, though U, La, Tb, and Tm trends differ. Agate
has a unique negative Ce anomaly, and Xunke agate has a positive
Hf anomaly. The significant increase in U relative to Th indicates U
release and enrichment during agate formation.

In the GH Formation, near-surface basalt vesicles filled with
meteoric water led to mineral dissolution. When the pressure
decreased, and the temperature fell below 200°C, silica in the
fluids became supersaturated, precipitating microcrystalline silica
on vesicle walls (Florke et al.,, 1982). The correlation among Al,
Na, K, and Rb (Figure 5) indicates that pyroxene and feldspar
decomposition influenced agate chemistry, and machine learning
verification (Zhang et al., 2024) confirms that Xunke agate ore-
forming fluids originate from GH Formation basalt.

The element distribution in agate further supports this origin.
Lithophiles and most HFSEs (except Y) are balanced, especially in
Type I length-fast agates (Figure 6A, nos. 13-18; Figure 6B, nos.
10-16). The outer agate bands near the host rock have high LREEs
and Li, sourced from basalt alteration.

The Ge/Al ratio suggests that magmatic fluid temperatures
during early agate formation ranged from 100°C to 200°C
(Figure 11A) (Miiller et al., 2018; Wang et al., 2022; Yang et al,,
2023). Similar Al-Ge trends with South African basalt-related
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agates (Gliozzo et al., 2019) imply comparable formation conditions

(Figure 11A). The decreasing Ge/Al ratio from crystalline to

colloform textures (Figure 11B) reflects fluid self-purification, likely

because of different silica absorption capacities.

Oxygen isotope values also play a crucial role, with Xunke

agate’s median 8'8Ogow(%o) value of 13.9 being significantly

lower (Shen et al., 2022), typical of basalt-hosted agates formed at

temperatures ranging from 42°C to 220°C (median 104.5°C), higher
than that of agates related to rhyolite and andesite (29°C-128°C;

median 70°C and 94°C respectively) (Supplementary Table S52)
(Fallick et al.,, 1985; Gliozzo et al, 2019; Gotte et al., 2009;
Gotze et al., 2016; Gotze et al., 2001b; Harris, 1988; Harris, 1989;
Holzhey, 2001; Shen et al., 2022).
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Fe precipitation patterns indicate an oxidizing early-stage

environment. Fe accumulates in colloform and cryptocrystalline

layers, with lower concentrations in crystalline quartz (Figures 4,
6-8) (Gotte etal., 2009; Dumanska-Slowik et al., 2013; Powolny et al.,
2019). H*-driven metasomatism mobilizes Fe?*, Mn?*, Cu?*, and
Zn** from Fe-Mg minerals (Gliozzo et al, 2019), and these
cations decrease from the outer to inner layers, especially in Type

II slow-growing agates (Supplementary Table S1; Figures 7A-C,
nos. 1-8, 10).
HREEs are more abundant than LREEs because of preferential

complexation during alteration and migration (Gliozzo et al., 2019;
Gotze et al,, 2016; Wood, 1990). The depletion of Zr and REEs in
agate, increasing from colloform to crystalline quartz, indicates H,S-

bearing fluid involvement (Supplementary Table S2; Figures 6, 7,

frontiersin.org


https://doi.org/10.3389/feart.2025.1548167
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Zhang et al. 10.3389/feart.2025.1548167
3.0 10°
Al B
25+ 102 F
4 Colloform
§2_0 | Micro—granula-r 10t E
=S A C.ryptocrystallme R A A A
51'5 | : Flbrous- § 100k A anf Migﬁ ‘AA )
Py Crystalline S AL,
(2 £ . ' . - A
s A a4 ~ 107 E A A
(f 1.0F AL 4 A, = A
=) 05 A 10—2 L “
Tt en ik
A
. AL, AR 10°F
0 | A A
1 L 1 1 L 1 —4 1 1 1 il il il
13020 13040 13060 13080 13100 13120 13140 107 102 102 107" 10° 10! 10? 103
Si (mol%) Al (mol%)
10° 10°
C D
102 F I:1
11 10% ¢ ’
1L .
10 = La
g ae n
S 100 g 10" ¢ - LI
: E 7
107 E L] A 4
— Z 100F A 7,
- A
102k Y - %
N A oa gﬂ -1
“a 107 F
107 A A’A‘:A Nl
A
A
—4 il 1 ! | | 1 10*2 1 Il 1 1
10 10° 102 100 10 100 100 10° 1072 107! 10° 10! 10 10°
Al (mol%) Al+Fe (mol%)
FIGURE 9
Plots of selected elements in different layers from the Xunke alluvial agates. (A) Ti+Ga+Ge (mol%) versus Si (mol%). (B) P (mol%) versus Al (mol%). (C) Li
(mol%) versus Al (mol%). (D) Li+Na+K (mol%) versus Al+Fe (mol%).

8E). These fluids generate sulfuric acid in acidic conditions, similar
to African basalt-related agates (Gliozzo et al., 2019).

High U in agate results from interactions with volatile fluids
promoting SiF, and UO,F, transport (Gliozzo et al, 2019;
Gotze et al.,, 2012). An increase in the U content from colloform to
crystalline quartz (Figure 8C) implies enhanced volatile-mediated
SiF, migration to inner layers, suggesting lower-temperature
formation for fibrous and cryptocrystalline layers and a higher-
temperature for micro-granular and crystalline quartz layers. The
Type II micro-granular initial layer formed at a higher temperature
than the Type I colloform initial layer.

The positive Hf anomaly in Xunke agate is likely due to the
solubility of Hf in siliceous melts and limited water solubility
(Gliozzo et al.,, 2019). The decrease in the median Hf content from
micro-granular chalcedony to crystalline quartz layers (Figure 8C)
reduced water  content

reflects during  post-magmatic

alteration.

5.3 A model for the formation of
basaltic-related agate

Early Cretaceous volcanic activity in the Greater and Lesser
Hinggan Ranges facilitated the formation of basalt-related
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agates in the Xunke area (H.GIG.E.R. 2009; Han, 2013;
Li et al,, 2018; Li et al., 2014; Ma et al., 2002; Wu et al., 2015;
Xiao et al, 2003; Zhang et al, 2019; Zhang et al, 2010) and
triggered intermittent volcanic eruptions near Xunke, creating
basic volcanic rocks replete with cavities. These magma-derived
cavities served as conduits for fluid migration and sites for agate
precipitation.

Silica for Xunke agate formation stems from three main
sources: volcanic rock alteration, colloidal silica transformation,
and fluid-mediated processes. Heated meteoric water interacting
with magmatic fluids induces “autometamorphism” of basalt
components (volcanic glass, pyroxene, and feldspar), transforming
them into clay minerals, zeolites, and iron oxides/hydroxides
and liberating silica (Ottens et al., 2019; Gotze et al, 2020a;
Klammer, 1997). When silicate minerals weather, they release
1995;
Dietzel, 2000). Monomeric silicic acid or oligomers, the primary

polymeric and monomeric silicic acids (Landmesser,

transport forms of dissolved silica, condense into amorphous
silica, contributing to agate formation (Dietzel, 2000; Landmesser,
1995). Fluids (water, carbon dioxide, and fluorine) participate
in silica alteration and transport. Under specific conditions (pH
> 9, elevated temperature), the solubility of silica increases,
enabling it to diffuse into agate cavities (Powolny et al., 2019;
Wood, 1990; Kempe et al., 1997).
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Geochemical changes in mineral-forming fluids, reflected by
variations in the relative contents of HE, H,O, and H,S, produce
diverse agate textures (Figure 12). Negative Ce and positive U
anomalies indicate an acidic-oxidizing environment during agate
formation. The negative Ce anomaly reflects redox conditions,
stabilizing Ce*" during the incorporation of REEs (Bau and
Koschinsky, 2009; Shields and Stille, 2001; Gliozzo et al., 2019).
The slight negative Eu and Ce anomalies further support an
oxidizing environment (Gliozzo et al., 2019). High U concentrations
suggest formation in oxidizing, acidic, and carbonate-rich waters
(Gliozzo et al., 2019).

H,S-bearing fluids are crucial under increasingly acidic
conditions. The increasing Zr and REE contents from colloform
to crystalline quartz textures suggest a gradient of increasing
acidity in mineral-forming fluids (Figure 12). Coupled with an
increase in the U content from colloform to crystalline quartz,
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this indicates that fibrous and cryptocrystalline layers formed at
lower temperatures, while micro-granular and crystalline quartz
layers formed at higher temperatures. Consequently, length-fast
agates (Figure 12A) have lower formation temperatures than length-
slow agates (Figure 12B). The decrease in the median Hf content
from micro-granular chalcedony layers to crystalline quartz layers
reflects a reduction in water content in mineral-forming fluids
(Figure 12).

Type I length-fast-growing structural sequences (Figure 12A)
are characterized by a transition from colloform spherulitic to
cryptocrystalline and then fibrous textures, representing a “self-
purification process” In contrast, Type II length-slow growing
sequences initiate with higher initial crystallization temperatures
because of fibrous micro-granular textures in the initial layers.
Subsequently, a rapid reduction in temperature leads to a transition
from colloform to fibrous textures. These sequences reflect post-
magmatic metamorphism, where silica components accumulate
and fluctuate under non-equilibrium, low-temperature, and rapid-
cooling conditions, resulting in distinct texture assemblages. Fe, the
chromogenic element, is most abundant in cryptocrystalline texture
layers, significantly influencing the color of basalt-related agates
(Figure 12).
the Th/Yb versus
(Figure 13A), Xunke agate data points are closely related to the

In Ta/Yb discrimination diagram
Early Cretaceous Pacific Plate subduction environment and the
active continental margin tectonic setting (Rottura et al., 1998).
The high Ba and low Sr contents in agate samples (Figure 13B)
indicate meteoric water as the main water source (Warren, 2000).
Combined with the negative anomaly of Ce and Eu, it can be
inferred that after the basalt eruption, a mixture of gas and
meteoric water was trapped in basalt vesicles, forming primary
Xunke agate deposits. Mesozoic and Pleistocene peneplanation
events, along with weathering and fluvial transportation, led to
the formation of secondary deposits, controlled by Mesozoic faulted
basins.
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6 Conclusion

This investigation uses a multidisciplinary approach, including
mineralogical analyses, EPMA mapping, and LA-ICP-MS, to study
basalt-associated agates. The key findings are:

Xunke agate is associated with GH Formation basalt. The vesicles
at the margins of these basaltic rocks provided cavities for silica
deposition. Meteoric water contributed to ore-forming fluids.

Element distribution correlates systematically with agate
textures: colloform structures favor lithophile elements (e.g., Mg
and Ca), while micro-granular layers concentrate LIIEs (e.g., Ti and

Frontiers in Earth Science 14

Zr) and REEs. Cryptocrystalline zones host fluid-mobile elements
(e.g., Li and Ba) and LREEs. Fibrous textures enrich Y and Cu,
and crystalline quartz retains REEs with fractionation patterns
associated with fluid inclusions and crystal chemistry.

Type I (length-fast) agate indicates stable low-temperature acidic
settings, while Type II (length-slow) micro-granular textures signal
higher-temperature origins. The agate forming fluids evolution
transitions from the outer to inner zones, marked by declining
water activity, rising acidity, and temperature gradients. Oscillating
redox states reflected in Fe-enriched colloform and cryptocrystalline
texture chalcedony layers drive color zonation.
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