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Abstract

Regional multi-isotope mapping provides an effective means of investigating deep crustal
composition and crustal reworking processes. The western margin of the Yangtze Craton
has experienced multiple episodes of magmatism, crustal reworking, and mineraliza-
tion since its formation, making it an ideal region for exploring the relationship between
deep crustal evolution and metallogenic systems. In this study, Sr-Nd-Hf isotopic and
whole-rock geochemical mapping was conducted based on compiled geochronological, geo-
chemical, and isotopic datasets, integrated with deep geophysical data, to reconstruct the
Precambrian crustal composition and reworking processes of the region. The results reveal
significant crustal heterogeneity in the western margin of the Yangtze Craton. West of the
Anninghe Fault Zone, rocks exhibit depleted Nd-Hf isotopic signatures (εHf(t) = 0 to +17;
εNd(t) = 0 to +6), low ISr values (0.702–0.710), and high Nb/Ta (14–26) and Zr/Hf (36–46)
ratios, indicating derivation from the remelting of juvenile mafic lower crust and providing
direct evidence for Proterozoic underplating of mantle-derived magmas. In contrast, rocks
east of the Anninghe Fault Zone show enriched Nd-Hf isotopic signatures (εNd(t) = −9 to 0;
εHf(t) = −7.5 to 0), higher ISr values (0.711–0.726), and lower Nb/Ta and Zr/Hf ratios (8–13
and 21–35), suggesting remelting of ancient continental crust. Mineralization is closely as-
sociated with crustal architecture. IOCG deposits mainly occur in juvenile crustal domains,
whereas Sn polymetallic and phosphate deposits are associated with ancient reworked
crust. Under the Precambrian subduction setting, continuous arc magmatism promoted
juvenile crust growth, whereas asthenospheric upwelling facilitated ancient crustal rework-
ing, jointly controlling the spatiotemporal distribution of metallogenic systems along the
western margin of the Yangtze Craton.
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1. Introduction
Igneous rocks are widely distributed, amenable to dating, and can preserve informa-

tion related to their source regions. Regional isotope mapping of these rocks can reveal
the spatial and temporal distribution of various components within the middle–lower
crust and lithospheric mantle. In particular, advances in analytical techniques and the
accumulation of high-quality data have enabled large-scale isotope mapping in recent
years [1–3]. Such mapping, based on extensive Nd and Hf isotopic data from igneous
rocks, provides important constraints on deep crustal composition, tectonic boundaries,
and crust–mantle interactions, while offering critical insights into continental crust growth
and regional tectono-magmatic evolution [4–12].

The Yangtze Craton is one of the three major cratons in East Asia and is located
between the Indian, Eurasian, and Pacific plates [13,14]. It has experienced a prolonged
and complex geological evolution, with an initial continental nucleus forming in the
Hadean (3.8 Ga) and craton stabilization occurring during the Archean–Paleoproterozoic
(2.9–1.8 Ga) [15,16]. The western margin of the Yangtze Craton experienced significant
crustal growth and reworking during the Precambrian. During the early Precambrian
(~1000–780 Ma), subduction-related modification of oceanic crust triggered extensive em-
placement of mantle-derived arc magmas, which further modified the juvenile lower
crust [17,18]. These ascending magmas transported abundant ore-forming elements,
including Fe and Cu, which accumulated at the base of the continental crust and ulti-
mately contributed to the formation of voluminous iron oxide–copper–gold (IOCG) de-
posits, a distinctive type of hydrothermal deposit enriched in iron oxides [19–21]. During
the late Precambrian, mantle convection induced the remelting and reworking of Pro-
terozoic crust [22,23], resulting in the formation of large-scale Sn polymetallic deposits
and phosphate mineralization [24–26]. Therefore, the western margin of the Yangtze
Craton represents an ideal region for investigating Precambrian multi-isotope signa-
tures, constraining deep crustal composition, and understanding their coupling with
metallogenic systems.

Although previous studies and geological projects have generated abundant Sr-
Nd-Hf isotopic data and related findings for the western margin of the Yangtze Cra-
ton, most investigations have focused on local areas or individual sites [27–30]. Only
limited Hf–Nd isotope mapping has been conducted, and regional multi-isotope map-
ping with integrated constraints remains lacking [31,32]. Based on a systematic com-
pilation of whole-rock geochemical and isotopic datasets across the entire region, this
study presents Sr-Nd-Hf multi-isotope and whole-rock geochemical mapping. Com-
bined with the regional tectonic framework, this work provides new insights into deep
crustal composition, crustal reworking, and metallogenesis along the western margin of the
Yangtze Craton.

2. Geological Background
The earliest continental nucleus of the Yangtze Craton likely formed in the Hadean

(3.8 Ga). Following crustal growth during the Meso- to Neoarchean and reworking
in the Paleoproterozoic, a stable craton was finally established between 2.9 Ga and
1.8 Ga [15,16]. During the Neoproterozoic (~830 Ma), the Yangtze Craton collided
and amalgamated with the Cathaysia Block along the Jiangnan Orogen to form the
South China Block (Figure 1a) [33–35]. During the Triassic, the Indosinian orogeny re-
sulted in distinct tectonic boundaries: the northwestern margin of the Yangtze Craton is
bounded by the Longmenshan Fault Zone and adjacent to the Songpan–Ganzi Block; its
northern margin is connected to the North China Craton via the Qinling–Dabie Oro-
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gen; and its southwestern margin adjoins the Indochina Block along the Ailaoshan–
Songma Fault [36,37].

The Yangtze Craton is composed of Precambrian crystalline basement and Phanerozoic
cover sequences. The basement formed mainly during the Proterozoic, with only minor
outcrops of Archean rocks [38,39]. The cover sequences consist mainly of Cambrian to
Triassic marine carbonates intercalated with clastic rocks and argillaceous rocks, as well
as Jurassic to Quaternary continental sedimentary rocks [40–43]. The Archean Kongling
Complex is composed mainly of gneiss, metasedimentary rocks, amphibolite, and gran-
ulite; the Paleo- to Mesoproterozoic crystalline basement mainly consists of metasedi-
mentary and metavolcanic rocks, such as the Hekou Group (1.7 Ga) [44], the Dongchuan
Group (1742 Ma) [45], and the Dahongshan Group (1711-1659 Ma) [35,46]; the Mesopro-
terozoic basement is mainly exposed in the Kunyang Group (960 Ma) [47,48], Huili Group
(1048–1021 Ma) [49,50], and Julin Group (1050–1043 Ma) [51], with lithologies including
metasedimentary rocks, metavolcanic rocks, gneiss, carbonate rocks, as well as A-type
dacite, rhyolite, granite, and S-type granite [52,53]; Neoproterozoic strata are mainly rep-
resented by the Yanbian Group (1000–865 Ma) in the Panzhihua area, which constitutes a
greenschist-facies metamorphic volcano-sedimentary sequence [54–57].

Constrained by the assembly and breakup of the Rodinia supercontinent, the west-
ern margin of the Yangtze Craton records multi-stage Precambrian tectonic evolution
(Figure 1b). Oceanic slab subduction occurred at ~780–1000 Ma; slab dehydration released
fluids that metasomatized the mantle wedge and triggered partial melting, generating
voluminous arc magmatic rocks; slab breakoff and enhanced mantle thermal perturbation
at ~780–860 Ma induced widespread reworking of Proterozoic crust, coeval with the col-
lision between the Cathaysia Block and Yangtze Craton to form the South China Block.
After ~720 Ma, the regional tectonic regime switched to extension, marking the onset of
Rodinia breakup [18,37,58]. During this stage, regional tectono-magmatic activity was
intense, with widespread intermediate-felsic magmatic rocks and associated minor mafic
intrusions [59–61]. These igneous bodies occur between the Anninghe Fault Zone and
the Jinhe–Qinghe Fault Zone, trending from north to south. The dominant rock types are
granite, diorite, and rhyolite, which provided material sources and host conditions for
subsequent regional mineralization [62–64].
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Figure 1. (a) Regional geological map of the Yangtze Craton. Modified from [65]. (b) Distribution
map of igneous rocks in the Western Margin of the Yangtze Craton. Modified after [26].

3. Data Sources and Analytical Results
3.1. Analytical Techniques

Radiogenic Sm-Nd and Lu-Hf isotopes are powerful tracers for distinguishing juve-
nile crust, reworked crust, depleted mantle and enriched mantle endmembers [27,32]. Sr
isotopes, by contrast, can identify crustal contamination during magmatic evolution and
serve as a critical complement to the Nd-Hf isotopic systems [4–11]. Combined isotopic
mapping and tracing using these three systems avoids the one-sided conclusions derived
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from single-isotope analyses [10,32], which is further supported by the robust linear cou-
pling relationships observed in our dataset (Figure 2). Nevertheless, isotopic mapping
is inherently limited by the outcrop distribution of plutons; large data gaps commonly
exist within the study area, and this approach fails to constrain the vertical lithospheric
architecture at depth [10,32]. Geophysical surveys can compensate for this limitation.
Accordingly, the integrated application of multiple analytical techniques enables a more
comprehensive and precise reconstruction of lithospheric compositional variations and
evolutionary history [9,32].

Figure 2. Mapping of whole-rock εNd(t) and zircon εHf(t) in the western margin of the Yangtze
Craton. Data sources are from [66–76].

Following the above analytical framework, we systematically compiled all publicly
available published datasets from the study area, including zircon U-Pb geochronology,
whole-rock geochemistry, and coupled Sr-Nd-Hf isotopic data. To guarantee data quality
and regional representativeness, standardized filtering procedures were applied to the raw
literature data. Spots with severe alteration, excessive analytical errors, significant Pb loss,
and metamorphic origins were discarded [77–83], and only valid data from Precambrian
intermediate-felsic magmatic rocks were retained. The curated dataset was spatially gridded
in Surfer 16 software via the Kriging interpolation method [10,32]. This algorithm minimizes
estimation variance to yield optimal unbiased spatial predictions. The resulting contour maps
were further refined and graphically edited using Adobe Illustrator 2020 v24.3.0.569.

3.2. Data Sources

This study integrates published regional data and field geochemical analyses to com-
pile a dataset comprising nearly 80 groups of zircon Hf isotopic analyses, 60 sets of whole-
rock Sr-Nd isotopic data, and 50 whole-rock geochemical datasets from Precambrian
intermediate-felsic magmatic rocks. Sampling sites cover almost the entire study area,
with geographic coordinates of all samples provided in the Supplementary Materials. Con-
fined between the Anninghe Fault Zone and the Jinhe–Qinghe Fault Zone, the magmatic
rock bodies crop out discontinuously in a north–south trending belt, with concentrated
exposures in the Panzhihua–Xichang (Panxi) region. A diverse suite of lithologies is devel-
oped within the study area, including granite, granodiorite, diorite, monzogranite, granite
porphyry, syenogranite, biotite granite, rhyolite, quartz diorite, and quartz porphyry. Gran-
itoids account for the largest proportion (63%), followed by dioritic rocks (27%), while
rhyolites and porphyries each make up the smallest share (5%). Despite their extensive
areal distribution, these rock units exhibit prominent geochemical heterogeneity reflected
by major elements, trace elements, and combined Sr-Nd-Hf isotopic signatures.
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Major element results indicate that most samples correspond to granite and gra-
nodiorite. Their SiO2 contents vary widely from 57.62 to 77.1 wt.% (Figure 3a), with
K2O/Na2O ratios ranging between 0.19 and 4.22 (Figure 3c,d). The aluminum saturation
index (A/CNK) of the rocks predominantly falls within 1–1.2, classifying them as weakly
metaluminous to peraluminous series (Figure 3b). Distinct trace element fractionation is
observed in all samples: the vast majority are enriched in light rare earth elements (LREEs)
and large-ion lithophile elements (LILEs; e.g., Rb, K, U, Th), alongside relative depletion of
high-field-strength elements (HFSEs; e.g., Ti, Nb, P) (Figure 4a,b). Geochronological data
(Figure 5) show that the sample ages range from 1168–616 Ma. The zircon Hf and whole-
rock Sr–Nd isotopic compositions display extremely wide variation ranges (Figure 6a,c),
with εHf(t) values of −9 to +17, εNd(t) values of −7.5 to +6.0, and initial 87Sr/86Sr ratios
(ISr) ranging from 0.702 to 0.726.

Collectively, these lines of evidence verify intense compositional heterogeneity of
Precambrian intermediate-felsic magmatic rocks along the western margin of the Yangtze
Craton. This heterogeneity points to remarkable compositional variability in the parental
magma sources and records multistage complex magmatic processes, including variable
degrees of partial melting, fractional crystallization, and crust–mantle mixing during
magmatic evolution [26].

 

Figure 3. (a) Total Alkali–Silica (TAS) diagram. The dashed line marks the boundary between the
alkaline and subalkaline series. (b) A/NK versus A/CNK diagram. The vertical dashed lines denote
A/CNK = 1.0 and 1.1, with the interval between them representing the weakly peraluminous field.
(c) K2O versus SiO2 diagram. (d) K2O versus Na2O diagram [66–76].
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Figure 4. (a) Chondrite-normalized REE patterns; (b) Primitive mantle-normalized trace-element
patterns [66–76].

Figure 5. Zircon age spectra of intermediate-felsic magmatic rocks in the western margin of the
Yangtze Craton. Data sources are from [66–76].

3.3. Analytical Results

This study compiled geological, geochronological, and isotopic geochemical data for
intermediate-felsic igneous rocks in the study area. Geochronological results indicate that
Precambrian magmatic rocks in the region are dominated by granite and diorite assemblages
(Figure 1), with emplacement ages mainly ranging from 1168 to 616 Ma. Magmatic activity
was weak before 1700 Ma, with only sporadic records between 3092 and 1764 Ma (Figure 5).
Zircon εHf(t) values of magmatic rocks from the study area exhibit a wide range (−10.7 to
+15.2), with most values being positive and an average of +4.4 (Figure 6a). The Hf isotopic
compositions mostly plot along the evolution line of Proterozoic granite zircons, with only a
few falling on the evolution line of Archean metamorphic basement zircons (Figure 6c). The
two-stage Hf model ages range from 3419 Ma to 780 Ma, with a peak between 1800 Ma and
800 Ma (Figure 6b). Whole-rock Sr–Nd isotopic compositions are heterogeneous. εNd(t) values
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vary from −7 to +6.3, and initial (87Sr/86Sr)i ratios range from 0.703 to 0.727. Most samples
from the study area fall in the juvenile lower crust field, with a minority plotting in the ancient
mature crust field (Figure 6d).

 

Figure 6. (a) Histogram of zircon εHf(t) values. (b) Histogram of Hf model ages. (c) Plot of zircon
εHf(t) versus age. (d) Diagram of εNd(t) versus (87Sr/86Sr)i. Data sources are from [66–76].

4. Discussion
4.1. Spatio-Temporal Evolution of Regional Magma

Detailed geochronological investigations reveal extensive Precambrian magmatism
along the western Yangtze Craton. These magmatic events predominantly occurred during
the Mesoproterozoic to Neoproterozoic, with only sporadic Archean–Paleoproterozoic
intrusions exposed [39]. Zircon U-Pb dating yields crystallization ages ranging from
3092 Ma to 616 Ma for magmatic rocks in the study area, with a prominent age peak between
1168 Ma and 616 Ma (Figure 5). In terms of regional tectonic evolution, the embryonic
Anninghe Fault Zone developed during the Jinningian Orogeny (ca. 700–1000 Ma). As a
long-lived lithospheric weak zone within the western Yangtze basement, this fault exerted
persistent control over magma migration and emplacement.

Temporal–spatial magmatic evolution demonstrates that early magmatic activities
were concentrated in central Yunnan along the Anninghe Fault, dominated by granitic
intrusions. With continuous tectonic reactivation of the fault, late-stage magmatism shifted
to the Panxi segment in the central study area, where voluminous granites and diorites
were emplaced, alongside minor porphyries and rhyolites [26].
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4.2. Crustal Material Composition and Reworking
4.2.1. Source Characteristics

Sr-Nd-Hf multi-isotope analysis is an effective method for tracing the sources of
magmatic rocks. Whole-rock Sr and Nd isotopes are generally used together to charac-
terize source regions. However, whole-rock Nd isotopes tend to record more enriched
compositions and older model ages compared with zircon Hf isotopes. Additionally, the
whole-rock Sr isotopic system is susceptible to modification by magmatic differentiation
and fluid-related processes, commonly resulting in anomalous values. Zircon Hf isotopes
are more stable and insensitive to the in situ decay of radioactive hafnium [80,84–87], yet
zircon Hf isotopic data can be affected by analytical artifacts and may lose signatures of
ancient components, leading to decoupling between zircon Hf and whole-rock Nd isotopes.
Therefore, a combined Sr-Nd-Hf isotopic approach provides a more robust constraint on
the nature of magma sources [31,32].

As outlined above, Precambrian intermediate–felsic rocks on the western Yangtze
Craton record crystallization ages ranging from 3092 Ma to 616 Ma(Figure 5). Most samples
belong to granite–diorite suites (Figure 3a) and plot as weakly metaluminous to peralu-
minous lithologies (Figure 3b). The majority of specimens are enriched in light rare earth
elements (LREEs) and large-ion lithophile elements (LILEs) including Rb, K, U and Th,
while showing depletion in high-field-strength elements (HFSEs) such as Ti, Nb and P,
which represents typical crustal geochemical signatures (Figure 4). Zircon εHf(t) values
are predominantly positive and mantle-like, varying from 0 to +15 (Figure 6a), and most
data points cluster along the 1.0–1.5 Ga evolutionary trend (Figure 6c). Corresponding two-
stage Hf model ages are concentrated between 1800 Ma and 800 Ma (Figure 6b), implying
crustal growth driven by mantle-derived magma underplating during the Precambrian. On
whole-rock Sr-Nd isotopic diagrams, samples mostly fall within the field of juvenile lower
crust, characterized by moderately high εNd(t) values (−2 to +5) and low initial 87Sr/86Sr
ratios (0.703–0.706; Figure 6d). Combined isotopic evidence collectively indicates that
primary magmas were mainly sourced from juvenile mafic lower crust. A small subset of
samples displays enriched Sr-Nd-Hf isotopic compositions, consistent with partial melting
of ancient crustal materials. Samples plot across both adakite and arc magma fields in
Figure 7a,b, with the overwhelming majority projecting within the arc magma domain.
This feature substantiates prolonged subduction of a Neoproterozoic oceanic slab beneath
the primitive mantle wedge during ca. 1000–780 Ma. Fluids released from the subducting
slab progressively metasomatized the overlying mantle wedge, whereas the continued
injection of arc magmas heated the continental crust over an extended period, resulting in
crustal growth and remelting of pre-existing ancient crustal components.

4.2.2. Crustal Composition and Architecture

Taking the western margin of the Yangtze Craton (the study area, Figure 1) as an
example, this study conducted multi-isotope mapping of Sr-Nd-Hf isotopes (Figure 8) and
Nb/Ta vs. Zr/Hf ratio mapping (Figure 9) for Precambrian intermediate-felsic magmatic
rocks. From the perspective of Sr-Nd-Hf isotopic mapping, the crustal material composition
and properties in the study area are heterogeneous, with the Anninghe Fault Zone serving
as the dividing line: the western part is dominated by juvenile crust, while the eastern
part is composed of ancient crust. Zircon Hf isotopes in the western part of the study area
are generally characterized by high positive values (εHf(t) = 0 to +17). Combined with
the whole-rock Sr–Nd isotopic characteristics (εNd(t) = 0 to +6, (87Sr/86Sr)i = 0.702–0.710),
this indicates that the deep material may have been derived from partial melting of the
thickened lower crust (e.g., juvenile or reactivated young crust). In contrast, the isotopic
compositions in the eastern part of the study area are characterized by significantly low
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εHf(t), low εNd(t), and high initial Sr ratios (ISr), with εHf(t) ranging from −9 to 0, εNd(t)
from −7.5 to 0, and (87Sr/86Sr)i from 0.711 to 0.726, indicating that the crust is dominated
by ancient crustal materials [26].

 

Figure 7. (a) Diagram of (La/Yb)N versus (Yb)N. (b) Diagram of Sr/Y versus Y [66–76].

 

Figure 8. Contour maps of Sr-Nd-Hf isotopes for intermediate-felsic magmatic rocks in the western
margin of the Yangtze Craton. Data sources are from [66–76].

As high-field-strength elements (HFSEs), Nb, Ta, Zr, and Hf exhibit strong inertness and
similar incompatible characteristics, remaining largely unaffected during magma formation.
Thus, Nb/Ta and Zr/Hf ratios can be used to trace the components of the source crust [88].
During crust−mantle differentiation, Ta is significantly enriched while Nb is depleted in
the crust: the Nb/Ta ratio of crust-derived magmas ranges from 11 to 12, whereas that of
mantle-derived magmas is close to 17.5. The Zr/Hf ratio is 11 for the continental crust, 18.75
for the lower crust, and 36.25 for the primitive mantle. Contour maps of Nb/Ta and Zr/Hf
ratios are shown in Figure 9. West of the Anninghe Fault Zone, relatively high Nb/Ta and
Zr/Hf ratios are observed (Nb/Ta = 14~26, Zr/Hf = 36~46), which are more similar to those of
mantle-derived magmas, indicating a mantle or juvenile crustal source. East of the Anninghe
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Fault Zone, the Nb/Ta ratio ranges from 8 to 13 and the Zr/Hf ratio ranges from 21 to 35,
indicating the involvement of ancient crustal materials [26].

Figure 9. Contour maps of Nb/Ta and Zr/Hf ratios for intermediate-felsic magmatic rocks in the
western margin of the Yangtze Craton. Data sources are from [66–76].

Combined with geophysical exploration results (Figure 10), the Moho depth shallows
from west to east along the profile, and the crustal thickness shows a thinning trend
(approximately 30–45 km) in the western margin of the Yangtze Craton. This indicates the
coexistence of ancient and juvenile lithospheres in the study area [89,90], with the western
part being a thickened juvenile lower crust and the eastern part being an area reworked by
remelting of ancient crust.

 

Figure 10. Crustal structure inversion results of the western margin of the Yangtze Craton [89,90].
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In summary, the crustal composition of the western margin of the Yangtze Craton
is heterogeneous. West of the Anninghe Fault Zone, the crust has gradually accreted
and thickened with the injection of mantle-derived arc magmas. In contrast, the ancient
reworked crust east of the Anninghe Fault Zone exhibits a thinning structural feature due
to lithospheric extension.

4.2.3. Crustal Growth and Reworking

Previous studies suggest that investigating continental growth and reworking events
is crucial for understanding crustal formation and evolution, geodynamic mechanisms,
and plate tectonic processes [91,92]. Continental crustal growth (including lateral accretion
and vertical growth) is mainly achieved through arc-continent collision and rift-related
magmatism [16,93]. Its material sources are dominated by mantle-derived components,
characterized by highly positive εHf(t) and εNd(t) values, relatively young two-stage model
ages, and isotopic compositions close to the depleted mantle evolution line [94]; crustal
recycling refers to the process by which crustal materials return to the mantle through
subduction, delamination, and other mechanisms, subsequently re-participating in crustal
formation, with isotopic compositions showing mixed mantle–crust characteristics [95,96];
crustal reworking involves the remelting and transformation of pre-existing crustal ma-
terials, with insignificant contribution from mantle-derived sources. It is characterized
by predominantly negative εHf(t) and εNd(t) values, older model ages, and geochemical
features plotting entirely within the ancient crustal field [97,98].

Spatially, west of the Anninghe Fault Zone, a red–yellow area with high εHf(t), high
εNd(t), and low initial Sr ratios (ISr) is formed, indicating that the magmas are products
of partial melting of a metasomatized mantle wedge. The Nb/Ta and Zr/Hf ratios are
generally high, reflecting the injection of a large amount of juvenile mantle-derived ma-
terials, which has made an important contribution to crustal growth. In contrast, east of
the Anninghe Fault Zone in the study area, the magmas are characterized by low negative
εHf(t) and εNd(t) values, as well as high ISr values, indicating that the magma source is the
remelting of ancient crust. Their low Nb/Ta and Zr/Hf ratios suggest that the magma
source is mainly at a deep crustal scale, representing a typical crustal reworking domain.

Overall, the Precambrian evolution of the western Yangtze Craton records two coupled
geological processes: juvenile crustal growth and reworking of ancient crust. Continuous
remelting and modification of Archean–Proterozoic continental crust took place throughout
this period [16,17]. During the assembly of the Rodinia supercontinent, southward and
northward subduction beneath the Yangtze Block separately generated two island–arc
systems, namely the Xixiang Arc and Shuangxiwu Arc (Figure 11). In the early subduction
stage, fluids released from the subducted oceanic slab metasomatized the overlying mantle
wedge and produced arc magmas, which promoted lateral crustal growth. Mixing of
juvenile mantle-derived components with pre-existing basement rocks simultaneously
triggered crustal reworking [99,100]. The early granites in central Yunnan represent the
magmatic products of lateral crustal growth related to the southern Shuangxiwu Arc. Slab
breakoff occurred in the late subduction stage and triggered asthenospheric upwelling.
Mantle-derived mafic magmas underplated the lower crust and resulted in vertical crustal
growth [91,92], which corresponds to voluminous granodiorite magmatism across the Panxi
region. Nevertheless, late-stage extensional tectonism and erosion partially counterbal-
anced previous crustal growth, eventually forming a crustal architecture thicker in the west
and thinner in the east. The Jinningian Anninghe Fault acted as a vertical conduit for deep
melt migration, governing the spatial zoning of magmas from the northern and southern
arc systems. This tectonic framework fully accounts for the concentrated distribution of
Mesoproterozoic–Neoproterozoic arc magmatic rocks within the study area [16,17].
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Figure 11. Tectonic evolution model of the western margin of the Yangtze Craton [21].

4.3. Coupling Relationship Between Crustal Properties and Mineralization

The temporal and spatial distribution of ore deposits in the study area is jointly
controlled by regional crustal properties and deep fault systems.

Temporally, all deposits within the study area formed between 1083 Ma and 521.9 Ma,
nearly synchronously with or slightly postdating regional magmatism (1168–616 Ma).
Spatially, iron oxide–copper–gold (IOCG) deposits are predominantly developed on the
western side of the Anninghe Fault Zone [101,102]. Host rocks exhibit high εHf(t), high
εNd(t) and low initial 87Sr/86Sr (ISr) isotopic signatures, coupled with elevated Nb/Ta
and Zr/Hf ratios. Geochemical discrimination diagrams (Sr/Y, V/Sc, 10,000 × δEu/Y)
yield Sr/Y > 20, V/Sc > 5 and 10,000 × δEu/Y > 500, recording melting signals derived
from juvenile thickened lower crust formed in a subduction setting (Figure 12). During
Neoproterozoic fault reactivation, slab-derived ore-bearing fluids migrated upward along
major faults and secondary fractures. Large-scale fluid exsolution occurred at the base
of the crust, triggering enrichment and mineralization of Cu and Au [103]. By contrast,
Sn-polymetallic and phosphate deposits are mainly exposed east of the Anninghe Fault.
Their host rocks are characterized by low εHf(t) low εNd(t), and high ISr values, together
with geochemical indices of Sr/Y < 20, V/Sc < 3 and 10,000 × δEu/Y < 500 (Figure 12),
indicative of partial melting of reworked ancient crust. Fault activation drove deep heat
conduction, which induced remelting and metamorphic differentiation within the ancient
middle–lower crust east of the fault. Sn and P elements were mobilized and extracted by
crust-derived fluids, before final shallow emplacement along interlayer fracture zones and
intrusive contact margins to form ore bodies [26].

In summary, crustal architecture and metallogenic characteristics across the west-
ern Yangtze Craton exhibit distinct lateral differentiation. Moving eastward across the
Anninghe Fault Zone, crustal nature transitions progressively from juvenile crust to re-
worked ancient crust, accompanied by a shift in deposit types from IOCG mineralization
to Sn-polymetallic and phosphate mineralization [101,102]. Two major episodes of tec-
tonic activity are recorded along the Anninghe Fault Zone. During the Jinningian period
(700–1000 Ma, coeval with Rodinia supercontinent assembly), the embryonic fault formed
and underwent its first major tectonic movement, acting as a fundamental lithospheric
weak zone generated under the bidirectional subduction of the northern Xixiang Arc and
southern Shuangxiwu Arc of the Yangtze Craton (Figure 11). In the middle Neoproterozoic
(616–850 Ma), slab rollback and extensive asthenospheric underplating triggered cratonic
reworking, leading to intense reactivation of this fault. During fault reactivation, deep
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crust–mantle ore-bearing fluids migrated upward for long distances along fault conduits.
The juvenile thickened lower crust on the western side melted under the influence of
mantle-derived fluids, generating IOCG deposits. Fluid heat propagated eastward and
induced remelting and metamorphic differentiation within the Archean–Paleoproterozoic
ancient lower crust in the eastern domain, mobilizing Sn and P metallogenic elements and
eventually concentrating them to form tin-phosphate deposits.

Figure 12. Contour maps of Sr/Y, V/Sc and 10,000 × δEu/Y ratios for intermediate-felsic magmatic
rocks in the western margin of the Yangtze Craton. Data sources are from [66–76].

It is therefore concluded that the two-stage tectonic evolution of the fault exerts rigor-
ous controls on regional crustal differentiation, magmatism, and the spatial distribution
and genetic types of mineral deposits [23,92].

5. Conclusions
Based on Sr-Nd-Hf isotopic and whole-rock geochemical mapping of intermediate-

felsic igneous rocks in the western margin of the Yangtze Craton, this study draws the
following conclusions:

1. Precambrian magmatism (3092–616 Ma) in the study area is mainly distributed along
the Anninghe Fault Zone, with granites and dioritic rocks as the dominant lithologies.
The geochemical characteristics can be divided into two groups. One group is char-
acterized by positive εHf(t) and εNd(t) values, low initial Sr isotope ratios (ISr), and
high Nb/Ta and Zr/Hf ratios, representing juvenile crustal growth. The other group
exhibits negative εHf(t) and εNd(t) values, high ISr values, and low Nb/Ta and Zr/Hf
ratios, corresponding to ancient crustal reworking domains.

2. With oceanic plate subduction and the continuous emplacement of mantle-derived arc
magmas, the composition of crustal materials evolved progressively. The western side
of the Anninghe Fault Zone experienced significant crustal accretion and thickening
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during the early Precambrian, resulting in the formation of a juvenile crustal domain.
In contrast, the eastern side represents an ancient reworked crustal domain. During
the late Precambrian, rollback and break-off of the subducting slab hindered continued
crustal accretion and thickening, leading to crustal thinning in this region.

3. Mineralization in the study area is closely associated with crustal composition and
architecture. Most IOCG deposits occur within the juvenile crustal domain, whereas
Sn polymetallic deposits and phosphate deposits are mainly developed in ancient
reworked crustal domains.
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