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Abstract 

The gold metallogeny of the West Qinling Orogen of central China is a main subject of this 

contribution. The thesis begins with the studies on magmatism aiming to improve the 

understanding of the tectonic setting of the region. The methods used to achieve this 

were geochronological and geochemical investigations on various suites of Triassic 

granites. Efforts are made to characterize the major geochemical profiles of the various 

suites using original data and recent publications on the region. Magmatism is widespread 

in the Qinling Orogen, having commenced ca. 240 Ma and continued episodically until ca. 

205 Ma in the Late Triassic. Magmatism shows spatial variation in timing. It began in the 

northwestern part of the orogen and intermittently progressed to the southeast to the 

North Qinling terrane. Magmatism was then widespread in the South Qinling terrane 

during the Late Triassic. Based on location and high-quality geochronology, a new division 

of Triassic intrusion has been proposed across the Qinling Orogen. Several critical 

geochemical differences have been summarized under this new division. First, the West 

Qinling suites are significantly enriched in Large Ion Lithophile Elements, including Cs, Rb, 

U, Th and K, whereas the East Qinling suites have moderate enrichment in these elements; 

second, there is an obvious transition from calcium to potassium enrichment in the Late-

Triassic-West-Qinling suite, whereas the Late-Triassic-East-Qinling suite appears to follow 

a curved trajectory starting from high Na through K to high Ca; third, the Ba and Sr 

concentrations of the West Qinling suite have marked depeletions on mantle-normalized 

multi-element plots, whereas the East Qinling suites have relative enrichment of the two 

elements. Geochemical and isotopic data indicate that there are striking differences in the 

granites across the Chengxian-Huixian-Fengxian Fault, which highlight the tectonic 

significance of the northeast-trending fault that is now recognized as a significant 

boundary within the orogen. The source of the magma becomes increasingly juvenile 

towards the east-southeast in the Qinling Orogen. 
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In addition, interpretation of the geochemistry and geochronology of the granites 

suggests that the intrusions in the West Qinling Orogen were formed in a syn-collisional 

setting, whereas those in East Qinling were formed in a continental-arc setting. This new 

understanding of the orogen enables more precise reconstruction of the Late Triassic 

interaction between the North China and South China cratons along the West Qinling 

Orogen, specially, that the continent-continent collision between them was restricted to 

the Dabie UHP Zone and East Qinling domain and no continent-continent collision 

occurred in the West Qinling Orogen during the Triassic. The east parts of the orogen 

could have acted as a buttress during the collision of the two cratons. The results establish 

the tectonic background for the comparison of gold mineralization characteristics 

throughout this belt. 

The two major gold mineralization styles that have been reported in the West Qinling 

Orogen are Orogenic gold and Carlin-type gold. The Liba gold field and Dashui gold deposit 

have been selected as representative of these two types for this study.  

A combination of detailed geological mapping, logging of drill core, and geochronology 

studies has enabled us better understand the structure history of the Liba gold field and 

pinpoint the mineralization timing. Sensitive High Resolution ion-microprobe (SHRIMP) 

geochronology was completed on structurally constrained samples of granite and diorite. 

The resultant data give us the crystallization age for major intrusions (granite, granitic and 

diorite dykes), and have constrained the age of hydrothermal events associated with gold 

mineralization. Based on these data, we established a basic regional structural and 

kinematic evolution of the Liba gold field, which can be referred to better understand the 

Triassic gold mineralization regionally. The absolute timing of gold mineralization has been 

constrained at ca. 216 Ma, which is associated with a regionally uniform mineralization-

associated hydrothermal event. The mineralizing event is broadly coeval with extensive 

magmatism, which indicates a potential heat contribution from the magma to the 

mineralization. 
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The Dashui gold deposit is a structurally controlled, Carlin-type gold deposit hosted by 

recrystallized limestone located to the south of the Late Triassic Ge’erkuohe Granite in the 

Southern Domain of the West Qinling Orogen. It has apparently different characteristics 

from the Liba gold field. The deposit is characterized by hematite-silica-carbonate 

alteration with large-scale supergene effects. Detailed geochronological investigation 

reveals that volcanic rocks found in close association with the Dashui gold deposit were 

synchronous with the Ge’erkuohe Granite, and pre-date mineralization. The major, 

structurally-late east-trending Dashui Fault forms the hanging wall to the gold 

mineralization at the Dashui mine, and defines the contact between Middle Triassic 

limestone and a steeply-dipping overlying succession of argillaceous limestone, dolomite, 

and sandstone. SHRIMP U-Pb geochronology and (U-Th)/He thermochronology techniques 

were undertaken on zircon and apatite separated from dykes within both the footwall and 

hanging wall of the Dashui Fault. Identical (U-Th)/He zircon ages of ca. 210 Ma were 

obtained from the hanging wall and footwall. In contrast, (U-Th)/He apatite ages of the 

two are distinctive with ages of 135.5 ± 5.1 for the hanging wall and 211.4 ± 6.3 Ma for the 

footwall. On this basis, the hanging wall and footwall are interpreted to have distinct post-

mineralization exhumation histories, consistent with 2 to 4 km of hanging wall 

exhumation during reverse movement along the fault since Late Triassic times. In 

combination with our regional tectonic understanding, the major component of reverse 

faulting movement is interpreted to have taken place during Late Triassic and Jurassic. The 

primary mineralization age of the Dashui gold deposit is thus between Late Triassic and 

Jurassic, with the corollary that the previously hypothesized potential of locating a 

‘missing portion’ of the deposit in the hanging wall of the Dashui Fault is now considered 

unlikely. 

A comparative study was conducted between Liba and Dashui operating gold camps and 

the Jiaochangba area, a gold exploration prospect. The common features of the deposits 

in the Liba and Dashui gold fields were their strictly structure-controlled nature and 
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spatial location within 2 km of Late Triassic intrusive bodies, namely the Zhongchuan and 

Ge’erkuohe pluton respectively. Our thermochronological data show that the Zhongchuan 

Granite was emplaced at a depth of between 4 and 5 km in ca. 219 Ma, and has 

subsequently been gradually exhumed to its current exposure level, whereas the 

Ge’erkuohe Granite was emplaced at a shallow depth at ca. 213 Ma. The gradual 

exhumation in the Zhongchuan area was accompanied by progressive cooling through 

Late Cretaceous to Miocene time, but the resolution of our data does not rule out 

temporary stasis and episodic exhumation outside this time window. The Jiaochangba 

area followed a cooling path similar to that of the Zhongchuan pluton until the Early 

Cretaceous, when it underwent rapid cooling. Compilation of previous 

thermochronological data across the wider West Qinling Orogen, an important part of the 

Central Orogenic Belt in China, suggests that this cooling episode affected a significant 

proportion of the region, extending northeast across the orogeny to Tibet. Recognition of 

this northeastwards extrusion offers a potential explanation for the contrasting gold 

mineralization styles recognized in the Orogen. Consequently, the thermochronological 

investigation of the distinct mineralization styles suggests that post-mineralization 

exhumations may have played an important role in localizing the deposits at economical 

accessible levels of the crust.  

Overall, this study documents representative gold mineralization styles of the West 

Qinling Orogen in detail within a better-constrained regional context. It is followed by the 

thermochronological study, which reveals how the mineralization was uplifted to the 

surface where it is presently preserved. Consequently, the thesis leads to an increased 

understanding on gold metallogeny in the area, based on the genesis and preservation of 

the deposits. It is certain that these findings will benefit future exploration activities 

within the West Qinling Orogen for similar Triassic gold deposits. 
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List of Figures 

Chapter 2 (Paper One) 

Figure 1 The distribution of granites in the Qinling Orogen. Insert A, the location of the 

Qinling Orogen and the Dabie UHP Zone; B, the division of the Qinling Orogen. The 

locations of samples are marked with green stars. The number corresponds to the name of 

the intrusions listed in Table 2. Modified after the Qinling-Dabashan regional geological 

map (Song et al, 2002)  

Figure 2 Photographs of the Zhongchuan Granite: a) panorama image of the south margin 

of the contact between the Zhongchuan Granite and metamorphosed Middle Devonian 

slate suggesting emplacement in extensional jogs formed during brittle deformation; b) 

the foliation in the host rocks predates the intrusion; c) the dyke phase cutting the major 

phase of the Zhongchuan Granite; d) detailed contact between major phase and the 

central phase of the Zhongchuan Granite. Location of thin section photomicrographs 

present in Fig 3a, marked with a solid black box. 

Figure 3 Thin section photomicrographs of granites sampled for analyses: a) titanite, 

hornblende, and muscovite in Sample FXP-01. b) the contact between the major and dyke 

phases of the Zhongchuan Granite, where no chilled margin contact is present. The 

amount of biotite significantly decreases near the dyke phase; c) Sample ZCHW-8 from 

marginal phase with abundant apatite, titanite and hornblende; d) primary muscovite in 

the central zone of the Zhongchuan Granite; e) mafic minerals from the Luchuba Granite; f) 

Sample LCHB-01 of quartz diorite, which is more mafic than the major phase of the 

Zhongchuan Granite; Abbreviations: Plg - plagioclase, Hbl - hornblende; Bio - biotite; Mus - 

muscovite; Kf - potassic feldspar; Ttn - titanite; Apt - apatite; and Zr – zircon. 

Figure 4 Back-electron images of representative zircons from individual plutons. The 

circled numbers mark the analysis position in the zircon and are the serial number in the 

raw dataset. The age is Pb204-corrected Pb206/U238 age. Images of zircons from: a) the 



 

- 7 - 

 

marginal zone of the Zhongchuan Granite; b) the central zone of the Zhongchuan Granite; 

c) the dyke phase of the Zhongchuan Granite; d) the Luchuba Granite; e) the 

Baijiangzhuang Granite; f) the Jiaochangba Granite; g)  the Lvjing Granite; h) the Wenquan 

Granite;  i) the dyke phase of the Wenquan Granite; j) the Xiba Granite (CL image); and K; 

the Fengxian Granite. 

Figure 5 A, B, C, D, E, F, G, H, I, J, K are the Concordia age and weighted average age 

diagrams of the samples from the outer, central and dykes phases of the Zhongchuan 

Granite, the Luchuba Granite, the Baijiazhuang Granite, the Jiaochangba Granite, the 

Lvjing Granite, the main and dyke phases of the Wenquan Granite, the Xiba Granite, and 

the Fengxian Granite. The L is a stacked column to show the age distribution of each suite. 

The Number in X axis of Figure L is consistent with Table 2 intrusion number. 

Figure 6 Geochemical diagrams. A K2O-SiO2 diagram, boundaries are from Peccerillo and 

Taylor, 1976. The dash line divides the intrusions geochemically, intrusions northwest of 

the DCF fault have higher potassium contents than these southwest; B, ANK-ACNK 

diagram (after Maniar and Piccoli, 1989); C, K2O-CaO-Na2O Tertiary diagram; D, Rb/Sr 

verse SiO2 diagram; E, Rb-Sr-Ba Tertiary diagram (Bouseily and Sokkary, 1975). Data from 

this study were highlighted with symbols and the shadow represents geochemical 

variation of individual groups referring to the data from Shang and Yan, 1988; Jin et al., 

2005; Qin et al., 2008, 2009, 2010; Zhu et al., 2009; Cao et al., 2010; Jiang et al., 2010. All 

red symbols are from the “Five golden flowers” intrusions, T3-WQL group; green from the 

Xiba pluton, T3-EQL Suite; blue from the Fengxian pluton, T2-EQL Suite. 

Figure 7 Harker variation diagrams. Data is from samples from the Zhongchuan, Luchuba, 

Baijiazhuang, Xiba and Fengxian granites. The key are the same with Figure 6 

Figure 8 Trace elements and REE on Chondrite- and primordial mantle-normalized multi-

element diagrams using normalization values from Sun and McDonough (1989). The 

bottom two diagrams show the differences of the averages of each group, normalized by 
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Primordial mantle (Taylor and McLennan, 1985). The front eight diagrams refer to the key 

as Figure 6 and the key in the bottom is for the last two diagrams 

Figure 9 Sr/Y-Y discrimination diagram for adakites after Defant and Drummond, 1990. 

Data from literature as referred in Table 2 

Figure 10 Sr- Nd diagram of the sample from all the groups. The rectangle is drawn based 

on the variation of (87Sr/86Sr)i and εNd(t). The red circle represents the Zhongchuan 

Granite, as only an average value is provided from the literature. The diameter of the circle 

is speculated. 

Figure 11 Tectonic discriminant diagrams. A, Ta-Yb diagram; B, Rb-(Y+Nb) diagram (fields 

after Pearce et al., 1984) 

Figure 12 Cartoon model for Triassic intrusions in Southern Qinling Terranes. Illustration 

refers to the text. Units in figure are not to scale. 

 

Chapter 3 (Paper Two) 

Figure 1 Simplified geological map of the west part of the Qinling Orogen showing the 

location of selected gold deposits and the location of Figure 2. The middle bottom insert 

shows the location of the study area and the right bottom insert A presents the divisions 

of the WQO. In B, red and green labels represent the names of selected major gold 

deposits and the suture zones, respectively (modified after Chen et al. 2004; Zhang et al. 

2006) 

Figure 2 Simplified geological map of the Zhongchuan-Liba area showing the location of 

Figure 3. Table 1 gives details of the regional stratigraphic relationships and epoch codes. 

The map is modified from Zhang et al. 2004. 
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Figure 3 Simplified mine-scale geological map of the Liba goldfield with a cross section at 

bottom. F1 Fault is the dominant fault and F18 Fault postdates and crosscuts the 

Zhongchuan Granite. Bedding dips from SW through SE to NE and axis of the mine scale 

fold as shown in the lower hemisphere equal-area projection Stereonet with a black star. 

The map has been modified after 1:10,000-scale Geological map from the Tianshui 

General Team of Gansu Non-ferrous Metal Geological Exploration Bureau. The lithologies 

of the key are referring to Table 1. This map is modified after Shi 2000. 

Figure 4 Relationship between granitic dykes and structure fabrics in Zhaogou area: (a) 

two groups of cleavage S0/S1 and S2 are observed in the host rocks whereas an east-

trending porphyritic granitic dyke has S2 only. S0/S1 and S2 are outlined by black solid lines 

and dotted lines respectively; (b) a reverse fault dipping steeply to the south. Altered 

granitic porphyry dykes (marked with black crosses) had intruded the fault. Quartz veins 

containing limonite and hematite are highlighted with blue curves, which show that the 

displacement of the fault has controlled the distribution of the vein; the black dotted line 

mark S0/S1 cleavage, obliquely cutting the sub-vertical outcrop; and (c) the contact 

between intensively sericitized porphyry and foliated metasedimentary rocks. 

Measurement above is strike and dipping direction. 

Figure 5 Diorite dykes: (a) with xenoliths of biotite schist and deformed sandstone and 

siltstone (marked by green line), the foliations of which are consistent with that observed 

from the diorite itself (marked by black dotted lines). All lithologies in the picture 

experienced the same deformation after emplacement of the diorite; (b) the narrow 

diorite dyke crosscuts low-grade mineralization,  showing that the unmineralized dyke 

post-dates the mineralization; (c) comparison between a diorite dyke and the 

metasedimentary rocks showing that the mineralized metasedimentary rocks are 

intensely foliated, whereas the dyke is not deformed; and (d) a mineralized quartz-

hematite (pyrite)-calcite vein cutting an altered diorite dyke. The sample LB6S-08 was 

collected here. 
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Figure 6 Photomicrographs of gold related alteration assemblages from the Liba mine of: 

(a) sericitized granitic porphyry sample. Only quartz and a few feldspars were left after 

intensive alteration; (b) and (c) diorite dykes with relict igneous textures and well 

preserved rhombohedral amphibole and fresh plagioclase; (d) and (e) gold-bearing pyrite 

deformed by both the early (D1) and the second (D2) events. The groundmass contains an 

early (S1, as marked with black dotted lines) and later (S2, white solid lines) cleavage in (d); 

(f) narrow carbonate veins are parallel to S1, indicating they formed during early 

deformation (D1); (g) bedding (S0) marked by the yellow dashed line. Here, the early (S1) 

cleavage (white dashed lines) has been modified by a later (S2) cleavage marked with 

black solid lines. The later cleavage is more obvious in the shale (bottom left) than the 

siltstone unit (top right); (h) intergrown arsenopyrite with pyrrhotite filling interstices 

between pyrite grains; (i) early fine-grained quartz vein (marked with a white line) was 

deformed by the early (S1) cleavage (marked with black lines); the spots are filled with 

fine-grained quartz and cordierite and some have deformed preferentially parallel to S1 

while the others preserve circular shapes. This indicates the formation of spots was syn- 

or at the late stage of D1. Abbreviation: Ms-muscovite, Bt-biotite, Hbl-Hornblende, Chl-

chlorite, Ser-sericite, Pl-plagioclase, Qz-quartz, Cb-carbonate, Py-pyrite, Apy-arsenopyrite, 

Po-pyrrhotite. These abbreviations are used hereafter. 

Figure 7 Simplified structural map of the Liba goldfield illustrating bedding form lines in 

the study area. Fold axes with plunge direction are marked by orange arrows. The 

intensity of folding appears to increase towards the F1 Fault. Also, tight folds appear to be 

discontinuous in nature, weakening into more open folds along strike. In detail, the folds 

are cut by the mineralized fault network, albeit with strongest folds adjacent to NW-

trending segments of the mineralized faults, indicating a broadly synchronous timing. 

Insets: (a) stereogram of the orientation of two generations of faults at the Zhaogou 

deposit; (b) fault assemblage showing kinematics observed on the WNW-striking 
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segments of faults, consistent with compression in a NW-SE orientation; and (c) the 

orientations of diorite dykes. 

Figure 8 The relationship between bedding (S0, green lines), early pervasive cleavage (S1, 

yellow lines) and S2 cleavage, south of the Magou orebody: (a) SW-dipping bedding and 

cleavage; (b) NE-dipping bedding and cleavage. The clockwise angular relationship marked 

with a red arrow between bedding and cleavage has not changed, indicating that the 

cleavage predates the open folding of the beds. This early (S1) cleavage is the earliest 

deformation fabric recognized in the area; (c) a tight fold proximal to the Zhaogou Fault, 

with upright, NW-striking axial plane. The orientation of the two limbs are projected on a 

stereonet; (d) view of the roof of a drive in the No. 5 orebody. The mineralized shear 

strikes 020°(outlined in yellow) with S-C fabrics (green lines mark the S-fabric) and shallow 

E-plunging slickenlines indicate dextral displacement in this view (marked by red lines), 

and a sinistral motion in plan view. 

Figure 9 Simplified geological map of major orebodies at the Liba goldfield (locations 

shown in Figure 7): (a) the Zhaogou orebody; (b) the Wawugou orebody; and (c) the 

Magou No. 6 orebody. The variation in orientations of the ore zones in each of the 

orebodies are shown in corresponding stereograms. Note that mineralization and igneous 

dykes share similar orientations, and both filled dilational jogs under sinistral movement 

of faults. 

Figure 10 Zhaogou deposit: (a) 3D model of the Zhaogou mineralization based on drill core 

data. The outside green translucent figure is an isosurfaced body with gold grade over 0.5 

g/t, the yellow colour represents grades of over 1.0 g/t, and the orange colour grades of 

over 2.0 g/t. The high grade mineralization plunges to the WNW. The long axis of the 

orebody plunges to NW at around 50°; (b) cross-section of the 5170 exploration line with 

sample locations. The location of the 5170 exploration line was marked in Figure 8. (a) and 

(b) images generation are aided by Leapfrog; (c) conceptual structural model of the 
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orebody in the Liba goldfield. The upper, north and west surfaces  can be embodied by 

Figs. 9a, 4a, b respectively. 

Figure 11 The Liba goldfield: (a) comparative chart of the two major mineralization styles; 

(b) spatial paragenesis of the least altered sedimentary rocks, ore hosted by altered 

sedimentary rocks and vein type ore; (c) temporal paragenetic evolution linked to mapped 

deformation events 

Figure 12 Veins: (a) quartz vein (V2) with sulfide in foliated host rock. Sulfide is ~2mm in 

diameter, and well crystallized in the quartz veins whereas the siltstone hosts fine-grained 

sulfides. The siltstone has two strong foliations (S1 and S2), in contrast, only S2 is observed 

in the quartz vein, where it cuts the sulfide grains locally; (b) crosscutting vein 

relationships, milky quartz (V3) veins cut vitreous quartz sulfide veins (V2). Sericite 

network veins cut both V2 and V3; (c) spotted slate, a mineralization-favored lithology; (d) 

spots preferentially located in darker and relatively coarse-grained lithology, and they are 

filled originally by fine quartz (minor biotite), microlite, and cordierite surrounded by clay 

minerals. The D1 deformation event did not modify the distribution of the spots, indicating 

that the generation of spots postdated or was coeval with the D1 event. 

Figure 13 BSE images of representative zircons. The circled numbers mark the analysis 

position in the zircon and are the serial number in the raw dataset and the age is Pb204-

corrected Pb206/U238 age. A and B, diagrams of Concordia and weighted average ages of 

Sample ZG-01 SHRIMP analysis 

Figure 14 A, B, C and D are the plateau age diagrams for Samples 5170D-6, 5190D-9.4, ZG-

01 on muscovite and Sample LB6S-8 on hornblende. E and F, G and H are the plateau age 

diagrams and inverse isochron plots for Sample LB6S-8 on plagioclase and biotite, 

respectively. 
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Figure 15 Summary of the SHRIMP and 40Ar/39Ar age data and comparison diagram. The 

geochronological data are presented in precise age plus 2σ error, represented by solid dot 

and error bar. The dashed line represents the weighted average of individual population 

of analyses 

Chapter 4 (Paper Three) 

Figure 1 Location of the research area in China. The simplified tectonic map of China is 

from Meng and Zhang, 1999. A, Geotectonic features of the Bailongjiang area; B. Regional 

geology of the Dashui gold deposit; C. Topography of B, blue is low and red is high in 

elevation. A and B are compiled from sources at the Bureau of Geology and Mineral 

Resources of Gansu Province, 1989. The raw data of the topographic map are compiled 

from Scripps at the University of California, San Diego 

(http://topex.ucsd.edu/marine_topo/mar_topo.html). 

Figure 2 Simplified geological maps of the Dashui gold deposit and its spatial relationship 

with the Ge’erkuohe pluton after No. 3 Geological and Exploration Survey of the Gansu 

Geology and Mineral Institute, 2009. Inserts are lower hemisphere equal-area projection 

Stereonets, showing the orientation of bedding and secondary faults. Major orebodies 

and the Dashui Fault are marked. Approximate locations of the samples used for 

thermochronological study are marked with black stars. 

Figure 3 Geological character of the No. 2 orebody at the Dashui Mine: a) the Dashui Fault 

separates the red mineralized footwall from the yellow non-mineralized hangingwall. The 

fault is marked with a solid red line; b) an example of a secondary fault cutting gabbroic 

diorite, which is a hematite-stained reverse dextral fault; c) an example of a late normal 

fault with barren calcite veins precipitated in dilational jogs; d) calcite veins offset by 

normal faults, dusty hematite fills the gaps between breccia; e) mineralization-associated 

calcite-hematite alteration in diorite indicates that the diorite predates the hydrothermal 

activity; and f) interlayered jarosite and hematite alteration in limestone. 
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Figure 4 Photomicrographs of thin sections from the Dashui gold deposit illustrating: a) 

and b) diorite with phenocrysts of pyroxene, biotite, plagioclase, K-feldspar and 

amphibole in a fine-grained plagioclase matrix; c) brecciated limestone containing a slate 

clast with an earlier deformation fabric; d) foliated slate indicating an early deformation 

existed before the limestone was brecciated; e) brecciated limestone enveloped and 

replaced by fine-grained quartz; and f) goethite forming “leaves” indicative of supergene 

origin. 

Figure 5 Detailed geological map of the No. 20 orebody and a cross section along the 103 

exploration line (modified after Mao et al. 2002 with new data) 

Figure 6 Paragenesis of the Dashui gold deposit. The primary processes include 

magmatism and sulphide-depositing hydrothermal events. The hydrothermal event is 

marked by pyrite and quartz, with later supergene weathering and precipitation of 

hematite, limonite, goethite, and jarosite. 

Figure 7 Crosscutting relationships between calcite veins: a) fibrous calcite pod (V1), cut 

by fine-grained calcite vein containing hematite (V2); b) white fine-grained barren calcite 

veins (V1) cut by V2 veins in gabbro; c) V2 veins with hematite concentrated in the centre 

and calcite at edges, which could be hypogene hematite as observed by Yan 1998; d),V3 

veins within a shallow-dipping normal fault, which was shown in Figure 3c. 

Figure 8 Sample locations in 3D view and 2D cross section to show spatial relationship 

between the two samples and the Dashui Fault. 

Figure 9 Back-scattered images of the zircons from Samples DS-06 and DS-01, and their 

Concordia and weighted average age plots. The numbered white circles on each zircon 

mark the spots analyzed. 

Figure 10 Alternative thermal curves of the hanging wall and footwall of the Dashui Fault. 

There is not much change for the footwall due to the concordant Zircon U-Th-Pb-He ages, 
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which requires that the Triassic granodiorite crystallized and cooled very quickly at a 

shallow depth ( <3 km). However, the hanging wall may have a), underwent slow cooling/ 

exhumation after Late Triassic; b), been buried at depth until Early Cretaceous, when it 

was uplifted rapidly, due to reverse movement on the Dashui Fault; c), been uplifted by 

Late Triassic faulting to near surface level right after it cooled down to 200° C, with or 

without re-burial, cooling to 70° C which delayed the start of the Apatite He system until 

Early Cretaceous. d) shows the details of c) during the time between late Triassic and Early 

Cretaceous. 

Figure 11 Conceptual models of possible exhumation histories relative to Samples DS-06 

and DS-07 in the hanging wall and footwall of the Dashui Fault, respectively. a), the 

hanging wall intrusion was emplaced at the geotherm right beneath the apatite closure 

temperature in the Late Triassic; b), the hanging wall intrusion was emplaced at the zircon 

U-Th-He closure geotherm, then immediately uplifted by a reverse fault to a level beneath 

the apatite closure geotherm; c), Early Cretaceous faulting, relief creation and erosion. 

See text for more detailed explanation. 

 

Chapter 5 (Paper Four) 

Figure 1 Simplified regional map of the West Qinling area, after Bureau of Geology and 

Mineral Resources of Gansu Province, (1989) and the Qinling-Dabashan regional 

geological map (Song et al, 2002). Insert shows the location of the study area (marked 

with red box), after Horton et al., (2004). The blue dotted line represents the Yellow and 

Yangtze Rivers. Blue and red stars mark the sample locations of this study and Zeng et al., 

2011. The sample locations of Zheng et al., 2004 are marked with labels and blue flags. 

Figure 2 Topography (a) and Free-air gravity maps (b) of the West Qinling Orogen. The 

location of this figure is marked in Figure 1 with dotted line box. The big and small boxes 



 

- 16 - 

 

indicate the location of the Liba and Dashui gold camps. The raw data is compiled from 

the website of the Scripps Oceanography Institute, University of California San Diego 

(http://topex.ucsd.edu/marine_topo/mar_topo.html); c) and d) are gravity data 

processed from b) after eliminating the influence of topography, and bouguer-filtered at 

10’×10’ and 40’×40’ grid spacing, respectively (Blakely, 1996; Gallardo and Thebaud, 2012). 

The white lines in (a) and (b) are consistent with the traces of the Minxian-Dangchang and 

Maqu-Diebu Faults. The black lines in (c) and (d) are interpreted lineations. 

Figure 3 Simplified geological maps for the: (a) Dashui-Ge’erkuoh; and (b) Liba-

Zhongchuan gold camps. The two maps are modified after Zeng et al., in review and Zeng 

et al., 2012, respectively. Both (a) and (b) use the same legends. 

Figure 4 A and b, photographs: (a) Ge’erkuohe Granite; (b) Zhongchuan Granite; with K-

feldspar phenocrysts; (c) brittle faults and angular breccia in the Dashui gold deposit, 

suggesting brittle deformation; and (d) Veins and S-C fabric observed in the Liba gold 

deposit, suggesting brittle-ductile deformation. 

Figure 5 Kinematic structural comparisons between the Liba and Dashui gold deposits. 

Figure 6 Time-temperature histories delineating the cooling profiles of the Ge’erkuohe, 

Zhongchuan and Jiaochangba plutons. The data from Zhongchuan and Jiaochangba are 

from this study (Tables 2 and 3), with the Ge’erkuohe data reproduced from Zeng et al., 

(in review). Integrated cooling curves of individual pluton are shown my solid lines, with 

the dotted line and question mark representing an alternative thermal history for the 

Zhongchuan Granite as described in the text. 

Figure 7 Conceptual exhumation models for the Ge’erkuohe, Jiaochangba and 

Zhongchuan plutons. The letters G, J and Z represent the Ge’erkuohe, Jiaochangba and 

Zhongchuan plutons, respectively. The blue lines label the vertical displacement of 

overburden on the plutons. The grey filling indicates the erosion, in part due to high relief. 
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Two options are presented for progression of exhumation during the Paleocene of the 

Jiaochangba and Zhongchuan plutons 

Figure 8 Targeting ranking across the West Qinling Orogen based on exhumation history. 

Simplified after Figure 1. See text for explanation. Legends are the same with Figure 1. 
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Chapter 1: Introduction 

Multi-scale study on the West Qinling Orogen 

Preamble 

The Qinling Orogen and Dabie ultra high pressure (UPH) zone separate the North and 

South China cratons (Gao et al., 1996). The Mesozoic West Qinling Orogen (WQO) is 

endowed with various gold mineralization with enormous metal endowment, which has 

driven voluminous research and exploration in this region since the late 1990 and early 

2000s (e.g. Mao et al., 2002; Peters, 2002; Chen et al., 2004).  

Numerous studies have conducted on the WQO in an effort to constrain the tectonic 

history (e.g. Li et al., 1978; Yin and Nie, 1996; Hacker et al., 1998; Meng and Zhang, 1999; 

Zheng et al., 2010), which essentially shed lights on how the North and South China 

cratons integrate into a unique continent in the western part of the Qinling Orogen. 

Despite a good body of research from many disciplines, many questions regarding the 

evolution and metallogeny of remain unresolved, for example, “What is the nature of the 

extensive magmatism in the Qinling Orogen?” This question can be broken down to when 

and how did the magmatism form. The loosely constrained geochronological data is not 

adequate to answer this question (e.g. Shang and Yan, 1988). Studies on individual pltuon 

have been conducted substantially, however, most works have focused on East Qinling 

rather than West Qinling (Dong et al., 2011) and no regional summary works have been 

completed to look at the entire magmatic picture systematically (e.g. Qin et al., 2008, 

2009; Zhu et al., 2011). Therefore it requires careful analysis. 

The focus of the start of this research includes: (1) the mineralogical, geochemical, and 

geochronological nature of selected pluton rocks in the WQO; (2) the petrogenesis of the 

different suites of intrusions throughout the entire Qinling Orogen; (3) the tectonic 

settings in which these magmas were generated and emplaced, and (4) how the gold 

mineralization events fit into the regional tectonic paragenesis. 
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There are two major types of gold mineralization scattering throughout the WQO, namely 

orogenic-gold and Carlin-type or Carlin-like gold deposits. The Liba gold field and Dashui 

gold deposit have been selected as representations of these two types of deposits in an 

endeavor to delineate their characteristic in detail. The Liba goldfield, like most gold 

deposits in this region, is not adequately dated (either due to scarcity of datable minerals, 

low quality geochronological methodology or loosely constrained structure context), 

which limits constraints on the exact timing of the mineralization and regarding it in an 

accurate regional geology context. 

The Dashui gold deposit is hosted in limestone and strictly structure-controlled. It is 

dominated by intensive oxidation, which is characterized by hematite-calcite-silica 

alteration. The key structure at the deposit is the Dashui fault, defines that most 

orebodies sits at the footwall. Whether or not exploration programs should be conducted 

on the hanging wall depends upon our understanding on the offset displacement and 

active history of the Dashui Fault.  

Regionally, there are significant variations in the types of gold mineralization in the WQO, 

as shown by the comparison between the Liba gold field and Dashui gold deposit. 

Important considerations include what the nature of the major structural controls on the 

mineralization is and whether the deposits are economically accessible. Much research 

have been conducted to unlock this puzzle by fluid inclusion investigation on the gold 

genesis (e.g. Feng et al., 2003; Yan et al., 2000), but few studies have looked at this 

problem from a view of exhumation/erosion. 

 Is that possible that different exhumation histories in areas of the WQO affect 

what gold mineralization present in the modern surface? 

 Can we predict what what styles of gold mineralization are potentially present in 

areas with the WQO?? 

 Are the findings of this study applicable to the WQO and elsewhere? 
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Scope of the thesis 

In order to promote our understanding of the problems outlined above, a 

multidisciplinary study of the evolution and metallogeny of the WQO was undertaken. 

This study employed multidisciplinary research techniques to resolve these questions, 

such as X-Ray Fluorescence (XRF) and Inductively Coupled Plasma Mass Spectrometry 

(ICP-MS) studies to determine the basic geochemical feature of the plutonic rocks, 

including analyses of the major and trace elements geochemistry of the rocks. A 

comprehensive geochemical database has been acquired on the intrusions in the Qinling 

Orogen, combined with data from current publications. The gold mineralization in a 

structure context in the Liba gold field and Dashui gold deposit are documented here in 

detail. Enphasises have been placed on structure and kinematic study on ore-associated 

igneous dykes. High precision geochronological techniques are conducted to better define 

the key events that could have contributed to the gold mineralizing events. Also they 

provide the framework for better understanding the structure evolution of the region. 

Thermochronology has been employed in this study to constrain mine-scale structure in 

the Dashui gold deposit and evaluate regional perspectivities across the West Qinling area. 

Collectively, the scope of this thesis aims at understanding the gold mineralization in the 

WQO from both genesis and preservation views. 

ORGANIZATION OF THESIS 

Thesis by Papers 

This thesis is presented as a series of papers in referred journals, in accordance with the 

regulations of the University of Western Australia. The contribution of the candidate and 

the co-authors for the papers, which comprise Chapter 2, 3 and 4, are outlined below. 

The manuscript “Triassic episodic magmatism in the West Qinling Orogen, implications on 

continental collision” is first-authored by the candidate (Qingtao Zeng) and co-authored by 

Prof. T. Campbell McCuaig, Drs Eric Tohver, and Leon Bagas. The candidate undertook the 
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fieldwork (including field mapping, drilling logging and geochemical sampling), laboratory 

works (including thin-section observation, sample preparation, mineral separation, 

geochronological analysis and compiling data), wrote the manuscript and conducted 

revision. Prof. T. Campbell McCuaig supervised the project. All the co-authors contributed 

editorial comments. The manuscript has been reviewed in Journal of Asian Earth Sciences. 

The revised version is presented in the thesis. It has been published as an extended 

abstract in the internal CET newsletter (page 22-27, issue 15, March 2011) in Center for 

Exploration Targeting, University of Western Australia. 

 

The manuscript “Structural and geochronological studies on the Liba goldfield of the West 

Qinling Orogen, Central China” was senior-authored by the candidate and co-authored by 

T. Campbell McCuaig , Craig J.R. Hart , Fred Jourdan, Janet Muhling , Leon Bagas. The 

candidate did field structural mapping supervised by Prof. T. Campbell McCuaig and 

conducted geochronological investigation on well-documented samples. Dr Fred Jourdan 

provided 40Ar/39Ar dating. Dr Jante Muhling supervised the candidate to complete 

Electronic Microprobe Analysis on hydrothermal minerals. All the co-authors contributed 

editorial comments on the manuscript that is currently published.  

 

The manuscript “Geological and thermochronological studies of the Dashui gold deposit, 

West Qinling Orogen, Central China” presented in Chapter 4 is senior-authored by the 

candidate and co-authored by Noreen J. Evans, Brent I. A. McInnes, Geoffrey E. Batt, T. 

Campbell McCuaig, Leon Bagas, Eric Tohver. The candidate did the fieldwork in the Dashui 

gold deposit and took the sample during underground mapping. In laboratory part, the 

candidate did the mineral separation and preliminary measurements of zircon and apatite 

morphology. The LA-ICP-MS analysis was conducted by Drs Evans and McInnes. All the co-



Chapter 1: Introduction 

- 5 - 

authors contributed editorial comments. It has been published in Mineralium Deposita. 

The final version is presented in the thesis. 

 

The manuscript “Exhumation Contrasts and their Implications for Gold Camp Styles across 

the West Qinling Orogen, Central China” presented in Chapter 4 is senior-authored by the 

candidate and co-authored by Geoff E. Batt, Noreen J. Evans, Brent I. A. McInnes, T. 

Campbell McCuaig, Eric Tohver, Leon Bagas, Craig J.R. Hart. The candidate did the regional 

mapping in the West Qinling area and took the sample for thermochronological study. In 

laboratory part, the candidate did the mineral separation and preliminary measurements 

of zircon and apatite morphology. The LA-ICP-MS analysis was conducted by Drs Evans 

and McInnes.  It has been revising at this moment. 

Supporting References 

Apart from the manuscripts presented in Chapter 2 to 5, the candidate published four 

extended abstracts for international conferences such as the  by the Society of Economic 

Geologist and Society of Geology Applied to Mineral Deposit during the course of this 

study. One key skill the candidate obtained through this PhD study is geochronology. Two 

publications with my contribution in geochronology have been published through the 

collaborations between CET and Peking University and Chinese Academy of Science in 

China. They are in the Journal of Asian Earth Sciences and Gondwana Research 

respectively with the titles of “Zircon U–Pb ages of the metamorphic supracrustal rocks of 

the Xinghuadukou Group and granitic complexes in the Argun massif of the northern 

Great Hinggan Range, NE China, and their tectonic implications” and “Triassic 

mineralization with Cretaceous overprint in the Dahu Au–Mo deposit, Xiaoqinling gold 

province: Constraints from SHRIMP monazite U-Th-Pb geochronology”. Another research 

outcome has been submitted to Ore Geology Reviews co-authored with Dr Witt, titled 



Chapter 1: Introduction 

- 6 - 

“New geochronological results and structural evolution of the Pataz gold mining district: 

implications for the timing and origin of the batholith-hosted veins”. 

Summary Declaration 

I declare that I am responsible for all portions of the thesis, except for collaborative works 

as acknowledged above. All information present here is original and haven’t been 

presented for a degree at this or any other university or institute. 
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Chapter 2: PAPER ONE 

Episodic Triassic magmatism in the West Qinling Orogen and its 

tectonic implications 

Introduction of the Chapter 

The following paper documents eight intrusions with petrological and mineralogical 

observation and geochemical data, namely the Zhongchuan, Luchuba, Jiaochangba, Lvjing, 

Baijiazhuang, Wenquan, Xiba and Fengxian granites,  which scattered throughout the 

entire Qinling area. The first five are termed as “Five Golden Flowers” plutons. Sensitive 

High Resolution Ion Microprobes (SHRIMP) analyses were conducted on the eight 

intrusions and high quality data were yielded to pinpoint the crystallization ages.  In 

combination with the data from current literatures, the intrusions were divided and 

grouped into several suites under a new division, given the geography and the refined 

geochronology. Key geochemical features of the suites were summarized to show the 

discrepancies. Petrogenesis models have been proposed to individual suites to 

accommodate their geochemical profiles. These geochemical features, variation within 

individual suite and evolution trend provided important constrains on tectonic 

interpretation regionally and therefore sets the regional tectonic context for the further 

research of this thesis. Further the idea of whether or not the continent-continent 

collision took places in Triassic in the West Qinling Orogen is discussed. This manuscript 

has been reviewed by Journal of Asia Earth Sciences and its revised version is presented in 

that journal format. 
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Abstract 

The Qinling Orogen is located between the North China and South China cratons. The 

Shangdan Suture divides the orogen into North Qinling and South Qinling terranes. The 

Mianlue Suture is recognized as the key boundary between the Qinling Orogen and the 

South China craton. Detailed geochronological and geochemical data from eight plutons 

located in South Qinling terrane supplement the results of previous studies of other 

intrusions across the orogen. Compiled results indicate widespread magmatism began in 

the northwestern part of the Qinling Orogen at ~ 250 Ma and episodically progressed to 

the southeast in the North Qinling terrane. Magmatism was then widespread throughout 

the South Qinling terrane during the Late Triassic. Based on location and high-quality 

geochronology, a new division of Triassic intrusion has been proposed across the Qinling 

Orogen. Several critical geochemical differences have been summarized under this new 

division. First, the West Qinling suites are significantly enriched in Large Ion Lithophile 

Elements, including Cs, Rb, U, Th and K, whereas the East Qinling suites have moderate 

enrichment in these elements; second, there is an obvious transition from calcium to 

potassium enrichment in the Late-Triassic-West-Qinling suite, whereas the Late-Triassic-

East-Qinling suite appears to follow a curved trajectory starting from high Na through K to 

high Ca; third, the Ba and Sr concentrations of the West Qinling suite have marked 

troughs, whereas the East Qinling suites have relative enrichment of the two elements. 

Geochemical and isotopic data indicate that there are striking differences in the granites 

across the Chengxian-Huixian-Fengxian Fault, which highlight the tectonic significance of 

the northeast-trending fault that is now recognized as a significant boundary within the 

orogen. The source of the magma becomes increasingly juvenile towards the east-

southeast in the Qinling Orogen. 

In addition, interpretation of the geochemistry and geochronology of the granites 

suggests that the Triassic intrusions in the West Qinling Orogen were formed in a syn-

collisional setting, whereas those in East Qinling were formed through continental-arc to 
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continental collision setting. This new understanding of the orogen enables more precise 

reconstruction of the Late Triassic interaction between the North China and South China 

cratons along the West Qinling Orogen that the continent-continent collision between 

was restricted to the Dabie UHP Zone and East Qinling domain and not active in the West 

Qinling Orogen during the Triassic. The east parts of the orogen could have acted as a 

buttress during the collision of the two cratons. 

 

Keywords: Magmatism; West Qinling Orogen; Triassic; continental collision 

1.  Introduction 

Collisional orogens are marked by diverse magmatic products, and the nature of the 

collision process can be investigated through the magmatic expression of the constituent 

terranes of an orogen (e.g. Harris et al., 1986; Chung et al., 2003). The Qinling Orogen 

records a complex history of Middle Paleozoic to Early Mesozoic compressional and 

extensional events between the North China and South China cratons (Fig. 1a; Mattauer 

et al., 1985; Zhang et al., 1995; Gao et al., 1996; Meng and Zhang, 2000; Ratschbacher et 

al., 2003). The >600 km long Triassic magmatic belt, exposed throughout the entire 

Qinling Orogen, provides a natural laboratory to probe the nature of crust-mantle 

interactions during these events.  

The Qinling Orogen is located to the west of the Dabie Ultra-High-Pressure (UHP) zone, 

south of the Luonan–Luanchuan (or Machaoying) Fault, north of the Mianxian–Chengkou–

Xiangfan Fault (Chen et al., 2006), and is unconformably overlain by the Triassic Songpan-

Ganzi Basin to the southwest (Fig. 1b). The Qinling Orogen and the Dabie UHP Zone 

collectively separate the North China craton (NCC) and the South China craton (SCC). The 

suturing of the NCC and SCC culminated during the Triassic Indosinian Orogeny with the 

northward subduction of SCC or an unknown microcontinent beneath the South Qinling 

Terrane along the Mianlue Suture (Li et al., 1978; Yin and Nie, 1996; Zhou and Graham, 
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1996; Hacker et al., 1998; Meng and Zhang, 1999; Zheng et al., 2010). This collisional 

event was protracted, starting in the east within the Dabie UHP Zone and propagating to 

the west within the Qinling Orogen in a progressive process called “scissor suturing” (e.g. 

Yin and Nie, 1996; Zhu et al., 1998; Chen et al., 2006). The diachronous nature of the 

collision between the cratons produced widespread magmatism with different 

geochemical features in a limited time interval. The overall spatial, temporal and 

geochemical relationship between the different plutonic suites and their significance in 

terms of the tectonomagmatic evolution allow resolution of the collision processes of the 

Qinling Orogen.  

Compared to the well-studied East Qinling area, intrusions in the West Qinling area are 

poorly documented (Dong et al., 2011). In this contribution, we first present high-quality 

U-Pb SHRIMP and Lu-Hf data on zircons from eight plutons, namely the Zhongchuan, 

Luchuba, Baijiangzhuang, Jiaochangba, Lvjing, Wenquan, Xiba and Fengxian plutons. Six of 

these are located in the West Qinling Orogen (WQO) and the remaining two are in the 

East Qinling region. We then systematically document the petrogenesis of these rocks 

with whole-rock geochemical data, including major oxides, trace elements, and Sr-Nd 

isotopes with new geochronological data. Several key findings have been achieved, which 

in combination with the sedimentation record review enable us constrain the time and 

nature of the collision between South Qinling Terrance and SCC, which marks the final 

integration of the North and South China cratons (Jiang et al., 2010). 
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Fig. 1 The distribution of granites in the Qinling Orogen. Insert A, the location of the Qinling Orogen and the 

Dabie UHP Zone; B, the division of the Qinling Orogen. The locations of samples are marked with green stars. 

The number corresponds to the name of the intrusions listed in Table 2. Modified after the Qinling-

Dabashan regional geological map (Song et al, 2002) 

A significant advance in the understanding of tectonic history in the Qinling Orogen has 

been the identification of suture zones (Fig. 1). The orogen is divided into the North 

Qinling and South Qinling terranes by the Shangdan Suture Zone (e.g. Zheng et al., 2010). 

The North Qinling terrane pinches westwards into an acute angle formed by the NWW-

trending Baoji-Tianshui Fault and the Shangdan Suture (Zhang et al., 2006). The South 

Qinling terrane is subdivided into West Qinling domain (WQO) and East Qinling domain, 

but the boundary is controversy. The Early Cretaceous Chengxian-Huixian Basin, which lies 

on the Chengxian-Huixian-Fengxian (CHF) Fault (Zhang et al., 1995; Zhang et al., 2006; 

Zheng et al., 2010; Zhang and Wang, 2011) and the Lantian-Zhaishui line (Dong et al., 2011) 

were proposed variably to be the boundary.  

The North Qinling terrane is regarded as a southern extension of the NCC and consists of 

Proterozoic to Paleozoic greenschist facies metasedimentary and metavolcanic rocks. The 

South Qinling terrane, located between the Shangdan and the Mianlue sutures, consists of 

a thick pile of Neoproterozoic to Triassic sedimentary rocks unconformably overlying 

Paleoproterozoic basement rocks (Wang et al., 2007a). Taking the Lixian-Shanyang fault as 

a internal boundary, the northern part of the South Qinling terrane is dominated by clastic 

rocks that accumulated in a late Paleozoic basin between the converging cratonic blocks 

(Mei et al., 1999), whereas the southern part is characterized by the easternmost 

exposure of Triassic turbidities, of the Songpan-Ganzi Basin, which also borders the WQO 

to the west (Mao et al., 2002). 

2.1 Triassic granites 

Triassic granites of the Qinling Orogen are divided into five suites based on their location 

and age in this study. The granites in the South Qinling terrane are subdivided into the 
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West Qinling suites located northwest of the CHF Fault and the East Qinling suites located 

southeast of the CHF Fault (Fig. 1). 

The granites in the northwestern part of the WQO have Sensitive High-Resolution Ion 

Microprobe (SHRIMP) U-Pb zircon ages of 250-240 Ma (Jin et al., 2005), and are grouped 

as the Early to Middle Triassic West Qinling (T1-2-WQL) suite (highlighted with a blue 

screen in Fig. 1). The granites to the northwest of the CHF Fault are Late Triassic and are 

included in the T3-WQL suite (highlighted with a red screen in Fig. 1). 

Most granites in the East Qinling domain have U-Pb in zircon ages between 220 and 205 

Ma except for some small bodies such as the 241 ± 1 Ma Xianggou Granite (Fig. 1; Zhu et 

al., 2009). The 220-205 Ma granites form the T3-EQL suite, and the ~ 240 Ma granites form 

the T2-EQL suite. The granites in the North Qinling terrane have U-Pb in zircon ages 

between 230 to 210 Ma (i.e. Middle to Late Triassic) and form the T2-3-NQL suite. 

The T1-2-WQL suite is exposed in an area covering about ~ 600 km2 and located in the 

northwestern part of the WQO near the Shangdan Suture. The suite consists of dolerite, 

gabbro, diorite, and granodiorite (Shang and Yan, 1988). The location of individual bodies 

of the suite is structurally controlled, predominantly in the core of WNW-trending 

anticlines. A limited number of plutonic bodies are also hosted by Triassic sedimentary 

rocks, which are the limbs of the anticlines. The T1-2-WQL suite includes, from northwest 

to southeast, the Nianmu’er small stocks (including Xiahedong, Daerzang, No.1 and 4; Fig. 

1), the Heihe batholiths (including Yeliguan and Meiwu, No. 2 and 3), and the Dacaotan 

small porphyry stocks (Shang and Yan, 1988). 

The T3-WQL suite covers ~2000 km2 in area and includes the “Five Golden Flower” Lvjing, 

Jiaochangba, Baijiangzhuang, Luchuba, and Zhongchuan granites (No. 6, 7, 8, 9, 11), and 

the Mishuling and Wenquan granites (No. 5, 10), most of which intrude Devonian 

metasedimentary rocks. All of these intrusions are subcircular in shape and show no 

evidence for deformation or preferred mineral alignment. The contact between the 
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Zhongchuan Granite with the Middle Devonian clastic metasedimentary rocks is shown in 

Fig. 2a. The foliation in the country-rocks is associated with various deformation events 

that predate emplacement of the granites and associated cross-cutting dykes. The 

Mishuling Granite and its satellite bodies are located in eastern-most part of the “Five-

Golden-Flower” area in WNW-trending complex antiforms of the country rocks, which 

appear to control the outcrop pattern of these granites.  

The T2-EQL suite has a limited areal extent covering about 50 km2, and includes bodies 

such as the Fengxian Granite covering ~30 km2 in area (No. 12) and the smaller Xianggou 

Granite covering 1.6 km2 (No. 13). The suite is situated close to the Shangdan Suture and 

is hosted by Neoproterozoic metavolcanic rocks and Upper Devonian metasedimentary 

rocks. 

The T3-EQL suite covers some 5000 km2 in area in the East Qinling domain, and is situated 

close to and subparallel with the Mianlue Suture. The suite includes: the Dongjiangkou 

Batholith composed of the Gaoqiaojie, Dongjiangkou (No. 17), Zhashui (No. 26), Caoping 

(No. 28) and Shahewan (No. 19) granites; the Wulong Batholith composed of the Xiba (No. 

23), Huayang, Wulong (No. 20), Laocheng (No. 24), Xichahe (No. 21) and Yanzhiba (No. 18) 

granites; and the Guangtoushan Batholith composed of the Miba (No. 27), Xinyuan (No. 

22), Jiangjiaping (No. 14), Zhangjiaba (No. 25), Guangtoushan (No. 15) and Liuba granites. 

These batholiths are commonly rectilinear in shape, with flat east-trending sides parallel 

to regional fracture patterns. They intrude Proterozoic and Middle to Late Paleozoic strata 

and have contact metamorphic rims (Shang and Yan, 1988). 

The Triassic plutons in the North Qinling terrane are hosted by the Neoproterozoic Qinling 

Formation that consists of amphibole-bearing gneiss and lesser plagioclase-rich 

amphibolites and marble, and the Early Paleozoic Danfeng Formation that consists of 

metamorphosed mafic volcanic units (Wang et al., 2003). Thermal ionization mass 

spectrometry (TIMS) zircon ages for the Laojunshan and Qinlingliang granites (No. 32, 33; 

Lu et al., 1999; Zhang et al., 2002), and the SHRIMP U-Pb zircon ages for the Cuihuashan 



Chapter 2: Paper One 

- 16 - 

Granite (No. 29; Jiang et al., 2010) in the North Qinling terrane indicate a ~230 Ma age for 

these plutons. However, there are some exceptions, such as the LA-ICPMS zircon age of 

220 ± 2 Ma obtained from the Shimen Granite (No. 31; Wang et al., 2008). The dating is 

likely beyond LA-ICPMS precision limitations, which shed doubts on its quality. The ~ 230 

Ma ages for the Qinlingliang, Laojunshan, and Cuihuashan granites have large 

uncertainties or high MSWD values, which indicates that there may be more than one 

populations of zircon. Given the scarcity of inheritance and metamorphic zircon, this 

highlights the possibility of more than one magmatic event was present in the region. The 

data with large uncertainties from these plutons is regarded with caution, with magmatic 

activity in the North Qinling terrane either a result of two events at ~ 230 Ma and 220-210 

Ma or one event spanning continuous activity between ~ 230 and 220-210 Ma. 
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Fig. 2 Photographs of the Zhongchuan Granite: a) panorama image of the south margin of the contact 

between the Zhongchuan Granite and metamorphosed Middle Devonian slate suggesting emplacement in 

extensional jogs formed during brittle deformation; b) the foliation in the host rocks predates the intrusion; c) 

the dyke phase cutting the major phase of the Zhongchuan Granite; d) detailed contact between major phase 

and the central phase of the Zhongchuan Granite. Location of thin section photomicrographs present in Fig 3a, 

marked with a solid black box. 

3.  Sample description 

Eight granites from the T2-EQL, T3-EQL, and T3-WQL suites were investigated in this study 

(marked by black stars in Fig. 1). These are described below. 

3.1. T2-EQL suite: Fengxian (Hejiazhuang) Granite 

The Fengxian Granite consists of hornblende- and biotite-bearing granodiorite to 

monzogranite exposed over a 30 km2 area. Sample FXP-001 is a fine- to medium-grain 

granodiorite from north of the Fengxian town. It consists of 35-40 modal % plagioclase 

(albite to oligoclase), 25 % quartz, 20 % K-feldspar variably altered to sericite, 5 % 

hornblende, 3 % biotite, and <1 % muscovite. Accessory minerals include titanite, apatite, 

magnetite, pyrite and zircon (Fig. 3a). 

3.2. T3-WQL suite: Zhongchuan, Luchuba, Baijiazhuang, Jiaochangba, 

Lvjing and Wenquan Granites 

The Zhongchuan Granite is a polyphase, equigranular to seriate to porphyritic biotite 

monzogranite covering 210 km2 in area (Zhang et al., 2004). It consists of a major marginal 

coarse-grained porphyritic phase forming about 70% by area of the pluton, a central 

equigranular to seriate phase, and fine- to medium-grained granitic dykes that intrude 

both of the marginal and central phases. The contact between the marginal and central 

phases is gradational, with K-feldspar porphyritic biotite granite (e.g. Sample ZCHW-08) 

even in the geographical centre of the pluton (e.g. Maoxiangba and Wuchaba villages). A 

chilled margin is present in the intrusion in contact with country rocks (Fig. 2b). The 

contacts between different phases of the intrusion are illustrated in Fig. 2(c, d). Quartz 

forms up to 55 % in the granitic dykes with rare ferromagnesian minerals (Figs. 2d and 3b).  
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Fig. 3 Thin section photomicrographs of granites sampled for analyses: a) titanite, hornblende, and 

muscovite in Sample FXP-01. b) the contact between the major and dyke phases of the Zhongchuan Granite, 

where no chilled margin contact is present. The amount of biotite significantly decreases near the dyke 

phase; c) Sample ZCHW-8 from marginal phase with abundant apatite, titanite and hornblende; d) primary 

muscovite in the central zone of the Zhongchuan Granite; e) mafic minerals from the Luchuba Granite; f) 

Sample LCHB-01 of quartz diorite, which is more mafic than the major phase of the Zhongchuan Granite; 
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Abbreviations: Plg - plagioclase, Hbl - hornblende; Bio - biotite; Mus - muscovite; Kf - potassic feldspar; Ttn - 

titanite; Apt - apatite; and Zr – zircon. 

The marginal phase is characterized by medium-coarse-grained, porphyritic texture. The 

euhedral K-feldspar phenocrysts vary from 30 x 15 to 10 x 5 mm in size, subhedral to 

anhedral quartz averages 8 mm in diameter, and subhedral plagioclase averages 6 mm in 

diameter; the average of the major constituents is 40 % K-feldspar, 35 % plagioclase 

(oligoclase), 25 % quartz, 5 -10 % biotite, and rare hornblende (up to 3 %). K-feldspar 

displays Carlsbad twining and forms tabular prismatic crystals, which are locally altered to 

white mica and clay minerals. Accessory phases include zircon, rutile, apatite, titanite, 

tourmaline, ilmenite, monazite, xenotime, pitchblende, epidote, fluorite, and rare sulfides 

and Fe-oxides (Fig. 3c). 

The central phase consists of fine- to medium-grained, equigranular to seriate 

monzogranite with 35 % K-feldspar, 25 % plagioclase (oligoclase), 30 % quartz, and <5 % 

biotite, <1 % hornblende, and 1 % muscovite (Fig. 3c). The dyke phase consists of fine- to 

medium-grained, biotite-bearing, monzogranite containing 35-40 % K-feldspar (chiefly 

perthite), 30 % plagioclase (oligoclase), 20 % quartz, <5 % hornblende, and 1 % muscovite. 
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Table 1 Summary of SHRIMP U-Pb zircon ages collected from this study. 

*The raw data of SHRIMP analysis are attached in the Appendix 2 with Concordia and weighted average age 

diagram for each sample (Fig. 5) 

The Luchuba, Baijiazhuang, Jiaochangba, Lvjing, and Wenquan granites have similar 

compositions to that of the Zhongchuan Granite except for the presence of quartz 

granodiorite and diorite in the Baijiangzhuang, Jiaochangba, and Luchuba granites (Fig. 3d, 

e). The Wenquan Granite is also subdivided into a marginal phase (Sample WQ-3), and a 

Intrusion No. in 

Fig. 1 

Phase Lock type Age (Ma) Error 

(2σ) 

MSWD Texture Mineralogy 

Zhongchuan 11 Major K-feldspar 

phenocryst 

biotite 

monzogranite 

219.5 2.1 0.50 Coarse-grained 

granitic 

Kfs-Pl-Qtz-Zr-Apt(-Am-

Mag-Aln) 

Zhongchuan 11 Central Biotite 

monzogranite 

217.1 1.7 1.60 Coarse to 

medium grained 

granitic 

Kfs-Pl-Qtz-Bt-Zr-Apt(-

Ttn-Msc) 

Zhongchuan 11 Dyke Quartz-rich 

granite 

217.2 2.2 2.50 Fine grained 

granitic 

Kfs-Qtz-Pl-Bt-Zr-Apt 

Luchuba 9 Major Granodiorite-

monzogranite 

217.1 1.0 0.66 Coarse grained 

granitic 

Kfs-Pl-Qtz-Bt 

Baijiazhuang 9 Major K-feldspar 

phenocryst 

biotite 

monzogranite 

215.9 3.0 0.47 Coarse to 

medium grained 

granitic 

Kfs-Pl-Qtz-Bt(-Am-Mag) 

Jiaochangba 6 Major K-feldspar 

phenocryst 

biotite 

monzogranite 

213.9 1.7 0.61 Coarse to 

medium grained 

granitic 

Kfs-Pl-Qtz-Bt(-Am-Mag) 

Lvjing 7 Major K-feldspar 

phenocryst 

biotite 

monzogranite 

214.5 2.1 0.36 Coarse to 

medium grained 

granitic 

Kfs-Pl-Qtz-Bt(-Am-Mag) 

Xiba 23 Major Granodiorite-

monzogranite 

215.6 1.8 1.07 Coarse to 

medium grained 

granitic 

Kfs-Pl-Qtz-Bt 

Wenquan 

 

10 Major K-feldspar 

phenocryst 

biotite 

monzogranite 

217.3 2.1 0.86 Coarse to 

medium grained 

granitic 

Kfs-Pl-Qtz-Bt(-Am-Mag-

Aln) 

 Dyke Biotite 

monzogranite 

218.1 2.2 0.78 Medium to fine 

grained granitic 

Qtz-Kfs-Pl-Bt(-Zr-Apt) 

Fengxian 12 Major Hornblende-

bearing 

granite 

240.9 1.0 1.40 Medium grained 

granitic 

Kfs-Qtz-Pl-Am(-Bt-Mag) 
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central phase (Sample WQ-5). The Luchuba and Baijiangzhuang granites are dominated by 

diorite with hornblende and biotite comprising more than 10 % together, and the 

plagioclase is oligoclase to andesine (i.e. 25 – 35 An). 

3.3. T3-EQL suite: Xiba Granite 

The Xiba Granite (No. 23) is a composite pluton consisting of grey, fine- to medium-

grained granodiorite and monzogranite, and rare quartz diorite and tonalite with 

gradational contacts. The pluton is characterized by common fine-grained, rounded 

xenoliths of diorite that are up to 0.5 m in diameter. Sample XBP-01 is a granodiorite with 

30 % plagioclase (oligoclase), 25 % K-feldspar, 15-20 % quartz, 10 % hornblende, and <8 % 

biotite. Accessory minerals include zircon, apatite, ilmenite, epidote and fluorite. 

4.  Methodology 

Samples were prepared in a tungsten carbide shatter box at Peking University. Whole-rock 

chemistry analysis was carried out at the Center of Modern Analysis, Nanjing University by 

XRF Spectrometer ARL9800XP+ on fused glass beads for major elements, with precision 

better than 5 percents. For trace elements analysis, they were analysed using a Finigan 

Element II inductively-coupled plasma mass spectrometry (ICP-MS) at the State Key 

Laboratory for Mineral Deposits Research, Nanjing University. Powder samples of 50 mg 

were dissolved in the screw-top Teflon beaker with HF + HNO3 mixture acid for 48 hours 

at 160°C. The precision is better than 10% for all trace elements. Detailed analytical 

procedures for the trace elements are described by Gao et al., 2003. 

The geochronological data of this study by SHRIMP U-Pb on zircon are summarized in 

Table 1. 

Mineral separation and mount-making were undertaken at the University of Western 

Australia. Zircons were separated by crushing the sample in a jaw crusher and ring mill, 

sieved using a 400-µm mesh and panned to concentrate heavy minerals. Magnetic 
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minerals were separated using by a hand magnet prior to Frantz magnetic separation. 

Individual zircons were handpicked under cross-polarized transmitted light using a single 

hair on a paintbrush. The zircons were then mounted on a double-sided tape, and epoxy 

was added to a make a 25 mm block. After grinding and polishing to expose the top of the 

crystals, the mounts were gold-coated and photographed using back-scatter electron (BSE) 

and cathodoluminescence (CL) techniques. Back-scatter electron images of representative 

zircons are shown in Fig. 4. 

Zircons collected from the samples vary in abundance and size from sample to sample. 

Some zircons show core-rim structures. All zircon grains analyzed had strong oscillatory 

zoning with short to long prismatic shapes and high Th/U ratios in euhedral grain-shape, 

which represent magmatic zircon’s feature. Description of the morphology of the zircons 

is included in Appendix 1. 

Zircon U-Pb dating were performed using the SHRIMP II at the John de Laeter Centre for 

Mass Spectrometry located at Curtin University in Perth, Western Australia. The operating 

conditions and data acquisition procedures follow Stern et al., (2009). BR266 and TEMORA 

zircon standards were mounted with the unknown samples to calibrate U/Pb isotopic 

discrimination and the precision and stability of the equipments during analysis. The 

measured 204Pb was used for common Pb correction. The data was compiled using the 

ISOPLOT 3.0 and SQUID 1.0 software (Ludwig, 2003). Individual analyses for each pluton 

were reported with 2σ uncertainties; weighted average of ages was also reported at the 

confidence of 2σ, with Concordia age and weighted average age diagrams (Fig. 5). 

Lu-Hf isotopes were measured on zircons as an aid in determining the potential source of 

the different suites of granites and analysed at Macquarie University in New South Wales 

of Australia using a Merchantek EO LUV 213 nm laser-ablation microprobe attached to a 

Nu plasma MC-ICPMS in situ on zircon grains with SHRIMP U-Pb dates. The technique is 

described in detailed by Griffin et al., (2000, 2002), and the results are listed in Appendix 2.  
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Table 2. Summary of the geochronology for Triassic granites in the Qinling Orogen. 

No

. 

Name Age (Ma) Rock type Method Sr Initial 

range 

εNd 

range 

εHf 

range 

Reference 

T1-2-WQL Suite 

1 Xiahedong 238.0 ± 4 quartz diorite SHRIMP    Jin et al., 2005 

2 Yeliguan 245.0 ± 6 quartz diorite SHRIMP    Jin et al., 2005 

3 Meiwu  granodiorite  0.70643 - 

0.70765 

-5.7 to 

-5.0 

 Zhang et al., 

2007 

4 Daerzang  quartz diorite  0.70746 - 

0.7083 

-8.8 to 

-5.9 

 Zhang et al., 

2007 

T3-WQL Suite 

5 Mishuling 212.9 ± 

2.6 

monzogranite LA-

ICPMS 

0.7068 - 

0.7072 

-9.2 to 

-5.7 

-12.5 

to -0.1 

Qin et al., 2009  

6 Jiaochangb

a 

213.9 ± 

1.7 

monzogranite SHRIMP    This study 

7 Lvjing 214.5 ± 

2.1 

monzogranite SHRIMP    This study 

8 Baijiazhuan

g 

215.9 ± 3 monzogranite SHRIMP    This study 

9 Luchuba 217.1 ± 1 monzogranite SHRIMP    This study 

10 Wenquan 217.3 ± 

2.1 

monzogranite SHRIMP 0.7064 – 

0.7077 

-5.6 to 

-5.0 

 This study; Cao 

et al., 2010 

11 Zhongchua

n 

219.5±2.1 monzogranite SHRIMP ~0.708  -1.8 to 

2.6 

This study 

T2-EQL Suite 

12 Fengxian 240.9 ± 1 monzogranite SHRIMP   -0.5 to 

3 

This study 

13 Xianggou 242.0 ± 

0.8 

monzogranite LA-

ICPMS 

0.70642 - 

0.70668 

-4.54 

to 

-3.98 

-9.7 to 

-5.9 

Zhu et al., 2009 

T3-EQL Suite 
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14 Jiangjiaping 206.0 ± 2 monzogranite TIMS < 0.706   Sun et al., 2002  

15 Guangtous

han 

208.0 ± 2 monzogranite LA-

ICPMS 

0.7050 - 

0.7055 

-6.6 to 

-3.3 

-9.8 to 

5.0 

Qin et al., 2008 

  216.0 ± 2 monzogranite TIMS 0.7050 - 

0.7055 

  Sun et al., 

2002;Qin et al., 

2008 

16 Yangba 209.0 ± 2 monzogranite LA-

ICPMS 

   Qin et al., 2008 

17 Dongjiangk

ou 

210.0 ± 3 monzogranite TIMS < 0.706   Sun et al., 2002 

  218.7 ± 

2.4 

quartz 

monzodiorite 

SHRIMP 0.7052 - 

0.7059 

-6.1 to 

-4.8 

-2.2 Jiang et al., 2010 

18 Yanzhiba 210.8 ± 5 monzogranite SHRIMP 0.7053 - 

0.7067 

-6.6 to 

-4.4 

-1.9 Jiang et al., 2010 

19 Shahewan 211.0 ± 2 monzonite SHRIMP 0.7051 - 

0.7065 

-3.4 to 

-0.5 

-1.7 to 

5.0 

Wang et al., 

2007b; Gong et 

al., 2009 

20 Wulong 212.0 ± 2 monzogranite LA-

ICPMS 

0.7044 - 

0.705 

-2.7 to 

-2.3 

 Qin et al., 2008 

21 Xichahe 213.6 ± 

2.2 

tonalite LA-

ICPMS 

0.7054 - 

0.7064 

-3.6 to 

-1.5 

 Qin et al., 2008 

22 Xinyuan 214.0 ± 2 granodiorite TIMS < 0.706   Sun et al., 2002 

23 Xiba 215.6 ± 

1.8 

monzogranite SHRIMP 0.7060   This study; 

Shang & Yan 

1988, p. 133 

   24 Laocheng 217.6 ± 

3.4 

quartz 

monzonite 

SHRIMP 0.7047 - 

0.7052 

-4.6 to 

-3.1 

-0.9 Jiang et al., 2010 

25 Zhangjiaba 219.0 ± 2 granodiorite TIMS < 0.706   Sun et al., 2002 

26 Zhashui 219.0 ± 2 granodiorite LA-

ICPMS 

0.7051  -5.8 to 

1.3 

Hu et al., 2004; 

Gong et al., 

2009;  

27 Miba 220.0 ± 1 granodiorite TIMS < 0.706   Sun et al., 2002 

   28 Caoping 220.0 ± 2 monzogranite SHRIMP 0.7069 - 

0.7089 

-2.9 to 

-1.3 

1.6 Jiang et al., 2010  
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T2-3-NQL Suite 

29 Cuihuashan 227.3 ± 

3.6 

granodiorite SHRIMP 0.70425 - 

0.70798 

-2.5 to 

-2.2 

1.7 Jiang et al., 2010 

30 Guanshan 229.0 ± 7 two-feldspar 

monzogranite 

SHRIMP 0.7058 - 

0.7065 

-10.9 

to 

-7.0 

 Zhang et al., 

2006 

31 Shimen 220.0 ± 2 monzogranite LA-ICP-

MS 

0.70581 - 

0.70804 

-4.7 to 

-3.7 

 Wang  el al., 

2008 

32 Laojunshan

* 

233.8 ± 

2.1 

rapakivi 

monzogranite 

TIMS    Lu et al., 1999 

33 Qinlingliang

* 

235.8 ± 

0.4 

rapakivi 

monzogranite 

TIMS 0.70514 - 

0.70624 

-3.3 to 

-1.0 

 Lu et al., 1999 

Note: SHRIMP, LA-ICP-MS and TIMS on zircon geochronological data with raw data accessible are 

reevaluated and only valid dating is considered as crystallization age of intrusion. * There might have been 

some Late Triassic magmatic activities, the data should be treated with caution. 

5.  Geochronology 

5.1. Zircon U-Pb geochronology 

The geochronological raw data of the SHRIMP U-Pb zircon ages for the 11 samples is 

presented in Appendix 2. In summary, the analyses indicate two distinctive age ranges of 

~250-240 Ma and ~ 220-214 Ma that constrains the age of felsic magmatism in the South 

Qinling terrane. The magmatism in the Qinling Orogen was not continuous over the period 

between ~ 240 and 214 Ma at any one location, but represents migrating magmatic pulses 

from the northwestern part of the WQO at ~ 240 Ma to the North Qinling terrane at ~ 

230-214 Ma and 220 to 205 Ma in the South Qinling terrane (Table 2 and Fig. 5L). 

5.2. Zircon Hf isotopic composition 

Samples FXP-01 from the Fengxian Granite and ZCHSN3-01 from the Zhongchuan Granite 

were chosen for Lu-Hf isotope analyses to ensure that all suites have data in combination 

with published literature. 
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The zircons are characterized by low Lu/Hf ratios varying between 0.0004 and 0.0023 for 

Sample ZCHSN3-01 and between 0.0003and 0.0011 for Sample FXP-01. Furthermore, the 

zircons display a limited variation in Hf isotopic composition; εHf of Sample ZCHSN3-01 

averages 0.2468 (ranging between -1.7742 and 2.5774), whereas Sample FXP-01 averages 

0.8135 (ranging between -0.4679 and 3.0272). The difference between the two 

populations is small and demonstrates similar Lu-Hf isotopic features. The Hf model ages 

obtained by assuming a mean 176Lu/177Hf value of 0.0150 for an average continental crust 

(Griffin et al., 2002) indicate a Mesoproterozoic age between 1330 and 1050 Ma for the 

Triassic granites’ source region. 
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Fig. 5 A, B, C, D, E, F, G, H, I, J, K are the Concordia age and weighted average age diagrams of the samples 
from the outer, central and dykes phases of the Zhongchuan Granite, the Luchuba Granite, the Baijiazhuang 
Granite, the Jiaochangba Granite, the Lvjing Granite, the main and dyke phases of the Wenquan Granite, the 
Xiba Granite, and the Fengxian Granite. The L is a stacked column to show the age distribution of each suite. 
The Number in X axis of Figure L is consistent with Table 2 intrusion number.  

6.  Whole Rock Geochemistry 

6.1. Major oxides 

Twenty six samples from five plutons were analyzed for major and trace elements and the 

data is presented in Appendix 3. Samples from the Luchuba, Baijiazhuang and Xiba 

granites are granodiorites and quartz-diorites, while the Fengxian Granite monzogranite 

and granodiorite. Most of these samples are plotted in the K-rich calc-alkaline field on a 

SiO2-K2O diagram (Fig. 6a). Some K-rich samples plot in the Shoshonite field, although one 

sample from the Fengxian Granite plots in calc-alkaline series on the SiO2-K2O diagram (Fig. 

6a). This is consistent with the observation that the proportion of K-feldspar is higher than 

plagioclase in most thin-sections studied. The Luchuba, Baijiazhuang and Xiba granites 

range from metaluminous to peraluminous, whereas the Zhongchuan Granite is strong 

peraluminous with most A/CNK (molar A/CNK = Al2O3/ (CaO+Na2O+K2O)) values over 1.0 

(Fig. 6b). The samples from the central phase of the Zhongchuan Granite have A/CNK 

values of > 1.1, indicating that these rocks are strongly peraluminous (with muscovite up 

to 2 %). Fig. 6c shows that the T3-WQL suite range from being CaO-rich to K2O-rich, 

whereas the T3-EQL suite does not show this feature, but vary between Na2O-rich and 

CaO-rich zones. The Mg# of the Zhongchuan, Luchuba and Baijiazhuang granites averages 

40, which is considerably lower than the Mg# of the Xiba and Fengxian granites, which are 

52 and 53 respectively. 
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Fig. 6 Geochemical diagrams. A K2O-SiO2 diagram, boundaries are from Peccerillo and Taylor, 1976. The dash 

line divides the intrusions geochemically, intrusions northwest of the DCF fault have higher potassium 

contents than these southwest; B, ANK-ACNK diagram (after Maniar and Piccoli, 1989); C, K2O-CaO-Na2O 

Tertiary diagram; D, Rb/Sr verse SiO2 diagram; E, Rb-Sr-Ba Tertiary diagram (Bouseily and Sokkary, 1975). 

Data from this study were highlighted with symbols and the shadow represents geochemical variation of 

individual groups referring to the data from Shang and Yan, 1988; Jin et al., 2005; Qin et al., 2008, 2009, 
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2010; Zhu et al., 2009; Cao et al., 2010; Jiang et al., 2010. All red symbols are from the “Five golden flowers” 

intrusions, T3-WQL group; green from the Xiba pluton, T3-EQL Suite; blue from the Fengxian pluton, T2-EQL 

Suite. 

Figure 7 illustrates that the relatively immobile oxides such as Fe2O3, TiO2, MgO and Al2O3 

all decrease with increasing silica. The mobile oxides K2O and Na2O are confined to small 

ranges, which were consistent with the limited alteration present in hand samples and 

thin-sections (Fig. 3). The SiO2-Na2O diagram in Fig. 7 shows that the Fengxian Granite has 

a distinct negative linear trend with elevated Na2O relative to samples from the other 

intrusions, suggesting it may have magma sources or evolution paths different from the 

other granite in our study. 

6.2. Trace elements 

The Zhongchuan, Luchuba, Baijiazhuang granites of the T3-WGL suite and the Xiba Granite 

of the T3-EQL suite are characterized by listric-shaped REE patterns on Chondrite-

normalized diagrams (Fig. 8). These rocks are enriched in LREE and are depleted in HREE 

with a slightly negative Eu anomaly. In contrast, samples from the Fengxian Granite of the 

T2-EQL suite have a steeper REE profile with significant LREE fractionation and no Eu 

anomaly. Samples from more mafic rocks such as the Luchuba and Baijiazhuang granites 

tend to not have Eu anomalies, whereas those from more felsic plutons have larger 

negative Eu anomalies, suggesting plagioclase fractional crystallization was an important 

control. Fig. 6d shows that as SiO2 content increases, the ratio between Rb and Sr 

increases significantly within T3-WQL suite, whereas in T3-EQL suite, the ratio is 

considerably lower and the peak value is evidently smaller. The tertiary diagram of Rb-Sr-

Ba (Fig. 6e) indicates that the T3-WQL suite is characterized by high contents in Rb and Ba, 

where T3-EQL is rich in Sr. 
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Fig. 7 Harker variation diagrams. Data is from samples from the Zhongchuan, Luchuba, Baijiazhuang, Xiba 
and Fengxian granites. The key are the same with Fig. 6 

The Large Ion Lithophile Elements (LILE) profiles on mantle-normalized multi-element 

diagrams generally decreases in abundance as element incompatibility increases from left 

to right, with Ta, Nb and Ti depletion a characteristic of all rocks sampled (Fig. 8). The 

trace element profiles for the Zhongchuan, Luchuba and Baijiazhuang granites are similar 

with pronounced relative depletion of Ta-Nb and Ti except for variable concentrations in 

Ba and Sr. Samples from the Zhongchuan Granite are strongly enriched in LILE except Ba 

and Sr, whereas the more mafic samples from the Luchuba and Baijiazhuang granites 

exhibit less depletion in Ba and Sr. The Xiba Granite has a consistent LILE profile and is less 

than the Zhongchuan, Luchuba and Baijiazhuang granites. Instead of having troughs in the 

Ba and Sr positions, samples from the Xiba Granite have positive Ba and Sr anomalies. The 

trace elements and LILE profiles for the Fengxian Granite are reasonable similar to those 
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from the Xiba Granite. On the Sr/Y-Y diagram, the T3-WQL and T3-EQL suites are projected 

into the melts for typical arc rocks and Adakite, respectively (Defant and Drummond, 

1990). 

In the following sections, key features of the granite suites based on the sub-division 

presented earlier are summarized to constrain the petrogenesis of these suites in 

combination of published data. Finally a tectonic model is proposed to accommodate the 

petrogenesis after a review of current published models in this region. 

7.  Discussion 

7.1 Geochemical profiles 

An assessment of available published data has been undertaken to eliminate the possible 

influence of analytical errors and the effects of hydrothermal alteration of the rocks (see 

Appendix 1). 
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Fig. 8 Trace elements and REE on Chondrite- and primordial mantle-normalized multi-element diagrams 

using normalization values from Sun and McDonough (1989). The bottom two diagrams show the 
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differences of the averages of each group, normalized by Primordial mantle (Taylor and McLennan, 1985). 

The front eight diagrams refer to the key as Fig. 6 and the key in the bottom is for the last two diagrams 

7.1.1 Previous studies 

Pioneering studies by Shang and Yan (1988) on felsic magmatism in the Qinling Orogen has 

contributed a comprehensive geochemical and geochronological framework for the 

present study.  Limited by the precision and accuracy of certain geochronological 

techniques, such as Rb-Sr, Sm-Nd, K-Ar geochronology, the magmatic evolution of the 

Qinling Orogen between the NCC and SCC has been poorly understood. However, this is 

changing with the growing body of high-quality SHRIMP U-Pb age data that have been 

recently published on the granites in the East Qinling domain (Table 2). However, there is 

still lack of precise dating in the West Qinling domain. 

 

Fig. 9 Sr/Y-Y discrimination diagram for adakites after Defant and Drummond, 1990. Data from literature as 

referred in Table 2 

 

In this study, we have synthesized published data on the petrology, geochronology, and 

geochemistry of Triassic magmatic rocks of the South Qinling terrane. Only high quality U-



Chapter 2: Paper One 

- 37 - 

Pb age data from SHRIMP, TIMS and LA-ICP-MS analysis of zircons have been included for 

crystallization age of intrusions in this compilation. To show the temporal distribution of 

each suite, the geochronological data listed in Table 2 were projected onto a stacked 

column (Fig. 5L). Within an individual suite, the bulk composition of the mafic and felsic 

intrusive rocks varies (as would be expected), however, the similar patterns of REE and 

trace elements, identical Sr-Nd isotopic data and similar variation of Lu-Hf isotope 

systematic on zircons indicate that their petrogenesis may share some commonalities. 

Comparison between different suites gives us some crucial trends, which may shed light 

on fundamental differences in source characteristics or distinctive evolution paths. 

 

Fig. 10 Sr- Nd diagram of the sample from all the groups. The rectangle is drawn based on the variation of 

(
87

Sr/
86

Sr)i and εNd(t). The red circle represents the Zhongchuan Granite, as only an average value is 

provided from the literature. The diameter of the circle is speculated. 

 

The differences in the geochemical characteristics between the suites became more 

obvious when synthesized with other published results. Figs. 6 and 8 highlight the 

characteristics of the individual groups. A summary of the published Sr-Nd isotopic data is 

presented in Table 2 and Fig. 10. 
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7.1.2.  Petrogenesis 

In this section, we propose possible petrogenetic scenarios for individual suites to best 

account for their observed geochemical profile, and then explain the major processes that 

control the variation within each suite. Comparison is then made between the suites to 

provide constraints on the origins of these rocks within a tectonic context. We start with 

suites in the WQO from Early to Late Triassic and then progress to those of the East 

Qinling domain. 

7.1.2.1. T1-2-WQL and T3-WQL suites 

The T1-2-WQL suite includes a higher proportion of mafic plutons or stocks that are 

characterized by high MgO (average 2.65 %, average Mg# 54), Cr and Ni concentrations. 

The suite has a very similar REE and trace element pattern (e.g. (La/Y)N ratio of 20.24 and 

a Eu* value averaging 0.63) to the T3-WQL suite, suggesting that both suites are possibly 

related.  

The T3-WQL suite is characterized by high K2O content, A/CNK values >1, LILE enrichment, 

HFSE depletion, relatively high LREE/HREE ratios, Sri >0.706, εNd <-4, and -1.7 < εHf <2.5. 

The majority of the samples are aluminum-saturated with some samples containing 

muscovite, which suggests high water fugacity (Jiang et al., 2010 and reference therein). 

The total average Mg# of this suite is 41, a low value that is consistent with pure crustal 

partial melts or minor interaction with mantle peridotite or mixing with mantle-derived 

melts (e.g. Jiang et al., 2010). These granites have relatively high Rb and low Sr (<400 

ppm), low HREE (Yb <1.9 ppm) and Y (<18 ppm) contents and show relatively steep HREE 

patterns. Sr depletion and marked negative Eu anomaly in felsic igneous rocks are 

indicative of the melt of the source rock within the stability field of plagioclase. 

Collectively, these features imply that the source region for the T3-WQL suite is crust 

probably melted at a relatively shallow depth of continent. However, the initial 87Sr/86Sr 

values of this suite vary from 0.706 in the central to over 0.708 but less than 0.709 in the 
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northwest section of West Qinling domain (see Table 2), which contrasts with typical 

crustal-derived melts with (Sr)i over 0.710, such as the S-type granites in SCC (c.f. Gilder et 

al., 1996). This requires a low initial 87Sr/86Sr end-member, suggesting lower continent 

crust (or re-melting of juvenile continental crust) or oceanic crust involved.  

Another key observation is the presence of well-distributed mafic enclaves within the 

major phase of the plutons in this suite. The enclaves are in ellipsoidal to spherical shapes 

with diameter varying from 3 to 60 cm. The contacts between the enclave and host 

granite are sharp and irregular. The presence of enclaves is considered as evidence for 

magma mixing and suggests that juvenile basaltic material may have involved in the melt, 

which is supported by some positive εHf(t) values (Qin et al., 2009; Zhu et al., 2010).  

On this basis, we propose that the T3-WQL suite might have been formed by partial 

melting of middle or lower continental crust with basaltic magma mixing and/or some 

water input from dehydration of underlying oceanic crust in the subduction zone. 

Several geochemical features are highlighted to probe the causes of geochemical variation 

within the T3-WQL suite, as follows: 

The Mg# for more mafic samples (such as those from the Luchuba and Baijiangzhuang 

granites) is higher, which indicates that the more mafic rocks have Mg enrichment. Felsic 

samples (SiO2 > 70) have a significant negative Eu anomaly and most are peraluminous, 

whereas intermediate samples have no pronounced Eu anomaly and are metaluminous. In 

trace elements, the Ta and Nb values appear to be depleted differently for each sample 

regardless of their strong similarities in geochemistry. Rutile fractionation can remove Ti, 

Ta and Nb from a melt and thus lower the Nb/Ta ratio because of its high Nb/Ta ratio 

(Aulbach et al., 2008). Plagioclase fractionation in a melt also decreases the Ca, Ba, Sr and 

Eu* concentrations, which, as discussed earlier, is supported by the higher content of K-

feldspar than plagioclase in the combined T3-WQL suite. The distinct Ba depletion and Rb 

enrichment is a common feature of strongly fractionated granites that represent the late 



Chapter 2: Paper One 

- 40 - 

stages of differentiation (Bouseily and Sokkary, 1975). These characteristics are consistent 

with the fact that most samples from this suite are alumina-saturated and highly evolved. 

Fig. 6d clearly shows that as silica increases, the Rb/Sr ratio rises constantly for rocks with 

SiO2 content less than 70% and sharply for rocks with SiO2 > 70%, like the samples from 

the Zhongchuan Granite. Therefore, all these granites in this suite as appear to have 

derived from the same or similar magma sources but crystallized during different stage of 

the magma evolution. It is likely that crystal fractionation accounts for the main 

geochemical variation within the T3-WQL suite. 

The principal differences between the two suites from the West Qinling domain are that 

T3-WQL suite plutons undertook more crystal fractionation and less crustal contamination, 

whereas the T1-2-WQL suite is likely more basaltic and incorporated more continental-

crust contamination. Some of the rocks, such as those from the Xiahedong and Yeliguan 

granites, have some affinity with Adakitic rocks with Al2O3>15%, low Yb (1.7X10-6) and Y 

(20X10-6),  as discussed by Jin et al., (2005), although Fig. 9 indicates that they plot at the 

transition between Adakite and typical island-arc tectonic settings. 

7.1.2.2. T2-EQL suite  

The T2-EQL suite has several features that distinguish it from the other suites, including 

higher Na2O content (and increased LOI), relatively lower MgO (Mg# averaging 48), low 

REE concentrations, minor negative Eu anomalies (average 0.90), and slight enrichment of 

Ba and Sr. The suite has a strongly fractionated REE profile, indicated as a dashed line in 

Fig. 8j, with (La/Y)N averaging 35.75, which suggests the likely presence of garnet or 

amphibole as a residual phase in the source region (e.g. Stolz et al., 1996; Chung et al., 

2003). Lack of significant plagioclase fractionation in the source region may account for 

the Ba, Sr and Eu patterns. Several models can also explain granites with the chemical 

characteristics. They can be generated at high-pressures with basaltic magmas that are 

plagioclase-poor and have garnet-bearing residual mineral assemblages (Rapp and 

Watson, 1995). Alternatively, partial melting of subducting slabs or delaminated thickened 



Chapter 2: Paper One 

- 41 - 

crust can form adakite-like rocks with HREE depletion and a lower MgO concentration (e.g. 

Martin et al., 2005), which could also fit the characteristics. Both models require the 

source region of the magma sits in deep crust. 

The Lu-Hf data from the Xianggou Granite are well constrained and εHf averages -6.9 (Zhu 

et al., 2009). The Fengxian Granite crystallized at the same time with a similar 

geochemical signature, but has a different εHf value, averaging 0.8, in line with the other 

plutons in the Qinling Orogen (see Table 2). The contrast in εHf indicates that the source 

for the Xianggou Granite might be different from the other granites in the suite or might 

implicate some involvement of an older crustal component, for instance Proterozoic 

basement (dispersed as pelagic sediments), in the genesis of these magmas. A wide 

variation in initial Hf isotopic composition doesn’t allow us to conclude the exact source 

for this suite. 

7.1.2.3. T3-EQL suite  

Most of the T3-EQL suite is not as alumina-saturated as for the T3-WQL suite. The (La/Y)N 

value of the T3-EQL suite averages 24.38, with an average Eu* of 0.80 and an average 

A/CNK value of 0.97. The high Sr and Ba contents, high Sr/Y and (La/Ya)N ratios, and low Ta, 

Nb, Ti, Y and Yb concentrations for the T3-EQL suite are suggestive of affinities with 

adakites, as shown in Fig. 9 (Defant et al., 2002).  A similar classification has been 

proposed in other plutons of the South Qinling terrane (e.g. Qin et al., 2008, 2010).  

The petrogenesis of the T3-EQL suite is still a matter for debate. Sun et al., (2002) 

proposed a slab break-off model for the genesis of widespread Triassic granite magmatism 

along the region. Instead of proposing a syn-collisional timing for magmatism, Sun et al., 

(2002) argued the magmas are syn-orogenic, thus avoiding the direct comparison 

between the magmatism and the collision event. It seems the distinction of being syn-

collisional or syn-orogenic seems to be somewhat arbitrary.  
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Jiang et al., (2010) reviewed several models when they investigated five plutons (No. 17, 

18, 24, 28, 29) in the North Qinling terrane and East Qinling domain. As there are no 

straight-line correlations between the major or trace elements within the granites of the 

T3-EQL suite, a simple magma mingling model has been ruled out. Jiang et al., (2010) also 

challenged the delamination model, since the Sr-Nd isotopic compositions of the granite 

dose not exhibit the convex-up curve in 87Sr/86Sr(t)-εNd(t) diagram as expected from 

mixing between depleted mantle and thickened lower crust. The south-younging trend of 

the granites was taken as evidence against a normal delamination model as well (Jiang et 

al., 2010). The source of these granites was likely to have been plagioclase-poor, garnet-

stable, and either under granulite or eclogite-faces conditions. The Sr-Nd-Hf compositions 

of this T3-EQL granite suite suggest that the source is distinct from mid-ocean ridge basalt 

(MORB) characteristics (Jiang et al., 2010). Accordingly, we favored the model proposed 

by Jiang et al., (2010), involving partial melting of subducted sediments rather than 

oceanic crust itself, although the whole process may be triggered by dehydration of the 

underlying igneous oceanic crust. Alternatively, the source could be mantle modified by 

slab sediments. Both of the two hypotheses acknowledge the mantle-crust mixing nature 

of the source of the T3-EQL suite. 

This model is consistent with the observation of initial 87Sr/86Sr values that are <0.706, 

except for some plutons close to the Shangdan Suture, such as the Caoping and the 

Shahewan granites with (Sr)i of 0.7069 to 0.7089, and 0.7051 to 0.7065 respectively. The 

εNd(t) values for the suite vary between -0.5 and -6.6. The isotopic data indicate that 

there is no significant source discrepancy within the T3-EQL suite in terms of the crust-

mantle contribution except for some intrusions with crust-derived signature proximal to 

the Shangdan Suture (Fig. 1). 

Crystal fractionation in T3-EQL suite is not as intensive as that in the T3-WQL suite, as the 

positive correlation between the Rb/Sr ratios and silica contents is not as clear as 

exhibited by the T3-WQL suite (Fig. 6d). Interestingly, the T3-EQL suite is enriched in Sr and 
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Ba with limited concentrations of Rb, whereas T3-WQL suite is clearly rich in Rb and low in 

Sr with a constant Ba concentration (Fig. 6e). There is no evidence to rule out the 

occurrence of fractionation, but rare fractionation trends have emerged like that of the T3-

WQL suite does. 

Of all of the suites, the T3-EQL suite is more juvenile than the T3-WQL suite. In a broader 

regional context, this is consistent with increasing crust contribution northwestwards in 

the South Qinling terrane. 

7.1.3. Summary of geochemical characteristics 

Several critical differences are noteworthy in the trace element patterns of the plutonic 

suites studied in the Qinling Orogen. These include: 1) the WQL suites are significantly 

enriched in LILE, including Cs, Rb, U, Th and K, whereas the EQL suites have moderate 

enrichment in these elements; 2) there is an obvious transition from calcium to potassium 

enrichment in the T3-WQL suite (marked by the red arrow in Fig. 6d), whereas the T3-EQL 

suite appears to follow a curved trajectory starting from high Na through K to high Ca 

(marked with the green arrow in Fig. 6c); 3) the Ba and Sr concentrations of the WQL suite 

have marked troughs, whereas the EQL suites have enriched in the two elements. The 

chemical characteristics of the T2-3-NQL suite seem to lie between the WQL and EQL suites, 

although they are more similar to the WQL suite. 

 

Fig. 11 Tectonic discriminant diagrams. A, Ta-Yb diagram; B, Rb-(Y+Nb) diagram (fields after Pearce et al., 
1984) 
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The initial 87Sr/86Sr values of the EQL suite varies from 0.7044 for the Wulong Granite to 

0.70889 for the Caoping Granite, which is a similar range to those of the NQL suite, 

whereas the WQL suite has more evolved initial 87Sr/86Sr ratios of between 0.7064 and 

0.7085 (Fig. 10). The initial 87Sr/86Sr value of 0.706 is a common dividing line between 

largely unmodified mantle-derived melts, and those that have experienced appreciable 

crustal contamination (Winter, 2001) 

Although the overlap of characteristics between each suite is substantial, there is a clear 

increase in (87Sr/86Sr)i ratios and decrease in εNd(t) values as the intrusions were emplaced 

to the northwest, away from the Mianlue Suture. A marked change in values across the 

CHF fault (Figs. 1 and 10), indicates that the northeast-trending structure may have been 

some fundamental structure that predates the Triassic magmatism. This contrasting 

nature of the plutons in this region indicates that there is no single magma source for all 

of the suites. The NQL and EQL suites appear to have lower (87Sr/86Sr)i ratios and higher 

εNd(t) values than the WQL suite, which are located further northwest in the Qinling 

Orogen (Figs. 1 and 10). The majority of the εHf values fluctuate around 0 ranging from 3 

to 5, with occasionally larger ranges for the Mishuling Granite (-12.5 and -0.1) and for the 

Dongjiangkou Granite (-11.3 to +11.3) (Qin et al., 2009, 2010). The wide variation in εHf 

could represent either insufficient mixing during the melting process, heterogeneous 

contamination (Zheng et al., 2006, 2008), or the effect of fluid activity in an arc setting 

(Münker et al., 2004). 

We propose that the T3-WQL and T1-2-WQL suites were derived from sources with similar 

geochemical characteristics, such as a mafic lower-crust with input from mantle wedge by 

slab subduction. It is proposed that the T3-WQL melt have underwent more crystal 

fractionation, the T2-EQL suite were formed at much deeper crustal level and the T3-EQL 

suite were probably derived from subducted slab sediments that interacted with a mantle 

wedge or sediments-modified mantle. 
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7.2  Tectonic Model 

The petrogenesis models proposed for each suite based on their geochemical profiles 

provide significant constrains on the regional tectonic model for the Qinling Orogen. Any 

tectonic model for the spatial and temporal characteristics of the magmatism in the 

orogen should account for our new data and observations as follows: a) magmatism that 

commenced ~ 240 Ma and continued episodically until the Late Triassic in the South 

Qinling terrane; b) magma sources become more crustal-dominated as the magmatism 

progresses to the northwest; c) the WQL and EQL domains have different magmatic 

activities in terms of source and evolution, which make the CHF Fault a significant tectonic 

boundary before the advent of Triassic magmatism. 

According to a paleomagnetic study, Zhao and Coe (1987) and Zhu et al., (1998) 

contended that the first contact between cratons was in the Dabie UHP Zone during the 

Late Permian and was followed clockwisely to the northwest driving the suture between 

the cratons in the west during the Late Triassic. An obliquely subducting slab could 

account for the along-strike variation in timing and style of tectonic events along the 

South Qinling terrane from east to west. During early Middle Triassic, the UHP 

metamorphism in the Dabie region, along strike to the east of our study area, records the 

deep depths of subducted slab metamorphism (e.g. Wu et al., 2006; Zhao and Zheng, 

2009). Our study shows the granites of the T2-EQL (e.g. the Fengxian Granite) and the T1-2-

WQL suites were synchronous with this event, and the T2-EQL suite is derived from 

garnet-stable melts, likely much deeper source comparing to the T1-2-WQL suite. This 

suggests that there is an eastward steepening angle of subduction. There is no magmatic 

record from ~ 240 to 220 Ma throughout the South Qinling terrane, synchronous with the 

main phase of continent-continent collision in the Dabie UHP Zone, between ~ 240 -220 

Ma (e.g. Zheng, 2008). In the period from the Late Triassic to Early Jurassic (i.e. 220 to 200 

Ma), the West Qinling crust was thickening while the East Qinling crust was being 

extended (Hacker et al., 2000). During this time, the T3-EQL suite (e.g. the Xiba Granite) 
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was derived from partial melting of the slab sediments triggered by dehydration of 

oceanic crust or mantle modified by slab sediments while the T3-WQL suite, consisting of 

the Five Gold Flowers and Wenquan granites, formed from the partial melting of the 

lower crust. As subduction continued, the T3-EQL suite migrated towards the trough while 

the CHF Fault may have acted as a reverse fault, forming a boundary between the East 

and West Qinling domains under Cenozoic cover. It is not until the Middle to Late Jurassic 

that the NCC and SCC shared the same position on the polar wandering curve, suggesting 

that they were in close proximity at that time and consistent with the onset of collision in 

the Dabie UHP Zone and East Qinling domain during the Triassic (Lin et al., 1985). 

 

Fig. 12 Cartoon model for Triassic intrusions in Southern Qinling Terranes. Illustration refers to the text. 

Units in figure are not to scale. 

The Ta-Yb discriminant diagrams of Pearce et al., (1984) show that most of the plutons in 

the East Qinling domain can be classified as  ‘Volcanic-Arc’ granites, whereas the T3-WQL 

plutons as syn-collisional in Fig. 11a. The contrasting projections are not as evident as in 

the Rb-(Y+Nb) diagram, but still, most of the T3-WQL plutons lie on the boundary between 

syn-collision and volcanic arc granite (Fig. 11b). Therefore, we regard this as evidence that 

most intrusions in the East Qinling domain occurred in a continental arc setting whereas 

those in the West Qinling region mark a syn-collisional setting. Consequently, it is 

proposed that the continent-continent collision may have took place in the Dabie UHP 
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Zone and the East Qinling domain, but our geochemical data show there is no need for 

continent-continent collision to explain the magmatic history of the WQO. 

Jiang et al., (2010) proposed a model involving the partial melting of subducted 

sedimentary rocks triggered by the dehydration of the underlying oceanic crust between 

227 to 218 Ma, and then continent-continent collision started by 211 Ma, demonstrated 

by the high-K, calc-alkaline, peraluminous granites (the Yanzhiba granite). The continent-

continent collision in the East Qinling domain is documented by the presences of Carnian 

aged (228-217 Ma) continental molasse deposits in the east part of the northern SCC (Liu 

et al., 2005; Liu and Zhang, 2008). While this part of the model appears reasonable, we 

draw distinction from the placement by Jiang et al., (2010) of the initial response to the 

subduction at 227 Ma, based on the age of the Cuihuashan pluton. The North Qinling 

Terrane, as a part of extension of the NCC, has a distinct basement, different structural 

features, and a separate petrogenetic evolution compared to that of the South Qinling 

Terrane. Therefore, the age of a single pluton from the North Qinling Terrane does not 

reflect the diversity of tectonic and magmatic effects from both sides of the major 

tectonic boundary, the Shangdan Suture. The effects of this boundary are seen in the 

mingled isotopic provenance of proximal intrusions, such as the Zhaishui and Caoping 

plutons (see Table 2).  

Consequently, we argue that the southward younging trend of magmatism commenced 

with the T2-EQL suite of ~240 Ma in the South Qinling terrane rather than the Cuihuashan 

Granite (No. 29 in Table 2) in the North Qinling terrane. The deeper source signature of 

the T2-EQL suite in comparison with the T1-2-WQL suite suggests the slab in the east may 

have subducted to deeper levels than the west at early Middle Triassic. During the Carnian 

stage, more juvenile granites of the T3-EQL suite ascended from partial melting of the 

subducting slab sediments or sediment-modified mantle. In contrast, the West Qinling 

domain is characterized by T1-2 basaltic melts of the lower crust and T3 felsic granite which 

underwent significant crystal fractionation with dominant crustal melts. 
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7.3 Sedimentation record 

Continuous deposition during the late Permian and early Triassic sediments in the 

northern part of the West Qinling domain has been well documented (Luo et al., 2004). 

The development of widespread Early to Middle Triassic platform carbonate in the East 

Qinling domain and the northern part of the Songpan-Ganzi Basin is consistent with the 

model for a passive continental margin to a Paleo-Tethyan Qinling ocean setting during 

the Early Triassic (Meng et al., 2005). Contrasting sedimentation sequences have been 

documented between the Hezuo-Jianzha area in West Qinling domain and the northern 

part of the Songpan-Ganzi Basin from Early to Middle Triassic, the former was deposited 

in a deep-water environment and the latter is in shallow-water continental shelf setting 

(Meng et al., 2005). However, during the Middle to Late Triassic to the southeast, the 

Dangchang-Diebu deposition and the northern part of the Songpan-Ganzi Basin are both 

marked by shallow-water carbonate accumulation (Meng et al., 2007). This evolving 

sedimentary history indicates the WQO and the Songpan-Ganzi Basin were separated in 

Hezuo-Jianzha area during the Middle Triassic, but were proximal in the Dangchang-Diebu 

area by the Late Triassic. This record seems consistent with our progressive orogen model 

for the WQO. 

Late Triassic strata are locally absent in the Diebu-Songpan Basin in the northern part of 

the West Qinling domain (Liu et al., 2005), but are present in Songpan-Ganzi Basin, which 

may indicate that the orogeny processes changed the topography in WQO significantly but 

not in Songpan-Ganzi Basin. This tectonic process was accompanied by the cessation of 

sedimentation during the late Middle to Late Triassic, broadly synchronous with the 

emplacement of the ~ 220 Ma plutons in the West Qinling domain. The singularity and 

homogeneous thickening of these sedimentary successions in the Songpan-Ganzi Basin do 

not support the hypothesis that the continental subduction and collision stage took place 

in WQO during the Triassic (Roger et al., 2010).  
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We therefore propose a simple model to account for the temporal and spatial distribution 

of different granites, as shown in Fig. 12. In this model, the crust was thickened in the East 

Qinling domain at ~ 240 Ma, but not in the West Qinling domain. This difference between 

the domains has been explained through a “scissor” interaction between the NCC and SCC 

with the greatest deformation taking place in the east and progressing to the west. 

Correspondingly, the subduction angle of the slab was likely steeper in East Qinling 

domain than that in West Qinling domain. Alternatively, it is also possible that the 

basement of the Songpan-Ganzi Basin is not a part of the SCC but is rather an 

allochthonous block. The subducting slab under the WQO requires further investigation. 

In conclusion, there is no evidence for a continent-continent collision during the Triassic in 

the West Qinling domain. The model explains why there is: a) no evidence for volcanic-arc 

magmatism before the so-called “post-collisional” granite in the WQO; b) no evidence for 

typical crustal melts associated with collisional tectonics in the region; and c) Middle 

Triassic intrusions hosted by broadly coeval sediments in the western part of the WQO. 

8.  Conclusions 

The three main conclusions reached from studying the geochronology and geochemistry 

of the granites of the WQO:  

(1) The geochronological data indicate that felsic magmatism in the West Qinling 

domain was episodic with peaks of magmatism migrating from the northern part 

of the West Qinling domain and North Qinling terrane to the East Qinling domain 

with time. Our studies highlight south to northwest correlation between chemical 

and isotopic variation and northwestward increase in crustal thickness; 

(2) A striking geochemical difference has been identified in the granites separated by 

the CHF Fault. The fault is likely to be a fundamental boundary in the Qinling 

Orogen that is now covered by Early Cretaceous and Cenozoic sediments, which 

requires further investigation. 

(3) Our data suggest that the migration of Triassic magmatic pulses was probably 
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related to changes in the subduction angle in the Qinling Orogen. An ocean-

continental crust-subduction model might explain the geochemical features of the 

Triassic granites in the West Qinling area and the geochemical discrepancies 

between granites in the West and East Qinling domains. It is likely that the 

continent-continent collision between the NCC and SCC was restricted to the Dabie 

UHP Zone and East Qinling domain during the Triassic and not active in the WQO. 

In other words, the east part of the orogen acted as a buttress during the collision 

of the NCC and SCC. This is a significant change in the understanding of the 

tectonic evolution of the orogen. 

Acknowledgement 

Professors Yanjing Chen from Peking University and Jianjun Lu from Nanjing University 

are greatly acknowledged for beneficial discussion about the Qinling area and 

considerable support for the fieldwork and laboratory works in China. The senior author 

has been supported financially by Chinese Scholarship Council and University of Western 

Australia SIRF scholarship. Thanks to Drs Craig Hart, Kevin Cassidy and Tony Kemp for the 

critical reviews on the manuscript. Dr Arianne Ford is acknowledged for the help in 

compiling data with GIS software. This is contribution XXX from the ARC Centre of 

Excellence for Core to Crust Fluid Systems (http://www.ccfs.mq.edu.au). 

 

References  

 

Aulbach, S., O'Reilly, S. Y., Griffin, W. L., Pearson, N. J., 2008. Subcontinental 

lithospheric mantle origin of high niobium/tantalum ratios in eclogites. Nature 

Geosciences. 1, 468-472. 

http://www.ccfs.mq.edu.au/


Chapter 2: Paper One 

- 51 - 

Bouseily, A. M., Sokkary, A. A. 1975. The relation between Rb, Ba and Sr in granitic 

rocks. Chemical Geology  16, 207-219. 

Cao, X., Lu, X., Yao, S., Mei, W., Zou, X., Chen, C., Liu, S., Zhang, P., Su, Y., Zhang, B., 

2011. LA-ICP-MS U-Pb zircon geochronology, geochemistry and kinetics of the 

Wenquan ore-bearing granites from West Qinling, China. Ore Geology Reviews 43, 

120-131. 

Chen, Y.J., 2010. Indosinian tectonic setting, magmatism and metallogenesis in Qinling 

Orogen, central China. Geology in China 37(4), 854-865 (in Chinese with English 

abstract) 

Chen, Z., Lu, S., Li, H., Li, H., Xiang, Z., Zhou, H., Song, B., 2006. Constraining the role of 

the Qinling orogen in the assembly and break-up of Rodinia: Tectonic implications 

for Neoproterozoic granite occurrences. Journal of Asian Earth Sciences 28, 99-115. 

Chung, S. L., Liu, D., Ji, J., Chu, M. F., Lee, H. Y., Wen, D. J., Lo, C. H., Lee, T. Y., Qian, Q., 

Zhang, Q., 2003. Adakites from continental collision zones: Melting of thickened 

lower crust beneath southern Tibet. Geology 31, 1021-1024. 

Defant, M. J., Xu, J. F., Kepezhinskas, P., Wang, Q., Zhang, Q. Xiao, L., 2002. Adakites: 

Some variations on a theme. Acta Petrologica Sinica. 18, 129–142. 

Defant, M.J., Drummond, M.S., 1990. Derivation of some modern arc magmas by 

melting of young subducted lithosphere, Nature 347, 662-665 

Dong, Y., Zhang, G., Neubauer, F., Liu, X., Genser, J., Hauzenberger, C., 2011. Tectonic 

evolution of the Qinling orogen, China: Review and synthesis. Journal of Asian 

Earth Sciences 41, 213-237. 

Gao, J.F., Lu, J.J., Lai, M.Y., Lin, Y.P., Pu, W., 2003. Analysis of trace elements in rock 

samples using HR-ICPMS. Journal of Nanjing University (Natural Sciences) 39, 844–

850 (in Chinese with English abstract) 



Chapter 2: Paper One 

- 52 - 

Gao, S., Zhang, B. R., Wang, D. P., Ouyang, J. P., Xie, Q. L., 1996. Geochemical evidence 

for the Proterozoic tectonic evolution of the Qinling Orogenic Belt and its adjacent 

margins of the North China and Yangtze cratons. Precambrian Research 80, 23-48. 

Gilder, S.A., Gill, J., Coe, R.S., Zhao, X., Liu, Z., 1996. Isotopic and paleomagnetic 

constraints on the Mesozoic tectonic evolution of south China. Journal of 

Geophysical Research 101, 16137-16154.  

Griffin, W.L., Pearson, N.J., Belousova, E., Jackson, S.E., van, A.E., O'Reilly, S.Y., Shee, 

S.R., 2000. The Hf isotope composition of cratonic mantle: LAM-MC-ICPMS analysis 

of zircon megacrysts in kimberlites. Geochimica et Cosmochimica Acta 64, 133-147. 

Griffin, W.L., Wang, X., Jackson, S.E., Pearson, N.J., O'Reilly, S.Y., Xu, X., Zhou, X., 2002. 

Zircon chemistry and magma mixing, SE China: In-situ analysis of Hf isotopes, 

Tonglu and Pingtan igneous complexes. Lithos 61, 237-269. 

Gong, H., Zhu, L., Sun, B., Lee, B., Guo, B., 2009. Zircon U-Pb ages and Hf isotope 

characteristics and their geological significance of the Shahewan, Caoping and 

Zhashui granitic pluton in the South Qinling orogen. Acta Petrologica Sinica 25, 

248-264. 

Hacker, B. R., Ratschbacher, L., Webb, L. E., Ireland, T., Walker, D., Dong, S., 1998. 

U/Pb zircon ages constrain the architecture of the ultrahigh-pressure Qinling–

Dabie Orogen, China. Earth and Planetary Science Letters 161, 215-230.  

Hacker, B.R., Ratschbacher, L., Webb, L., McWilliams, M.O., Ireland, T., Calvert, A., 

Dong, S., Wenk, H.R., Chateigner, D., 2000. Exhumation of ultrahigh-pressure 

continental crust in east central China. Late Triassic-Early Jurassic tectonic 

unroofing. Journal of Geophysical Research 105, 13339-13364. 

Harris, N.B.W., Pearce, J.A., Tindle, A.G., 1986. Geochemical characteristics of collision-

zone magmatism. Geological Society, London, Special Publications 19, 67-81. 



Chapter 2: Paper One 

- 53 - 

Hu, J., Cui, J., Meng, Q., Zhao, C., 2004. The U-Pb age of zircons separated from the 

Zhashui granite in Qinling Orogen and its significance. Geological Review 50, 323-

329. 

Jiang, Y. H., Jin, G. D., Liao, S. Y., Zhou, Q., Zhao, P., 2010. Geochemical and Sr-Nd-Hf 

isotopic constraints on the origin of Late Triassic granitoids from the Qinling 

orogen, central China. Implications for a continental arc to continent-continent 

collision. Lithos 117(1-4), 183-197. 

Jin, W. J., Zhang, Q., He, D. F., Jia, X. Q., 2005. SHRIMP dating of adakites in western 

Qinling and their implications. Acta Petrologica Sinica 21, 959-966. 

Li, C., Liu, Y., Zhu, B., 1978. Tectonic evolution of the Qinling and Qilian orogen. In: 

International geological academic volumes Part 1. Geological Publishing House, 

Beijing, 174-185. 

Lin, J., Fuller, M., Zhang, W., 1985. Preliminary Phanerozoic polar wander paths for the 

North and South China blocks. Nature 313: 444-449. 

Liu, S., Steel, R., Zhang, G., 2005. Mesozoic sedimentary basin development and 

tectonic implication, northern Yangtze Block, eastern China: record of continent-

continent collision. Journal of Asian Earth Sciences 25, 9-27. 

Liu, S., Zhang, G., 2008. Evolution and geodynamics of basin/mountain systems in East 

Qinling-Dabieshan and its adjacent regions, China. Geological Bulletin of China 27, 

1943-1960. 

Lu, X., Wei, X., Xiao, Q., 1999. Geochronological study of the rapakivi granite in Qinling 

and its significances. Geological Journal of China Universities 5,  372-377. 

Ludwig, K.R., 2003. ISOPLOT 3.0: a geochronological toolkit for Microsoft Excel. Special 

publication no. 4. Berkeley Geochronology Center. 



Chapter 2: Paper One 

- 54 - 

Luo G., Zhang K., Lin, Q., Kou, X., Zhu Y., Xu Y., Shi, B., 2004. Sedimentary facies 

analysis and sedimentary environment reconstruction from Late Permian to Early 

Triassic of West Qinling Area. Acta Sedimentologica Sinica 25: 332-342. 

Maniar, P.D., Piccoli, P.M., 1989. Tectonic discrimination of granitoids: Geological 

Society of America bulletin Bulletin  101, 635-643. 

Mao, J.W., Qiu, Y.M., Goldfarb, R.J., Zhang, Z.C., Garwin, S., Ren, F.S., 2002. Geology, 

distribution, and classification of gold deposits in the western Qinling belt, central 

China. Mineralium Deposita 37, 352-377. 

Martin, H., Smithies, R.H., Rapp, R., Moyen, J.F., Champion, D., 2005. An overview of 

adakite, tonalite-trondhjemite-granodiorite (TTG), and sanukitoid: relationships 

and some implications for crustal evolution. Lithos 79, 1-24. 

Mattauer, M., Matte, P., Malavieille, J., Tapponnier, P., Maluski, H., Xu, Z., Lu, Y., and  

Tang, Y., 1985. Teconics of the Qinling belt: build-up and evolution of the eastern 

Asia. Nature 317,   496-500. 

Mei, Z., Meng, Q., Cui, Z., Qu, H., 1999. Devonian depositional system and 

paleogeographic evolution of Qinling orogenic belt. Journal of Palaeogeography 1, 

32-40. 

Meng, Q., Qu, H., Hu, J., 2007. Deep water sedimentation in the West Qinling and 

Songpan-Garzi terranesterrances. Science in China Series D-Earth Sciences, 

37(supplimentary), 209-223 in Chinese. 

Meng, Q., Wang, E., Hu, J., 2005. Mesozoic sedimentary evolution of the northwest 

Sichuan basin: Implication for continued clockwise rotation of the South China 

block. Geological Society of America bulletin 117, 396-410. 

Meng, Q., Zhang, G., 1999. Timing of collision of the North and South China blocks: 

Controversy and reconciliation. Geology 27, 123-126. 



Chapter 2: Paper One 

- 55 - 

Meng, Q., Zhang, G., 2000. Geologic framework and tectonic evolution of the Qinling 

orogen, central China.Tectonophysics  323, 183-196. 

Münker, C., Worner, G., Yogodzinski, G., Churikova, T., 2004. Behaviour of high field 

strength elements in subduction zones: Constraints from Kamchatka-Aleutian arc 

lavas. Earth and Planetary Science Letters 224, 275-293. 

Pearce, J.A., Harris, N.B.W., Tindle, A.G., 1984. Trace element discrimination diagrams 

for the tectonic interpretation of granitic rocks. Journal of Petrology 25(4): 956-983. 

Peccerillo, A., Taylor, S. R., 1976. Geochemistry of Eocene calc-alkaline volcanic rocks 

from the Kastamonu area, northern Turkey. Contributions to Mineralogy and 

Petrology 58, 63-81. 

Qin, J., Lai, S., Grapes, R., Diwu, C., Ju, Y., Li, Y., 2009. Geochemical evidence for origin 

of magma mixing for the Triassic monzonitic granite and its enclaves at Mishuling 

in the Qinling orogen (central China). Lithos  112, 259-276. 

Qin, J., Lai, S., Grapes, R., Diwu, C., Ju, Y., Li, Y., 2010. Origin of LateTriassic high-Mg 

adakitic granitoid rocks from the Dongjiangkou area, Qinling orogen, central China: 

Implications for subduction of continental crust. Lithos 120, 347-367 

Qin, J., Lai, S., Li, Y., 2008. Slab Break off Model for the Triassic Post-Collisional Adakitic 

Granitoids in the Qinling Orogen, Central China: Zircon U-Pb Ages, Geochemistry, 

and Sr-Nd-Pb Isotopic Constraints. International Geology Review  50, 1080 - 1104. 

Rapp, R.P., Watson, E.B., 1995. Dehydration melting of metabasalt at 8–32 kbar: 

Implications for continental growth and crust-mantle recycling. Journal of 

Petrology 36, 891-931. 

Ratschbacher, L., Hacker, B. R., Calvert, A. T., Webb, L. E., Grimmer, J. C., McWilliams, 

M. O., Ireland, T., Dong, S., Hu, J., 2003. Tectonics of the Qinling (central China); 



Chapter 2: Paper One 

- 56 - 

tectonostratigraphy, geochronology, and deformation history. Tectonophysics 366, 

1-53. 

Roger, F., Jolivet, M., Malavieille, J., 2010. The tectonic evolution of the Songpan-

Garze(North Tibet) and adjacent areas from Proterozoic to Present: A synthesis: 

Journal of Asian Earth Sciences 39, 254-269. 

Shang, R., Yan, J., 1988. Granites in the Qinling and Bashan area. Wuhan, China 

University of Geoscience Press, 69–144 (in Chinese with English abstract). 

Song, Z., Yang, S., Sun, N., Yan, Y., 2002. Qinling-Dabashan regional geological map.  In: 

Chinese Geological Map Atlas. Geological Publishing House, Beijing, 94-95 

Stern, R.A., Bodorkos, S., Kamo, S.L., Hickman, A.H., Corfu, F., 2009. Measurement of 

SIMS Instrumental mass fractionation of Pb isotopes during zircon dating. 

Geostandards and Geoanalytical Research 33, 145-168. 

Stolz, A.J., Jochum, K.P., Spettel, B., Hofmann, A.W., 1996. Fluid-and melt-related 

enrichment in the subarc mantle: evidence from Nb/Ta variations in island-arc 

basalts. Geology 24, 587-590. 

Sun, S. s., McDonough, W. F., 1989. Chemical and isotopic systematics of oceanic 

basalts: implications for mantle composition and processes. Geological Society, 

London, Special Publications 42, 313-345. 

Sun, W., Li, S., Chen, Y., Li, Y. 2002. Timing of Synorogenic granitoids in the South 

Qinling, central China: Constraints on the evolution of the Qinling-Dabie orogenic 

belt. The Journal of Geology 110, 457-468. 

Taylor S. R., McLennan, S. M., 1985. The composition and evolution of the continental 

crust. Rare earth element evidence from sedimentary rocks. Oxford, Blackwell 

Science Publishing, 300-312    



Chapter 2: Paper One 

- 57 - 

Wang, F., Lu, X.X., Lo, C.H., Wu, F.Y., He, H.Y., Yang, L.K., Zhu, R.X., 2007b. Post-

collisional, potassic monzonite-minette complex (Shahewan) in the Qinling 

Mountains (central China): 40Ar/39Ar thermochronology, petrogenesis, and 

implications for the dynamic setting of the Qinling orogen. Journal of Asian Earth 

Sciences 31, 153-166. 

Wang, J., Zhang, H., Xu, W., Cai, H., 2008. Petrogenesis and tectonic significance of the 

granites in the Dangchuan area, West Qinling. Journal of China University of 

Geosciences 33, 476-486. 

Wang, X., Wang, T., Jahn, B.-M., Hu, N., Chen, W. E. N., Ratschbacher, L., Hacker, B. R., 

Calvert, A. T., Webb, L. E., Grimmer, J. C., McWilliams, M. O., Ireland, T., Dong, S., 

and  Hu, J., 2007a. Tectonic significance of Late Triassic post-collisional 

lamprophyre dykes from the Qinling Mountains (China). Geological Magazine 144, 

837-848. 

Wang, X., Wang, T., Lu, X., Xiao, Q., 2003. Laojunshan and Qinlingliang rapakivi-

textured granitoids in North Qinling and their tectonic setting: A possible orogenic-

type rapakivi granitoids. Acta Petrologica Sinica 19(4): 650-660. 

Winter, J.D.N., 2001. An introduction to igneous and metamorphic petrology. Prentice 

Hall, Sydney, 697. 

Wu, Y. B., Zheng, Y. F., Zhao, Z. F., Gong, B., Liu, X., Wu, F. Y., 2006. U-Pb, Hf and O 

isotope evidence for two episodes of fluid-assisted zircon growth in marble-hosted 

eclogites from the Dabie orogen. Geochimica et Cosmochimica Acta 70, 3743-3761. 

Yin, A., Nie, S., 1996. A Phanerozoic palinspastic reconstruction of China and its 

neighboring regions. In: Yin, A., Harrison, T. M. (eds) The Tectonic Evolution of Asia. 

New York: Cambridge University Press, 442–485. 



Chapter 2: Paper One 

- 58 - 

Zhang, J., Chen, Y., Shu, G.M., Zhang, F.X., Li, C., 2002. Compositional study of minerals 

within the Qinlingliang granite, Southwestern Shaanxi Province and discussion on 

the related problems. Science in China Series D-Earth Sciences 45, 662-672. 

Zhang, G. W., Zhang, Z. Q., Dong, Y. P., 1995. Nature of main tectono-lithostratigraphic 

units of the Qinling orogen: implications for the tectonic evolution. Acta Geologica 

Sinica 11, 101-114. 

Zhang, H. F., Zhang, B. R., Harris, N., Zhang, L., Chen, Y. L., Chen, N. S.,  Zhao, Z.D., 2006. 

U-Pb zircon SHRIMP ages, geochemical and Sr-Nd-Pb isotopic compositions of 

intrusive rocks from the Longshan-Tianshui area in the southeast corner of the 

Qilian orogenic belt, China: Constraints on petrogenesis and tectonic affinity: 

Journal of Asian Earth Sciences 27, 751-764. 

Zhang, H., Ji, L., Zhang, L., Harris, N., Zhou, L., Hu, S., Zhang, B., 2007. Geochemical 

Geochemical and Pb-Sr-Nd isotopic composition study on granites in West Qinling 

and theirconstrains on tectonics. Science in China Series D-Earth Sciences 35, 914-

926. 

Zhang, Y., Wang, Z., 2011. Provenance analysis of Early Cretaceous Huixian-Chengxian 

basin, western Qinling orogenic belt, China: constraints from zircon U-Pb 

geochronology. Geological Bulletin of China 30, 37-50 (in Chinese with English 

abstract). 

Zhang, Z., Mao, J., Wang, Y., 2004. Characteristics of fluid inclusions in the gold 

deposits within Zhongchuan area, western Qinling and their geological significance: 

Acta Petrologica et Mineralogica 23, 147-157. 

Zhao, X., Coe, R.S., 1987. Palaeomagnetic constraints on the collision and rotation of 

North and South China. Nature 327, 141-144. 



Chapter 2: Paper One 

- 59 - 

Zhao, Z. F., Zheng, Y. F., 2009. Remelting of subducted continental lithosphere: 

Petrogenesis of Mesozoic magmatic rocks in the Dabie-Sulu orogenic belt. Science 

in China Series D-Earth Sciences 52(9), 1295-1318. 

Zheng, Y. F., Zhao, Z. F., Wu, Y. B., Zhang, S. B., Liu, X., Wu, F. Y., 2006. Zircon U-Pb age, 

Hf and O isotope constraints on protolith origin of ultrahigh-pressure eclogite and 

gneiss in the Dabie orogen. Chemical Geology 231, 135-158. 

Zheng, Y. F., Wu, R. X., Wu, Y. B., Zhang, S. B., Yuan, H., Wu, F. Y., 2008. Rift melting of 

juvenile arc-derived crust: Geochemical evidence from Neoproterozoic volcanic 

and granitic rocks in the Jiangnan Orogen, South China. Precambrian Research 163, 

351-383. 

Zheng, Y. F., 2008. A perspective view on ultrahigh-pressure metamorphism and 

continental collision in the Dabie-Sulu orogenic belt. Chinese Science Bulletin 53: 

3081-3104. 

Zheng, J. P., Griffin, W. L., Sun, M., O'Reilly, S. Y., Zhang, H. F., Zhou, H. W., Xiao, L., 

Tang, H. Y., and  Zhang, Z. H. 2010. Tectonic affinity of the west Qinling terrane 

(central China): North China or Yangtze? Tectonics 29, TC2009. 

doi:10.1029/2008TC002428 

Zhou, D., Graham, S. A., 1996. The Songpan–Ganzi complex of the West Qinling Shan 

as a Triassic remnant ocean basin. In: Yin, A. & Harrison, T. M. (eds) The Tectonic 

Evolution of Asia. New York: Cambridge University Press, 281–299. 

Zhu, L., Zhang, G., Chen, Y, Ding, Z., Guo, B., Wang, F., Lee, B., 2010. Zircon U-Pb ages 

and geochemistry of the Wenquan Mo-bearing granitioids in West Qinling, China: 

Constraints on the geodynamic setting for the newly discovered Wenquan Mo 

deposit. Ore Geology Reviews 39(1), 46-62 



Chapter 2: Paper One 

- 60 - 

Zhu, L., Zhang, G., Lee, B., Guo, B., Gong, H., Kang, L., Lv, S., 2009. Zircon U-Pb dating 

and geochemical study of the Xianggou granite in the Ma'anqiao gold deposit and 

its relationship with gold mineralization. Science in China Series D-Earth Sciences 

39, 700-720. 

Zhu, R.X., Yang, Z.Y.,Wu, H.N., Ma, X.H., Huang, B.C., Meng, Z.F., Fang, D.J., 1998. 

Palaeomagnetic constraints on the tectonic history of the major blocks of China 

during the Phanerozoic. Science in China Series D-Earth Sciences (Suppl.) 41, 1–19 



Chapter 3: Paper Two 

- 61 - 

 

Chapter 3: PAPER TWO 

Structural and geochronological studies on the Liba goldfield of the 

West Qinling Orogen, Central China 

Introduction of the Chapter 

The previous Chapter outlines the important timings of the Triassic magmatism in the 

West Qinling Orogen, namely 250-240 Ma and 220-205Ma. The geochemical 

characteristics of the “Five Golden Flowers” intrusions were interpreted resulting from 

different extents of partial melting of the lower crust and significant crystal fractionation 

with dominant crustal melts. We propose that the whole area was in a syn-collisional 

setting but continent-continent collision between the NCC and SCC was restricted to the 

Dabie UHP Zone and East Qinling domain during the Triassic and not active in the West 

Qinling Orogen. 

The paper in this Chapter described the gold mineralization in the Liba goldfield in the 

tectonic context constrained by the Chapter 2. It characterized the mineralization style 

and defined the deformation history and gold metallogenesis of the goldfield. Precise 

dating with SHRIMP U-Pb on zircon and 40Ar/39Ar on alteration minerals together 

reconstructed the temporal relationship between magmatic and hydrothermal events, 

which is consistent with the field observations. This detailed investigation is the first study 

to tightly constrain the timing of gold mineralization in the WQO. The broadly overlapping 

timing and similar structural control of the mineralization and igneous dykes show a 

promising correlation, which could be potentially used to map this Late Triassic gold 

mineralization event in the WQO. This paper that constitutes this Chapter is in press in 

Mineralium Deposita, and is presented in that format. 
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Abstract 

The Liba goldfield, located to the northeast of the Zhongchuan Granite in the West Qinling 

Orogen (WQO) of mainland China, contains the largest known gold resource of 2.8 Moz in 

the Zhongchuan area. Devonian meta-sedimentary rocks host the structurally controlled 

gold mineralization, which is associated with silica-sericite-chlorite-carbonate alteration. 

Two major styles of mineralization occurred at the goldfield, which are disseminated 

sediment-hosted and quartz vein hosted types. Pyrite, arsenopyrite and arsenian pyrite 

are major gold carriers and gold also occurs as native gold grains and electrum spatially 

associated with the sulfides. Numerous felsic/intermediate dykes have a similar structural 

control as the mineralization, and their contacts with host rocks are recognized as 

favorable zones for mineralization.  

Detailed fieldwork in conjunction with geochronological studies has helped to define the 

deformation history and gold metallogenesis of the goldfield. Three major phases of 

deformation have been recognized in the Zhongchuan area. The first deformation (D1) 

event was compressional in broadly a N-S orientation, the second (D2) event was also 

compressional and orientated in a NE-SW direction, and the third (D3) event was post-

mineralization and was associated with the emplacement of barren calcite and anhydrite 

veins. Compression related to D2 is the key process that controlled the distribution of 

igneous dykes and gold mineralization in the Liba goldfield. Both igneous and 

hydrothermal fluids preferentially focused along dilational jogs under local trans-

extension, which took place during the late stage of D2. 

Precise dating with high resolution ion microprobe (SHRIMP) U-Pb on zircon and 40Ar/39Ar 

on muscovite, biotite, hornblende and plagioclase of crosscutting pre-mineralization 

granitic porphyry and diorite dykes have constrained the mineralization age to after ca. 

227 Ma. 40Ar/39Ar analysis of minerals formed in hydrothermal alteration zones associated 

with gold mineralization indicates that there was a widespread ca. 216 Ma hydrothermal 

event that affected almost all lithologies in the area. This detailed investigation is the first 
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study to tightly constrain the timing of gold mineralization in the WQO. The broadly 

overlapping timing and similar structural control of the mineralization and igneous dykes 

show a promising correlation, which could be potentially used to map this Late Triassic 

gold mineralization event in the WQO. 

Keywords:  Geochronology, Gold mineralization, Liba goldfield, Qinling Orogen, China 
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Introduction 

The Qinling Orogen is a composite Phanerozoic continental orogen sandwiched between 

the Precambrian North and South China (Yangtze) cratons. The western segment of the 

Qinling Orogen (WQO) hosts a diverse range of gold deposits with an irregular distribution 

within east-trending thrust and suture zones in central China (Fig. 1). There are over 50 

gold deposits (excluding placer deposits) varying from large ones such as Yangshan with a 

resource of 308 t Au, to small ones with resources of <1 t Au (Chen et al. 2004). Most 

discoveries of gold in the region took place during the last three decades with the original 

discoveries made by geologists of the Gansu Bureau of Geology for Nonferrous Metal 

Resource Exploration (c.f. Chen 1993; Liu 1994; Cheng and Zhang 2001). The WQO now 

represents one of the most important and prospective gold provinces of China (Mao et al. 

2002; Zhou et al. 2002; Chen et al. 2004; Li et al. 2008). 

The gold metallogeny of the region has been discussed by various authors in Chinese since 

the 1990s (e.g. Shi et al. 1993; Tu et al. 1994; Liu et al. 1994; Du and Wu 1998). This has 

sparked international awareness of these deposits as the interest in Chinese geology has 

increased world-wide (e.g. Li and Peters 1998; Mao et al. 2002; Peters 2002). Most of the 

literature has classified the gold mineralization of the WQO as either Carlin-type or 

orogenic gold. However, the genesis of gold mineralization in the region is a matter of 

debate rising from the lack of systematic modern investigation of the deposits. For 

example, some of the geochronological techniques used in the region such as Rb-Sr and K-

Ar systematics, are difficult to interpret because of the effects of regional metamorphism 

and the questionable accuracy of the data. In addition, there is a lack of published 

analytical data that can be accessed. This in turn has made it difficult to constrain the 

absolute age of the gold mineralization (e.g. Huang et al. 2000; Feng et al. 2003).  

The purpose of this study is to provide detailed descriptions of the Liba goldfield in the 

WQO, as part of a research program aiming to constrain the timing of gold mineralization 

by detailed fieldwork and high-resolution dating of igneous and hydrothermal minerals 
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using Sensitive High Resolution Ion Microprobe (SHRIMP) U-Pb and 40Ar/39Ar techniques. 

The fieldwork focused on understanding the structural geology and paragenetic 

constraints of the mineralization and its relationship with porphyritic granite and diorite 

dykes in the area. 

Geological setting 

Regional Geology 

 

Fig. 1  Simplified geological map of the west part of the Qinling Orogen showing the location of selected gold 

deposits and the location of Fig. 2. The middle bottom insert shows the location of the study area and the 

right bottom insert A presents the divisions of the WQO. In B, red and green labels represent the names of 

selected major gold deposits and the suture zones, respectively (modified after Chen et al. 2004; Zhang et al. 

2006) 
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The Qinling Orogen is bound to the northwest by the NW-trending Qilian Orogen, to the 

southwest by the Songpan-Ganzi Basin, and to the east it extends into the Dabie Ultra-

High Pressure zone (Dabie-UHP) (bottom right inset in Fig. 1). The Qinling Orogen and 

Dabie UHP zone collectively constitute the collision zone between the North and South 

China cratons. However, the Qinling Orogen has low grade metamorphism and 

widespread Triassic intrusions in contrast with the Dabie UHP zone, which is characterized 

by coesite, diamond and other UHP minerals (Zheng 2008), and limited Triassic 

magmatism. 

The Qinling Orogen is here divided by three major northerly dipping tectonic zones that 

are subparallel to the trend of the orogen (Inset A in Fig. 1). These tectonic zones are the 

Shangdan Suture to the north, the Zhenan-Fengxian (Lixian-Shanyang, Mao et al. 2002) 

Thrust Zone, and the Mianlue Suture to the south (Fig. 1). The Paleozoic Shangdan Suture 

separates the North Qinling terrane from the South terrane (Gao et al. 1996). The North 

Qinling terrane consists of an early Paleozoic arc that was accreted to the North China 

Craton at ca 450 Ma along the Shangdan Suture (Zhang et al. 2000). This area hosts minor 

gold mineralization (Mao et al. 2002). The South Qinling terrane is further subdivided into 

the central domain and southern domain along the Zhenan-Fengxian Fault. The central 

domain, which is included by Mei et al. (1999) in the northern zone of the South Qinling 

Terrane, is dominated by flysch and other clastic rocks that accumulated in a late 

Paleozoic basin between the converging cratonic blocks. The southern domain is covered 

by Paleozoic strata in the east and characterized by the easternmost exposure of Triassic 

turbiditic deposits in the west that are partly calcareous and form part of the immense 

Songpan-Ganzi Basin (Fig. 1, Mao et al. 2002). Geographically, the South Qinling terrane is 

subdivided into East and West Qinling domains on either side of the Baoji-Chengdu 

railway (Fig. 1a; Zheng et al. 2010).  
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Intrusive events 

Shang and Yan (1988) investigated the geochemistry of 43 intermediate plutons 

(monzogranite, granodiorite and quartz diorite) in the Qinling Orogen, which range in age 

from Paleozoic to Yanshanian (late Mesozoic). Zhang et al. (2006) recognized two major 

distinct tectono-magmatic events in the orogen, which are late Ordovician (~450 Ma) and 

late Triassic (~220 Ma) in age. The late Ordovician granites are spatially constrained to the 

North Qinling terrane (Zhang et al. 2000; Lu 2000; Zhang et al. 2002), and the late Triassic 

granites were emplaced into both the North Qinling terrane (Wang et al. 2008) and the 

South Qinling terrane (Sun et al. 2002). Early Triassic magmatism is also reported just 

south of the Shangdan Suture (e.g. the Xiahedong pluton, Jin et al. 2004, and Xianggou 

pluton, Zhu et al. 2009). 

The late Ordovician tectono-magmatic event is interpreted to relate to the partial melting 

of thickened island-arc crust. This took place during the northward subduction of the 

paleo-Qinling oceanic plate along the Shangdan Suture between the North Qinling and the 

South Qinling tectonic units. The late Triassic tectono-magmatic event is interpreted to 

relate to the break-off of a subducted oceanic plate during the continental collision 

between the North China and South China cratons (Sun et al. 2002). There is debate on 

whether the second event was a post-collisional setting or volcanic arc setting (e.g. Chen 

et al. 2010). 

Tectonic events 

A compressive event was recognized in the Qinling Orogen that is characterized by 

medium-grade metamorphism and arc-related magmatism from 404 to 434 Ma in the 

North Qinling Terrane (Zhai et al. 1998). The timing of this deformation is equivocal, but 

the event marks a N-S directed demonstrative thrusting event prior to or at the onset of 

Late Paleozoic tectonism in the WQO (Vielreicher et al. 2003). It is interpreted to be the 

result of collision of the South Qinling and North Qinling terranes along the Shangdan 



Chapter 3: Paper Two 

- 69 - 

Suture (Meng and Zhang 1999, 2000). A second thermal event took place during the late 

Carboniferous, represented by medium-pressure metamorphism (Zhai et al. 1998). This 

interpretation is based on thermo-chronological studies completed on flysch deposits, and 

is consistent with the interpreted timing of sinistral strike-slip movement along the suture 

(Mattauer et al. 1985; Zhai 1998). The age of fossiliferous non-deformed coal-bearing 

strata, which consist of quartz sandstone, siliceous limestone, marl, pebbly sandstone and 

conglomerate (Luo et al. 2007), provides a minimum Permian age for this compressional 

event (Mattauer et al. 1985). 

A “Scissor Suturing” model is generally accepted for the amalgamation of the North and 

South China cratons, which suggests the collision began in the Dabie area in the east 

during the Late Permian and migrated westwards (c.f. Zhao and Coe 1987; Zhu et al. 1998; 

Wu et al. 2006). This rotation matches the results of a preliminary paleomagnetic study, 

which shows that the South China Craton rotated clockwise and the North China Craton 

anti-clockwise during the Late Triassic (Zhu et al. 1998). Compression between the South 

Qinling microblock and the South China Craton began in the Late Triassic along the 

Mianlue Suture (Li and Sun 1996; Zhang et al. 2002). This collisional orogeny caused 

extensive thin-skinned fold and thrust deformation, extrusion, rotation, uplift and granite 

plutonism throughout the Qinling Orogen, and led to final amalgamation of the North and 

South China cratons (c.f. Meng and Zhang 2000; Sun et al. 2002). The magnitude of the 

stress appears to have weakened from intensive folding to transpression with limited 

displacement along faults during the Triassic. Recent thermo-chronology studies suggest 

that there was rapid uplift in the Cretaceous (Zheng et al. 2004; Zeng et al. 2011) and 

Himalayan orogenies had far-field effects on the Qinling Orogen at 22-23 Ma (Yu et al. 

2006). 

Regional gold metallogeny 

The WQO hosts over 500 t of gold resource. The gold deposits in the WQO are described 

by Mao et al. (2002) and Chen et al. (2004). Over ten of these are large deposits (>20 t Au) 
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and are distributed through the WQO, including the Yangshan (>300 t Au, Li et al. 2008), 

Shuangwang (60 t Au), Baguamiao (80 t Au), and Ma’anqiao (20 t Au) deposits that are 

hosted by metamorphosed sedimentary rocks (locations of the deposits are marked in Fig. 

1). Mao et al. (2002) suggested that these deposits are of orogenic-type in the West and 

East Qinling Domains and Carlin-type in the Southern Domain. However, all of the 

deposits have characteristics that are common to both types of deposit (Peters 2002), 

making such a classification problematic. 

The timing of gold mineralization in the WQO was loosely constrained between 338 to 234 

Ma in age at the Pingding deposit, and between 50 and 12 Ma at the La’erma deposits (Liu 

et al. 1994). Mao et al. (2002) suggested that gold mineralization took place between 

about 210 to 170 Ma. Chen et al. (2004) proposed a 220 to 100 Ma age with a peak at 

~170 Ma. Zhang et al. (2002, 2004) argued the correlation of gold metallogeny with the 

oblique collision between the North China and South China Cratons during the Jurassic to 

Early Cretaceous. The large age ranges may be due to multiple events or the dating 

methods were not conducted precisely or accurately. 

Methodology 

The Liba goldfield was mapped in detail, and diamond-drillcore was logged to help clarify 

the structural evolution and the nature of the alteration associated with gold 

mineralization. Samples of core and outcrop for geochemistry and geochronological 

analyses were crushed in a tungsten carbide shatter box at Peking University. Outcrop 

samples of granitic and diorite dykes, and granite were analyzed to ascertain their 

petrogenesis (Chapter 2). SHRIMP U-Pb and 40Ar/39Ar geochronological techniques were 

used to define the timing of igneous and hydrothermal activities, which in turn were used 

to constrain the timing of deformation events. Mineral separation, mount-making and 

backscattered electron and cathodoluminescence imaging were completed at the Centre 

for Microscopy, Characterization and Analysis at the University of Western Australia. Gold 

coating and SHRIMP analysis were carried out at the John de Laeter Center for Isotope 
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Research at Curtin University in Western Australia. The 40Ar/39Ar analyses were performed 

at the Western Australian Argon Isotope Facility at Curtin University. 

Zircon U-Pb dating for all samples was performed using SHRIMP II. The operating 

conditions and data acquisition procedures follow Stern et al. (2009). The BR266 and 

TEMORA standard zircons were mounted with the unknown samples to calibrate U-Pb 

isotopic discrimination and the precision and stability of the equipment during analysis. 

The measured 204Pb was used for common Pb correction. The data was compiled using the 

ISOPLOT 3.0 (Ludwig 2003) and Squid 1.0 programs. Individual analyses are reported with 

2σ uncertainties; weighted averages of age are also reported at the confidence of 2σ. 

Minerals used for 40Ar/39Ar dating were separated using a Frantz magnetic separator, and 

then carefully handpicked under a binocular microscope. The selected plagioclase grains 

were further leached in diluted HF for one minute and then thoroughly rinsed with 

distilled water in an ultrasonic cleaner. Standard Hb3gr, for which an age of 1080.1 ± 1.1 

Ma was adopted (Jourdan et al. 2006), which was used as a neutron-fluence monitor and 

a good in-between grain reproducibility has been demonstrated. The mean J-values 

computed from standard grains within the small pits range of 0.0096090 ± 0.0000183. 

Mass discrimination was monitored using an automated air pipette and provided a mean 

value of 1.000907± 0.00290 per dalton (atomic mass unit). The correction factors for 

interfering isotopes were (39Ar/37Ar)Ca = 7.30x10-4 (± 11%), (36Ar/37Ar)Ca = 2.82x10-4 (± 1%) 

and (40Ar/39Ar)K = 6.76x10-4 (± 32%).  

 

Our criteria for the determination of plateaus are as follows: plateaus must include at 

least 70% of 39Ar. The plateau should be distributed over a minimum of 3 consecutive 

steps agreeing at 95% confidence level and satisfying a probability of fit (P) of at least 0.05. 

Plateau ages are given at the 2σ level and are calculated using the mean of all the plateau 

steps, each weighted by the inverse variance of their individual analytical error. Mini-



Chapter 3: Paper Two 

- 72 - 

plateaus are defined similarly except that they include between 50% and 70% of 39Ar. 

Ages have been calculated using the decay constants of Renne et al. 2010, which is fully 

calibrated against the U/Pb system. All sources of error are included in the calculations. 

Geology of the Zhongchuan-Liba area 

The Liba goldfield is hosted by metamorphosed siltstone, sandstone, mudstone and shale 

assigned to the Devonian Shujiaba Formation and is located about 2 km northeast of the 

Zhongchuan Granite in the WQO (Fig. 1; Cheng et al. 2001). The deposits included in the 

goldfield are the largest in the region. Others deposits include the Jinshan and Maquan 

gold deposits that are located south of the Zhongchuan Granite (Fig. 2). These deposits 

are hosted by the Devonian Xihanshui and Carboniferous Xiajialing groups respectively 

(Table 1 and Fig. 2). The Shujiaba Group, referred to as the Liba Group by Li et al. (1999), 

consists of a ~5000 m thick succession of clastic-dominant flysch deposits, including 

siltstone, slate, micrite, sandstone, and quartzite (Zhang et al. 2004). By contrast, the 

Xihanshui Group, regarded as a lateral equivalent of the Liba Group, is a 5800 m thick 

succession of carbonate with interbedded clastic units, interpreted as a shallow 

continental shelf deposit (Jin et al. 1996).  
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Fig. 2 Simplified geological map of the Zhongchuan-Liba area showing the location of Fig. 3. Table 1 gives 
details of the regional stratigraphic relationships and epoch codes. The map is modified from Zhang et al. 
2004 

The Devonian rocks are overlain by metamorphosed Carboniferous shale and siltstone to 

the northwest and southeast of the Zhongchuan Granite, and metamorphosed Cretaceous 

sandstone and conglomerate to the northeast, southeast and southwest of the granite 

(Fig. 2). The contact between the Jurassic and Carboniferous rocks in the southeastern 

part of the area is marked by a fault (Fig. 2). The Cenozoic successions form isolated 
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outcrops in the east and southwest where they consist of reddish terrigenous clastic units 

that total 2000 m in thickness. Up to 50 m thick Quaternary eluvial and alluvial sediments 

contain small placer gold deposits locally. 

Table 1 Regional strata sequences and contact relationships (modified from Shi 2000) 

Strata unit Stratigraphic symbol Rock types Contact relation Mineralization 

Quaternary (Q) Q3-Q4 Eluvium and, alluvium Unconformity Placer Au 

Tertiary (T) 

N 
Red clay, and sandy 

conglomerate 

Unconformity 
 

E 
Purplish-red conglomerate, 

sandstone, and mudstone 

No contact directly 

observed 
 

Middle-Lower Jurassic J1-2 

Yellow-brown clastics, gravel, 

sandstone, siltstone, and 

mudstone 

No contact directly 

observed  

-Middle 

Carboniferous 

Xiajialing 

Group 

C2x 

Sub-greenschist sedimentary 

rocks; mainly phyllite, 

sandstone, and greywacke 

Faulted inferred 

unconformity Au, U 

Middle  

Devonian 

 Shujiaba 

(Liba) 

 Group 

 

 

 

 

 

 

 

 

 

D
2l

b
 

D2lb3 

D2lb
3

3 
Metamorphosed quartz 

sandstone, siltstone, and shale 

Inferred fault contact 

Au 
D2lb

2
3 

Metamorphosed quartz 

sandstone, and micaceous 

schist 

D2lb
1

3 

Meta-quartz sandstone with 

siltstone, slate, and minor 

limestone 

D2lb2 

D2lb
3

2 
Sericitic-chloritic slate, and 

meta-quartz sandstone 

conformity 

 D2lb
2

2 
Metamorphosed quartz 

sandstone, siltstone, and shale 

D2lb
1

2 
Sericitic-chloritic slate, and 

meta-quartz sandstone 

D2lb1 
Sericite-chlorite silty slate, silty 

phyllite, and spotted slate 

conformity 
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Xihanshui  

Group  

D2x 

Greywacke, schist, slate, and 

lesser marble  

Inferred fault contact 

Au, Cu-Pb-Zn 

 

Sedimentary rocks in the region have been regionally metamorphosed to greenschist-

facies, but the prefix “meta” has been omitted below for convenience. 

Liba goldfield 

The Liba goldfield was discovered at the end of the 1980s by the Gansu Bureau of Geology 

for Nonferrous Metal Resource Exploration. The property is now owned by the Dragon 

Mountain Gold Company Ltd. The area includes three principal deposits known as 

Zhaogou, Wawugou and Magou, which are all hosted by the Shujiaba Group (Fig. 3). 

Within the Shujiba Group (D2lb2), the D2lb2
2 formation is characterized by spotted slate, 

which is a favoured host for mineralization.  
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Fig. 3 Simplified mine-scale geological map of the Liba goldfield with a cross section at bottom (modified 
after Shi 2000). F1 Fault is the dominant fault and F18 Fault postdates and crosscuts the Zhongchuan Granite. 
Bedding dips from SW through SE to NE and axis of the mine scale fold as shown in the lower hemisphere 
equal-area projection Stereonet with a black star. The map has been modified after the 1:10,000-scale 
Geological map from the Tianshui General Team of Gansu Non-ferrous Metal Geological Exploration Bureau. 
The lithologies are explained in Table 1 

The Zhongchuan Granite 

The Zhongchuan Granite is circular in shape and covers ~210 km2 in area (Fig. 2). The 

granite is concentrically zoned with an outer phase of coarse-grained, seriate to 

porphyritic biotite monzogranite, and a smaller inner zone of equigranular medium-

grained biotite monzogranite. The contact between the two main intrusive phases is 

gradational. Both phases lack obvious deformation, and both are cut by dykes consisting 

of fine- to medium-grained biotite-bearing, quartz-rich granite. A small portion of 

granodiorite was mapped by Zhou et al. (2007), but this unit has not been observed in 
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outcrop during the current study. There is a uranium deposit at the inner zone as shown in 

Fig. 2. 

 The monzogranite in the outer zone forms about 70% of the outcrop area (Fig. 2) and 

consists of phenocrysts of alkali feldspar (40 vol%), oligioclase (~25 vol%), quartz (~25 

vol%), biotite (5-10 vol%), and rare hornblende (1-3 vol%) in a quartz and K-feldspar 

groundmass. Accessory minerals include zircon, rutile, apatite, titanite, tourmaline, 

ilmenite, monazite, xenotime, epidote and fluorite, and rare sulfide (mainly pyrite). The 

inner phase is typically an equigranular monzogranite and consists of white, euhedral K-

feldspar (35 vol %), quartz (30 vol %), plagioclase, primary muscovite (~2 vol %), and 

biotite (2-5 vol %). The accessory minerals include zircon, apatite, and garnet. 

Dykes in the Liba goldfield 

The Liba mine area has been intruded by a series of porphyritic granite to diorite dykes 

(Figs. 4 and 5), ranging from a meter to tens of meters in width and tens to hundreds of 

meters in length. There is a strong spatial correlation between the presence of these 

dykes and high-grade ore, as observed in diamond core and outcrops. Petrographically, 

the least-hydrothermally-altered granitic porphyry dykes (Fig. 6a) consist of subcircular, 

0.2-1.0 mm wide phenocrysts of quartz (20 vol %), hornblende (3 vol %), perthite (2 vol %) 

and muscovite (1 vol %) in a groundmass consisting of orthoclase (65 vol %) and quartz (10 

vol %). The altered granitic porphyry dyke contains white quartz + plagioclase phenocrysts 

with a milky fine-grained matrix comprising quartz, sericite and chlorite. The least altered 

diorite dykes are characterized by randomly orientated plagioclase laths that are 0.05 and 

0.4 mm wide enclosed by secondary hornblende and biotite (Fig. 6b, c). The diorite 

consists of hornblende, biotite, and minor pseudomorphous intergrowths, probably after 

pyroxene, containing fine-grained pale-green hornblende, red-brown biotite and quartz. 

Biotite also forms narrow rims on some of the plagioclase laths, and these rims have the 

same composition as those in the pseudomorphs. There are also prisms of a red-brown 

hornblende that commonly form on the margins of plagioclase crystals and green 
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hornblende. The red-brown hornblende has higher TiO2, Al2O3, Na2O and K2O percentages 

than the green hornblende in the pseudomorphs and rims (geochemical composition is 

attached in Appendix 4). The matrix consists of microphenocrysts of plagioclase in a fine-

grained feldspathic matrix, with accessory allanite, zircon, apatite actinolite and ilmenite. 

Very fine grains of arsenopyrite containing elevated Ni-Co are scattered throughout the 

rock and may be hydrothermal in origin. Altered diorite is earthy and rarely preserved due 

to intensive weathering. 



Chapter 3: Paper Two 

- 79 -  



Chapter 3: Paper Two 

- 80 - 

Fig. 4 Relationship between granitic dykes and structure fabrics in Zhaogou area: (a) two groups of cleavage 
S0/S1 and S2 are observed in the host rocks whereas an east-trending porphyritic granitic dyke has S2 only. 
S0/S1 and S2 are outlined by black solid lines and dotted lines respectively; (b) a reverse fault dipping steeply 
to the south. Altered granitic porphyry dykes (marked with black crosses) had intruded the fault. Quartz 
veins containing limonite and hematite are highlighted with blue curves, which show that the displacement 
of the fault has controlled the distribution of the vein; the black dotted line mark S0/S1 cleavage, obliquely 
cutting the sub-vertical outcrop; and (c) the contact between intensively sericitized porphyry and foliated 
metasedimentary rocks. Measurement above is strike/dip and dipping direction. 

 

Fig. 5 Diorite dykes: (a) with xenoliths of biotite schist and deformed sandstone and siltstone (marked by 
green line), the foliations of which are consistent with that observed from the diorite itself (marked by black 
dotted lines). All lithologies in the picture experienced the same deformation after emplacement of the 
diorite; (b) the narrow diorite dyke crosscuts low-grade mineralization, showing that the non-mineralized 
dyke post-dates the mineralization; (c) comparison between a diorite dyke and the metasedimentary rocks 
showing that the mineralized metasedimentary rocks are intensely foliated, whereas the dyke is not 
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deformed; and (d) a mineralized quartz-hematite (pyrite)-calcite vein cutting an altered diorite dyke. The 
sample LB6S-08 was collected here. 
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Fig. 6 Photomicrographs of gold related alteration assemblages from the Liba mine of: (a) sericitized granitic porphyry 

sample. Only quartz and a few feldspars were left after intensive alteration, from Sample ZG-01; (b) and (c) diorite dykes 

with relict igneous textures and well preserved rhombohedral amphibole and fresh plagioclase; (d) and (e) gold-bearing 

pyrite deformed by both the early (D1) and the second (D2) events. The groundmass contains an early (S1, as marked with 

black dotted lines) and later (S2, white solid lines) cleavage in (d); (f) narrow carbonate veins are parallel to S1, indicating 

they formed during early deformation (D1); (g) bedding (S0) marked by the yellow dashed line. Here, the early (S1) 

cleavage (white dashed lines) has been modified by a later (S2) cleavage marked with black solid lines. The later cleavage 

is more obvious in the shale (bottom left) than the siltstone unit (top right), from Sample 5190-9.4; (h) intergrown 

arsenopyrite with pyrrhotite filling interstices between pyrite grains; (i) early fine-grained quartz vein (marked with a 

white line) was deformed by the early (S1) cleavage (marked with black lines); the spots are filled with fine-grained quartz 

and cordierite and some have deformed preferentially parallel to S1 while the others preserve circular shapes. This 

indicates the formation of spots was syn- or late-D1. Abbreviations: Ms-muscovite, Bt-biotite, Hbl-Hornblende, Chl-

chlorite, Ser-sericite, Pl-plagioclase, Qz-quartz, Cb-carbonate, Py-pyrite, Apy-arsenopyrite, Po-pyrrhotite; these 

abbreviations are used hereafter 

Structure 

The Devonian Shujiaba Group is an intensely deformed succession of phyllitic rocks that 

commonly trend in an ESE direction (Zhang et al. 2004). Three deformation events have 

been recognized in the field. The oldest (D1) deformation fabric in the Liba goldfield is a 

pervasive cleavage (S1), which is subparallel or oblique to bedding (S0). The intensity of the 

S1 cleavage varies with rock type (e.g. Figs. 4a, b, and 6g), and is not present in younger 

Permian rocks. The cleavage is characterized by an alignment of mica, overgrown sulfide 

grains (Fig. 6e, f), and recrystallized quartz veinlets (Fig. 6i). Extensive NW-trending folds, 

NW to WNW reverse faults and a vertical and horizontal ESE-trending stretching lineation 

characterize the main (D2) deformation, which indicate an NE-SW orientated compression 

(Fig. 7). The S2 cleavage cuts S1 and is related to local folding and shearing, being axial 

planar to D2 WNW-trending folds (Fig. 8c, d). D3 is related to post-mineralization processes 

and it was relatively weak and performed limited displacement of mineralization.  
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Fig. 7 Simplified structural map of the Liba goldfield illustrating bedding form lines in the study area. Fold 
axes with plunge direction are marked by orange arrows. The intensity of folding appears to increase 
towards the F1 Fault. Also, tight folds appear to be discontinuous in nature, weakening into more open folds 
along strike. In detail, the folds are cut by the mineralized fault network, albeit with strongest folds adjacent 
to NW-trending segments of the mineralized faults, indicating a broadly synchronous timing. Insets: (a) 
stereogram of the orientation of two generations of faults at the Zhaogou deposit; (b) fault assemblage 
showing kinematics observed on the WNW-striking segments of faults, consistent with compression in a 
NW-SE orientation; and (c) the orientations of diorite dykes 

Bedding within the area is folded around NW-trending upright axial planes, with fold axes 

plunging ~20˚ towards 130˚ (Figs. 3 and 7). The folding is generally of moderate intensity 

forming ‘open’ folds, but they become tight to isoclinal proximal to the F1 Fault, and to 

WNW-trending segments of the W- to NW-striking faults (Fig. 8c). As no marker units have 

yet been identified within the area, the exact shape of the folds is difficult to determine. 
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However, by mapping the bedding as measured at various localities, it is possible to 

construct a form line map of bedding to show the general orientation of stratigraphy in 

the study area (Fig. 7). Figure 7 shows the nature of the predominant SE-trending 

stratigraphy within the study area, and the discontinuous and restricted nature of the 

tight folding. Secondary faults crosscut the Mawu-Jiudian regional anticline, but appear to 

be spatially associated with smaller-scale folds, indicating that they may have formed late 

within the regional folding event. The folding identified within the study area is consistent 

with the dominant folding identified regionally; a result of NE-SW compression (D2).  

The most prominent fault zone in the study area is the F1 Fault zone, known as the Liba 

Fault, which is a NW-trending, high-angle SW-dipping reverse fault (Figs. 3 and 7). Where 

observed in outcrop at the east end of Magou Fault, the fault forms a highly disrupted 

zone, with domains of strong NW-striking, subvertical cleavage, and tight folding around 

this cleavage with fold axes plunging shallow to the SE. The Liba Fault is subvertical at the 

surface and cuts the SE-trending Devonian to Carboniferous sedimentary strata. The 

fault’s overall regional dip direction is poorly constrained, but it is inferred to be to the SW 

based on the presence of an anticline on its SW side and syncline to the NE. Secondary W- 

to WNW-trending faults, including the Zhaogou Fault, Fault 3, Fault 2 and Magou Fault, 

are present on the SW side of the Liba Fault, host the major gold resources and form a 

horsetail jog (Fig. 7). All the secondary faults show sinistral displacements on the meter-

scale (Fig. 7), suggesting transpressional control. In the Zhaogou district, SE- to SSE-

trending faults cut the W- to WNW-striking faults (see Stereonet A in Fig. 7), suggesting 

that the D3 overprinted pre-existing structures.  S-C fabrics are developed in the 

mineralized shear zone, and sulfide-bearing quartz veins were deformed by sinistral 

ductile shear, indicating the significance of transpression in controlling the localization of 

mineralization (Fig. 8d). 

Larger eastward-trending diorite dykes, such as in the Magou and Wawugou district, have 

different orientations from the narrow ones, as shown in Stereonet C of Fig. 7. Several key 
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observations constrained the context of diorite dykes: (i) some diorite dykes share the 

same foliation as their host rocks, indicating that they both have experienced the same 

deformation (Fig. 5a); (ii) some of the dykes are not deformed, whereas the host rocks are 

intensely deformed (Fig. 5c), which suggests either the host rocks were preferentially 

deformed while the dykes remained unaffected, or these dykes were emplaced after the 

transpression deformation event; (iii) quartz veins containing limonite and hematite cut 

across some diorite dykes (Fig. 5d), which clearly shows that the diorite dykes were 

emplaced before these veins. This indicates that there were probably multiple generations 

of diorite dykes, broadly synchronous with mineralization.  
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Fig. 8 The relationship between bedding (S0, green lines), early pervasive cleavage (S1, yellow lines) and S2 
cleavage, south of the Magou orebody: (a) SW-dipping bedding and cleavage; (b) NE-dipping bedding and 
cleavage. The clockwise angular relationship marked with a red arrow between bedding and cleavage has 
not changed, indicating that the cleavage predates the open folding of the beds. This early (S1) cleavage is 
the earliest deformation fabric recognized in the area; (c) a tight fold proximal to the Zhaogou Fault, with 
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upright, NW-striking axial plane. The orientation of the two limbs are projected on a stereonet; (d) view of 
the roof of a drive in the No. 5 orebody. The mineralized shear strikes 020°(outlined in yellow) with S-C 
fabrics (green lines mark the S-fabric) and shallow E-plunging slickenlines indicate dextral displacement in 
this view (marked by red lines), and a sinistral motion in plan view 

Mineralization in the Liba goldfield 

The Liba goldfield includes the Zhaogou, Wawugou and Magou orebodies hosted by 

Devonian sandstone (D2lb2
2, Table 1). The geology of the orebodies is summarized in Fig. 9. 

 

Fig. 9 Simplified geological map of major orebodies at the Liba goldfield (locations shown in Fig. 8): (a) the 
Zhaogou orebody; (b) the Wawugou orebody; and (c) the Magou No. 6 orebody. The variation in orientations 
of the ore zones in each of the orebodies is shown in corresponding stereograms. Note that mineralization 
and igneous dykes share similar orientations, and both filled dilational jogs under sinistral movement of 
faults 

Zhaogou orebody 

The Zhaogou orebody is the northernmost ore zone delineated in the Liba goldfield. 1.62 

Moz gold has been delineated at grade of 1.5 g/t (Dragon Mountain Gold, Australia 
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Security Exchange Announcement, 2009). The orebody is controlled by a WSW- to NW-

striking fault cutting the Devonian host rocks (D2lb2
2, Table 1), and the Zhaogou Syncline 

that is located to the south of the Mawu-Juidian Anticline, which plunges 20˚ towards 130° 

(Fig. 3). The host rocks (D2lb2
2) are exposed in the core and limbs of the anticline in an 

area covering >1000 m in length and up to 200 m in width (Fig.9a). 

Nine orebodies have been delineated in the Zhaogou deposit. The largest of these are the 

No. 26-1 and 26-2 deposits (Fig. 9a), which are parallel to each other, separated by an 

altered granitic porphyry dyke, and are located in the Zhaogou Fault (F29). The No. 26-1 

deposit is over 500 m long at elevation between 2030 to 1680 m (Shi 2000). The high-

grade mineralized zone in the No. 26-1 deposit plunges steeply to the WNW (as shown in 

the 3D drill core modeling in Fig. 10a). Figure 10b is a cross-section of the “5170” line 

shown in Fig. 9a that illustrates the modeled grade distribution of the deposit. Also shown 

in Fig. 10b are granitic porphyry dykes that have intruded faults and breccia zones in the 

area. The No. 26-2 orebody is around 320 m long and between an elevation of 1780 and 

2030 m (Shi 2000). 

The mineralization swells and thickens on W to WSW-trending segments, consistent with 

dilational jogs formed by sinistral movement along the Zhaogou Fault (Fig. 9a). The 

orientation of the mineralization is shown in Stereonet A on Fig. 9. A series of SW-trending 

and subvertical granitic porphyry dykes are located oblique to the fault, concentrated 

around a bend in the fault, and their contact with the mineralization and the host rocks is 

invariably sharp and faulted. The dykes are rarely mineralized, but they are intensely 

altered containing sericite, chlorite and sulfides. The bleached coloration and intensive 

alteration are common visual markers for mineralization.  
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Fig. 10 Zhaogou deposit: (a) 3D model of the Zhaogou mineralization based on drill core data. The outside 
green translucent figure is an isosurfaced body with gold grade over 0.5 g/t, the yellow colour represents 
grades of over 1.0 g/t, and the orange colour grades of over 2.0 g/t. The high grade mineralization plunges to 
the WNW. The long axis of the orebody plunges to NW at around 50°; (b) cross-section of the 5170 
exploration line with sample locations. The location of the 5170 exploration line was marked in Fig. 8. (a) and 
(b) images generation are aided by Leapfrog; (c) conceptual structural model of the orebody in the Liba 
goldfield. The upper, north and west surfaces  can be embodied by Figs. 9a and 4a, b respectively 

Wawugou orebody 

The recently discovered Wawugou orebodies include the WWG-I and WWG-II deposits, 

which are located in the Wawugou Fault (F3) and are enveloped by breccia. WWG-1 has a 

northwest-trending lenticular shape that is over 900 m long and dips ~60° SW (Stereonet 
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B in Fig. 9). The thickness of the mineralization at WWG-1 varies from 1 to 12 m, and its 

average grade reported from surface sampling is 3.78 g/t (Zhang 2003). 

 

WWG-II is sub-parallel to WWG-I and located 60 m to the northeast. The mineralized zone 

is steeply dipping, strikes 290°, and is over 400 m long and ~ 1 m wide. Recent drilling has 

shown that the ore continues at depth along the Wawugou Fault in a WNW direction. The 

drilling has also intersected undeformed and unaltered diorite dykes that appear to be 

identical with those observed in the Zhaogou area. Alteration assemblages (principally 

sericitization, chloritization, and silicification) and economic minerals are identical with 

those of the Zhaogou orebody. No reserves had been calculated by 2009, but further 

drilling indicated promising mineralization, e.g. diamond-drillhole WWG16DD1 intersected 

28.89 m of ore grading 3.18 g/t Au in 2011 (location shown in Fig. 9b). The alteration 

forms a ~5 m thick zone around the mineralization, which is characterized by a yellow-

brown coloration at the surface. 

Magou orebody 

At the Magou orebody, 1.16 Moz of contained gold had been delineated at 1.8 g/t 

(Dragon Mountain Gold Announcement, 2009). The Magou orebody consists of the No. 5 

mineralization zone in the south and the No. 6 mineralized zone to the north (Fig. 9c). The 

No. 6 mineralization is over 930 m long, located at an elevation between 1664 and 2185 m, 

and averages 5.78 g/t with an average thickness of 8 m (Shi 2001). The mineralization is 

hosted by sericite-chlorite slate, and metamorphosed quartz sandstone (D2Lb2
2-1, Table 1), 

and consists of numerous small orebodies in the Magou Fault (F3, Fig. 9c). The 

mineralization is lensoidal, sinistrally displaced along an east-trending fracture zone, and 

swells and thickens along strike and down dip. The No. 5 mineralization also consists of 

small orebodies, and is 1000 m long and 800 m wide. It is located in the axial plane of the 

Xujiatai Anticline, which is cut by the F12 Fault that is parallel to the ore and trends to 
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southeast (110°). Steeply dipping, and non-economic diorite dykes trend toward the east 

in the area (Stereonet C in Fig. 9). 

Gold mineralization 

Most porphyritic granitic and dioritic intrusions are located steeply dipping fracture zones 

that are commonly mineralized and rarely along bedding planes (Fig. 4b). Alteration zones 

that are associated with mineralization have affected most of the dykes, which suggests 

that most of the dykes are pre- to syn-mineralization. However, the presence of narrow 

(<1 m wide) non-mineralized diorite dykes that sharply cut low-grade ore in the Zhaogou 

district suggests that this phase of intrusions postdates mineralization (Fig. 5b). A 

conceptual structure model is established to demonstrate the paragenesis of the S1 and S2 

cleavages with the igneous dykes and mineralization zones, as shown in Fig. 10c. The 

dykes and orebodies are considered together to highlight the structural relationships.  

There are several common features of the orebodies in the Liba goldfield that provide 

constraints on the geological processes controlling mineralization in the area. These are: 

1. Most gold orebodies and igneous dykes share the same orientations within 

tensional fractures and swell at releasing bends and contract in compression zones 

(Fig. 9). 

2. The gold mineralization is associated with pyrite, arsenopyrite, marcasite, and 

minor amounts of pyrrhotite, chalcopyrite, galena, stibnite, and sphalerite. 

3. Pyrite and arsenian pyrite are the predominant sulfides associated with gold. 

4. Gold is present as native gold with a fineness ranging from 800 to 1000 (Liu 1994) 

and as electrum. Gold is rarely visible by the naked eye and difficult to find in thin-

section. The average size of native gold grain is around 5 µm (Liu 1994). 

5. Gold is commonly present in cavities in or along the edges of sulfide grains. 

6. The silver content of electrum is up to 25.81% (Yu et al. 2004). 



Chapter 3: Paper Two 

- 92 - 

7. Sericite, chlorite, muscovite, and quartz are dominant in the gold-related 

alteration zones. 

Among the three major mineralized zones in the Liba goldfield, two styles of 

mineralization have been recognized: (a) disseminated sediment-hosted; and (b) quartz-

vein hosted. Hydrothermally altered sedimentary rocks containing sericite, silica, and 

chlorite characterize the sediment-hosted style, and fine-grained disseminated sulfide 

associated with gold. The sulfide within the fracture zones is commonly present in S1 

cleavage planes where it is folded and cut by S2 cleavage (Fig. 6d, e). At least some of the 

pyrite present in these host rocks is pre-ore, is associated with the first deformation event 

(D1), and forms fine (<0.1 mm) disseminations outside of the ore zones. During the gold 

mineralization (D2), the first sulfides formed were arsenopyrite, chalcopyrite, arsenic-

bearing stibnite, galena, and pyrrhotite occupying interstices between pyrite grains (Fig. 

6h), or hosted by later colloidal pyrite and arsenian pyrite. Muscovite was collected from 

the ore and dated using the 40Ar/39Ar technique (discussed below). The comparison of 

mineralization styles between sediment-hosted and quartz-vein types is shown in Fig. 11a, 

b. Manganese-bearing minerals, especially rhodochrosite, occurred possibly post-

mineralization as it is usually accompanied by other barren carbonates. The paragenetic 

evolution with deformation is illustrated in Fig. 11c.  

At least four generations of veins have been recognized in the goldfield. The first 

generation (V1) are grey barren quartz veins that are commonly <5 mm thick and contain 

minor amounts of chlorite and clusters of sulfides. These veins are sub-parallel to bedding 

and are deformed and cut by younger vein sets, possibly generated during D1. The second 

(V2) set consists of 15 to 80 mm thick quartz veins with vitreous and/or milky fine quartz, 

sulfides (mainly pyrite and arsenian pyrite), chlorite and minor carbonate. This vein 

system commonly has sulfide selvedges that host gold (Fig. 12a). The third (V3) includes 

thin milky quartz veins that cut the second vein set. The third generation veins are 

associated with massive sericite and carbonate containing minor amounts of gold-bearing 
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pyrite, arsenian pyrite, chalcopyrite, pyrrhotite, sphalerite, and galena (Fig. 12b). The 

sulfides are locally abundant in the sediments adjacent to the veins. The V2 set has a S2 

foliation, but not a S1 foliation, indicating it formed after D1 and before D2 (Fig. 12a). The 

late (V4) barren calcite and anhydrite veins cut the other vein sets, and are probably 

related to D3 deformation. 

The second and third vein generations are associated with gold and are thought to 

represent different stages of the one mineralization event. In these sets, pyrite and 

arsenopyrite are the predominant sulfides with lesser chalcopyrite, pyrrhotite, galena, 

sphalerite, stibnite and rhodochrosite. In addition, the pyrite progressively changes from 

arsenic-bearing pyrite to arsenian pyrite to arsenopyrite, which suggests a temporal 

evolution of the alteration assemblages, represented by the second and third vein sets. 

Similar As and Sb enrichment has been reported in other gold deposits in this region (c.f. 

the Ma’anqiao and Songpangou gold deposits, Peters 2002; Fig. 1). The paragenesis of the 

veins is shown in Fig. 11c. 

The relationship between the two styles of mineralization was not observed directly. 

However, the observation that the first style is hosted by more porous rocks such as 

sandstone, and the second vein-style is hosted by finer-grained and less porous rock types 

such as siltstone and shale, suggests that both may be expressions of the same 

mineralizing event. With increased silica-sericite-chlorite (-carbonate) alteration, the host 

rocks become brecciated with an increase in silica and sulfide (dissemination or veinlets) 

and corresponding gold content. This is likely to be the transitional stage between the two 

styles of mineralization observed in the Liba goldfield. 

Another important feature of the mineralization is the type of host rock. Spotted textured 

slate and phyllite are favoured by the mineralization where they are altered by sericite, 

silica and chlorite with disseminated sulfide by the mineralizing fluids. The spots in these 

low-grade metamorphic rocks were filled originally by fine quartz (minor biotite), microlite, 

and cordierite surrounded by clay minerals in the least altered slate. Cordierite is not only 
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present in the spot but also in the foliations, indicating that it is likely to be resulted from 

metamorphism. Hydrothermal fluids altered the primary mineralogy of the country rocks, 

so that secondary assemblages mainly consisting of biotite, sericite and chlorite, with 

accessory rutile, apatite, hematite, monazite and xenotime were produced. Sulfides 

preferentially deposited or were trapped at the rims of the spots.  

Most spots are confined along the D1 foliation, with curved tails rarely. However, some 

spots do preserve their circular shapes (Figs. 6i and 12c, d), which indicates that the 

generation of the spots is either syn- or late-D1 deformation. The densities of spot in 

different rocks vary, which we interpret reflects the primary composition of the different 

lithologies.  
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Fig. 11 The Liba goldfield: (a) comparative chart of the two major mineralization styles; (b) spatial 
paragenesis of the least altered sedimentary rocks, ore hosted by altered sedimentary rocks and vein type 
ore; (c) temporal paragenetic evolution linked to mapped deformation events 
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Fig. 12 Veins: (a) quartz vein (V2) with sulfide in foliated host rock. Sulfide is ~2 mm in diameter, and well 
crystallized in the quartz veins whereas the siltstone hosts fine-grained sulfides. The siltstone has two strong 
foliations (S1 and S2), in contrast, only S2 is observed in the quartz vein, where it cuts the sulfide grains locally; 
(b) crosscutting vein relationships, milky quartz (V3) veins cut vitreous quartz sulfide veins (V2). Sericite 
network veins cut both V2 and V3; (c) spotted slate, a mineralization-favoured lithology; (d) spots 
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preferentially located in darker and relatively coarse-grained lithology, and they are filled originally by fine 
quartz (minor biotite), microlite, and cordierite surrounded by clay minerals. The D1 deformation event did 
not modify the distribution of the spots, indicating that the generation of spots postdated or was coeval with 
the D1 event 

Geochronology 

Based on the documentation of Liba geology and gold mineralization, a suite of samples 

was collected to constrain igneous, alteration and mineralization events. The descriptions 

of these samples are presented below and the images of zircons and analysis results are 

briefly presented and summarized in Figs. 13, 14 and 15. 

Sample ZG-01.A white strongly altered, east-trending granitic porphyry dyke was sampled 

from drill core in the mineralized zone at Zhaogou deposit for SHRIMP U-Pb dating. The 

granite contained sericite and chlorite and assayed 0.17 g/t Au. Most of the zircons 

separated from the sample are prismatic, euhedral, colorless and transparent, with clear 

oscillatory zoning structure in the backscattered electron (BSE) images. Some of the grains 

are distinctly zoned, such as the grain containing spots No 17 and 18 in Fig. 13. The length 

of the zircons varies from 80 to 300 µm, and the ratios between length and width range 

from 1 to 4.  



Chapter 3: Paper Two 

- 98 - 

 

Fig. 13 BSE images of representative zircons. The circled numbers mark the analysis position in the zircon 
and are the serial number in the raw dataset and the age is Pb

204
-corrected Pb

206
/U

238 
age. A and B, diagrams 

of Concordia and weighted average ages of Sample ZG-01 SHRIMP analysis 

U-Pb analyses were carried out on 19 spots from 17 zircon grains extracted from Sample 

ZG-01. The raw data are presented as Appendix 4. Three of the zircons (Spots No. 5, 11, 17) 

had high common-Pb concentrations and were rejected. Using the results of the other 
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analyses, a date of 221.9±1.0 Ma (MSWD=1.10, Probability=0.29) was obtained, which is 

taken as the crystallization age of the altered granitic porphyry.  

Sample 5170D-6 (located in Figs. 9 and 10b) is a core sample of pink granitic porphyry with 

no grade from diamond-drillhole ZG-D6. Sample 5190-9.4 is from a slate altered with 

sericite and silica with a grade of 6.08 g/t Au, close to the contact between altered granitic 

dyke and slate, and sample ZG-01 was collected for 40Ar/39Ar dating to pinpoint the 

hydrothermal events. Sample LB6S-8 is from a wide diorite dyke collected in the Magou 

district (Fig. 5d), from which hornblende, biotite and plagioclase were separated for 

40Ar/39Ar dating. The raw data are attached as Appendix 4.  



Chapter 3: Paper Two 

- 100 - 

 

Fig. 14 A, B, C and D are the plateau age diagrams for Samples 5170D-6, 5190D-9.4, ZG-01 on muscovite and 
Sample LB6S-8 on hornblende. E and F, G and H are the plateau age diagrams and inverse isochron plots for 
Sample LB6S-8 on plagioclase and biotite, respectively 
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Muscovite from samples 5170D-6, 5190D-9.4 and ZG-01, provided almost the same dates 

of 216.8±1.4 Ma, 216.4 ± 1.3 Ma and 216.4 ± 1.6 Ma respectively (Fig. 14a-c). All samples 

give well-defined plateau ages.  

The hornblende from Sample LB6S-08 yielded a plateau age of 214.1 ± 1.1 Ma, which is 

consistent within error with a plateau age of 216.0 ± 1.5 Ma obtained on the biotite from 

the same sample (Fig. 14e-h). 

The K/Ca plateau of the hornblende sample reaches a high of up to 1.3 at the low 

temperature stage. It then stabilises to a smooth plateau, formed from up to 80% of the 

cumulative 39Ar. This indicates that part of the hornblende grain has been altered by 

potassium-rich minerals releasing 39Ar during the early steps of heating. As mentioned 

previously from the petrological and EPMA studies, we propose that both hornblende and 

biotite are secondary minerals crystallized from a hydrothermal fluid. As the biotite 

yielded a better quality age spectrum compared to the hornblende that might have been 

affected by other processes, we consider hereafter the biotite age as the best estimate for 

the age of the hydrothermal event recorded in sample LB6S-8. The plagioclase grains gave 

a mini-plateau age of 227.6 ± 1.4 Ma (MSWD=0.80) with 59% cumulative 39Ar and no 

excess Ar (initial Ar = 294.1 ± 10.7). The age of ca. 228 Ma seems to suggest that some 

grains were unaffected by the ~216 Ma event. 

Sample summary and comparison of geochronology ages 

The high-quality geochronological data has enabled us to establish a framework of 

different tectonic events in the Liba goldfield and clarify the temporal relationships 

between possible causative geological processes and gold mineralization. Fig. 15 shows 

that the 40Ar/39Ar date of 227.6±1.4 Ma from the plagioclase sampled from the diorite is 

older than the other dates. The SHRIMP U-Pb zircon date of 221.9±1.0 Ma for the granitic 

porphyry and 219.5±2.1 Ma for the Zhongchuan Granite appear to be older than the 

40Ar/39Ar mica ages from the altered granitic porphyry, diorite and meta-sediments ore 
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(Fig. 15), but regional magmatism investigation shows that the magmatism kept active 

from 220 to 213 Ma (Chapter 2). Aside from these dates, the rest of the dates are 

indistinguishable statistically. These data indicate that there was a uniform hydrothermal 

event that has affected the granitic porphyry dyke and the meta-sedimentary rocks along 

fractures and lithology contacts with a weighted average age of 216.4±0.7 Ma. The 216 

Ma timing therefore is interpreted as recording the age of this widespread mineralization-

associated event. Despite the hydrothermal alteration, the plagioclase appears to have 

retained the age of igneous emplacement even though 40Ar/39Ar isotopic ratios for 

plagioclase are commonly reset at low temperatures of ~150° (McDougall and Harrison 

1988). 

Discussion 

Magmatic and hydrothermal activities 

Triassic magmatism in the WQO area was extensively exposed. The major intrusion close 

to the Liba gold field, the Zhongchuan Granite, crystallized at 219.5 ±2.1 Ma, identical 

within error with the age from the granitic dykes in the Zhaogou district. Regional 

investigation on Triassic magmatism in the WQO shows that there was continuous 

magmatism active from 220 to 213 Ma (Chapter 2).  

Based on the muscovite and biotite ages from all the altered samples, we calculate a 

weighted age of 216.4 ±0.7 Ma for the hydrothermal event (2σ; MSWD=2.0; P=0.89) 

suggesting an extremely short duration for this event. When the uncertainties in the 

values of the 40K decay constant are propagated on this result, the uncertainty on the age 

becomes ±1.5 Ma. A value of 216.4 ± 1.5 Ma will be used for the following discussion. The 

duration of the mineralization can be estimated by the uncertainties in the timing of the 

hydrothermal event recorded from different lithologies. This method gives a value of 

0.8±1.6 Ma. The mineralization age is essentially identical to the age obtained on the pre-

mineralization granitic porphyry and the ore from the altered sediments and diorite (Fig. 
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15). The continuous regional magmatism, including the Zhongchuan Granite and the 

granitic porphyry dyke, is coeval with the hydrothermal event. It is reasonable to argue 

that the magmatism and hydrothermal event may be triggered at the same time even 

though the SHRIMP age is older than the Ar-Ar age, given the fact that SHRIMP analysis 

usually yields relatively older age due to the higher closure temperature of U-Pb system in 

zircon. The intermittent emplacement of diorite dykes bracketed the mineralization from 

field observation, which is consistent with the geochronological data. The facts indicate 

that magmatism, gold mineralization and hydrothermal activities in the Liba goldfield 

were coeval at ca. 216 Ma.  

Structural reconstruction 

Based on the crosscutting relationships and geochronological studies, the structural and 

mineralization sequence in the Liba goldfield are reconstructed as following: 

(1) Deposition of the Devonian host rocks formed bedding (S0) in a passive continental 

margin environment, including the interbedded sandstone, siltstone and mudstone (Mei 

et al. 1999).  

(2) Compression (D1) modified both the Devonian and Carboniferous strata and was 

confined to these strata before regional deposition of Permian rocks (Matteuar et al. 

1985). This D1 event is characterized by a pervasive cleavage (S1) that is oblique to sub-

parallel to bedding and is absent in Permian rocks. Consistent bedding/S1 cleavage 

relationships throughout the study area suggest that transport during D1 was north to 

south. The spotted slate may have formed during the D1 event since both syn- and post-D1 

porphyroblasts have been observed.  

(3) The present architecture of the deposit is characterized by NW-SE striking bedding and 

isoclinal to tight folds, whose axial planes strike NW-SE and hinges plunge shallowly to SE 

(dominant) or NW (minor). The widespread schistosity (S2) and a variably defined mineral 

lineation all indicate there is a second deformation event in the area (Fig. 8c). It is 
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characterized by regional thrusting, folding of the beds and early cleavage into open to 

tight upright folds with flexural slip along bedding, reactivation of S1 and local 

development of an axial planar foliation, crenulation cleavage and lineation. Smaller-scale 

early thrust faults are also noted along bedding planes, likely reflecting flexural slip during 

folding. Some of these have shallow-dipping quartz vein arrays associated with them, 

which are variably deformed and crosscut by other veining and alteration. Therefore, it is 

likely that NE-SW compression (D2) formed NW-trending folds and regional reverse fault 

zones (e.g. F1). 

(4) Following the NE-SW contraction, folding and thrusting, the entire Liba fault system 

appears to have moved into a protracted period of NE-SW transpression late- or post-D2 

with initiation of WNW- to WSW-striking subvertical faults to the west of the F1 Fault. 

Folding within these fault zones is consistent with sinistral offset. Intensities of 

discontinuous tight folds appear to increase adjacent to the F1 and WNW-striking faults 

(Fig. 7), indicating a spatial and genetic association of the tightest folds with these faults 

and NE-SW directed compression during sinistral movement. It is this deformation event 

that established the fault network that host gold in the Liba goldfield. Some of the strike-

slip faults host granitic porphyry and wide diorite dykes. Most of the dykes follow the 

WNW-WSW-striking subvertical faults, indicating that the faults acted as pathways for the 

passage of magma during intrusion. The dykes crosscut the regional folding, but contain a 

weak foliation in the same orientation as the regional axial planes (Figs. 4a and 10c), 

indicating that they have been subjected to NE-SW compression after emplacement. 

These dykes’ orientation is consistent with emplacement in tensional fractures in a 

releasing bend on the sinistral fault (Fig. 9). In most circumstances, the emplacement of 

the dykes appears to be controlled by the same structural and kinematic framework as 

the mineralization. Therefore, we tentatively interpret that the Liba goldfield was 

experiencing NE-SW transpression at ca. 221 Ma, which is represented by the granitic 

dykes (Sample ZG-01) within this sinistral transpression event.  
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(5) The (4) deformation event was contemporaneous with emplacement of the 

Zhongchuan Granite. 

(6) The intrusion of the narrow diorite dykes may mark the waning of magmatic-

hydrothermal event. Late reactivation of mineralized structures (D3) was marked by 

dextral faults, mainly shallow dipping, with accompanying barren calcite veinlets, 

represented by the F18 and F21 Faults that cut the northern part of the Zhongchuan 

Granite (Fig. 7). 

Timing of mineralization 

The age of the mineralization in the Liba goldfield had previously been loosely constrained. 

A Rb-Sr date of 172±27 Ma was obtained on fluid inclusions (Liu 1992), and an 40Ar/39Ar 

plateau date of 210.6±1.3 Ma and an 40Ar/39Ar isochron age of 205.0±3.5 Ma were 

obtained  on a mineralized quartz vein, which was not well defined structurally (Feng et al. 

2003).  

Fig. 15 Summary of the SHRIMP and 
40

Ar/
39

Ar age data and comparison diagram. The geochronological data 
are presented in precise age plus 2σ error, represented by solid dot and error bar. The dashed line represents 
the weighted average of individual population of analyses 

The structural studies presented above show that the mineralization in the Liba goldfield 

is post the emplacement of pre-mineralization diorite and granitic porphyry dykes. It is 

synchronous with the auriferous veins with sericite alteration. On this basis, the age of the 

mineralization is between 228 and 216 Ma. The 40Ar/39Ar analysis indicates that there was 

a widespread ca. 216 Ma hydrothermal event that affected the host rocks, and the 
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igneous intrusive rocks. This 216.4 ± 1.5 Ma date is in agreement with the expected range 

of 228-216 Ma, which suggests that the gold mineralizing event in the Liba goldfield was 

sub-synchronous with felsic magmatism. 

As similar ages are yielded from different lithologies, we calculated a weighted average 

age, 216.4±0.7 Ma, from all of the alteration-associated data. The estimated maximum 

duration of the hydrothermal alteration event, based on the uncertainties of this single 

alteration event, is 1.4 Ma. This, in combination with continuous magmatism at 220-213 

Ma, suggests that the magmatism, immediately prior to the mineralizing event, may have 

provided the heat source for the mineralizing fluid and its transportation, and associated 

alteration of the host rocks in the region. 

Based on structural documentation in the Liba goldfield, three major deformations in the 

mine site include a Carboniferous to Permian N-S compressive event (D1), a Triassic NE-SW 

compressive event (D2) and post-mineralization event (D3). Our mine-scale structure 

observation can be roughly correlated to the regional tectonic events as following: D1 

represent the north-south intensive compressional events before Permian, probably 

related to the collision of the South Qinling and North Qinling Terranes; D2 is likely to be 

linked to the final Triassic amalgamation of the North and South China cratons along the 

Mianlue Suture. The gold mineralization took place in the waning stage of this 

compressive event; and D3 could be associated with Cenozoic tectonic relaxation due to 

orogenies in adjacent tectonic units.  

Our study constrains the age of the mineralization in the Liba goldfield to ca. 216 Ma, 

which is coeval with the emplacement of the Late Triassic Zhongchuan Granite. Therefore 

areas around plutons with a similar age are now considered prospective for gold 

mineralization. Triassic igneous rocks in the greater Qinling Orogen share a similar 

structural history to those in the Liba goldfield, if the granites are genetically related to 

gold, this makes the whole region potentially prospective for gold mineralization. 

Furthermore, the distribution of granitic rocks does not only play a potential role in the 



Chapter 3: Paper Two 

- 107 - 

genesis of gold mineralization, but also these intrusions provide competency contrasts in 

faults and metasedimentary sequences that attract fracturing and fluid flow. 

The mineralization in the Liba goldfield can be classified as orogenic gold type based on 

combination of the following features: it was formed during the late orogenic processes, 

strictly structure-controlled, ore types and alteration styles. The controversy over previous 

classification of the gold mineralization style in the region not only stems from the 

ambiguous documentation of the characteristics of the mineralization, but also from the 

unclear distinction between Carlin-type, orogenic, and intrusion-related gold systems (e.g. 

Pirajno and Bagas 2008). The fundamental weakness of the existing classification schemes 

is that different deposit types do not necessarily exclude each other (Frimmel 2008). The 

intimate spatial and temporal associations between the Zhongchuan Granite and gold 

mineralization don’t necessarily mean there is a genetic link, however, their spatial 

correlation could be an effective targeting tool in this area irrespective of its current 

classification. Groves et al. (2003) argue that in general, there is no consistent spatial 

association between orogenic gold deposits and specific granitic composition either within 

or between provinces, although abundant granitic intrusions are a feature of orogenic 

gold provinces, except for New Zealand where granites are not exposed, because they are 

a logical consequence of the collisional-accretionary processes at convergent margins. 

Conclusions 

This structural study combining detailed fieldwork and geochronology has refined the 

understanding of the kinematic controls of the Liba goldfield. Gold mineralization is 

hosted in WNW-striking secondary fractures of the NW-striking F1 Fault and was 

deposited during sinistral movement. Two major styles of mineralization include 

disseminated low-grade mineralization hosted in sediments of low metamorphic grade 

and quartz veins. Three deformation events have been recognized, of which the second 

was associated with gold mineralization. The D1 event corresponds to N-S orientated 

compression, accompanied by low temperature metamorphism producing local 
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porphyroblasts of cordierite in slate, that later became mineralization-favoured strata. 

The D2 event corresponds to NE-SW compression and is the key deformation event that 

controlled the distribution of igneous dykes and gold mineralization. Both igneous and 

hydrothermal fluids preferentially focused at dilational jogs under local trans-extension, 

mostly in WNW-striking secondary faults. The D3 event was a post-mineralization 

extension, represented by barren calcite and anhydrite veins. The S1 and S2 fabrics are the 

key tools used to reconstruct the paragenesis of the igneous and hydrothermal activities 

and gold mineralization. Diorite dykes were emplaced both pre- and post-mineralization, 

whereas granitic porphyry dykes most likely predate the mineralization. The region was 

active under NE-SW compression with extensive magmatism and hydrothermal alteration, 

which may have started from ~228 Ma, as suggested by the emplacement of pre-

mineralization diorite dykes. 

 

The hydrothermal event associated with mineralization has an age of 216.4±1.5 Ma, which 

was determined by applying 40Ar/39Ar on muscovite and biotite from granitic porphyry, 

the ore and an altered diorite dyke. Similar age information is obtained from hornblende 

of the altered diorite dykes. The precise geochronology shows that almost all lithologies in 

the Liba goldfield were dominated by a single mineralization-associated hydrothermal 

event. It is well bracketed by the pre-mineralization diorite dykes and syn- to post-

mineralization sericitization based on field observation. It is also synchronous with the age 

of plutonic intrusive rocks in the region. Therefore, the plutonic rocks, hydrothermal 

activities and gold mineralization event are interpreted as being synchronous at ca. 216 

Ma. This is the first precise and well-constrained mineralization age in the West Qinling 

Orogen. 

Similar structural and kinematic control and sub-synchronous active timing of the igneous 

dykes and gold mineralization are well documented, which will benefit further exploration 

significantly. Synthesizing the overall characteristics of the Liba goldfield, we argue the 
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Liba goldfield is most likely to have formed at the middle to upper levels of an orogenic 

gold system that represents a continuum at various depths (e.g. Groves et al., 1998). 
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Chapter 4: PAPER THREE 

Geological and thermochronological studies of the Dashui gold 

deposit, West Qinling Orogen, Central China 

Introduction of the Chapter 

The previous Chapter delineated the characteristic features of the Liba goldfield with 

emphases on dating the absolute mineralization timing and the reconstruction of 

structure history. The deposit can be roughly classified into orogenic gold type based on 

combination of the following features: it was formed during the late orogenic processes, 

strictly structure-controlled, ore types and alteration styles. The paper in this Chapter will 

outline the characteristics of the Dashui gold deposit, which is another distinctive typical 

gold mineralization style in the WQO and variably described as Carlin-type or Carlin-like 

gold deposit. 

The focus of this paper in this Chapter is to apply thermochronological technique on well-

documented samples to constrain the activities of the major fault structure, called the 

Dashui Fault, in the Dashui gold deposit. The contrasting thermal profiles of the two 

samples from the hinging wall and footwall respectively provide valuable information of 

the Fault activity, the understanding of which has significant exploration implications. 

The paper that constitutes this Chapter has been reviewed by Mineralium Deposita, and 

the revised version is presented in that journal format. 
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Abstract 

The Dashui gold deposit is a structurally controlled, Carlin-type gold deposit hosted by 

recrystallized limestone in the West Qinling Orogen of Central China. The major, 

structurally-late east-trending Dashui Fault forms the hanging wall to the gold 

mineralization at the Dashui mine, and defines the contact between Middle Triassic 

limestone and a steeply-dipping overlying succession of Middle Triassic argillaceous 

limestone, dolomite, and sandstone. The deposit is characterized by multiple carbonate 

veins and large-scale supergene effects, represented by hematite, goethite, limonite and 

jarosite. Detailed geochronological investigation with SHRIMIP U-Pb on zircon reveals that 

volcanic rocks found in close association with the Dashui gold deposit were synchronous 

with the Ge’erkuohe Granite, and pre-date mineralization. The igneous dyke sample from 

the hanging wall has the same U-Pb zircon age with that from the footwall, ca 213 Ma. (U-

Th)/He thermochronology of zircon and apatite separated from dykes in the hanging wall 

and footwall of the Dashui Fault yields identical (U-Th)/He zircon ages of ca. 210 Ma but 

distinct (U-Th)/He apatite ages of ca. 136 and 211 Ma. On this basis, the hanging wall and 

footwall are interpreted to have distinct post-mineralization exhumation histories, 

consistent with 2 to 4 km of hanging wall exhumation during reverse movement along the 

fault since Late Triassic times. In combination with regional tectonic understanding, we 

infer that the major component of reverse faulting took place during the Late Triassic and 

Early Cretaceous. These relationships suggest that the primary mineralization age of the 

Dashui gold deposit is between Late Triassic and Early Cretaceous time, with the corollary 

that the previously hypothesized potential of locating a ‘missing portion’ of the deposit in 

the hanging wall of the Dashui Fault is now considered to have been eroded away. The 

semi-quantitative results obtained also constrain the maximum depth of formation of the 

Dashui gold deposit as no more than 2 km. 
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Introduction 

Many exploration companies at both major and junior level have recently focused on 

brownfield exploration at the expense of greenfield exploration (Hronsky and Groves 

2008). The primary attraction of this approach is that any new deposits or extensions of 

known deposits identified are within close proximity to existing infrastructure. This is a 

better way to preserve and increase the life of a mine, and to maximise the potential 

value of a deposit. Successful brownfields exploration depends crucially on an 

understanding of both the process of ore formation and the kinematic history of 

structures that affect the post-mineralisation distribution of mineralised domains. Any 

technique that offers increased insight in these areas is accordingly of potentially great 

benefit to exploration. 

Significant insight into this post-mineralisation history can be gained through a 

combination of geochronological and thermochronological analysis - in essence, the 

interpretation of radioisotopic ages through the recognised influence of thermally 

activated diffusion on daughter isotope retention in crystal lattices (e.g. Braun et al. 2006). 

The understanding afforded by this approach provides time-temperature constraints 

potentially delineating the thermal history of a mineralizing system from the time of its 

initial crystallisation to its eventual exposure to surface conditions (McInnes et al. 1999, 

2005).  

Indeed, detailed geological mapping and kinematic analysis can promote our 

understanding of structures at a mine-scale. Such investigation, however, is difficult when 

outcrop is limited or where multiple deformation episodes have been superimposed, and 

in such areas, thermochronology can provide additional semi-quantitative control and 

prove invaluable in resolving structural issues.  
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Fig. 1 Location of the research area in China. The simplified tectonic map of China is from Meng and Zhang, 

1999. A, Geotectonic features of the Bailongjiang area. B. Regional geology of the Dashui gold deposit.  C. 

Topography of B, blue is low and red is high in elevation. A and B are compiled from sources at the Bureau of 

Geology and Mineral Resources of Gansu Province, 1989. The raw data of the topographic map are compiled 

from Scripps at the University of California, San Diego (http://topex.ucsd.edu/marine_topo/mar_topo.html). 

The Dashui gold deposit is located in central China, in Maqu County of the Gannan Tibetan 

Autonomous Prefecture, Gansu Province (latitude 35° 05′N, longitude 101° 59′E) and has 

an indicated reserve of >46 t of gold grading 9.9 g/t Au, with a possible resource of >100 t 

Au (Mao et al. 2002). The Dashui deposit is a major gold deposit in the southern part of 

the West Qinling Orogen (Chen et al. 2004), which was discovered by the Geology Survey 

of Gansu Province during surface trenching in 1988 (Yan et al. 2000). 

The deposit is of particular interest due to its unique characteristics and its high-grade 

gold content. Several key features of the deposit suggest it is a Carlin-type gold deposit, 
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including being hosted in carbonates, strictly structure-controlled, shallow depth of 

formation and submicroscropic gold (with visible gold rarely observed as discrete grains 

along supergene hematite-coated fractures, Mao et al. 2002). These characteristics have 

prompted investigation of the deposit by both academic researchers seeking to 

understand its genesis, and exploration geologists focused on enlarging the reserves and 

extending the life of the mine. 

Herein, we seek to enhance understanding of the Dashui gold deposit through detailed 

mapping of the deposit supplemented by the use of SHRIMP U-Pb geochronology and (U-

Th)/He thermochronology on multiple intrusive phases at both local and regional scales. 

Emphasis has been placed on the Dashui Fault, which is recognised as the key structure at 

the mine and limits the distribution of high grade mineralisation. It was called F5 fault by 

mine geologists locally. By sampling and dating dyke rocks from both the footwall and 

hanging wall of the Dashui Fault, we seek to define the age of magmatism, constrain the 

age of syn- and post-ore structural features, and the history of exhumation along the 

Dashui Fault. The results advance understanding of how mineralization fits into the 

geotectonic evolution of the region and inform mine design and future gold exploration in 

the area.  

Table 1 Stratigraphic column of the Southern Domain of the West Qinling Orogen (compiled from Yang et al. 

1990; Yan 1998; Shi et al. 2009) 

Period Label Unit Rock types 

Tertiary     Red molasse 

Cretaceous K1-2  Red thick-layered, poorly sorted, clast-

supported conglomerate, sandstone, 

siltstone 

Jurassic  J2  Limnic, coal-bearing clastic rocks, and felsic 

volcanics 
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Triassic T2 Guangtoushan 

Group 

Grey meta-quartz-feldspar sandstone, 

embedded limestone, minor dioritic 

volcanics 

    Guojiashan Group Grey-white oolitic limestone 

    Maresongduo 

Group 

Grey-white, fine-grained limestone 

  T1 Zhalishan Group Grey argillaceous limestone 

Permian P2 Dieshan Group Mottled argillaceous limestone, calcic 

sandstone  

    Daguanshan 

Group 

Grey-dark bioclastic limestone, calcic 

sandstone  

  P1 Gahai Group Grey-white bioclastic limestone, brecciated 

limestone   

Carbonifeous C2 Minhai Group Neritic and carbonate platform, grey-dark 

limestone, bioclastic limestone  

  C1 Lueyang and 

Yiwagou groups 

Neritic and carbonate platform, grey 

limestone, foraminifer-bearing limestone  

Devonian D3 Doushishan 

Group 

Dark grey limestone, argillaceous limestone 

    Cakuohe Group Grey-black slate, sandstone with lamina 

limestone 

  D2 Cakuohe Group Grey-black slate, sandstone with lamina 

limestone 

    Xiawuna Group Grey-black limestone, bioclastic limestone 

    Lure Group Grey-black bioclastic limestone 

  D1 Dangduo Group Grey quartz sandstone with foxy hematite 
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sandstone 

    Gala Group Grey-yellow dolomitic limestone and 

siltstone 

    Putonggou Group Grey-black fine clastics rocks with foxy 

siltstone and mudstone 

Silurian S3 Diebu Group Marine flysch-sediments 

  S2 Quzhou Group Marine flysch-sediments 

  S1 Bailongjiang 

Group 

Marine flysch-sediments 

Neoproterozoic    Baiyigou Group Feldspar-quartz greywacke and gravel 

   Bikou Group Spilitic keratophyre, volcanic sediments 

 

Regional Geology 

The east-trending Qinling-Dabie Orogen collectively separates the North China Craton 

from the South China Craton geologically and geographically (Gao et al. 1996). The Qinling 

Orogen links to the Qilian Orogen in the northwest, to the East Kunlun Orogen in the west, 

to the Songpan-Ganzi Basin in the south and to the Dabie Ultra-High-Pressure Zone in the 

east. Paleomagnetic data suggest that the South and North China cratons first collided in 

the Permian near their eastern ends, which then progressively scissored together as the 

South China craton rotated clockwise with respect to the North China craton (Zhao and 

Coe 1987; Gilder et al. 1999). The Dashui-Ge’erkuohe gold camp (DG) is located between 

the West Qinling Orogen and the Songpan-Ganzi basin of central China (Fig.1). The orogen 

and basin are separated by the Wenxian-Nanping-Maqu Fault (Fig.1a), which is regarded 

as the western extension of the Late Triassic Mianxian-Lueyang Suture (Zhang et al. 2001).  
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The West Qinling Orogen is divided into Southern and West Qinling Domains by the 

Minxian-Dangchang Fault (Fig. 1a). The contact between the Southern Domain and the 

Songpan-Ganzi Basin is covered by Middle Paleozoic strata in the east, and the Early 

Mesozoic marine succession of the Yaohe Rift in the west (Fig.1a). The ESE-trending 

Bailongjiang Horst is exposed in the southern part of the Southern Domain, and the 

Triassic Ruo’ergai Rift is located further south in the northwestern part of the Songpan-

Ganzi Basin (Fig. 1a). The Bailongjiang Horst consists of a series of ESE-trending anticlines 

with a core of Proterozoic rocks that are unconformably overlain by lower greenschist 

facies Silurian strata and conformably overlain by Devonian, Carboniferous, Permian, Early 

to Middle Triassic strata (Wang et al. 1998b; Yan et al. 2000). This succession is 

unconformably overlain by Jurassic clastic rocks and Cretaceous conglomerates and 

gravels (Table 1).  

 

Fig. 2 Simplified geological map of the Dashui gold deposit and its spatial relationship with the Ge’erkuohe 

pluton after No. 3 Geological and Exploration Survey of the Gansu Geology and Mineral Institute, 2009. 

Inserts are lower hemisphere equal-area projection Stereonets, showing the orientation of bedding and 
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secondary faults. Major orebodies and the Dashui Fault are marked. Approximate locations of the samples 

used for thermochronological study are marked with black stars. 

Eastward trending regional anticlines dominate the structural fabric of the area, some of 

which (e.g. the Bailongjiang Anticline) are clearly evident in the local topography. The 

Bailongjiang Fault is currently covered with Quaternary sediments with continuous low 

elevation (Fig. 1c); an east-trending fault is likely parallel to the fold hinge. A second, less 

significant set of faults trend north to northeast, and commonly form the boundary 

between Devonian and Carboniferous strata across the region. 

Thin, eastward trending Paleozoic mafic dykes are present in the Bailongjiang Horst, which 

was regionally metamorphosed to greenschist facies. Petrogenetic studies by Yan (1998) 

suggest that these dykes have a tholeiitic composition and are derived from the mantle in 

an anorogenic tectonic setting. Triassic mafic magmatism is also present as stocks within 

the horst, contrasting with the extensive Late Triassic felsic magmatism seen in the West 

Qinling and East Qinling domains of the Qinling Orogen (Chapter 2).  

Dashui-Ge’erkuohe gold camp  

Deposit geology 

The DG gold camp is located on the southern limb of the Ge’erkuohe-Zhongqu Anticline in 

the southwestern part of the Xiqingshan Range, at an elevation of ~3900 m at the 

northeast edge of the Qinghai-Tibet plateau, and less than 1 km south of the Ge’erkuohe 

Granite (Fig. 1b). The Dashui mining district is ~2 km long and ~ 600 m wide, and, as of 

2006, included 77 orebodies (Li and Wang 2006). 
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Fig. 3 Geological character of the No. 2 orebody at the Dashui Mine: a) the Dashui Fault separates the red mineralized footwall from the yellow non-mineralized 

hangingwall. The fault is marked with a solid red line; b) an example of a secondary fault cutting gabbroic diorite, which is a hematite-stained reverse dextral fault; c) 

an example of a late normal fault with barren calcite veins precipitated in dilational jogs; d) calcite veins offset by normal faults, dusty hematite fills the gaps between 

breccia; e) mineralization-associated calcite-hematite alteration in diorite indicates that the diorite predates the hydrothermal activity; and f) interlayered jarosite and 

hematite alteration in limestone. 
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Sedimentary rocks are comprised predominantly of Middle to Late Triassic shallow marine 

platform facies clastic, muddy and sandy limestone, micritic limestone, and bioclastic 

limestone of the Maresongduo Group (Table 1). These are overlain by a Jurassic 

succession of gravel, interbedded calcareous sandstone and coal, siltstone, and mudstone 

that is locally 5 km thick (Meng et al. 2007). These Triassic and Jurassic rocks are 

unconformably overlain by Cretaceous molasse comprising purple to reddish carbonate 

gravel and sandstone.  

The Triassic sequence is punctuated by small stocks of monzogranite, porphyritic 

granodiorite, and quartz diorite with minor pyroxene-diorite, and gabbroic intrusions 

(Zhao et al. 2003). Both dioritic and felsic volcanic rocks are present, and they were poorly 

mapped and variably assumed to be Triassic or Jurassic in age (Table 1). Some are 

associated with breccias in the host limestone. The timing of these phases of magmatism 

is not well constrained due to a dearth of robust geochronological data in the region. A 

whole rock K-Ar age of ~190 Ma has been obtained from the Ge’erkuohe pluton (Zhao et 

al. 2003) that is substantially younger than 40Ar/39Ar biotite ages of 235 ±1 Ma for this 

pluton and 238 ± 1 Ma for the nearby Zhonggezhala pluton (Wang et al. 1998a; Liu et al. 

2003) which suggest either that there are multiple intrusive phases or that the whole rock 

K-Ar determination is in error.  

The Middle Triassic strata dip 40-70° towards ~210° (Fig. 2), and the dominant Dashui 

Fault strikes ~110° and dips to the south at ~50° at surface (Fig. 3a). Four deformation 

events have been recognized: 1) D1 is a contractional event that produced pervasive 

cleavage in low metamorphic sedimentary rock fragments in limestone breccias. This 

event is confined to pre-Triassic strata (Fig.4d) and is recognized regionally (Zeng et al. in 

press). 2) D2 is represented by NNW-trending reverse brittle faults in limestone breccia 

associated with calcite veins and fault gouge (Fig. 3a); and 3) D3 is marked by reverse 

faults with a dextral component of displacement trending northward or north-westward 

and locally cutting and displacing the Dashui Fault and intrusive rocks (Fig. 3b). These 
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stages of compressional deformation are followed by tectonic relaxation (D4), giving rise 

to NE-trending shallow-dipping normal faults and associated calcite veins and hematite 

alteration (Fig. 3c). Most of the fractures of these different phases in the Dashui gold 

deposit are brittle with angular breccias (Fig. 3d) that likely were produced by a 

combination of the D2 and D3 events. 

The footwall to the Dashui Fault is characterised by pervasive dark red oxidization to a 

depth of >600 m, whereas the hanging wall is less oxidized and an earthy yellow in colour. 

This contrasting appearance allows for the easy recognition of the fault at the surface and 

in mine workings (Fig. 3a). Surface exposures of the intrusive are locally stained by 

hematite or goethite, which gives the rocks a red colouration. Calcite-hematite alteration 

is significant immediately proximal to mineralized zones and cut dioritic intrusion (Fig. 3e), 

indicating that the diorite pre-dates mineralization. Several key evidences that indicate a 

supergene origin for hematite alteration include, intensive hematite alteration in fractures 

and normal faults, where it is accompanied by calcite veining (Fig. 3d). Hematite forms 

dark red cubic pseudomorphs (probably after pyrite) in less porous lithologies, such as 

diorite and volcanic rocks. These pseudomorphs commonly have a light-red hematite rim 

or form veins in fractures. In addition, hematite is locally interlayered with jarosite, which 

is also supergene mineral after pyrite (Fig. 3f). Although reported by Yan (1998), no 

primary platy hematite was observed during this present study. 
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Fig. 4 Photomicrographs of thin sections from the Dashui gold deposit illustrating: a) and b) diorite with 

phenocrysts of pyroxene, biotite, plagioclase, K-feldspar and amphibole in a fine-grained plagioclase matrix; 

c) brecciated limestone containing a slate clast with an earlier deformation fabric; d) foliated slate indicating 

an early deformation existed before the limestone was brecciated; e) brecciated limestone enveloped and 

replaced by fine-grained quartz; and f) goethite forming “leaves” indicative of supergene origin. 
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The Ge’erkuohe pluton is a composite body incorporating discrete mafic and intermediate 

phases, including pyroxene-biotite diorite (Figs. 4a, b), granodiorite and gabbro. The 

dominant phase is a fine-grained porphyritic diorite, with 0.3-1mm phenocrysts of biotite 

(~8 modal %), orthopyroxene (~5 modal %), potassium-feldspar (~5 modal %) and 

plagioclase (~8 modal %; An 30-50) in a fine grained groundmass containing randomly 

orientated acicular plagioclase (70 modal %, Fig. 4b), and accessory zircon, ilmenite, and 

apatite. Alteration minerals include sericite, sparse opaque minerals with a cubic form 

(presumed to be pyrite), and calcite veinlets or alteration. Where altered, mafic minerals 

are variably altered to epidote, carbonate and sulfides, whereas the diorite groundmass is 

silicified.  

Granodiorite dikes within the diorite pluton are characterised by a lower abundance of 

mafic minerals than the host and consist predominantly of sodic plagioclase, alkali 

feldspar, quartz, biotite, and hornblende. These dikes are commonly accompanied by 

argillic, silica, and carbonate alteration and supergene hematite fills cracks in the host 

diorite.  

Mineralization 

Figure 2 shows the locations of major orebodies in the Dashui deposit (Orebodies 2, 7, 8 

and 20, respectively). The mineralised bodies are restricted to the footwall of the Dashui 

Fault and define southeast-trending zones in the footwall. The orebodies and the Dashui 

Fault are cut by northerly trending dextral reverse faults that dip to the southwest.  

Most of the gold is disseminated in silica and calcite altered limestone where supergene 

hematite presents intensively adjacent to igneous, particularly granodioritic, dykes 

(Garwin et al. 1995). Regarding the supergene hematite alteration as the trace or 

remobilization of primary sulfide-associated mineralization, we suggest that the primary 

gold mineralization in the Dashui gold deposit is broadly contemporaneous with this late 

phase of the Ge’erkuohe pluton, or at least used the same architecture. Some visible gold 

is also hosted in the brown fine-grained quartzite sediments (Yan et al. 1998). 
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Fig. 5 Detailed geological map of the No. 20 orebody and a cross section along the 103 exploration line 

(modified after Mao et al. 2002 with new data) 

The most significant orebodies in the DG are 20-1 and 20-2 (Fig. 5). The larger 20-1 

orebody is hosted by silica-altered limestone, granodiorite and breccia with intensive 

hematite alteration in a mineralised zone striking north and dipping ~50° to the west and 

southwest, parallel to bedding in the host limestones. The body is 440 m long and up to 60 

m deep at the mine site, with an average grade of 8.93 g/t (Li and Wang 2006).  

The adjacent 20-2 orebody is hosted by intensely hematite and silica altered dolomitic 

limestone at the contact with granodiorite, and has a similar orientation to the 20-1 

orebody (Fig. 5). This ore zone is ~200 m long, between 10 and 50 m wide, has an average 

grade of 8.26 g/t Au (Li and Wang 2006). Although the ore zone appears to pinch out at 

depth (Fig. 5), recent drilling has intersected mineralization suggesting that a deeper 

continuation may be structurally offset to the southwest of the current mine site. 
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Orebodies 7 and 8 are exposed in a combined zone totalling 205 m long and 2 to 18 m 

wide, with an average grade of 20 g/t Au. This zone dips ~75° to the northeast, and 

extends to a depth of 165 m. 

Paragenesis 

Two stages of mineralization have been recognized in the area. The first is a minor 

episode of alteration under reducing conditions after the dioritic magmatism, producing 

finely disseminated pyrite, chalcopyrite and ilmenite, preserved locally in the least 

oxidized igneous rocks and microcrystalline quartz of orebody 20. This is then overprinted 

by a second, more intense supergene oxidising phase producing hematite-, calcite- and 

silica-rich alteration and the precipitation of free gold (Li et al. 2007). The gold is typically 

0.02 mm in diameter, although visible gold is present locally in cavities replacing sulfide, 

along the boundaries between quartz, hematite, limonite and calcite, and to a lesser 

extent within these minerals (Yan et al. 2000; Dai et al. 2009). 
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Fig. 6 Paragenesis of the Dashui gold deposit. The primary processes include magmatism and sulphide-

depositing hydrothermal events. The hydrothermal event is marked by pyrite and quartz, with later 

supergene weathering and precipitation of hematite, limonite, goethite, and jarosite. 

Silicification commonly accompanies a secondary fine-grained alteration marked by the 

presence of sulfide or hematite. Cinnabar, orpiment, realgar and stibnite have also been 

reported as locally present in coarse quartz veins (Yan et al. 2000). 

The paragenesis of the Dashui gold deposit is presented in Fig.6, starting from magmatism, 

through hydrothermal to final supergene processes. 
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Three generations of calcite veins have been recognized at the Dashui deposit. The first 

generation (V1) is characterized by calcite with white fibrous textures that cement breccia 

bodies (metres in diameter) and fill fractures less than 20 mm wide in the igneous dykes 

(Fig. 7a). Some of the igneous dykes locally host a minor amount of mineralization, where 

overprinted by the hematite-rich oxidizing assemblage. The second generation (V2) 

includes centimetre-scale sheets of vertical calcite veins that cut the V1 veins. The V2 vein 

sets commonly contain a central hematite-goethite rich zone (Figs. 7b, c), particularly 

where offset by normal faults. The third generation (V3) is characterized by shallow-

dipping calcite veins that cut the second generation veins (Fig 7d), and are associated with 

late stage normal faults.  
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Fig. 7 Crosscutting relationships between calcite veins: a) fibrous calcite pod (V1), cut by fine-grained calcite 

vein containing hematite (V2); b) white fine-grained barren calcite veins (V1) cut by V2 veins in gabbro; c) V2 

veins with hematite concentrated in the centre and calcite at edges; d),V3 veins within a shallow-dipping 

normal fault, which was shown in Fig. 3c. 

Methodology 

The geology of the area around the Dashui gold deposit was mapped, both at the surface 

and in the underground mine workings, in order to characterise the structural evolution of 

the region. Samples collected within this context were used for petrographic and 

geochronological investigations. Three of the samples selected were the focus of detailed 

geochronological and thermochronological studies. 

Sample DS-06 is a grey, medium- to coarse-grained, strongly altered and weathered 

granodiorite. It was collected from the hanging wall of the Dashui Fault, close to the No.77 

exploration line at the 3605 m level in the Changchuan mine (Fig. 8).   

 

Fig. 8 Sample locations in 3D view and 2D cross section to show spatial relationship between the two 

samples and the Dashui Fault. 
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Sample DS-07 is from a diorite dyke in the footwall of the Dashui Fault near the No. 74 

exploration line at the 3570 m level (Fig. 8). Although not itself gold-bearing, this diorite 

exhibits hematite- and carbonate-alteration associated with nearby gold mineralization, 

and may place an upper limit on the age of mineralization.  

Sample DS-01 is pyroclastic (ignimbritic) rock from the footwall of the Dashui Fault in the 

No. 2 orebody. The approximate location is marked in Fig. 2. 

Samples were crushed in a tungsten carbide shatter box at Peking University, with apatite 

and zircon separates prepared by standard floatation and magnetic separation techniques. 

DS-01 was first subjected to a coarse crush and hand picking to remove xenolithic clasts 

and limit separation to the ignimbritic groundmass. 

SHRIMP U-Pb and (U-Th)/He geochronological techniques were applied to define the 

timing of igneous and post-mineralization events, which in turn help to constrain the 

timing of mineralization and exhumation.  

Grains selected for SHRIMP analysis were mounted and coated with gold before 

backscatter and cathodoluminescence imaging was completed at the Centre for 

Microscopy, Characterisation and Analysis of the University of Western Australia. 

Sensitive High-Resolution Ion Microprobe II (SHRIMP) analyses were carried out in the 

John de Laeter Center for Isotope Research at the Curtin University in Western Australia. 

The SHRIMP operating conditions and data acquisition procedures follow Stern (2009). 

BR266 and TEMORA standard zircons were mounted with the unknown samples to 

calibrate U-Pb isotopic discrimination and to monitor the precision and stability of the 

equipment during analysis. The measured 204Pb was used for common Pb correction. The 

data were compiled using the ISOPLOT 3.0 (Ludwig 2003) and Squid 1.0 programs. 

Individual analyses are reported with 2σ uncertainties, with the weighted average of ages 

reported at the 2σ confidence level (see the Appendix 5 for detail). 
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Fig. 9 Back-scattered images of the zircons from Samples DS-06 and DS-01, and their Concordia and 

weighted average age plots. The numbered white circles on each zircon mark the spots analyzed. 

Mineral grains for (U-Th)/He dating were hand-picked under a binocular microscope. 

Images of selected grains were recorded digitally and grain measurements were taken for 

calculation of a correction factor for alpha particle ejection (Ft in Tables 2 and 3; Farley et 

al. 1998). Helium was thermally extracted from single crystals loaded into platinum micro-

crucibles and heated using a 1064 nm Nd-YAG laser. 4He abundances were determined by 

isotope dilution using a pure 3He spike, calibrated daily against an independent 4He 

standard tank. The uncertainty in sample 4He measurement is <1%. The U and Th contents 

of degassed grains were determined by isotope dilution using 235U and 230Th spikes. 

Apatite was dissolved in dilute nitric acid. Zircon crystals were digested in Parr bombs 

using HF. Standard solutions containing the same spike amounts as samples were treated 

identically as were a series of unspiked reagent blanks. For single crystals digested in small 

volumes (0.3-0.5 ml), U and Th isotope ratios were measured to precision of <3%. Overall 

the (U-Th)/He thermochronology method at CSIRO has a precision of 2.5% for apatite, 

based on multiple analyses (n=70) of the Durango apatite standard, which yield a 

weighted mean age of 31.5±1.6 (2σ) Ma.  Similarly, the zircon methods have a precision of 

about 4% based on repeated analysis of an in-house standard zircon which yields a 

weighted mean age of 25.0±1.1 (2σ) Ma.  Standards analysed with the samples for this 

work yield ages within this range (see Tables 2 and 3).  Further details of the analytical 

procedure can be found in Evans et al. 2005.  Initial Parameters used in thermal 

reconstructions are: surface temperature, 10°C; initial temperature of magma, 900°C, 

geothermal gradient, 45 °C/km (Dickson et al. 1976). Closure temperatures are as 

follows: zircon U-Th-Pb system ~900°C, zircon U-Th-He 200±20°C and apatite U-Th-He 

70±10°C (Fu et al. 2010 and reference therein). 
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Results 

SHRIMP U-Pb on zircon 

Back-scatter images of the zircons extracted from Samples DS-06 and DS-01 are presented 

in Fig. 9. The images show that zircons from DS-06 have more pronounced oscillatory 

zonation and sharper crystalline surfaces than those from DS-01, supporting a magmatic 

source for the former. 

 The Concordia age and weighed average ages of the two samples are as shown in Fig. 9. 

Concordia and weighted average SHRIMP U-Pb dates of 213.3 ± 2.5 and 213.8 ± 2.8 Ma 

were obtained from Sample DS-06, defining the crystallization age of the hangingwall 

granodiorite. Zircons from pyroclastic sample DS-01 yield a statistically indistinguishable 

SHRIMP U-Pb age of 212.6 ± 4.8 Ma, indicating the volcanics are coeval with the 

hangingwall granodiorite. The raw data are in the ESM. 

(U-Th)/He thermochronology 

The results of (U-Th)/He dating on zircon and apatite grains are presented in Tables 2 and 

3. The two samples from each side of the Dashui Fault are 35 m apart vertically and 55 m 

apart horizontally (Fig. 8). 

The (U-Th)/He ages obtained on zircons from Samples DS-06 and DS-07 are well 

constrained, with indistinguishable weighted means of 210.9 ± 4.8 and 210.8 ± 4.9 Ma, 

respectively. This is taken as the helium closure age for both samples, indicating cooling to 

below 200 ± 20° C (Fu et al. 2010). 

The (U-Th)/He ages obtained on apatite from these samples are less consistent, with 

significant intra-sample variation and weighted means of 134.5 ± 5.1 Ma for DS-06, and 

211.4 ± 6.3 Ma for DS-07. Sample DS-07 has an apatite (U-Th)/He age that overlaps both 

its crystallisation and zircon (U-Th)/He ages, which is indicative of rapid post-

emplacement cooling of this pluton to below c. 65°C. In contrast, the significantly younger 

apatite (U-Th)/He age of DS-06 requires initial emplacement and long-term residence of 
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this sample at higher temperatures (between approximate 200 and 65°C) prior to cooling 

below the closure temperature for helium in apatite in the Cretaceous.  

Table 2 (U-Th)/He dating results on zircon from the Samples DS-6, DS-7 

Sample ID U (ppm) ±1σ Th (ppm) ±1σ He(ncc)  ±1σ Th/U Unc. age ±1σ Ft Cor. age ±1σ 

DS6-01 1115.3 35.0 276.4 10.5 18.8 0.5 0.248 134.6 5.3 0.64 211.5 7.7 

DS6-02 1489.9 46.9 469.5 17.9 31.1 0.8 0.315 131.3 5.1 0.62 211.6 7.5 

DS6-03 1784.3 80.7 454.5 19.9 28.2 0.7 0.255 129.7 6.4 0.62 208.7 10.5 

Weighted Mean 210.9 4.8 

DS7-01 1525.3 47.2 148.6 5.7 33.0 0.8 0.097 137.2 5.4 0.65 209.9 7.6 

DS7-02 382.5 23.8 257.2 16.7 7.8 0.1 0.672 136.9 7.7 0.65 211.7 12.0 

DS7-03 1392.1 62.5 398.6 17.5 22.9 0.6 0.286 131.3 6.4 0.61 214.7 10.7 

DS7-04 1355.2 59.5 331.6 14.5 23.4 0.6 0.245 131.3 6.4 0.63 208.3 10.4 

Weighted Mean  210.8 4.9 

Stnd-1*     0.76 2.12 0.38 23.8 1.0 1.0 23.8 1.0 

Stnd-2     0.26 1.63 0.46 25.8 0.9 1.0 25.8 0.9 

Stnd-3     1.29 1.70 0.61 25.2 0.9 1.0 25.2 0.9 

Stnd-4     0.79 2.27 0.34 24.4 1.0 1.0 24.4 1.0 

* In-house standard zircon (Ft=1) distributed throughout the analysis yielded ages within the range of those 

routinely obtained in this laboratory (25.0 ±1.1 Ma).  
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  Precision of the measured U and Th isotope ratios is typically between 0.5 and 1.5% Relative Standard 
Deviation (RSD). Uncertainty of He measurement is typically 1-2.5%. Alpha corrections (Ft) are based on the 
model of Farley et al. (1996) and take into account helium loss during parent decay within 20µm of the grain 
edge. ‘Unc. Age’ is the age of the grain prior to Ft correction.  Ft correction (to give ‘Cor. age’) is applied to 
the helium content of the grain (see Vermeesch, 2008). Th/U ratio is based on total number of atoms of U 
and Th in the whole grain. U and Th concentrations in ppm are based on grain mass calculated from 
microscopy measurements, assumed density of 4.85 g/cc for Table 2 and 3.17 g/cc for Table 3 and assumed 
characteristic grain morphologies (see Reiners, 2005).   
 

Table 3 (U-Th)/He dating results on apatite from the Samples DS-6, DS-7 

Sample ID U (ppm) ±1σ Th 

(ppm) 

±1σ He 

(ncc) 

±1σ Th/U Unc. 

age 

±1σ Ft Cor. 

age 

±1σ 

DS6-01 8.03 0.32 24.80 0.92 0.78 0.02 3.09 97.3 3.4 0.75 130.2 8.0 

DS6-02 11.54 0.47 13.98 0.55 0.33 0.01 1.21 130.8 5.8 0.65 201.3 13.5 

DS6-03 11.21 0.44 38.53 1.45 0.18 0.01 3.44 70.6 3.1 0.61 116.5 7.7 

Weighted Mean 134.5 5.1 

DS7-01 21.32 0.85 12.04 0.45 2.36 0.05 0.56 156.2 6.2 0.75 207.0 13.2 

DS7-02 20.16 0.81 11.94 0.45 2.15 0.04 0.59 162.8 6.5 0.73 221.6 14.2 

DS7-03 27.74 1.78 25.28 1.46 0.33 0.01 0.91 103.5 6.4 0.59 176.7 11.4 

DS7-04 8.82 0.45 8.09 0.53 0.16 0.01 0.92 131.7 7.1 0.60 220.7 12.7 

DS7-05 10.09 0.45 14.48 0.60 0.21 0.01 1.43 128.6 5.7 0.63 204.7 10.0 

DS7-06 17.18 0.73 76.32 2.92 0.67 0.02 4.44 132.4 4.9 0.59 225.2 9.5 

Weighted Mean 211.4 6.3 

Durango*      1.92 2.03 19.00 31.2 1.2 1.00 31.2 1.2 

Durango      1.15 1.92 20.70 31.2 1.2 1.00 31.2 1.2 
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Durango     5.57 1.63 20.55 29.7 1.1 1.00 29.7 1.1 

* Standard apatite (Ft=1) distributed throughout the analysis yielded ages within the range of those 

routinely obtained in this laboratory (31.5±1.6 Ma).  

 

Discussion 

Previous studies of gold mineralization in the West Qinling Orogen have focused on an 

assumed link between gold metallogeny and tectonic evolution at shallow crustal depths 

(e.g. Mao et al. 2002; Chen et al. 2004). However, these investigations have not 

considered the potential of varying levels of post-mineralisation exhumation and 

accompanying preservation issues which may be significant to the targeting of further 

resources at shallow depth.  
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Fig. 10 Alternative thermal curves of the hanging wall and footwall of the Dashui Fault. There is not much 

change for the footwall due to the concordant Zircon U-Th-Pb-He ages, which requires that the Triassic 

granodiorite crystallized and cooled very quickly at a shallow depth ( <3 km). However, the hanging wall may 

have a), underwent slow cooling/ exhumation after Late Triassic; b), been buried at depth until Early 

Cretaceous, when it was uplifted rapidly, due to reverse movement on the Dashui Fault; c), been uplifted by 

Late Triassic faulting to near surface level right after it cooled down to 200° C, with or without re-burial, 

cooling to 70° C which delayed the start of the Apatite He system until Early Cretaceous. d) shows the details 

of c) during the time between late Triassic and Early Cretaceous. 

The new geochronological data documented in this manuscript aid understanding of the 

relationships between igneous activity, mineralisation, and post-ore processes in the 

region.  



Chapter 4: Paper Three 

- 145 - 

SHRIMP U-Pb zircon dating of the Dashui Fault hanging wall granodiorite demonstrates 

that it shares a ca. 213 Ma crystallisation age with the Ge’erkuohe pluton in the footwall 

of fault (Yao et al. in prep). The indistinguishable age of the proximal volcanics further 

indicates that the extrusive and intrusive magmatism seen throughout the DG was coeval. 

These rocks place a maximum limit on the age of mineralization as granodiorite is 

mineralized locally. 

The Dashui Fault provides a minimum age on the development of the Dashui gold deposit, 

as it cuts the mineralized zone and defines the boundary between the two Late Triassic 

porphyries at the surface, indicating that the Fault was active after their emplacement. 

Concordant SHRIMP U-Pb zircon and (U-Th)/He zircon and apatite ages indicate extremely 

rapid cooling of granodiorite sample DS-07 in the Dashui Fault footwall from 900 to less 

than 70° C. This effectively requires emplacement above the helium closure depth for 

apatite, <3 km beneath the paleosurface. This rapid cooling also demonstrates the 

presence of extremely high thermal gradients immediately after emplacement, which 

could have contributed to the precipitation of gold from ore-forming solutions in the 

footwall host rocks (Phillips 1993). Given the similar structure control of intrusion and gold 

orebodies, we thus suggest that the age of mineralisation is likely to be at the older end of 

the Late Triassic-Early Cretaceous window allowed by geochronological constraint, coeval 

with the emplacement of these late granodiorites.  
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Fig. 11 Conceptual model of possible exhumation histories relative to Samples DS-06 and DS-07 in the 

hanging wall and footwall of the Dashui Fault, respectively. a), the hanging wall intrusion was emplaced at 

the geotherm right beneath the apatite closure temperature in the Late Triassic; b), the hanging wall 

intrusion was emplaced at the zircon U-Th-He closure geotherm, then immediately uplifted by a reverse 

fault to a level beneath the apatite closure geotherm; c), Early Cretaceous faulting, relief creation and 

erosion. See text for more detailed explanation. 
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In contrast, although concordance of zircon U-Pb and (U-Th)/He ages in sample DS-06 

indicate that the hanging wall also cooled rapidly from 900 to 200° C,  the (U-Th)/He 

dating of apatite in from this sample yielded a closure age of ca. 135 Ma (Fig. 10). This 

indicates a temperature differential between the currently juxtaposed footwall and 

hanging wall of the Dashui Fault of as much as 130 ± 30° C during the Late Triassic to Early 

Cretaceous. There are several alternatives to accommodate the thermochronological data 

obtained in this study, as shown in Fig. 10. It is possible that the hanging wall undertook 

slow cooling from 200 to 70 °C (Fig. 10a), however, given the proximity of the footwall and 

hanging wall samples, it is very hard to have such big difference in cooling rates in such 

close distance. It would be more geologically reasonable to ascribe the different apatite 

(U-Th)/He ages to a discrete structural offset as depicted in Figs. 10b, c. Fig. 10b presents 

one possibility that the hanging wall was buried at depth until Early Cretaceous, when 

reverse movement on the Dashui Fault uplifted it to a level with temperature lower than 

70°C. Fig. 10c demonstrates the possibility that the reverse faulting event took place right 

after the hanging wall cooled below 200°C, but emplaced the hanging wall to a crustal 

level above 70°C gradually afterwards. There is the possibility of the occurrence of re-

burial before Cretaceous, also cooling through the approximate apatite He closure 

temperature may have occurred later in the hanging wall, however, no evidence requires 

this. If we covert cooling rate into exhumation/erosion rate given a certain thermal 

gradient (e.g. Reiners et al., 2003),  we believe Figs. 10b and c represent two extreme 

cases for the timing of the reverse faulting, it must have occurred in the interval between 

Late Triassic and Early Cretaceous. 

Assuming a thermal gradient of 45°C/km (Dickson and Watson 1976) for the hanging wall, 

it has been uplifted around 2 to 4 km. [(200±20-70±10°C)/45°C/km = 2.2 to 3.5 km.] 



Chapter 4: Paper Three 

- 148 - 

Although the regional tectonic history of the West Qinling orogen is hotly debated, several 

key findings can be summarized as follows:  

In the Middle Triassic, subduction of the Songpan sea northward beneath the North China 

Craton was still taking place based on the sediment provenance studies in Songpan-Ganzi 

basin (Bruguier et al. 1997). These facts explain why Late Triassic and Early Jurassic 

sediments are missing in most parts of the West Qinling Orogen, which would have 

represented a topographic high at that time. Therefore, it is likely that the Dashui region 

was still under compression during Late Triassic when the Ge’erkuohe pluton crystallized. 

High erosion rates in the latest Jurassic to earliest Cretaceous in the Qilian Orogen to the 

northwest of our research area have been interpreted to be a local element of a complex 

regional far-field deformation response to the Lhasa-Qiangtang collision, which 

propagated eastwards (Lin et al. 2011). Early Cretaceous rapid sediment accumulation in 

the area has been noticed in regional magnetostratigraphic studies (Horton et al. 2004) 

and thermochronological studies (Zheng et al. 2004). Late Cretaceous basins (e.g. 

Chengxian-Huixian basin), consist of thick-bedded, poorly sorted, clast-supported red 

conglomerate, sandstone and siltstone (Zhang and Wang 2011). The existence of such 

lithology is generally considered as a marker of a significant change in the sedimentary 

dynamic in this area during or before Late Cretaceous (Brozovic and Burbank 2000).  

Cretaceous extension has been noticed in the Dabie Ultra High pressure zone, where large 

voluminous Cretaceous plutons and normal and strike-slip faults are present (Hacker et al. 

1995, 1998). However, this extension is speculated to be unrelated to Triassic collision and 

may represent transtension along the Cretaceous Pacific continental margin (Hacker et al. 

1995; Yang et al. 2005). To the southwest of the West Qinling Orogen, the Songpan-Ganzi 

basin underwent tectonic quiescence from 150 to 30 Ma with only rare post-Triassic 

sedimentary rocks exposed (Roger et al. 2010). This quiescence or extension was 

punctuated by a magmatic episode at around 100 Ma that is likely related to northward 

subduction of the Tethys underneath Asia (Reid et al. 2005, 2007). In summary, there is 
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little evidence for significant compression during the Cretaceous in the West Qinling 

Orogen and adjacent tectonic units.  Therefore, we interpret the reverse faulting event in 

the Dashui gold deposit as having occurred between Late Triassic to Jurassic during the 

wanning stage of the orogeny. Some reverse faulting must have happened during the 

early Cretaceous to uplift the hanging wall above the footwall and the closure 

temperature of apatite U-Th-He system (70°C). The relative magnitudes of these two 

possible vertical displacement events cannot be resolved, but in total would amount to 2 

to 4 km based on assumed closure temperature and geothermal gradient. A conceptual 

model for these scenarios is depicted in Fig. 11. 

As to the estimate of the exact timing of the Dashui fault, we prefer Late-Triassic since 

intensive compression was required to produce such a big uplift of the hanging wall and 

the regional stress was transferring from Late Triassic compression to Cretaceous 

extension. If this hypothesis is correct, then the age of the Dashui gold deposit is Late 

Triassic. Regionally, a Triassic age for gold mineralization in the West Qinling Orogen is 

attractive as such ages are reported increasingly in this area (Chen 2010; Zeng et al. in 

press)  

The results of this study have important implications for exploration in this region.  

Deposits of the DG gold camp have characteristics including carbonate host rocks, 

structural controls, and hypogene mineral assemblages typical of Carlin-type 

mineralization (Garwin et al. 1995). The additional presence of visible gold associated with 

massive hematite alteration may be well explained by supergene mobilization and 

secondary enrichment. Consequently, the DG gold camp is a pyritic Carlin-type 

mineralization overprinted by intensive oxidation enrichment. Alternatively, the 

abundance of calcite cemented breccias and fractures and their association with hematite 

and native gold may indicate that Dashui is better classified as a low-sulfidation 

epithermal gold deposit. The current level of geochemical and paragenetic control, 
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however, is inadequate to resolve this hypothesis. Our thermochronological comparison 

of igneous dykes on either side of the Dashui Fault confirms that the Dashui gold deposit 

formed at shallow depths consistent with Carlin-type and low sulfidation mineralization. 

This indicates that the footwall of the deposit has been in the near-surface environment 

for over 200 Myrs, explaining the intensity of oxidation and supergene alteration observed. 

The difference in exhumation history across the Dashui Fault suggests that any SW-

extension of the Dashui gold mineralization that existed in the hanging wall at the time of 

mineralisation has since been eroded away, as shown in Fig. 11. A corollary of this, 

however, is that Cretaceous and later sedimentary rocks in the region may have placer 

gold potential.  

 

Conclusion 

The primary gold mineralization in the Dashui gold deposit took place at a shallow depth 

(< 3km) and has remained near the surface since the Late Triassic. Both field observation 

and thermochronological data support that the Dashui Fault is a reverse fault that was 

active after Late Triassic to Jurassic times. As the fault was clearly active post-

mineralization, this constrains the timing of the primary gold mineralization between Late 

Triassic to Jurassic as well. The hanging wall of the Dashui Fault has been uplifted around 

2 to 4 km, therefore, the probability of finding the missing part of the Dashui gold deposit 

in the hanging wall is minimal. We argue that the thermochronological technique can be 

well applied to constrain large mine-scale structures and could be a useful tool in 

brownfield exploration for this style of shallow-level mineralization. 
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Chapter 5: PAPER FOUR 

Exhumation Contrasts and their Implications for Gold Camp Styles 

across the West Qinling Orogen, Central China 

Introduction of the Chapter 

The Chapters 3 and 4 present two representative cases for orogenic and Carlin-type gold 

mineralization styles throughout the West Qinling Orogen. In this Chapter, a comparative 

study is conducted to show the discrepancies between the two mineralization types in 

terms of the petrology and mineralogy of the spatial-associated intrusions, structural 

control, host rocks, gold existence status and mineralization timing etc. 

Thermochronology techniques have been employed to investigate the thermal history of 

the two gold camps, namely the Dashui-Ge’erkuohe and Liba-Zhongchuan gold camps, 

and an emerging gold perspective, the Jiaochangba granite area. Collectively, our data add 

valuable information to constrain on the Early Cretaceous rapid cooling, which is the key 

to understand the nature and significance of this tectonic event. The crystallization ages 

for these intrusions have been well dated by our previous study (Chapter 2 and 4). A 

working hypothesis is to be tested in this study whether there is a correlation between 

different mineralization styles and exhumation history of the hosting rocks. This idea 

provides a new angle to review the gold mineralization differences in a post-

mineralization exhumation context.  

The paper that constitutes this Chapter is in review in Economic Geology as a scientific 

communication and is presented in that format. 
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Abstract 

New thermochronological data from two operating gold camps and a gold exploration 

prospect improve our understanding of the exhumation history of the West Qinling 

Orogen (WQO) in Central China, which hosts over 500 t of gold resources. The 

Ge’erkuohe-Dashui Camp (GD Camp) and Zhongchuan-Liba Camp (ZL Camp) exhibit 

contrasting gold mineralization styles. The GD Camp hosts several Carlin-type gold 

deposits, including the Dashui, Sanfenchang and Gongbei gold deposits, and the ZL Camp 

includes several orogenic gold deposits, including the Liba, Jinshan, and Maquan gold 

deposits. Both camps are spatially associated with Late Triassic igneous intrusions, but the 

two differ significantly in the magnitude of post-mineralization exhumation experienced. 

In the GD Camp, the Ge’erkuohe Granite was emplaced at a shallow depth at ca. 213 Ma, 

whereas the Zhongchuan Granite in the ZL Camp was emplaced at a depth of between 4 

and 5 km in ca. 219 Ma, and has subsequently been gradually exhumed to its current 

exposure level. This gradual exhumation was accompanied by progressive cooling through 

Late Cretaceous to Miocene time, but the resolution of our data does not rule out 

temporary stasis and episodic exhumation outside this time window. The Jiaochangba 

area followed a cooling path similar to that of the Zhongchuan pluton until the Early 

Cretaceous, when it underwent rapid cooling. Compilation of previous 

thermochronological data across the wider WQO, an important part of the Central 

Orogenic Belt in China, suggests that this cooling episode affected a significant proportion 

of the region, extending northeast across the orogeny to Tibet. Recognition of this 

northeastwards extrusion offers a potential explanation for the contrasting gold 

mineralization styles recognized in the WQO. Promoted understanding of the post-

mineralization tectonic history may thereby provide a tool for predicting the nature of 

mineralization expected in unexplored areas of this orogen.  
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Introduction 

The magnitude of crustal exhumation affects a region’s prospectivity for ore deposits. An 

understanding of the timing and exhumation across metallotects potentially reduce 

exploration risk by allowing exploration to focus activities on areas having experienced 

levels of exhumation appropriate to expose particular mineralized systems (e.g. McInnes 

et al., 1999, 2005). However, it has been hotly debated how exhumation influences on 

gold mineralization in time and spatial distribution (e.g. Kesler and Wilkinson, 2006; 

Groves and Goldfarb, 2007). 

Exhumation history can be calculated as a function of local thermal history and 

contemporaneous thermal gradients. Although temperature-sensitive radiogenic isotopic 

dating techniques (thermochronometry) are routinely used to evaluate thermal history in 

orogenic and basin evolution studies (e.g. Mock et al., 1999; Crowhurst et al., 2002; 

Campbell et al., 2005; Hu et al., 2006), the approach faces considerable challenges when 

applied to economic geology studies. These complexities arise from the relatively low 

precision and model-dependent accuracy of thermochronological ages, coupled with the 

propensity of economically mineralized regions to experience multiple generations of 

magmatic-hydrothermal activity that can overprint the thermal histories recorded by 

individual minerals. However, careful application of this technique on well-documented 

datable samples may well benefit our exploration significantly that will show in this study. 

The Dashui-Ge’erkuohe (DG) and Liba-Zhongchuan (LZ) gold camps in the Western Qinling 

Orogen (WQO, Figure 1) are typified by contrasting mineralization styles, with the DG 

camp accommodating Carlin-type gold mineralization, and the LZ camp representative of 

Orogenic style mineralization (Mao et al., 2002; Chen et al., 2004; Zeng et al., 2012). The 

thermochronological history of the DG camp has been reported by Zeng et al. (2011). Here, 

we compare this record of the DG camp with that of the LZ camp and the adjacent 

Jiaochangba area - an emerging gold prospective area – and consider the implications of 

the variation in exhumation histories for the relative prospectivity of the regions.  
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Regional Geology 

The Qinling Orogen is sandwiched between the North and South China cratons, bounded 

to the northwest by the NW-trending Qilian Orogen, and to the southwest by the 

Songpan-Ganzi Basin, and extends east into the Dabie Ultra-High pressure zone (Dabie-

UHP; Fig. 1 insert). The east-trending Kunlun, Qinling and Dabie orogens collectively 

formed the Central Orogenic System throughout central China (Zhang et al., 2004). 

The Qinling Orogen is divided into North and South Qinling Terranes by the Early Paleozoic 

Shangdan Suture and bounded to South China craton by the Late Triassic Mianlue Suture 

to the south (Fig. 1; Meng and Zhang, 1999, 2000). Westward extension of the Mianlue 

Suture as the Maqu-Diebu Fault further demarcates the boundary between the WQO and 

the Songpan-Ganzi basin (Fig. 1). The WQO can be divided along the northwest-trending 

Dangchang-Minxian (Zhen’an-Fengxian) Fault into Central and Southern domains, which 

host the Liba and Dashui gold deposits, respectively (Fig. 1). 
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Fig. 1 Simplified regional map of the West Qinling area, after Bureau of Geology and Mineral Resources of 

Gansu Province, (1989) and the Qinling-Dabashan regional geological map (Song et al, 2002). Insert shows 

the location of the study area (marked with red box in the up right corner), after Horton et al., (2004). The 

blue dotted line represents the Yellow and Yangtze Rivers. Blue and red stars mark the sample locations of 

this study and Zeng et al., 2011. The sample locations of Zheng et al., 2004 are marked with labels and blue 

flags. 

 

The Central Domain is dominated by clastic rocks deposited in a late Paleozoic basin 

between the converging North and South China cratons that have been subsequently 

deformed, folded and intruded by granitoid rocks. Deformation folded the Paleozoic 

strata prior to the Permian, forming an ESE-trending regional anticline. The anticline 

contains a Devonian core unconformably overlain by Triassic marine sedimentary rocks. 

This was followed by Late Triassic south-directed convergence, which is well documented 
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in several mine-scale studies (e.g. Vielreicher et al., 2003; Zeng et al., 2012). It is likely that 

some northeast-trending fault zones (such as the Fengxian Fault, short for the Chengxian-

Huixian-Fengxian Fault) have been reactivated during Cretaceous-Cenozoic deformation, 

controlling the subsidence and fill of the northeast elongate basin (e.g. Lvjing basins; Fig. 

1). 

The Southern Domain comprises the easternmost exposure of Triassic turbiditic deposits 

and the Middle Paleozoic Bailongjiang Horst, which is connected to the Songpan-Ganzi 

Basin to the southwest (Fig. 1). The Bailongjiang Horst consists of a SE-trending anticline 

with a core of Proterozoic rocks unconformably overlain by lower greenschist facies 

Silurian strata that are in turn overlain by Devonian, Carbonifeous, Permian and 

Early/Middle Triassic strata. Rocks older than Triassic have experienced greenschist facies 

metamorphism (Yan et al., 2000), and Jurassic conglomerate and Cretaceous gravels 

unconformably overlie the Triassic rocks. 

Triassic granites are common in the West Qinling Orogen. Zeng et al. (Chapter 2) observed 

that episodic magmatism migrated from northwest to the east across the Qinling Orogen 

between ca. 240 Ma and 205 Ma. During this period, the region was subject to 

compression in a broad sense as the South China Craton was being subducted beneath 

the North China Craton (e.g. Jiang et al., 2010). The northwest ends of both the Central 

Domain and Southern Domain of the WQO are characterized by limited stocks or sills of 

more mafic and porphyritic igneous rocks (Zhao et al., 2003; Chapter 2). The Zhongchuan, 

Jiaochangba, Luchuba, Baijiazhuang and Lvjing plutons from this period - locally referred 

to as the “Five Golden Flowers” - are associated with significant gold occurrences (Fig. 1). 

The plutons consist of medium- to coarse-grained monzogranite to granodiorite, locally 

containing potassic feldspar phenocrysts (Chapter 2). Yu et al. 2011 identified bimodal 

Cenozoic volcanism within the Central Domain of the WQO between the Lixian and 

Dangchang Counties, which was interpreted to reflect a North-South-striking rift 

developing beneath the region, possibly rework of some ancient structures. 
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Variable styles of gold mineralization have been recognized in this region (c.f. Liu et al., 

2000; Peters, 2002; Vielreicher et al., 2003), with their distributions apparently correlated 

to the regional E-W to ESE-trending fault zones within the orogen. Mao et al. (2002) 

suggested that deposits in the Late Paleozoic flysch of the Central Domain (including the 

Liba, Maquan, Jinshan, Xiaogouli gold deposits within the LZ gold camp) are orogenic-type 

mineralization, with Carlin-type gold mineralization including the Dashui, Gongbei, and 

Quzhong gold deposits in the DG gold camp developed further southwest in the Southern 

Domain, close to the Songpan-Ganzi Basin.  
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Fig. 2 Topography (a) and Free-air gravity maps (b) of the West Qinling Orogen. The location of this figure is 
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marked in Figure 1 with dotted line box. The big and small boxes indicate the location of the Liba and Dashui 
gold camps. The raw data is compiled from the website of the Scripps Oceanography Institute, University of 
California San Diego (http://topex.ucsd.edu/marine_topo/mar_topo.html); c) and d) are gravity data 
processed from b) after eliminating the influence of topography, and bouguer-filtered at 10’×10’ and 40’×40’ 
grid spacing, respectively (Blakely, 1996; Gallardo and Thebaud, 2012). The white lines in (a) and (b) are 
consistent with the traces of the Minxian-Dangchang and Maqu-Diebu Faults. The black lines in (c) and (d) 
are interpreted lineations. 

The modern architecture of the WQO is characterized by elevation decreasing 

northeastwards from ~4000 to 1200 m above sea level (ASL; Fig. 2). The DG gold camp lies 

at ~3600 m ASL, the LZ gold camp at 1800 m ASL, and the Jiaochangba area ~2700 m ASL. 

The free-air gravity anomaly closely follows the trends in landscape morphology, 

suggesting dominance of the gravity signal by regional topography. The outstanding low 

lying features both in morphology and gravity (Fig. 2 a, b) are consistent with the traces of 

the Minxian-Dangchang Fault and the Maqu-Diebu Fault, and the rest low lying areas are 

dominantly occupied by Cretaceous and Quaternary basins. The high lying area between 

the Minxian-Dangchang and Maqu-Diebu Faults is the Yaohe rift that filled with the 

Triassic marine sediments over 10,000 m thick (Meng et al., 2007). After processing the 

gravity data to remove the effects of topography, two major lineations are evident in the 

data, northwest-trending and northward-trending lineations (Fig. 2c, d). Figure 2d is 

gravity data filtered with higher grid (41x41) to show general feature of the area, 

comparing to Figure 2c (11x11 grid filter). The NW-trending structures are parallel to 

regional folding axial planes and the other is N-trending lineations, possibly some ancient 

boundaries offset by the NW-trending structures. 
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Comparison between the Dashui-Ge’erkuohe and  

Liba-Zhongchuan gold camps 

 

Fig. 3 Simplified geological maps for the: (a) Dashui-Ge’erkuoh; and (b) Liba-Zhongchuan gold camps. The 
two maps are modified after Chapter 4, in review and Zeng et al., 2012, respectively. Both (a) and (b) use the 
same legends. 

The similarity and discrepancies between orogenic gold and Carlin-type gold have been 

long debated. The two do not necessary exclude each other as orogenic gold was 

proposed from the view of genetic model (Groves et al., 1998) whereas Carlin-type gold 

was derived from the large prototype in Nevada, U.S.A. (Frimmell, 2008). In brief, orogenic 

gold is a range of gold deposits in varying depth in metamorphosed volcano-plutonic and 
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clastic sedimentary terranes, occurring within or in the vicinity of regional, crustal-scale 

deformation zones with a brittle to ductile type of deformation, generally late in the 

overall orogenic history of the host terranes and spatially associated with the convergent 

continental margins (Goldfarb et al., 2001). Carlin-type gold mineralization is 

characterized by invisible and disseminated gold, and Au-bearing and trace element-rich 

pyrite that occurs as replacement bodies in carbonate or low metamorphosed 

sedimentary rocks in shallow levels of crust (<2 to 3 km). The distinctive metal suite As-

Hg-Sb, indicated by realgar, orpiment, cinnabar and stibnite, is one of the characteristic 

features for the Carlin-type mineralization (Cline et al., 2005). 

The Carlin-type Dashui gold deposit is located 1 km south of the Ge’erkuohe intrusion, and 

is hosted by Triassic limestone (Garwin et al., 1995), and the orogenic Liba gold deposit is 

2 km northeast of the Zhongchuan Granite in low-grade metamorphosed Devonian flysch 

(Zeng et al., 2012). The key characteristics of their mineralization styles are summarized 

below and presented in Table 1. 

Table 1. Summary of the key differences between the Dashui and Liba gold deposits. 

Deposit Associated 

Intrusion 

Gold Alteration Host rocks Structure Timing Classification 

Dashui Ge’erkuohe Visible 

gold 

(Secondary 

enriched) 

Silicification 

(decarbonisation), 

Hematization, 

Carbonate 

veining, 

Jarositization 

Triassic 

shallow marine 

carbonates 

WNW-striking  

reverse fault, cut 

by N-trending 

secondary dextral 

reverse faults 

T3 to K1 

Ma 

(Zeng et 

al., 

2011) 

Oxidized 

Carlin-type 

gold deposit 

Liba 
Zhongchuan Fine gold 

in cavities 

within and  

between 

sulfides 

Sericitization, 

silicification, 

chloritization, 

carbonatisation 

Devonian 

metamorphosed 

sandstone and 

siltstone 

NW-striking 

reverse fault, 

secondary WNW-

striking sinistral 

faults 

~215Ma 

(Zeng et 

al., 

2012) 

Orogenic gold 

deposit 

Note: T3 and K1 are short for Late Triassic and Early Cretaceous. 
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Local geology of the Dashui-Ge’erkuohe and Liba-Zhongchuan gold camps 

Dashui-Ge’erkuohe gold camp 

The DG gold camp is located on the south limb of the Ge’erkuohe-Zhongqu Anticline in the 

southwestern part of the Xiqingshan Range in the Southern Domain of the WQO (Fig. 1).  

 

Fig. 4 A and b, photographs: (a) Ge’erkuohe Granite; (b) Zhongchuan Granite; with K-feldspar phenocrysts; (c) 
brittle faults and angular breccia in the Dashui gold deposit, suggesting brittle deformation; and (d) Veins 
and S-C fabric observed in the Liba gold deposit, suggesting brittle-ductile deformation. 

 

The Dashui gold deposit has a conservative reserve of 46 t grading 9.9 g/t Au (Mao et al., 

2002), containing native gold grains grading 99.63-99.77 % Au with minor Ag, Cu, Fe. The 

grains are commonly 0.02 mm in size and located in cavities and boundaries between 
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quartz, hematite, limonite and calcite, lesser within individual minerals (Yan et al., 2000; 

Dai et al., 2009). Realgar, orpiment and cinnabar present locally (Yan et al., 2000). 

The Ge’erkuohe Granite is situated within 2 km to the north of the Dashui gold deposit. It 

is a composite body including massive pyroxene-biotite diorite porphyry (Fig. 4a), minor 

undeformed fine-grained gabbro, and granodioritic porphyry. The diorite porphyry is the 

major phase of the pluton and has experienced slight carbonatization and argillaceous 

alteration. Phenocrysts range between 0.3 and 1 mm across, and include biotite (~8 

modal %), plagioclase (~8 modal %, An 25~50); orthopyroxene (~5 modal %), potassic-

feldspar (~5 modal %), and amphibole (~4 model %). The groundmass contains randomly 

distributed, fine-grained plagioclase lathes with accessory amounts of muscovite, zircon, 

apatite and epidote. 

As of 2006, the mine district hosted 77 known orebodies in a 2 km long, 600 m wide zone 

that includes the Dashui mine (Li and Wang, 2006). Most of the orebodies strike 

northwest or north, dip southwest or west, and are parallel to the main WNW-striking 

Dashui Fault or secondary northward trending faults. Granodiorite dykes across the 

district have similar structural orientations, and the Late Triassic Ge’erkuohe Granite 

intrudes the Triassic succession approximately 1 km north of the Dashui deposit and crops 

out over an area totalling ~2 km2 (Fig. 3a). Overlying Jurassic rocks include interbedded 

gravel, calcareous sandstone, siltstone, and mudstone (Meng et al., 2007). Cretaceous 

purple to reddish carbonaceous gravel and sandstone lies unconformably above the 

Jurassic rocks. 

Four phases of deformation are recognized within the region. (1) intensive D1 brittle-

ductile cleavage in slate breccia in limestone. This event is expressed more clearly in the 

far east of the WQO (Zeng et al., 2012). (2) D2 is marked by WNW-trending, brittle reverse 

faults (e.g. Dashui Fault) containing limestone breccia, calcite veins and fault gouge. (3) D3 

brittle reverse faults with a dextral component of displacement trend northward and cut 

the Dashui fault. Most mineralization and mineralization-associated dykes follow this 
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structure. (4) Relaxation of the orogenic system (D4) is represented by normal faults 

containing calcite veins filled with hematite alteration (Fig. 4c).For detailed description of 

the DG camp and thermal history, see Zeng et al., 2012. 

Liba-Zhongchuan gold camp 

The LZ gold camp is hosted in lower-greenschost facies Middle Devonian slate and phyllite. 

The Middle Devonian meta-sedimentary rocks host structurally-controlled mineralization 

associated with silica-sericite-chlorite alteration. The mineralization is both disseminated 

within the sedimentary host rocks and in discrete quartz veins.  

The Liba gold deposit, the largest (~3 Moz Au) gold deposit in the LZ gold camp, is located 

along the northeastern margin of the Zhongchuan Granite, which is a Late Triassic circular 

intrusion, covering ~210 km2 in area (Fig. 3b). The granite is concentrically zoned with an 

outer phase of coarse-grained, seriate to porphyritic biotite monzogranite, and a smaller 

inner zone of equigranular medium-grained biotite monzogranite. The contact between 

the two main intrusive phases is gradational. Both phases lack obvious deformation, and 

both are cut by dykes consisting of fine- to medium-grained biotite-bearing, quartz-rich 

granite. A small portion of granodiorite was mapped (Zhou et al., 2007). The monzogranite 

in the outer zone forms about 70% of the outcrop area and consists of phenocrysts of 

alkali feldspar (40 modal %), oligioclase (~25 modal %), quartz (~25 modal %), biotite (5-10 

modal %), and rare hornblende (1-3 modal %) in a quartz and K-feldspar groundmass (Fig. 

4b). Accessory minerals include zircon, rutile, apatite, titanite, tourmaline, ilmenite, 

monazite, xenotime, epidote and fluorite, and rare sulfide (mainly pyrite). The inner phase 

is typically an equigranular monzogranite and consists of white, euhedral K-feldspar (35 

modal %), quartz (30 modal %), plagioclase (20 modal%), primary muscovite (~2 modal%), 

and biotite (2-5 modal %). The accessory minerals include zircon, apatite, and garnet. The 

different phases of the Zhongchuan Granite have been dated with SHRIMP U-Pb on zircon 

at ca. 219-217 Ma (Chapter 2). Both field observation and geochronological study 
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confirmed that the Liba gold mineralization took place after the crystallization of the 

Zhongchuan Granite (Zeng et al., 2012). 

Three deformation events have been recognized in the Liba gold deposits, the second 

being associated with gold mineralization. The first deformation (D1) involved N-S 

compression associated with metamorphism producing local porphyroblasts of cordierite 

in slate, which form a preferred host rock for subsequent mineralization. The second 

event (D2) involved NE-SW compression that controlled the distribution of igneous dykes 

and gold mineralization. Both igneous and hydrothermal fluids preferentially focused 

along dilational jogs under local trans-extension, mostly in WNW-striking secondary faults. 

The third deformation (D3) event involved post-mineralization extension, represented by 

barren calcite and anhydrite veins. For detailed description of the LZ camp, see Zeng et al., 

2012. 

The controls of mineralization in the DG and LZ gold camps 

Most mineralization zones in the DG gold camp are located at either limestone breccias or 

the contact between altered granodiorite dykes and limestone; both of the 

mineralization-favoured structures are brittle, indicating high level crust signature. The 

granodiorite dykes are strongly altered, with assemblages dominated by hematite, silica 

and carbonate.  The host rocks at the deposit are included in a 5 km thick succession of 

Middle and Late Triassic shallow marine, fine to sandy carbonates included in the 

Ma’resongduo Group, which dip between 40° and 70° towards the southwest (Meng et al., 

2007).  
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Fig. 5 Kinematic structural comparison between the Liba and Dashui gold deposits. 

The age of the main mineralization event in the DG gold camp is constrained to lie 

between Late Triassic and Early Cretaceous, as constrained by the respective ages of pre-

mineralization igneous rocks and crosscutting faulting. The exact timing is interpreted by 

Zeng et al. (2011) to be Late Triassic, right after the crystallization of the Ge’erkuohe 

Granite and contemporaneous with rapid cooling observed in thermochronometric data. 

Similar temporal interval between the Zhongchuan Granite and the Liba gold 

mineralization has been documented in strict structure context (Zeng et al., 2012). 

Numerous igneous dykes have a similar structural control as the mineralization in the LZ 

gold camp, and their contacts are also recognized as favorable zones for mineralization. 

The dykes have been dated as ca. 221 Ma, identical to the major phase of the Zhongchuan 

Granite within error (Zeng et al., 2012). Most mineralization preferentially located 

themselves at tensional fractures (e.g. damage zone along contractional bends) and 

dilation apparent along releasing bends in the controlling WNW-striking subvertical to 

steep SSW-dipping structures. The mineralization is associated with pyrite, arsenopyrite, 

marcasite, and minor amounts of pyrrhotite, chalcopyrite, galena, stibnite, and sphalerite. 

Pyrite and arsenian pyrite are the predominant sulfides associated with gold. Gold is 
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present as microscopic native gold and as electrum containing up to 25.81% Ag, with a 

fineness ranging from 800 to 1000, and located in sulfide cavities or along their edges (Liu, 

1994; Yu et al., 2004). Although the features above can be presented in Carlin-type 

systems, the mineralization in the LZ gold camp is distinctive due to the host rock (low-

metamorphosed sediments rather than carbonates) and deep residence, indicated by 

ductile structures. 

The comparison of the structural, intrusive and mineralisation histories of the LZ and DG 

gold camps is summarized in Fig. 5. Despite their geographic separation and their different 

host rocks and styles, the camps have undergone a remarkably similar structural evolution 

that appears to have affected the entire region. What is more important, the 

mineralization localization has strong association with the distribution of igneous dykes, 

which can be traced back to the intrusion time wise (see Zeng et al., 2012). The similar 

structural history and affinity to magmatism provide the context for the 

thermochronological data presented below. 

Methodology 

Thermochronological studies commonly provide temporal information related to the 

closure temperatures of various isotopic systems in the minerals dated. Multiple age 

determinations can provide combined time-temperature control delineating the thermal 

history of a mineralized system from the time of emplacement of associated intrusions to 

the time of its exhumation and cooling to surface conditions (e.g. McInnes et al., 2005; Fu 

et al., 2010). 

(U-Th)/He dating was used to define cooling ages of zircon and apatite. The established 

closure temperatures of these systems give constraint on cooling of the samples through 

approximately 200 and 70°C, respectively, providing effective sensitivity to even small 

magnitudes of accelerated erosion that might be produced by vertical movement 

associated with fault activity (Clark et al., 2010). Rather than interpreting individual data 
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points, we undertake comparative study of the combined ages for individual samples to 

highlight differences and lower the risk of individual analytical error. Abrupt changes in 

the apparent exhumation rate are used to constrain the magnitude and timing of relief 

creation episodes associated with faulting. Any period with a low to negligible apparent 

exhumation rate is taken to indicate tectonic quiescence and stable residence of the 

intrusions within the upper crust prior to exhumation. 

It is assumed that the DG and LZ gold camps are both characterized by close spatial 

association between mineralization and the adjacent igneous bodies, such that the 

thermal history of the respective intrusions can be used as a proxy of the gold deposits. In 

addition, initial surface temperatures are assumed to be 10°C, with an initial magmatic 

temperature of 900°C, and a syn-magmatic geothermal gradient of 35°C/km (e.g. McInnes 

et al., 1999; 2005; Fu et al., 2010).  

Geochronology and Thermochronology  

The Ge’erkuohe and Zhongchuan plutons were emplaced near-synchronously in the Late 

Triassic, with the former yielding a SHRIMP U-Pb age of 213.7±2.7Ma (Yao et al., in prep), 

and the latter an age of 219.5±2.1Ma (Zeng et al., in review). The nearby Jiaochangba 

Granite, which together with the Zhongchuan pluton represents one of the “Five Golden 

Flowers” has also yielded an age of 213.9±1.7Ma (Zeng et al., in review), supporting a 

close temporal relationship to the Ge’erkuohe pluton. The Ge’erkuohe pluton underwent 

rapid cooling during and/or immediately after its Late Triassic emplacement, with its 

SHRIMP U-Pb zircon ages and (U-Th)/He zircon and apatite ages all being coincident (Zeng 

et al., 2011). 

Sample description and preparation 

Sample ZCH3 is from the major phase of the Zhongchuan Granite, and sample JCB is from 

the Jiaochangba Granite, the northernmost of the Five Golden Flowers. The samples were 

crushed in a tungsten carbide shatter box at Peking University in preparation for 

geochronological studies.  
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Mineral separation and imaging were completed at the Centre for Microscopy, 

Characterisation and Analysis, of the University of Western Australia. Zircon and apatite 

used for (U-Th)/He dating were concentrated using a Frantz magnetic separator, and then 

carefully handpicked under a binocular microscope. Grain characterization, measurement, 

and isotopic analysis were conducted at the CSIRO (U-Th)/He dating facility housed in the 

John de Laeter Centre for Isotope Research (JdLC) at Curtin University, Perth. Images of 

selected grains were recorded and measured digitally for the calculation of an alpha 

correction factor for helium ejection from the dated crystals (Farley et al., 1998). Helium 

was thermally exacted from single crystals loaded into platinum (for apatite) or niobium 

(for zircon) micro-crucibles and heated using a 1064 nm Nd-YAG laser. 4He abundances 

were determined by isotope dilution using a pure 3He spike, and calibrated daily against 

an independent 4He standard tank for an overall estimated measurement uncertainty of 

<1%. Outgassed apatite grains were digested by dilute nitric acid, and zircon grains in Parr 

bombs using HF. The U and Th contents of the resulting solutions were determined by 

isotope dilution using 235U and 230Th spikes. Identically spiked and treated standard 

solutions were analysed alongside the samples, as were a series of unspiked reagent 

blanks. Further details of analytical methods can be found in Evans et al. (2005).  For 

single crystals digested in small volumes (0.3-0.5 ml), U and Th isotope ratios were 

measured to an estimated precision of < 3%. Overall the (U-Th)/He thermochronology 

method at CSIRO has a precision of 2.5% for apatite, based on multiple analyses (n=70) of 

the Durango apatite standard, which yield a weighted mean age of 31.5±1.6 (2σ) Ma. 

Table 2 Zircon (U-Th)/He dating results for samples ZCH3 and JCP. 

Sample ID U (p pm) 1σ Th(ppm) 1σ He(n cc)  He 
err 
(%) 

Th/U Unc. age ±1σ Ft Cor. age ±1σ 

ZCH3-01 2994 100.0 379.6 14.4 101.5 2.5 0.127 77.3 3.2 0.76 101.7 3.7 

ZCH3-02 2516 83.8 550.6 20.9 59.9 2.5 0.219 70.3 2.8 0.72 97.7 3.5 

ZCH3-03 3078 138.1 545.1 23.9 86.7 2.4 0.177 98.4 4.9 0.73 135.0 6.9 

ZCH3-04 3250 151.9 567.9 24.9 129.3 2.5 0.175 95.5 4.9 0.76 126.4 6.6 

 Weighted Mean 106.5 2.2 
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JCP-01 1171 36.1 550.8 20.9 25.9 2.4 0.470 90.4 3.4 0.71 128.0 4.5 

JCP-02 3367 113.4 764.0 29.0 51.4 2.5 0.227 65.7 2.7 0.71 92.8 3.3 

JCP-03 3174 109.6 712.2 27.1 44.2 2.5 0.224 69.4 2.9 0.68 101.3 3.6 

JCP-04 923 41.6 442.7 19.4 33.2 2.4 0.480 121.6 5.8 0.71 171.4 8.4 

JCP-05 1670 75.1 590.7 25.9 49.3 2.5 0.354 106.5 5.2 0.69 154.5 7.7 

JCP-06 1703 75.5 598.2 26.2 44.1 2.5 0.351 94.7 4.6 0.72 131.4 6.5 

 Weighted Mean 113.1 1.9 

    

 

Table 3 Apatite (U-Th)/He dating results on samples ZCH3, and JCP 

Sample 
ID 

U 
(ppm) 

1 

σ 

Th 
(ppm) 

1 

σ 

He 
(ncc)  

He 
err.(%) 

Th/U Unc. 
age 

±1

σ 

Ft Cor. 
age 

±1

σ 

ZCH3-01 8.1 0.45 7.99 0.42 0.16 2.53 0.99 31.1 1.6 0.73 42.3 3.1 

ZCH3-02 14.9 0.59 16.85 0.63 0.55 2.54 1.13 43.7 1.8 0.74 59.3 3.8 

ZCH3-03 39.6 1.62 42.73 1.65 0.18 3.28 1.08 33.9 1.6 0.59 57.4 2.9 

ZCH3-04 41.4 1.79 44.95 1.72 0.61 2.48 1.09 37.3 1.6 0.70 53.5 2.5 

ZCH3-05 45.4 2.22 55.06 2.31 0.15 2.74 1.21 35.3 1.7 0.56 63.1 3.3 

ZCH3-06 30.4 1.33 33.51 1.44 0.21 2.91 1.10 45.2 2.1 0.63 72.2 3.6 

Weighted Mean 56.7 1.3 

JCP-01 19.9 0.79 48.81 1.81 1.91 2.10 2.45 85.9 3.1 0.77 112.1 6.9 

JCP-02 20.2 0.80 26.11 0.97 2.18 1.84 1.29 116.1 4.2 0.76 152.9 9.5 

JCP-03 18.9 0.75 35.33 1.31 2.06 1.94 1.87 91.3 3.2 0.77 118.6 7.3 

JCP-04 15.7 0.70 36.35 1.40 0.41 2.67 2.31 107.8 4.5 0.62 172.8 8.0 

JCP-05 46.7 2.09 106.53 4.06 1.21 1.74 2.28 96.0 3.5 0.66 144.9 6.0 

JCP-06 50.2 2.17 102.88 3.92 1.13 1.87 2.05 68.6 2.5 0.64 107.5 4.5 

JCP-07 28.7 1.23 52.58 2.01 0.85 2.23 1.84 80.7 3.2 0.69 116.9 5.1 

JCP-08 44.5 2.05 90.80 3.46 1.36 1.62 2.04 76.3 2.8 0.69 110.9 4.7 

JCP-09 35.2 2.01 62.79 2.41 0.91 2.09 1.78 68.2 3.2 0.68 100.0 5.1 

Weighted Mean 119.1 1.9 

Durango*      1.92 2.03 19.00 31.2 1.2 1.00 31.2 1.2 

Durango*      1.15 1.92 20.70 31.2 1.2 1.00 31.2 1.2 

Durango*     5.57 1.63 20.55 29.7 1.1 1.00 29.7 1.1 

* Standard apatite distributed throughout the analysis yielded ages within the range of those routinely 

obtained in this laboratory (see Methodology section).  Note: the precision of the measured U and Th 

isotope ratios is typically between 0.5 and 1.5% RSD. Uncertainty of He measurement is typically between 

0.5 and 0.9%. Alpha corrections (Ft) are based on the model of Farley et al. (1996) and take into account 



Chapter 5: Paper Four 

- 179 - 

helium loss during parent decay within 20µm of the grain edge. ‘Unc. Age’ is the age of the grain prior to Ft 

correction.  Ft correction (to give ‘Cor. age’) is applied to the helium content of the grain (see Vermeesch, 

2008). Th/U ratio is based on total number of atoms of U and Th in the whole grain. U and Th concentrations 

in ppm are based on grain mass calculated from microscopy measurements, assumed density of 4.85 g/cc 

for Table 2 and 3.17 g/cc for Table 3 and assumed characteristic grain morphologies (see Reiners, 2005). 

Results and comparison 

 

Fig.6 Time-temperature histories delineating the cooling profiles of the Ge’erkuohe, Zhongchuan and 
Jiaochangba plutons. The data from Zhongchuan and Jiaochangba are from this study (Tables 2 and 3), with 
the Ge’erkuohe data reproduced from Zeng et al., (in review). Integrated cooling curves of individual pluton 
are shown my solid lines, with the dotted line and question mark representing an alternative thermal history 
for the Zhongchuan Granite as described in the text. 

 

Our data inform the thermal history of samples from ~900°C (estimated closure 

temperature of Pb in zircon) through 200±20°C (zircon He closure temperature) to 
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70±10°C (apatite He closure temperature) (Fu et al., 2010 and reference therein). These 

data are graphically represented in Figure 6. 

All zircons analysed were euhedral, with well-defined crystal boundaries and no obvious 

cracks, stains or inclusions. (U-Th)/He analyses yielded individual zircon grain ages ranging 

from 97.7±3.5 to 135.0±6.9 Ma with a weighted mean average of 106.5±2.2 for sample 

ZCH3, and 92.8±3.3 to 171.4±8.4 Ma with a weighted mean average of 113.1±1.9 Ma for 

sample JCP. Both samples thus appear to have cooled to around 200°C during the Early 

Cretaceous. 

More consistent grain ages were obtained from (U-Th)/He dating of apatite from these 

samples. Sample ZCH3 yielded ages clustered between 59.3±3.8 and 53.5±2.5 Ma, with a 

weighted mean of 56.7±1.3 Ma, while sample JCP yielded a tightly clustered grain age 

population with a weighted mean of 119.1±1.9 Ma. The statistically indistinguishable 

apatite and zircon (U-Th)/He ages of sample JCP suggest that this body cooled rapidly 

between 200 and 70°C in the Cretaceous, while the age disparity for apatite and zircon in 

ZCH3 indicates slower or more episodic cooling, remaining above 70°C until the Paleocene. 

SHRIMP U-Pb zircon ages are interpreted as crystallization ages, whereas U-Th-He 

thermochronological results are interpreted as cooling ages (c.f. Zweng et al., 1993). 

Additional 40Ar-39Ar biotite and apatite fission track ages from the Zhongchuan Granite 

(Zheng et al., 2004) are fully consistent with the range of ages obtained for the thermally 

sensitive (U-Th)/He chronometers in this study, and are included in Fig. 6. As suggested by 

Zeng et al. (in review), the concordance of zircon U-Pb and zircon (U-Th)/He ages for the 

Ge’erkuohe Granite indicate that this pluton was rapidly cooled from an emplacement 

temperature of 900 to less than 70°C, and has remained below this temperature for the 

past c. 213 Ma, for a maximum post-emplacement cooling rate of 0.3°C/Ma. 

In contrast to this dramatic early cooling in the DG gold camp, the LZ gold camp appears 

to have been subject to more episodic cooling. A muscovite 39Ar-40Ar age of 215 Ma for 
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the Zhongchuan Granite (Zheng et al., 2004) indicates that this pluton also cooled rapidly 

to approximately 350 °C during or immediately after its crystallization (Fig. 6). The delay in 

further cooling to below the ~200 °C retention temperature of helium in zircon until c. 100 

Ma, however, indicates either a dramatic reduction in cooling rate or the stabilization of 

this body in the mid-crust between the Triassic and Late Cretaceous. Further cooling may 

have proceeded at rates as high as 2.5 °C/Ma, from Cretaceous to Paleocene time, 

although the alternative of episodic cooling and thermal stasis cannot be ruled out, with 

the body finally cooling below 70 °C at approximately 57 Ma. 

The variability apparent in the rate and possible episodicity of cooling between the 

Ge’erkuohe, Zhongchuan and Jiaochangba plutons are inconsistent with differences in 

conductive cooling, and we suggest that these discrepancies in thermal profile probably 

reflects differences in tectonic unroofing for the three bodies – and by implication, across 

the region. 
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Denudation comparison 

 

Fig. 7 Conceptual exhumation model for the Ge’erkuohe, Jiaochangba and Zhongchuan plutons. The letters G, J and Z represent the Ge’erkuohe, Jiaochangba and 
Zhongchuan plutons, respectively. The blue lines label the vertical displacement of overburden on the plutons. The grey filling indicates the erosion, in part due to high 
relief. Two options are presented for progression of exhumation during the Paleocene of the Jiaochangba and Zhongchuan plutons 
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Assuming that the isotherms were sub-horizontal and differences in cooling reflect 

corresponding variation in erosion, estimates for the magnitude and rate of denudation 

experienced can be made from the observed cooling (c.f. Kirby et al., 2002).  

As outlined above, the thermal history of the Ge’erkuohe Granite indicates emplacement 

at a shallow depth (below 70 °C) and stable residence at or near the surface since the late 

Triassic (Fig. 7). Geological mapping completed during this study demonstrates that 

reverse faults accommodating vertical throw of as much as 4km were active in the GD 

gold camp during the Late Triassic and Cretaceous, resulting in significant corresponding 

erosion of hanging wall domains (Zeng et al., 2011). Our cooling histories permit a 

refinement of this understanding, requiring that the major component of this reverse 

throw and regional uplift occurred in the Late Triassic rather than Cretaceous. As it is 

unlikely that the thermal stability apparent for the Ge’erkuohe Granite could be 

maintained in an area with steep regional topographic gradients, this implies low relief 

since the Late Triassic. This hypothesis works well as shown in Fig. 2a that the LZ gold 

camp is situated at the regional frontier with topography changing from green to blue 

eastwards, whereas the DG gold camp sits inboard of regional topographical high area 

with low relief. 

The Zhongchuan Granite cooled rapidly during Late Triassic, with its post-emplacement 

thermal history indicating subsequent episodic and/or moderate to slow exhumation (Fig. 

6). This implies the progressive and probably gradual removal of significant overburden to 

expose the body at the surface. 

The Jiaochangba Granite experienced an exhumation history similar to that of the 

Zhongchuan Granite until the Cretaceous, when dramatic cooling implies a discrete 

episode producing rapid erosion of this body. This may be due to the Jiaochangba area 

either being located on the hanging wall side of a regional thrust formed during 

compressional deformation during the Early Cretaceous, or on the footwall side of a 
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normal fault formed during extension at this time. A comparable phase of Cretaceous 

cooling has been argued for areas to the northwest of the Jiaochangba Granite, with 

apatite fission track analysis of five samples indicating rapid cooling between 140-120 Ma 

(Fig. 1; Zheng et al., 2004). 

The contrasting thermal histories of the Zhongchuan and Jiaochangba plutons support the 

occurrence of a Paleocene cooling event for the Zhongchuan Granite, recorded by (U-

Th)/He-dating of apatite. This could be consistent with either slow exhumation and/or 

stasis over an extended period between the Cretaceous and Paleocene, or rapid 

Cretaceous exhumation to near-surface conditions as recorded for the Jiaochangba 

Granite, with subsequent reburial prior to final exhumation (Fig. 7). This latter possibility 

should be considered in light of the presence of a northeast-striking immature Late 

Cretaceous basin between the two intrusions. 

Discussion 

Tectonic implication 

The data presented here and in Zheng et al. (2004) and Zeng et al. (2011) have been used 

to outline varied thermal histories across the Five Golden Flower region in the West 

Qinling Central Domain, and provide regional constraints on the evolution of the central 

and southern zones of the WQO (Fig. 1) during the Late Triassic to Early Jurassic (T3-J1), 

Cretaceous (K) and Cenozoic (E). This also offers new insight into a controversial 

Cretaceous thermal disturbance - assumed to relate to exhumation - affecting a large part 

of central China and northeastern Tibet (Arne et al., 1997; Mock et al., 1999; George et al., 

2001; Kirby et al., 2002; Enkelmann et al., 2006; Lin et al., 2011; Yu et al., 2011).  

Geochemical studies have seen the extensive Triassic magmatism of the West Qinling 

Orogen variously labelled as syn-orogenic, continental arc, or post-collisional in character 

(Lu et al., 1999; Sun et al., 2002; Qin et al., 2009; Jiang et al., 2010). Late Triassic to Early 

Jurassic exhumation has been argued in northern Tibet from the fission track study of 
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Jolivet et al., (2001), and in northeastern Tibet through the observation of enhanced basin 

accumulation rates (Horton et al., 2004). Rapid Early Cretaceous cooling has also been 

proposed for the East Kunlun (Mock et al., 1999), the northwestern part of the central 

WQO zone (Zheng et al., 2004), and the Jiaochangba area. The initiation of many Late 

Cretaceous basins and half grabens throughout the WQO containing immature 

conglomerate and gravel supports that significant erosion took place localized along 

basin-forming structures. Zheng et al. (2004) reported thermal histories from Xiahe, 

Wushan and Lixian (Fig. 1) which support two rapid cooling episodes between 230-220 

and 140-120 Ma. Early Cretaceous rapid cooling has also been documented northwest of 

the Lvjing Fault along the central part of the WQO. This rapid cooling event seemed to 

transfer from the WQO into East Qinling during the Late Cretaceous (Enkelmann et al., 

2006).  

Our data from the Zhongchuan Granite fit this eastwards episodically extrusion model. 

The picture arising from synthesis of these studies suggests that regional extension was 

active through a region stretching from East Kunlun to northwestern Qinling during the 

Early Cretaceous, and propagated eastwards to East Qinling during the Late Cretaceous. 

This transition indicates that Cretaceous extrusion may occur eastwards along the Kunlun-

Qinling orogen, perhaps accounting for sinistral movement observed in parts of this belt 

(e.g. Mock et al., 1999). This is not consistent with the hypothesis that the extension is 

derived from back-arc stresses associated with Pacific subduction (Hu et al., 2006), which 

should propagate westwards. After the cessation of the Cretaceous extension episode, 

slow cooling and/or stasis appear to have dominated northeast Tibet until Tertiary time. 

Exhumed sediments in the Songpan-Ganzi basin, for example, experienced slow to 

negligible cooling between ca. 138 and 30 Ma, with this stability interpreted to result from 

post-tectonic isostatic uplift (Huang et al., 2003).   

On a wider regional scale, Cenozoic crustal cooling was widespread across northern Qilian 

Shan (George et al., 2001), eastern Kunlun (Mock et al., 1999), northwest of the WQO 
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(Horton et al., 2004), eastern Tibet (Kirby et al., 2002), the Songpan-Ganzi Basin (Huang et 

al., 2003), Dabashan (Shen et al., 2007), and the Longmenshan area (Arne et al., 1997). 

However, Roger et al. (2004) found no evidence for Tertiary thermal events in the Early to 

Late Jurassic igneous rocks in the Songpan-Ganzi Basin, and argued that Tertiary 

deformation was restricted to strike-slip faulting and exhumation of a Triassic-Lower 

Jurassic decollement zone in the hanging wall of the Longmenshan Fault. We suggest that 

after the crustal thickening produced by Triassic collision of the North and South China 

Cratons, the West Qinling area underwent tectonic quiescence with the eastwards 

extrusion during Cretaceous, which is possibly represented by local normal faulting and 

basin formation.   

Tertiary exhumation along the west part of the Central Orogenic System is inferred to 

derive from eastward extrusion of crustal material driven by collision of India with Eurasia 

prior to uplift of the Tibet Plateau (Arne et al., 1997; Clark et al., 2010). The contrasting 

Tertiary cooling rates of 30°-50°C/Myr in northeastern Tibet and the Songpan-Ganzi Basin 

and ~3°/Myr in the interior of the Tibet Plateau indicates that the Tertiary-recent uplift of 

the plateau has changed the topographic profile of the region significantly (Kirby et al., 

2002; Enkelmann et al., 2006). In the West Qinling area, 40Ar-39Ar dating of phlogophite 

from potassic-ultrapotassic volcanic rocks supports a tertiary uplift period of 22-23 Ma (Yu 

et al., 2006). 

In summary, the West Qinling area has been dominated by extension since the Late 

Triassic. The Cretaceous and Tertiary thermal disturbances can be correlated to 

progressive eastwards extrusion along the Central Orogenic Belt and extension-associated 

uplifting affected by Tibet Plateau, respectively. 
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Exploration implications 

 

Fig. 8 Targeting ranking across the West Qinling Orogen based on exhumation history. Simplified after Fig. 1. 
See text for explanation. Legends are the same with Fig. 1. Figure 2 is shown in this figure as well. 

If the mineralisation styles known to occur within a region have an element of depth 

and/or pressure dependence, then exhumation assumes an important role in controlling 

the distribution and accessibility of mineralisation – with a corollary significance to 

exploration targeting. In essence, although it cannot establish the presence or absence of 

mineralisation within a prospective region directly, evaluation of local exhumation history 

can provide a guide to the potential character and expression of specified mineral systems, 

and thereby inform the most appropriate approach to the deployment of exploration 

resources.  
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Our results demonstrate that the Jiaochangba Granite experienced initial post-

emplacement cooling similar to that of the Zhongchuan Granite (Fig. 6). Assuming that 

both regions experienced comparable gold mineralization related to the Triassic 

emplacement of the respective plutons (e.g. Chen, 2010; Zeng et al., 2012), the two areas 

would thus also have the potential to host similar varieties of deposit type – the key 

consideration in relative prospectivity being the scale, style, and accessibility of any such 

mineralization.  

Shallow crustal residence, for example, plays a core role in the evolution of the rich DG 

gold camp. The porphyritic texture of the Late Triassic Ge’erkuohe Granite and the low 

inferred pressure of the associated Carlin-type epizonal deposits (Yan et al., 2000) 

establish the near-surface environment of this mineralisation episode. 

Thermochronological data revealed the DG camp have conducted instant cooling from 

900 to 75°, suggesting prompt thermal exchange (Zeng et al., 2011). The high thermal and 

physico-chemical gradients of this setting are assumed to have established an ideal 

platform for precipitation of gold (e.g. Phillips 1993; Hronsky, 2011), with long-term post-

Triassic residence in the near surface environment possibly playing a further role in 

upgrading the deposit, facilitating the development of brittle structures and pervasive 

alteration of the deposit during secondary supergene processes.  

Consider the comparative implications of this exhumation history for the relative 

prospectivity of areas 1, 2, and 3 in Fig. 8. DG Camp styles of high quality resource with 

substantial grade and shallow orebody location require correspondingly similar histories 

of shallow emplacement and minimal exhumation – and thus only prospective area 1 in 

the Bailongiang Horst region that hosts the known DG gold camp has the realistic 

potential to host further such mineralisation. Equally however, its minimal post-Triassic 

exhumation entails that if hypogene orogenic gold mineralization associated with the 

Triassic episode is also present in this region, it would lie far below discoverable and/or 

extractable depths (>4km). It thus follows from our understanding of the exhumation 
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history of this area alone that ongoing exploration for gold in the Bailongjiang Horst 

domain should remain focused solely on Carlin-type epithermal or epizonal deposits. 

In contrast, post-mineralization erosion of at least 4 km of cover from prospective area 2 

in the core of the West Qinling orogenic culmination would have stripped any shallow 

epizonal gold mineralization that may originally have been present. Any remaining 

mineralization in this region is likely to be structurally controlled and mesozonal in nature 

(as observed in the Liba orogenic gold deposit known from this area) – again effectively 

limiting our expectations as to the style of potential mineralisation. The Perspective area 3, 

represented by the Jiaochangba area, has the potential for Liba-like mineralization and 

any style that sits at crust level between Liba and Dashui gold mineralization. As there is a 

regional post-Triassic northeast-southwest compressional deformation episode 

recognized in the area (Zeng et al., 2012), the hinge zones of northwest-trending 

anticlines close to Triassic intrusions should be regarded as being the most prospective 

domains for potential gold mineralization. Scattered reports do indeed indicate a number 

of minor gold occurrences fitting this profile in the Jiaochangba area, including the Lu’erba 

and Zhaishang gold deposits (Wu and Wei, 1998; Ma et al., 2008; Liu et al., 2010). Given 

the trends inferred for exhumation in the Qinling Orogen, deeper gold mineralization may 

be anticipated in the southeastern part of the orogen.  

There are some exceptions outside the predication made upon the possible correlation 

between the thermal profiles and gold mineralization styles, like Qiuling gold deposit in 

the East Qinling (Zhang et al., 2000). However, the hypothesis works in a broad sense in 

the West Qinling region. 

In summary, thermal profile reconstruction across this region allows us to refine 

exploration focus by preconceiving different resource quality and mineralization styles in 

areas undertook various levels of exhumation.  
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Conclusions 

Our thermochronological results from the Dashui-Ge’erkuohe and Liba-Zhongchuan gold 

camps, and the Jiaochangba area confirm that Early Cretaceous rapid cooling was 

widespread across the Central and Southern Domains of the WQO. In combination with 

data from the northern part of Tibet, East Kunlun and East Qinling (Fig. 1), this cooling 

episode migrated from the northwest to the southeast, which may indicate that the 

region has experienced progressive extrusion to the southeast from Late Triassic to 

Cretaceous times along the Central Orogenic Belt. The initiation of the Lvjing Basin may 

well be the consequence of an Early Cretaceous regional extension event associated with 

this cooling episode. 

This study documents a potential correlation between the thermal evolution of a region 

and the gold mineralization styles expressed across their exposed surfaces. This model 

provides theoretical means of evaluate the quality of resources that DG gold camp have 

better chance to host higher quality gold resource in terms of grade and accessibility. This 

model also appears to account for the observed differences in style between the DG and 

ZL gold camps, and implies that there may be additional deeper (orogenic) styles of gold 

mineralization in the Five Golden Flowers area, because the area has undergone 

significant exhumation since Late Triassic times. In contrast, in the area to the northwest 

of the Lvjing Basin, it is potential for Liba-like mineralization and any style that sits at crust 

level between Liba and Dashui gold mineralization.  

As to the DG gold camp, higher exploration priority should be given to shallow (Carlin-type 

or epithermal) gold deposits.  
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Chapter 6: SUMMARY AND CONCLUSIONS 

 

This Thesis presents a multi-scale investigation of the West Qinling Orogen (WQO) 

including studies of regional magmatism, mine-scale structure studies with precise 

geochronological and thermochronological analysis, and a detailed comparison of the 

post-mineralization exhumation of two key gold camps (represented by the Liba and 

Dashui gold deposits). The findings of these studies have allowed us to better understand 

the gold mineralization systems at these mines both in a broad geological context and in 

targeting perspectives. 

The Liba and Dashui gold deposits were selected as case studies to show the diversity of 

gold mineralization styles and how structure controls mineralization across the orogen. 

The age of gold mineralization at these deposits were dated at ca. 216Ma and roughly 

constrained between Late Triassic and Early Cretaceous, possibly Late Triassic, 

respectively. The understanding of the gold metallogeny in the WQO is significantly 

promoted with this contribution, and these are documented in the publications by Zeng et 

al. (in press and in submission). The major conclusions of this thesis are summarized as 

following: 

Tectonic setting 

In combination with data published by other authors, the high quality geochronological 

and geochemical data documented in Chapter 2 on eight intrusions in the WQO indicate 

widespread magmatism began in the northwestern part of the Qinling Orogen at ~ 240 

Ma and episodically progressed to the southeast in the North Qinling terrane. Magmatism 

was then widespread throughout the South Qinling terrane during the Late Triassic. Based 

on location and high-quality geochronology, a new division of Triassic intrusion has been 

proposed across the Qinling Orogen. Several critical geochemical differences have been 

summarized under this new division. First, the West Qinling suites are significantly 
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enriched in Large Ion Lithophile Elements, including Cs, Rb, U, Th and K, whereas the East 

Qinling suites have moderate enrichment in these elements; second, there is an obvious 

transition from calcium to potassium enrichment in the Late-Triassic-West-Qinling suite, 

whereas the Late-Triassic-East-Qinling suite appears to follow a curved trajectory starting 

from high Na through K to high Ca; third, the Ba and Sr concentrations of the West Qinling 

suite have marked troughs on mantle-normalized multi-element plots, whereas the East 

Qinling suites have relative enrichment of the two elements. Geochemical and isotopic 

data indicate that there are striking differences in the granites across the Chengxian-

Huixian-Fengxian Fault, which highlight the tectonic significance of the northeast-trending 

fault that is now recognized as a significant boundary within the orogen. The source of the 

magma becomes increasingly juvenile towards the east-southeast in the Qinling Orogen. 

The Triassic intrusions in the West Qinling Orogen were formed in a syn-collisional setting, 

whereas those in East Qinling were formed through continental-arc to continental 

collision setting. This interpretation might explain the geochemical features of the Triassic 

granites in the West Qinling area and the geochemical discrepancies between granites in 

the West and East Qinling domains. It is likely that the continent-continent collision 

between the cratons was restricted to the Dabie UHP Zone and East Qinling Domain 

during the Triassic and was not evident in the WQO. In other words, the east part of the 

orogen acted as a buttress during the collision of the cratons. This new understanding of 

the orogen enables more precise reconstruction of the Late Triassic interaction between 

the North China and South China cratons along the West Qinling Orogen. 

Triassic gold mineralization including orogenic gold and Carlin-type gold styles (Mao et al., 

2002; Chen et al., 2004) took place in such a syn-collisional setting. Both the two 

mineralization styles can be regarded as productions of regional orogenic processes. The 

Liba and Dashui gold deposits have been invesitigated in details as they are representive 

cases for orogenic gold and Carlin-type gold mineralization, respectively.  
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Mine-scale studies of the Liba and Dashui gold deposits 

Our structural study combined with detailed fieldwork and geochronology has refined the 

understanding of the Liba goldfield (Chapter 2). The mineralization in the goldfield 

consists of disseminated low-grade ore hosted by quartz veins and sediments. 

Three deformation events have been recognized, of which the second was associated with 

gold mineralization. The D1 event corresponds N-S orientated compression, accompanied 

by low-grade metamorphism producing local porphyroblasts of cordierite in slate, that 

later became mineralization-favoured strata. The D2 event is associated with NE-SW 

compression and is the key deformation event that controlled the distribution of dykes 

and gold mineralization. The gold is hosted by WNW-trending secondary faults emanating 

off the D2 NW-trending “F1” Fault and was deposited during sinistral transpression 

movement. Both the igneous dykes and hydrothermal fluids associated with the 

mineralization are hosted by dilational jogs and WNW-trending faults developed during 

local trans-extension. The D3 event was a post-mineralization extensional event, 

represented by barren calcite and anhydrite veins. 

The S1 and S2 fabrics are the key tools used to reconstruct the paragenesis of the igneous 

and hydrothermal activities and gold mineralization. Diorite dykes were emplaced both 

pre- and post-mineralization, whereas porphyritic granitic dykes predate the 

mineralization. The age of the pre-mineralization diorite dykes suggests that the NE-SW 

compression with extensive magmatism and hydrothermal alteration began ~ 228 Ma. 

The hydrothermal event associated with mineralization is ~ 216 Ma, which was indicated 

by the 40Ar/39Ar date of 216.4±1.5 Ma on muscovite and biotite from granitic porphyry, 

the ore and an altered diorite dyke. Similar dates have been obtained from hornblende of 

the altered diorite dykes. The precise geochronology shows that almost all lithologies in 

the Liba goldfield were affected by a single mineralization-associated hydrothermal event. 

It is well bracketed by the pre-mineralization diorite dykes and syn- to post-mineralization 

sericitization based on field observation. It is also synchronous with the age of plutonic 
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intrusive rocks in the region. Therefore, the plutonic rocks, hydrothermal activities and 

gold mineralization event are all interpreted as being synchronous at ca. 216 Ma. This is 

the first precise and well-constrained mineralization age in the WQO. 

Detailed study of the Dashui Fault in the Dashui gold deposit has led to a better 

understanding of the tectonic history of movement along the fault, which has better 

constrained the timing of the mineralization in the far northwest end of the WQO 

(Chapter 4). We believe that the major reverse movement took place during the Late 

Triassic. The primary gold mineralization in the Dashui gold deposit took place at a shallow 

depth and remained at that depth since the Late Triassic. 

Both field observation and thermochronological data indicate that the Dashui Fault is a 

reverse fault, which was active after Late Triassic to Jurrasic times. As the fault was clearly 

active post-mineralization, this constrains the timing of the primary gold mineralization 

between the Late Triassic and Early Cretaceous. The hanging wall of the Dashui Fault has 

been uplifted around 2 to 4 km, therefore, the probability of finding the missing part of 

the Dashui gold deposit in the hanging wall is considered minimal. We argue that the 

thermochronological technique can be well applied to constrain large mine-scale 

structures and could be a useful tool in brownfield exploration for this style of shallow-

level mineralization. 

Comparison between Two Gold Camps 

Our thermochronological results from the Dashui and Liba gold fields, and the 

Jiaochangba area confirmed that Early Cretaceous rapid cooling was widespread across 

the Central and Southern Domains of the WQO (Chapter 5). In combination with data 

from the northern part of Tibet, East Kunlun and East Qinling, this cooling episode 

migrated from the northwest to the southeast, which may indicate that the region has 

experienced progressive extrusion to the southeast during the Late Triassic to Cretaceous 

along the Central Orogenic Belt. The initial development of the Lvjing Basin may well be 
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the consequence of an Early Cretaceous regional extension event associated with this 

cooling episode. 

The obvious benefit of this study (Chapter 5) is that it documents a potential correlation 

between the thermal evolution of a region and the gold mineralization styles expressed 

across their exposed surfaces. This model provides theoretical means of evaluating the 

quality of resources that DG gold camp have better chance to host higher quality gold 

resource in terms of grade and accessibility. This model also appears to account for the 

observed differences in style between the DG and ZL gold camps, and indicates that there 

may be additional deeper (orogenic) styles of gold mineralization in the Five Golden 

Flowers area, because the area has undergone significant exhumation since the Late 

Triassic exposing deeper levels of the crust (Chapter 5). In contrast, in the area to the 

northwest of the Lvjing Basin and the DG gold camp, higher exploration priority should be 

given to shallow (Carlin-type or epithermal) deposits (Chapter 5).  

Future research recommendation 

A number of questions and potential research studies have become apparent during this 

study in the WQO, which are discussed below. 

Tectonics 

A striking geochemical difference has been identified in the Triassic plutons separated by 

the northeast-trending CHF Fault. The fault is likely to be the boundary between West 

Qinling and East Qinling domains in an area concealed by Cretaceous conglomerate, 

gravels and Cenozoic sediments. The distinctive geochemical affinities of the Late Triassic 

intrusions indicates that before the Late Triassic magmatism, the northeast-trending fault 

have already been a key tectonic boundary. Further thermochronological and gravity data 

confirmed this idea by showing distinctive thermal profiles and geophysical features 

across the Lvjing Fault, which is a northeast-trending fault as well. Therefore, it is argued 

here that there are some fundamental northeast structures across this concealed area in 

the Qinling Orogen, which requires further investigation. In addition, there is a magmatic 
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cessation between 240 to 220 Ma in the South Qinling terrane, what was the trigger for 

this? 

Deposit specific 

The Jinshan gold deposit is located south of the Zhongchuan pluton, as introduced in 

Chapter 3. The structural control of the gold mineralization was observed at this deposit 

during the course of this study. One of my future research interests is to determine the 

absolute timing of the mineralization at the Jinshan gold deposit, which will be compared 

with that of the Liba gold deposit. The studies will cover the northeast and south 

surrounding areas of the Zhongchuan pluton, which are here considered prospective for 

economic gold occurrences.  

A better understanding of kinematic role of the Zhongchuan Granite on localizing the 

mineralization-associated structures is essential in exploration gold in the Zhongchuan 

area. Our preliminary structural mapping shows that the Liba and Jinshan gold deposits 

were associated with the D2 event, which is a transpression event and characterized by 

metre- to tens of metre-scale folding. In the view of kinematics, the D2 structures at the  

deposits indicate NE-SW and NNW-SSE transpression, respectively, which all point to 

structural interactions with the ca. 219 Ma Zhongchuan Granite acting as a competent 

unit during the ca. 215 Ma D2 event. Alternatively, the space creation process during the 

Granite crystallization is also a possible trigger for the localization of gold mineralization. 

This hypothesis requires more structural investigation of the gold occurrences around the 

Zhongchuan Granite. 
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Appendix 1 

Description of zircons and data quality control for Chapter 2 

Zhongchuan Granite 

Sample ZCHSN3-001 is representative for the major phase of the Zhongchuan Granite (Fig. 

1). The length of the zircons from the sample varies from 100 to 200 µm, and the ratio of 

their length and width range from 1.2 to 4. Most of the zircons are prismatic, euhedral, 

colourless and transparent, with clear magmatic zoning in the BSE and CL images (Fig. 4a). 

Inclusions are present in almost all grains. 

 

Sample ZCHW-003 was taken from the central phase of the Zhongchuan Granite. Most of 

the zircon grains are colourless and euhedral to subhedral, although smaller than those 

from Sample ZCHSN3-001. It is clear that the zircons can be divided into two populations: 

a) large grains with clear magmatic zoning, showing an average size of 140 x 60 µm, and 

relatively high in U (Fig. 4b); and b) small zircons that are around from 40 x 90 µm in size 

that are darker under cathedoluminescence. Both populations have rims with the high U 

concentrations that are generally subject to Pb-loss. 

 

Sample ZCHSN5-2 is from the dyke cutting the marginbal phase (Fig. 2c). The dyke does 

not have an obvious chilled margin and contain a limited number of zircons, which 

commonl;y exhibit a rusty appearance. Two populations of zircons are observed from a 

total of 67 gains. The major population is small, possibly represently fragments of large 

grains. The other population includes elongate grains that vary from 100 x 30 to 70 x 20 

µm in size with a comparatively large length-width ratio (Fig. 4c).  
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Luchuba, Baijiazhuang, Jiaochangba, Lvjing and Wenquan granites 

The zircons from the Luchuba, Baijiazhuang, Jiaochangba and Lvjing granites are similar to 

those from the major (marginal) phase of the Zhongchuan Granite in terms of size and 

morphology. All zircons from these granites are euhedral and colourless, some of which 

preserved tetragonal prismatic crystal shape. The sizes of zircon vary from 300 x 120 to 

130 x 70 µm, with 200 x 80 µm being the most common size with length to width ratios of 

2 to 3. The zonation and internal structure of the zircons indicate that they are magmatic 

(Fig. 4d, f, h, i). The zircons from the Wenquan Granite both major and dyke phase are 

relatively larger than the zircons from the other plutons in this group, and size of the 

zircons from the major phase of the granite is larger than that of the dyke phase (Fig. 4j, k). 

 

Xiba Granite 

The zircons from Sample XBP-01 are subhedral, orange in colour, and small in size (i.e. 

around 200 x 100 µm) with length to width ratios of between 1.5 and 3. The core-rim 

structure is clear in some grains and oscillatory zoning is well developed in most grains. 

Most zircons have low U (96-270 ppm) and Th (50-160 ppm) concentrations. 

 

Fengxian (Hejiazhuang) Granite 

Over 250 zircon grains were separated and mounted from the Sample FXP-01 from the 

Fengxian Granite (Fig. 1). The zircons have magmatic zonations and are commonly 

euhedral, although some are subhedral. Most of grains have a marginal rim that could be 

metamorphic or zones of recrystallization. A few grains have pitted surfaces and 

resorption structures (Fig. 4). The lengths of these grains range from 80 to 200 µm, with 

aspect ratios of 1:1 to 3:1. They show typical magmatic zonation under CL images, and a 

small number of them are poorly zoned with very bright rims or cores on CL images. 
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Zhongchuan  

14 analyses were undertaken for the sample ZCHSN3-1. All grains show homogenous 

characteristics except one spot from an inherited zircon >1.0Ga. The Th/U ratio varies 

from 0.17 to 0.63. The model solution of the data intercepts with the Concordia curve at 

the upper 2046±910 Ma and at the lower 219.5±2.1 Ma. The low intercept age is 

consistent with the weighted average Pb206/U238 age 218.1±2.5 Ma (Fig 5A).  

15 analyses were carried out on the sample ZCHW-03. Eliminating discordant analyses and 

high common Pb contamination leaves 6 analyses with consistent Concordia age and 

weighted average age, 217.1±1.7 Ma and 217.1±3.6 Ma (Fig 5D).  

Dyke phase of the Zhongchuan pluton 

15 spot U-Pb analyses were carried out on 16 zircon grains from Sample ZCH5-02. Two 

analyses are not considered due to the high common lead issue, and one yielded a 

discordant age. One single grain gave an age of over 2.1 Ga with two analyses. The 

remaining analyses provided a weighted average 206Pb/238Uage and Concordia age 

215.7±2.4 (MSWD=0.66) Ma and 217.2±2.2 (MSWD=0.22) Ma respectively. They are 

identical within error. So we propose the crystallization age of the dyke phase of the 

Zhongchuan pluton is 217.2±2.2 Ma (Fig. 5G). 

Luchuba, Baijiazhuang, Jiaochangba and Lvjing plutons 

12 spots were put on 12 grains from the Sample LCHB-01 from the Luchuba pluton. 11 

analyses (L-02, high common Pb)  contribute to a Concordia age, 217.1± 1.0 Ma 

(MSWD=0.61) and a weighted average age 217.1±2.0 Ma (MSWD=0.22). No inherited 

zircon was observed (Fig.5J). 

Sample BJZ-01 is from the Baijiazhuang pluton. The SHRIMP machine encountered some 

problem at the late stage of the session (the last three analyses), which made the standard 

shift a bit. The Concordia and weighted average age are obtained as 214.2±4.7 

(MSWD=0.15) Ma and 215.9±3.0 (MSWD=0.47) Ma without considering the last three 
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analyses. No inherited zircon was observed (Fig. 5B). 

16 analyses on the Sample JC-01 from the Jiaochangba pluton. The Concordia and 

weighted average ages are obtained as 213.9±1.7 Ma (MSWD=0.61) and 213.9±3.5 Ma 

(MSWD=0.13) respectively. No inherited zircon was observed (Fig. 5E). 

16 analyses were conducted on the Sample LJ-01 from the Lvjing pluton with one analysis 

eliminated due to high common Pb. The remaining 15 analysis gave the Concordia and 

weighted average age, 214.5 ± 2.1 Ma (MSWD=0.36) and 214.6±4.0 Ma (MSWD=0.074). 

No inherited zircon was observed (Fig. 5H). 

Wenquan pluton 

Two samples were selected to represent the Wenquan pluton, Sample WQ-3 and WQ-5. 

12 analyses on Sample W3 gave a Concordia age of 217.3±2.1 Ma (MSWD=0.86) and a 

weighted average age of 217.2±4.6 Ma (MSWD=0.17) (Fig. 5C). 18 analyses on Sample 

WQ5 (W5-16 high common Pb) result in a Concordia age of 218.1±2.2 Ma (MSWD=0.78) 

and a weighted average age of 217.5±3.8 Ma (MSWD=0.17). No inherited zircon was 

observed (Fig. 5F). 

Xiba 

12 spot U-Pb analyses were carried out on 12 zircon grains from Sample XBP-01. The 

Concordia age of the sample is taken from the lower intercept point, 215.6±1.8 

(MSWD=1.07) Ma, and weighted average age are obtained as 214.6±3.2 (MSWD=0.32) Ma 

without considering two disconcordant analyses. No inherited zircon was observed (Fig. 

5K). 

Fengxian Pluton 

26 spot U-Pb analyses were carried out on 24 zircon grains from Sample FXP-01. Two 

analysis (F-1, 13) spots were placed on the inherited cores. Combined with the high 

common Pb analyses, the cores seem carry some ~1.6 Ga 0.5~0.7 Ga information. The 
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remaining analyses yielded a Concordia age after eliminating several high-common-Pb 

analyses, such as F-8, 10, 11, 13, and several high U concentrations, like F-20, 26. The 

Concordia age and the weighted average age of Sample FXP-01 are 240.9±1.0 Ma 

(MSWD=1.4) and 240.8±2.2 Ma (MSWD=0.22) (Fig. 5I), suggesting a crystallization age of 

the Fengxian pluton is 240±1.0 Ma. 

Data quality control 

Data quality was a major consideration when reviewing the published data on the 

intrusive rocks in the Qinling Orogen. For example, major element analytical data with LOI 

values higher than 2.2% were systematically rejected, easy-mobilized elements (like Na 

and K) are checked to ensure there is no strong depletion, which could be a trace of 

alteration. The Fe2O3 / FeO ratios were used to monitor the redox state of the sample and 

any with values higher than 90% were also rejected on the basis that they may influence 

some redox sensitive trace elements. Samples of granitic dykes also were not included, 

because of limited sample volume and displaying strong depletion in REEs. The LOI values 

of samples included in the dataset were re-calculated to anhydrous composition, then the 

major oxides values were later plotted in major elements diagrams and used to calculate 

ACNK or ANK values. Outliers were removed from the trace-element spider-diagrams on 

the basis of analytical errors (such as samples Q1 and JCB-2). Sample Q1 was eliminated 

because the analysis was incomplete (machine problems), and Sample LS1 was eliminated 

because its titanium value was much higher than that of the whole population. Sample G1 

from the Guangtoushan pluton had exceptionally high U/Th, Sm/Nd and Ba/Th ratios and 

was also rejected.  

For the geochronological data, Lu et al., 1999 did TIMS U-Pb zircon studies on the 

Laojunshan (3 grains) and Qinlingliang (5 grains). Four grains indicate concordant ca. 

234Ma age, which however is not consistent with field crosscutting relationships. Lu et al. 

1999 proposed that the two intrusions sometimes intruded into Late Triassic intrusions, 

which was not well dated.  We treat this data with great caution, and prefer the 234 Ma 
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age for the two plutons without ruling out the possibility that there are some Late Triassic 

magmatic activities, as listed in the Table 2 of Chapter 2. 
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Appendix 2  

Geochronological raw data for the Fengxian, Baijiazhuang, Xiba, 

Zhongchuan, Luchuba, Wenquan, and Jiaochangba Granites, and Lu-Hf in-

situ zircon isotopic data for the samples from Zhongchuan and Fengxian 

Granites 

Fengxian Pluton 

 

  Spot ppm 
U 

ppm 
Th 

232Th 
/238U 

Total 
207Pb 

/206Pb 

±% 207Pb* 
/235U 

±% 206Pb 
/238U 
Age 

±% 

F-1  1038 364 0.36 0.10171 0.48 4.011  0.95 1621   ±12   

F-2  1314 156 0.12 0.05218 1.6  0.2706 2.5   239.2 ± 2   

F-3  1786 289 0.17 0.05191 1.3  0.2739 2.2   243.9 ± 1.9 

F-4  1514 188 0.13 0.0512  1.5  0.2512 2     237.2 ± 1.9 

F-5  1645 252 0.16 0.05201 1.4  0.2547 3.3   238.9 ± 1.9 

F-6  1686 227 0.14 0.05119 1.4  0.2442 2.7   239.3 ± 1.9 

F-7  2038 204 0.10 0.05164 1.2  0.2505 3.1   236.6 ± 1.9 

F-8  155 229 1.52 0.0639  2.3  0.995  6.6   759   ±10   

F-9  2212 366 0.17 0.05163 1.5  0.2344 2.5   222.5 ± 1.8 

F-10  289 209 0.75 0.0558  2.2  0.433  9.1   449.7 ± 6.9 

F-11  174 140 0.83 0.1123  1.1  4.5    2.6  1718   ±19   

F-12  1396 152 0.11 0.05146 1.5  0.2463 3.7   240.4 ± 2   

F-13  399 468 1.21 0.0647  1.6  0.836  3     600.2 ± 5.9 

F-14  1834 334 0.19 0.05316 1.2  0.2702 1.7   241   ± 2.1 

F-15  1727 248 0.15 0.05068 1.4  0.2502 2.7   239.3 ± 1.9 

F-16  1348 163 0.12 0.05145 1.6  0.2622 2.8   235.2 ± 2   

F-17  1716 198 0.12 0.0512  1.3  0.2562 2.7   243.2 ± 1.9 

F-18  1366 171 0.13 0.05047 1.5  0.2458 2.8   242.2 ± 2   

FXP20  2825 487 0.18 0.05209 1    0.2804 1.3   247.6 ± 1.8 

FXP21  1935 232 0.12 0.0519  1.2  0.2701 1.4   242.9 ± 1.4 

fxp22  2208 288 0.13 0.05213 1.2  0.2727 1.4   240.3 ± 1.3 

fxp23  2549 477 0.19 0.05195 1.1  0.2728 1.3   241.4 ± 1.5 

fxp24  1893 266 0.15 0.0526  1.2  0.2685 1.6   238.7 ± 1.4 

fxp26  1209 54 0.05 0.05856 0.98 0.6725 1.5   519.1 ± 5   

fxp27  2416 444 0.19 0.05222 1.1  0.2696 1.3   240.7 ± 1.4 

fxp28  1953 295 0.16 0.05175 1.2  0.2724 1.4   242.4 ± 1.4 
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Baijiangzhuang Granite 

 

Xiba Granite 

Spot ppm 
U 

ppm 
Th 

232Th 
/238U 

Total 
207Pb 

/206Pb 

±% 207Pb* 
/235U 

±% 206Pb 
/238U 
Age 

±% 

X-1  126 80 0.66 0.0533 3.7 0.187  10   208.4 ±2.6 

X-2  121 80 0.68 0.052  3.9 0.2432  4.1 215   ±2.6 

X-3  244 155 0.66 0.0518 2.7 0.2456  2.9 218   ±2   

X-4  98 50 0.53 0.0481 4.5 0.146  18   210.7 ±3   

X-5  115 80 0.72 0.0499 4   0.2364  4.2 217.7 ±2.6 

X-6  254 148 0.60 0.0523 2.8 0.27    5.6 220.1 ±2.2 

X-7  269 132 0.51 0.0505 2.6 0.2227  3.6 215.4 ±1.9 

X-8  163 136 0.86 0.0498 3.3 0.189   7.8 212.8 ±2.3 

X-9  175 102 0.60 0.0517 3.2 0.2433  3.3 216.5 ±2.2 

X-10  152 99 0.67 0.0518 4   0.224   8.1 210.5 ±2.4 

X-11  96 59 0.64 0.0505 4.4 0.23    4.7 209.7 ±3   

X-12  233 173 0.77 0.0509 2.8 0.219   4.6 214.9 ±2   

 

  

Spot ppm 
U 

ppm 
Th 

232Th 
/238U 

Total 
207Pb 

/206Pb 

±% 207Pb* 
/235U 

±% 206Pb 
/238U 
Age 

±% 

B1-1  667 214 0.33 0.0509  2.2 0.2225 3.3 215.2 ±3.7 

B1-2  545 199 0.38 0.0504  2.5 0.2103 4.5 211   ±3.8 

B1-3  648 226 0.36 0.0503  3.1 0.2305 3.7 215.4 ±3.8 

B1-4  693 256 0.38 0.0506  2.2 0.2319 3.2 216.1 ±3.9 

B1-5 538 330 0.63 0.0509  2.4 0.2251 3.5 212.9 ±3.7 

B1-6 1412 579 0.42 0.05147 1.9 0.2374 2.6 213.8 ±3.7 

B1-7 665 228 0.35 0.0504  2.2 0.2368 2.9 215.4 ±3.8 

B1-8 507 169 0.34 0.0527  2.6 0.235  3.2 214.4 ±3.7 

B1-9 476 136 0.29 0.0533  3.9 0.22   5.2 206.9 ±3.6 

B1-10 549 172 0.32 0.0523  2.5 0.2381 3.2 219.4 ±3.8 

B1-11 657 243 0.38 0.0528  2.2 0.2375 3.2 215.5 ±4   

B1-12 699 273 0.40 0.0511  2.2 0.2404 2.9 216.1 ±3.9 

B1-13 748 245 0.34 0.0506  2.3 0.2309 3   207.1 ±3.7 

B1-14 591 149 0.26 0.0511  2.8 0.2084 3.8 199.4 ±3.5 

B1-15 559 174 0.32 0.0494  2.6 0.2152 3.2 200.5 ±3.5 
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Central zone of the Zhongchuan Pluton 

 

Spot ppm 
U 

ppm 
Th 

232Th 
/238U 

207Pb 
/206Pb 

±% 207Pb* 
/235U 

±% 206Pb 
/238U 
Age 

±% 

W3-01  243 87 0.37 0.0489  3   0.2088 3.9 212.7 ±2   

W3-02  1004 447 0.46 0.06077 1.4 0.248  3.1 207.7 ±1.7 

W3-03  1381 612 0.46 0.05017 1.2 0.2471 1.7 223.2 ±1.8 

W3-04  1602 436 0.28 0.05064 1.2 0.2385 1.5 219   ±1.8 

W3-05  547 134 0.25 0.0498  2   0.2285 2.5 215   ±2   

W3-06  818 430 0.54 0.04885 1.7 0.223  3.1 210.2 ±4.9 

W3-08  1270 325 0.26 0.05064 1.3 0.239  1.6 219.1 ±1.7 

W3-09  1463 418 0.30 0.05179 1.2 0.2386 2.2 222.4 ±1.9 

W3-10  151 25 0.17 0.0539  4.2 0.252  4.3 214.7 ±2.3 

W3-11  652 144 0.23 0.0519  2.7 0.2371 3.5 217.8 ±2   

W3-12  89 80 0.93 0.0685  2.2 1.219  2.4 782.5 ±7.5 

W3-13  378 41 0.11 0.0571  2.2 0.259  7.1 245.7 ±2.4 

W3-14  696 276 0.41 0.05015 1.7 0.247  2.1 229.7 ±1.9 

W3-15  604 3 0.01 0.05043 1.9 0.2441 2.1 222.4 ±2.3 

 

Outside zone of the Zhongchuan Granite 

 

Spot ppm 
U 

ppm 
Th 

232Th 
/238U 

207Pb 
/206Pb 

±% 207Pb* 
/235U 

±% 206Pb 
/238U 
Age 

±% 

Z3-01  1357 289 0.22 0.0516  1.3  0.2415 1.6   218   ± 1.7 

Z3-02  808 212 0.27 0.04988 1.7  0.2263 2.4   215.2 ± 1.8 

Z3-03  2669 437 0.17 0.05053 0.88 0.2493 1.2   225   ± 1.7 

Z3-04  1224 628 0.53 0.05003 1.4  0.233  1.8   217.9 ± 1.7 

Z3-05  1375 436 0.33 0.05104 1.3  0.2458 1.5   220.4 ± 1.7 

Z3-06  809 197 0.25 0.05124 1.6  0.2477 1.8   222.1 ± 1.8 

Z3-07  2139 293 0.14 0.05136 0.98 0.2442 1.4   221.3 ± 1.7 

Z3-08  518 193 0.38 0.051   2    0.235  2.5   218.2 ± 1.9 

Z3-09  1116 361 0.33 0.04992 1.4  0.2515 1.7   230   ± 1.9 

Z3-10  370 157 0.44 0.14856 0.53 5.096  0.99 1436   ±11   

Z3-11  2037 303 0.15 0.05034 1    0.2418 1.3   220.8 ± 1.7 

Z3-12  835 510 0.63 0.04956 1.5  0.2657 1.8   246.9 ± 2   

Z3-13  665 152 0.24 0.05002 1.9  0.2345 2     215.5 ± 1.8 

Z3-14  1033 179 0.18 0.0515  1.4  0.2294 2.1   215.1 ± 1.9 

 

 



Appendix 2 

- 218 - 

Dyke phase of the Zhongchuan Granite 

 

Spot ppm 
U 

ppm 
Th 

232Th 
/238U 

207Pb 
/206Pb 

±% 207Pb* 
/235U 

±% 206Pb 
/238U 
Age 

±% 

DK-1  2000 245 0.13 0.0521  1.3   0.233   2.4   215.4 ± 1.7 

DK-2  939 112 0.12 0.05    2.7   0.221   6     215   ± 2.3 

DK-3  1175 338 0.30 0.05056 1.8   0.2097  4.5   213.9 ± 1.7 

DK-4  544 177 0.34 0.0525  2.6   0.226   5.7   217.7 ± 2.2 

DK-5  143 31 0.23 0.0543  5.1   0.185  28     201.7 ± 4.5 

DK-6  1485 125 0.09 0.0502  2     0.2266  2.9   215.6 ± 1.5 

DK-7  801 157 0.20 0.2139  0.85 15.27    1.1  2695   ±16   

DK-8  1110 102 0.09 0.2962  0.65 19.29    0.93 2497   ±14   

DK-9  544 204 0.39 0.0517  2.7   0.195   5.4   209.1 ± 2.1 

DK-10  495 218 0.46 0.0515  2.8   0.217   7.6   216   ± 2.4 

DK-11  2201 847 0.40 0.05063 1.3   0.2202  3     214.2 ± 1.4 

DK-12  599 66 0.11 0.0533  2.5   0.161  14     203.2 ± 2.3 

DK-13  1336 325 0.25 0.04973 1.7   0.217   2.9   216.7 ± 1.6 

DK-14  1041 147 0.15 0.05142 1.8   0.235   4.3   219   ± 1.8 

DK-15  237 65 0.28 0.0501  4.8   0.178  23     215.4 ± 3.7 

 

 

The Luchuba Granite 

Spot ppm 
U 

ppm 
Th 

232Th 
/238U 

207Pb 
/206Pb 

±% 207Pb* 
/235U 

±% 206Pb 
/238U 
Age 

±% 

L-1  584 176 0.31 0.049   2.5 0.214  5.1 213.1 ±3   

L-2  659 198 0.31 0.05    2.3 0.213  5.4 211.9 ±1.8 

L-3  1049 329 0.32 0.05124 1.8 0.2349 2.4 217.7 ±1.5 

L-4  648 144 0.23 0.0505  2.3 0.2366 3.5 217.6 ±1.8 

L-5  1197 230 0.20 0.051   2.1 0.2326 3.9 217.6 ±1.5 

L-6  1359 671 0.51 0.05106 1.6 0.253  1.6 216.5 ±1.4 

L-7  498 168 0.35 0.0513  2.6 0.196  7.9 212   ±2   

L-8  1220 264 0.22 0.04998 1.7 0.2385 1.9 217   ±1.4 

L-9  956 220 0.24 0.0521  2.3 0.2494 2.5 217.8 ±1.5 

L-10  1235 244 0.20 0.05097 1.7 0.2275 2.6 218.3 ±1.4 

L-11  861 185 0.22 0.04928 2   0.2397 3   217.2 ±1.6 

L-12  1203 365 0.31 0.0514  1.7 0.2558 2.9 218.2 ±1.5 
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Dyke phase of the Wenquan Pluton 

Spot ppm 
U 

ppm 
Th 

232Th 
/238U 

207Pb 
/206Pb 

±% 207Pb* 
/235U 

±% 206Pb 
/238U 
Age 

±% 

WQ3-1  326 185 0.59 0.0511 3.1 0.219  6   215.9 ±3.7 

WQ3-2  194 126 0.67 0.0552 3.8 0.252  4.5 218.9 ±3.8 

WQ3-3 381 230 0.62 0.0521 2.9 0.2516 3.7 216.9 ±3.9 

WQ3-4 539 496 0.95 0.0506 2.4 0.2386 3.1 218.6 ±3.6 

WQ3-5 306 254 0.86 0.0505 3.2 0.252  4.1 223.5 ±4.1 

WQ3-6 393 354 0.93 0.0501 2.8 0.226  5.2 221.5 ±3.7 

WQ3-7 818 356 0.45 0.0484 2.4 0.2299 3.1 217.5 ±3.7 

WQ3-8 263 165 0.65 0.0507 3.6 0.248  4.6 212.2 ±3.7 

WQ3-9 233 149 0.66 0.0508 3.6 0.234  5.5 216.5 ±3.8 

WQ3-10 787 481 0.63 0.0512 2   0.2447 3   217.8 ±3.6 

WQ3-11 523 257 0.51 0.0526 3.2 0.24   5.4 217.8 ±3.7 

WQ3-12 261 177 0.70 0.0518 3.4 0.216  7   211.2 ±3.7 

 

Major phase of the Wenquan Granite 

Spot ppm 
U 

ppm 
Th 

232Th 
/238U 

207Pb 
/206Pb 

±% 207Pb* 
/235U 

±% 206Pb 
/238U 
Age 

±% 

WQ5-1  846 380 0.46 0.05042 2   0.2342 3.3 218.5 ±3.6 

WQ5-2  760 456 0.62 0.0509  2.1 0.2381 2.7 214.1 ±3.5 

WQ5-3 840 588 0.72 0.0512  1.9 0.2462 2.5 218.2 ±3.6 

WQ5-4 258 180 0.72 0.0553  3.3 0.239  6.5 220.7 ±4.1 

WQ5-5 1116 377 0.35 0.05059 1.6 0.2494 2.3 224.7 ±3.7 

WQ5-6 658 529 0.83 0.0516  2.2 0.2405 3   215.2 ±3.6 

WQ5-7 764 377 0.51 0.0512  2   0.2394 3.4 219   ±3.9 

WQ5-8 865 517 0.62 0.05021 2   0.2434 2.7 218.6 ±3.7 

WQ5-9 1320 1194 0.93 0.05082 1.5 0.2418 2.3 219.8 ±3.6 

WQ5-10 737 362 0.51 0.05    2.1 0.2308 3.4 218   ±3.7 

WQ5-11 550 347 0.65 0.0529  2.7 0.2439 4.1 218.7 ±3.8 

WQ5-12 456 355 0.81 0.0509  2.7 0.242  3.4 214.3 ±3.7 

WQ5-13 455 191 0.43 0.0504  2.6 0.2323 3.7 218.6 ±3.7 

WQ5-14 314 208 0.68 0.0514  3.1 0.2133 4.5 209.3 ±4   

WQ5-15 386 170 0.46 0.0478  2.9 0.22   6.9 218.5 ±3.8 

WQ5-16 570 483 0.88 0.0733  4.3 0.255  8.4 208.3 ±3.7 

WQ5-17 315 109 0.36 0.0522  3.2 0.225  5.7 214.2 ±3.7 

WQ5-18 901 538 0.62 0.0501  1.9 0.2358 2.6 219.2 ±3.6 
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The Lvjing Granite 

 

Spot ppm 
U 

ppm 
Th 

232Th 
/238U 

207Pb 
/206Pb 

±% 207Pb* 
/235U 

±% 206Pb 
/238U 
Age 

±% 

LV-1  1673 453 0.28 0.05029 1.4 0.2338  2.3 217.1 ±3.5 

LV-2  1046 239 0.24 0.05048 1.7 0.225   2.8 213.9 ±3.5 

LV-3  869 285 0.34 0.05944 1.7 0.2494  3.7 214.4 ±3.7 

LV-4  1272 397 0.32 0.05183 1.8 0.2344  2.9 216.9 ±3.5 

LV-5  875 301 0.36 0.0498  1.9 0.2382  2.6 218   ±3.6 

LV-6  1423 289 0.21 0.05062 1.5 0.2291  2.6 212.8 ±3.5 

LV-7  855 200 0.24 0.05083 1.9 0.2312  3   213.9 ±3.5 

LV-8  1101 339 0.32 0.05121 1.6 0.2344  2.4 212.9 ±3.5 

LV-9  843 230 0.28 0.04921 1.9 0.2235  2.9 212   ±3.5 

LV-10  1043 268 0.27 0.05608 1.6 0.2318  3.4 213.1 ±3.5 

LV-11  1073 275 0.27 0.0502  1.8 0.2305  2.6 215   ±3.5 

LV-12  1293 347 0.28 0.05299 1.4 0.2357  2.5 212.6 ±3.5 

LV-13  726 295 0.42 0.0514  2.1 0.2323  3.1 214.9 ±3.6 

LV-14  898 321 0.37 0.0831  3.5 0.228   9.5 210.2 ±3.6 

LV-15  997 369 0.38 0.1728  2.5 0.374  22   298.7 ±7   

LV-16  939 203 0.22 0.04995 1.8 0.229   2.9 218.3 ±3.6 

 

The Jiaochangba Granite 

 

Spot ppm 
U 

ppm 
Th 

232Th 
/238U 

207Pb 
/206Pb 

±% 207Pb* 
/235U 

±% 206Pb 
/238U 
Age 

±% 

JC-1  712 526 0.76 0.0501  2.7 0.2162 4.5 202.9 ±3.4 

JC-2  938 314 0.35 0.0531  2.1 0.2271 3   200   ±3.3 

JC-3  771 300 0.40 0.0484  2.4 0.2156 3.7 201.9 ±3.4 

JC-4  559 255 0.47 0.0532  2.6 0.2403 3.2 205.4 ±3.5 

JC-5  613 400 0.67 0.0588  2.5 0.213  6.5 202.5 ±3.5 

jc-6  548 278 0.52 0.0519  2.4 0.2296 3.1 204.8 ±3.4 

JC-7  922 211 0.24 0.0517  1.8 0.2297 2.5 205   ±3.4 

JC-8  753 233 0.32 0.0555  2.3 0.216  4.7 202.7 ±3.4 

JC-9  423 189 0.46 0.0494  2.7 0.2064 4.3 206.6 ±3.5 

JC-10  1466 473 0.33 0.05122 1.4 0.2282 2.3 207.1 ±3.4 

JC-11  771 478 0.64 0.0511  2   0.2205 3.1 204   ±3.4 

JC-12  1215 319 0.27 0.04911 1.6 0.2126 2.4 204   ±3.3 

JC-13  1995 592 0.31 0.04998 1.2 0.2258 2.2 208.5 ±3.4 

JC-14  453 188 0.43 0.0511  2.6 0.2173 3.7 199.3 ±3.7 
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JC-15  179 78 0.45 0.052   4.1 0.206  8.4 204.7 ±3.7 

JC-16  539 163 0.31 0.0518  2.3 0.2273 3   202.8 ±3.5 

 

In-situ zircon Lu-Hf isotopic data from the major phase of the Zhongchuan Granite and 

the Fengxian Granite 

 

Analysis 
 N 

Hf
176

/Hf
177

  1 S.D. Lu176/Hf177 Yb
176

/Hf
177

 U/Pb AGE Hf Chur 
(t) 

Hf DM (t) 

Z3-1 0.282585 0.0000092 0.000741156 0.0447257 218 0.282632 0.283089 

Z3-2 0.282672 0.00001 0.00106662 0.0623933 215.2 0.282634 0.283091 

Z3-4 0.282622 0.0000065 0.000781798 0.0461606 217.9 0.282632 0.283089 

Z3-5 0.282593 0.000011 0.00126351 0.0752391 220.4 0.28263 0.283087 

Z3-8 0.282635 0.000011 0.000556336 0.0328672 218.2 0.282632 0.283089 

Z3-5 0.282597 0.0000077 0.000801157 0.0487122 220.4 0.28263 0.283087 

Z3-13 0.282666 0.000012 0.00148672 0.0864299 215.5 0.282634 0.283091 

Z3-14 0.282625 0.0000094 0.000891534 0.051554 215.1 0.282634 0.283091 

F-2  0.282608 0.000012 0.000444449 0.0234532 239.4 0.282618 0.283073 

F-3  0.282662 0.0000088 0.000660423 0.0356617 244.9 0.282615 0.283069 

F-4  0.282615 0.00002 0.000640745 0.0361041 238 0.282619 0.283074 

F-5  0.282705 0.000029 0.000341009 0.0164662 240 0.282618 0.283073 

F-1  0.282082 0.000031 0.00114683 0.0575855 1617 0.28172 0.282034 

F-10  0.282771 0.000029 0.000655676 0.0318838 451.9 0.282481 0.282915 

F-6  0.282609 0.00004 0.000722788 0.0290547 238.4 0.282619 0.283074 

F-13  0.282286 0.000039 0.000965179 0.0489725 608.5 0.28238 0.282797 

fxp-24 0.282675 0.000039 0.000762152 0.0336891 239.2 0.282618 0.283073 

F-15  0.282614 0.00004 0.000620697 0.0284039 230.2 0.282624 0.28308 

F-16  0.282623 0.00002 0.000905022 0.0412451 237.2 0.28262 0.283075 

F-9  0.282661 0.000024 0.000664441 0.0337314 221.1 0.28263 0.283087 

fxp-27 0.282689 0.000042 0.00076352 0.0385562 242.4 0.282616 0.283071 

fxp-28 0.282639 0.00003 0.000764356 0.0369491 242.6 0.282616 0.283071 
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Appendix 3 

Geochemical data for the Zhongchuan, Luchuba, Jiaochangba, Xiba 

and Fengxian Granites 

 

No 1 2 3 4 5 6 7 

Pluton Zhongchu
an 

Zhongchu
an 

Zhong 
chuan 

Zhong 
chuan 

Zhong 
chuan 

Zhong 
chuan 

Zhong 
chuan 

Phase outside 
zone 

outside 
zone 

outside 
zone 

outside 
zone 

outside 
zone 

dyke dyke 

Sampl
e ID 

ZCH3-001 ZCHD-001 ZCHD-003 ZCHM4-
001 

ZCHSN3-
001 

ZCHSN4-
001 

ZCHSN5-
002 

Litholo
gy 

K-f 
phenocrys

t biotite 
monzogra

nite 

K-f 
phenocrys

t biotite 
monzogra

nite 

K-f 
phenocrys

t biotite 
monzogra

nite 

K-f 
phenocrys

t biotite 
monzogra

nite 

K-f 
phenocrys

t biotite 
monzogra

nite 

biotite-
bearing 

monzogra
nite 

biotite-
bearing 

monzogra
nite 

AL2O3 14.15 15.43 14.66 16.38 13.51 13.07 15.02 

CaO 1.17 1.13 0.83 2.44 1.70 0.57 0.91 

TFE2O3 1.89 1.52 1.62 2.97 2.43 1.21 1.27 

K2O 5.50 5.87 5.28 5.19 4.30 4.95 5.28 

MgO 0.44 0.37 0.32 1.05 0.77 0.27 0.31 

MnO 0.05 0.04 0.03 0.06 0.06 0.03 0.03 

Na2O 3.82 3.91 3.74 3.62 3.23 3.75 4.20 

P2O5 0.10 0.11 0.10 0.17 0.12 0.05 0.12 

SIO2 71.53 70.40 72.12 66.50 72.23 75.02 71.63 

TiO2 0.28 0.22 0.24 0.48 0.31 0.16 0.21 

LOI 0.77 0.71 0.79 0.83 1.17 0.73 0.80 

SUM 99.69 99.71 99.73 99.69 99.82 99.80 99.76 

Li 115.00 100.00 128.00 54.80 64.90 25.80 51.40 

Be 5.49 5.12 4.16 4.44 4.94 6.02 6.35 

Sc  7.83 7.48 6.75 8.58 6.39 6.81 7.02 

V 12.40 13.90 10.10 35.80 23.30 9.56 7.49 

Cr 4.86 5.67 4.90 12.40 9.35 5.01 5.09 

Co 1.90 1.94 1.44 4.94 3.43 1.01 1.16 

Ni  0.88 1.36 1.34 3.45 2.10 0.80 1.07 

Cu 1.27 1.47 0.75 4.49 2.58 1.05 2.57 

Zn 44.50 42.60 49.30 67.90 52.40 21.20 33.40 

Ga 21.00 20.50 22.40 19.80 17.60 18.80 20.70 

Ge 1.16 1.10 1.00 1.05 1.00 2.05 1.19 
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As 4.66 4.50 4.43 5.04 4.41 4.94 4.79 

Rb 241.00 236.00 245.00 193.00 230.00 273.00 274.00 

Sr 154.00 216.00 138.00 435.00 240.00 42.00 196.00 

Y 12.40 12.10 9.16 17.70 17.10 17.00 13.30 

Zr 147.00 146.00 142.00 205.00 162.00 83.30 143.00 

Nb 16.90 13.10 14.80 15.30 14.10 21.40 17.40 

Mo 0.75 0.90 0.82 1.69 2.96 0.54 3.10 

Ag 0.43 0.38 0.37 0.37 0.36 0.42 0.39 

Cd 0.41 1.45 2.12 0.57 2.29 0.96 4.53 

In -0.03 0.03 0.13 -0.01 0.14 0.01 0.31 

Sn 12.40 52.10 81.70 18.03 92.30 38.17 171.58 

Sb 0.14 0.18 0.33 0.53 0.19 0.18 0.31 

Cs 16.70 13.30 37.70 7.82 9.58 9.51 15.00 

Ba 526.00 773.00 582.00 1250.00 446.00 112.00 776.00 

La 26.20 25.40 31.80 21.00 17.10 13.90 27.40 

Ce 46.80 45.30 58.80 36.70 33.20 19.50 47.30 

Pr 5.07 4.91 6.34 4.27 3.98 3.16 5.16 

Nd 18.50 18.40 22.10 17.00 15.80 11.90 17.90 

Sm 3.45 3.64 4.20 3.94 3.78 2.92 3.59 

Eu 0.71 0.81 0.67 1.48 0.88 0.25 0.82 

Gd 2.97 2.96 3.07 3.47 3.41 2.49 2.69 

Tb 0.45 0.45 0.41 0.55 0.57 0.49 0.44 

Dy 2.15 2.16 1.87 2.92 2.76 2.76 2.21 

Ho 0.43 0.42 0.33 0.62 0.59 0.59 0.45 

Er 1.14 1.12 0.79 1.66 1.60 1.73 1.16 

Tm 0.16 0.16 0.10 0.26 0.22 0.28 0.18 

Yb 1.07 1.01 0.69 1.56 1.52 2.09 1.06 

Lu 0.15 0.15 0.09 0.23 0.21 0.32 0.16 

Hf 3.96 4.02 3.82 5.15 4.32 4.05 3.55 

Ta 2.21 1.67 1.34 1.49 1.57 6.72 2.26 

W 1.19 1.99 1.71 1.01 2.25 5.35 1.55 

Tl 1.29 1.26 1.42 0.99 1.00 1.17 1.22 

Pb 42.20 50.60 40.10 36.69 39.30 63.06 85.14 

Bi 1.38 1.03 0.23 0.49 0.06 3.65 0.07 

Th 15.90 17.20 18.20 8.32 12.80 16.90 11.90 

U 4.69 4.24 4.20 4.42 5.78 10.30 9.80 

 

Continuing 

No 8 9 10 11 12 13 14 

Pluton Zhong 
chuan 

Zhong 
chuan 

Zhong 
chuan 

Zhong 
chuan 

Zhong 
chuan 

Zhong 
chuan 

Luchuba 
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Phase dyke central 
zone 

central 
zone 

central 
zone 

central 
zone 

central zone 

Sampl
e ID 

ZCHU-001 ZCHW-
001.1 

ZCHW-003 ZCHW-006 ZCHW-007 ZCHW-008 LCHB-
001 

Litholo
gy 

biotite-
bearing 

monzogra
nite 

Biotite 
monzogra

nite 

Biotite 
monzogra

nite 

Biotite 
monzogra

nite 

Biotite 
monzogra

nite 

Biotite 
monzogra

nite 

granodio
rite 

AL2O3 14.25 15.04 14.78 14.51 14.11 17.10 15.99 

CaO 0.07 1.26 0.95 0.71 0.60 2.14 4.73 

TFE2O3 1.13 1.59 1.80 1.82 1.86 2.48 5.50 

K2O 1.07 5.12 5.31 5.28 5.47 6.30 3.41 

MgO 0.03 0.41 0.41 0.42 0.36 0.74 3.61 

MnO 0.01 0.03 0.03 0.03 0.03 0.05 0.08 

Na2O 0.09 3.74 3.60 3.54 3.04 3.58 3.46 

P2O5 0.04 0.13 0.11 0.13 0.11 0.15 0.18 

SIO2 77.89 71.21 71.79 72.40 72.98 66.28 61.19 

TiO2 0.25 0.27 0.27 0.27 0.22 0.39 0.68 

LOI 5.07 0.90 0.89 0.85 1.18 0.49 0.64 

SUM 99.91 99.71 99.94 99.97 99.97 99.69 99.48 

Li 3.92 114.00 114.00 133.00 133.00 47.50 32.20 

Be 1.21 4.40 5.36 7.84 8.64 3.71 1.99 

Sc  0.39 6.92 6.96 6.43 6.02 7.22 12.50 

V 22.70 12.40 11.40 13.90 10.30 28.40 103.00 

Cr 7.23 4.64 1.93 4.29 2.40 9.56 100.00 

Co 1.77 1.88 1.65 1.93 1.66 4.41 17.10 

Ni  2.11 0.94 0.28 0.41 0.06 2.69 42.20 

Cu 22.70 1.00 -0.08 0.07 0.65 3.13 23.50 

Zn 10.60 70.60 59.20 70.10 59.70 58.70 68.50 

Ga 9.72 24.60 24.80 24.30 24.40 18.60 18.10 

Ge 1.48 1.01 1.09 1.20 1.08 1.05 1.00 

As 4.85 4.15 4.24 4.16 4.91 4.68 5.54 

Rb 50.70 248.00 255.00 287.00 299.00 207.00 117.00 

Sr 45.10 171.00 147.00 163.00 122.00 379.00 484.00 

Y 3.06 9.67 8.71 9.99 9.27 14.70 16.90 

Zr 135.00 171.00 177.00 161.00 130.00 196.00 223.00 

Nb 12.30 17.20 15.10 17.60 16.90 13.50 12.40 

Mo 2.01 0.73 0.61 0.56 0.28 0.58 0.57 

Ag 0.45 0.39 0.33 0.35 0.38 0.34 0.28 

Cd 0.31 1.33 0.38 0.55 0.35 0.98 0.18 

In -0.04 0.09 -0.02 -0.02 -0.03 0.01 0.06 

Sn 12.09 51.20 13.30 17.70 10.50 34.30 5.00 

Sb 8.53 0.18 0.22 0.10 0.14 0.32 0.34 
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Cs 3.22 14.40 17.80 25.00 20.90 8.88 7.13 

Ba 136.00 625.00 634.00 660.00 531.00 1190.00 1100.00 

La 19.00 35.80 36.10 33.50 29.20 28.60 28.10 

Ce 31.90 64.40 67.20 62.70 54.50 51.10 53.40 

Pr 3.10 7.13 7.35 6.62 5.90 5.66 6.39 

Nd 10.70 25.30 25.60 23.40 20.50 20.30 24.30 

Sm 1.75 4.72 4.80 4.31 4.04 3.92 4.77 

Eu 0.13 0.81 0.80 0.83 0.69 1.35 1.18 

Gd 1.34 3.23 3.32 3.14 3.52 3.18 4.14 

Tb 0.16 0.48 0.44 0.45 0.41 0.50 0.61 

Dy 0.65 1.79 1.84 1.88 1.79 2.52 3.01 

Ho 0.11 0.34 0.31 0.35 0.32 0.51 0.64 

Er 0.30 0.84 0.79 0.90 0.86 1.40 1.69 

Tm 0.04 0.10 0.10 0.12 0.11 0.18 0.24 

Yb 0.22 0.72 0.65 0.80 0.79 1.32 1.68 

Lu 0.03 0.10 0.09 0.11 0.10 0.18 0.22 

Hf 3.91 4.57 4.68 4.38 3.62 4.83 5.75 

Ta 1.23 1.73 1.58 2.10 2.98 1.20 1.03 

W 6.21 1.97 3.58 2.66 3.09 0.70 2.96 

Tl 0.32 1.32 1.35 1.51 1.52 1.07 0.55 

Pb 20.43 39.10 37.80 36.80 39.80 43.10 27.40 

Bi 0.12 0.37 0.68 4.58 0.37 0.32 0.31 

Th 8.10 19.20 20.60 18.50 17.40 10.90 11.70 

U 28.10 7.89 6.41 5.04 3.82 3.44 3.18 

 

Continuing 

No 15 16 17 18 19 20 21 

Pluton Luchuba Luchuba Luchuba Baijiang 
zhuang 

Baijiang 
zhuang 

Baijiang 
zhuang 

Xiba 

Phase        

Sample 
ID 

LCHB-001 
dup 

LCHB-002 LCB-101 BJZ-001 BJZ-003 BJZ-006 XBP-001 

Lithology granodiorite granodiorite Biotite 
monzo 
granite 

Biotite 
monzo 
granite 

Biotite 
monzo 
granite 

Biotite 
monzo 
granite 

granodiorite 

AL2O3 16.05 16.46 15.12 15.36 15.61 15.35 15.92 

CaO 4.79 5.10 2.66 6.39 3.37 4.20 5.44 

TFE2O3 5.46 5.73 3.01 1.17 3.56 5.28 6.99 

K2O 3.44 3.08 4.18 2.97 3.94 3.78 2.83 

MgO 3.65 3.66 1.27 2.39 2.19 2.98 4.20 

MnO 0.08 0.09 0.06 0.04 0.06 0.08 0.11 
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Na2O 3.49 3.72 3.53 3.95 3.50 4.00 4.38 

P2O5 0.18 0.19 0.15 0.15 0.14 0.15 0.18 

SIO2 61.30 60.48 68.09 65.86 65.89 63.15 57.79 

TiO2 0.67 0.70 0.45 0.58 0.53 0.64 0.68 

LOI 0.91 0.81 1.32 0.54 0.94 0.49 0.88 

SUM 100.02 100.01 99.83 99.41 99.72 100.10 99.40 

Li 33.50 33.90 63.30 16.30 39.90 40.80 30.20 

Be 2.55 2.17 4.02 2.72 2.98 2.37 1.87 

Sc  12.00 11.90 5.89 9.70 7.81 9.63 15.20 

V 107.00 106.00 37.00 71.60 56.80 83.40 136.00 

Cr 109.00 116.00 27.40 85.10 72.10 87.30 68.00 

Co 18.40 17.30 5.41 2.81 9.60 13.80 25.60 

Ni  46.70 43.90 7.34 13.40 18.80 33.10 54.40 

Cu 26.80 20.60 2.82 5.11 6.04 15.70 79.10 

Zn 77.60 79.20 59.50 32.10 58.70 76.00 79.80 

Ga 18.50 19.10 18.30 16.90 18.30 17.80 17.10 

Ge 1.03 0.99 1.10 1.13 1.07 0.99 0.94 

As 5.99 4.59 3.87 3.59 3.45 4.17 4.12 

Rb 122.00 105.00 158.00 91.60 137.00 132.00 106.00 

Sr 503.00 555.00 366.00 479.00 378.00 433.00 612.00 

Y 17.50 16.20 15.10 17.30 14.40 15.90 15.00 

Zr 145.00 141.00 152.00 194.00 154.00 170.00 102.00 

Nb 12.70 12.50 13.20 12.80 11.20 13.00 7.82 

Mo 0.96 1.28 1.52 1.56 1.15 1.51 1.11 

Ag 0.22 0.25 0.25 0.26 0.20 0.25 0.15 

Cd 0.60 0.23 0.44 2.06 0.52 0.22 1.25 

In 0.11 0.06 0.05 0.20 0.05 0.05 0.17 

Sn 20.39 4.60 11.20 73.60 12.80 5.30 49.24 

Sb 0.40 0.24 0.12 0.43 0.23 0.34 0.13 

Cs 7.37 6.77 11.00 6.92 10.70 9.31 3.11 

Ba 1130.00 1320.00 640.00 621.00 858.00 1080.00 849.00 

La 31.10 35.20 30.80 24.90 33.30 38.70 24.50 

Ce 58.30 64.00 55.00 57.20 60.00 69.50 46.60 

Pr 6.82 7.24 6.14 6.79 6.48 7.51 5.31 

Nd 25.50 26.60 21.60 24.90 22.50 26.30 19.20 

Sm 4.88 4.89 4.10 4.85 4.03 4.64 3.40 

Eu 1.15 1.36 0.95 1.09 1.01 1.02 1.08 

Gd 4.20 4.37 3.39 4.26 3.62 4.26 3.25 

Tb 0.62 0.61 0.52 0.61 0.51 0.59 0.49 

Dy 3.09 2.96 2.66 3.16 2.68 2.93 2.64 

Ho 0.64 0.61 0.53 0.66 0.54 0.59 0.60 

Er 1.78 1.71 1.42 1.77 1.47 1.60 1.59 
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Tm 0.23 0.23 0.21 0.23 0.20 0.23 0.21 

Yb 1.48 1.55 1.38 1.64 1.31 1.55 1.43 

Lu 0.23 0.22 0.21 0.22 0.18 0.21 0.21 

Hf 3.84 3.79 4.30 5.16 4.34 4.60 2.55 

Ta 1.07 1.06 1.73 1.28 1.16 1.31 0.64 

W 4.17 1.78 1.38 2.15 1.08 4.47 1.22 

Tl 0.59 0.51 0.84 0.25 0.63 0.61 0.48 

Pb 27.08 26.50 36.10 21.02 30.60 27.30 21.26 

Bi 0.31 0.20 1.12 0.23 0.12 0.20 0.08 

Th 12.70 13.60 15.00 15.90 14.40 18.30 3.01 

U 3.13 3.53 6.84 3.26 3.55 5.29 0.92 

 

 

No 22 23 24 26 27 

Pluton Xiba Xiba Fengxian Fengxian Fengxian 

Sample ID XBP-002 XBP-003 FXP-001 FXP-006 FXP-008 

Lithology granodiorite granodiorite biotite granite granodiorite granodiorite 

AL2O3 15.59 16.52 15.28 15.74 15.88 

CaO 3.27 4.19 1.77 5.04 2.61 

TFE2O3 3.60 4.53 2.22 6.16 2.59 

K2O 4.15 3.10 3.85 1.76 3.62 

MgO 1.95 2.31 0.38 0.65 0.42 

MnO 0.06 0.07 1.50 3.73 1.19 

Na2O 3.66 4.22 4.35 4.76 4.47 

P2O5 0.12 0.17 0.10 0.19 0.11 

SIO2 66.48 63.38 68.07 59.79 66.94 

TiO2 0.45 0.53 0.04 0.13 0.04 

LOI 0.38 0.64 2.20 2.11 1.81 

SUM 99.71 99.65 99.74 100.06 99.68 

Li 30.10 29.10 39.30 55.60 40.60 

Be 2.57 1.65 3.07 5.87 2.99 

Sc  7.76 8.56 6.21 13.20 5.13 

V 60.00 79.30 24.40 61.30 23.60 

Cr 59.80 53.30 38.10 158.00 23.10 

Co 10.00 13.30 5.47 11.70 4.64 

Ni  27.20 28.30 15.70 69.20 10.50 

Cu 10.50 15.80 2.93 7.89 6.16 

Zn 51.60 63.90 66.70 196.00 76.50 

Ga 16.80 18.60 18.50 27.00 19.80 

Ge 1.04 0.94 0.60 1.32 0.82 
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As 4.28 4.28 2.95 3.02 2.97 

Rb 168.00 110.00 110.00 78.40 61.10 

Sr 458.00 675.00 451.00 598.00 542.00 

Y 13.40 11.00 8.17 14.00 5.82 

Zr 128.00 110.00 134.00 189.00 139.00 

Nb 12.10 9.15 7.55 11.70 6.84 

Mo 1.04 0.81 0.21 0.31 0.50 

Ag 0.20 0.15 0.16 0.24 0.16 

Cd 0.30 0.21 0.24 0.56 0.24 

In 0.06 0.05 0.04 0.14 0.04 

Sn 11.58 6.14 6.32 9.10 7.55 

Sb 0.21 0.20 0.20 0.16 0.24 

Cs 5.94 6.05 4.70 8.86 3.51 

Ba 851.00 1110.00 1020.00 694.00 1130.00 

La 27.30 25.00 22.00 26.70 21.30 

Ce 51.30 44.80 41.10 57.60 35.80 

Pr 5.60 4.85 4.68 7.57 4.29 

Nd 19.20 17.70 17.20 30.10 15.50 

Sm 3.39 3.15 3.18 5.71 2.93 

Eu 0.77 0.77 0.74 1.48 0.75 

Gd 2.92 2.77 2.34 4.43 2.25 

Tb 0.42 0.39 0.33 0.58 0.29 

Dy 2.32 2.01 1.51 2.50 1.22 

Ho 0.48 0.40 0.28 0.50 0.20 

Er 1.34 1.13 0.74 1.32 0.58 

Tm 0.20 0.15 0.11 0.18 0.07 

Yb 1.29 1.03 0.70 1.17 0.51 

Lu 0.19 0.14 0.10 0.16 0.07 

Hf 3.56 3.00 3.74 5.32 3.81 

Ta 1.12 0.79 0.84 0.87 0.54 

W 0.65 0.89 6.63 1.77 0.65 

Tl 0.71 0.49 0.61 0.50 0.62 

Pb 31.11 24.58 42.51 40.38 39.54 

Bi 0.09 0.15 0.09 0.17 0.09 

Th 13.50 7.70 14.90 12.70 10.20 

U 2.76 1.91 2.66 3.69 2.00 
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Appendix 4 

Table 1 Geochemical composition of the Red-brown and Green hornblendes 

by Electronic Microprobe Analysis for Chapter 3 

Table 2  40Ar/39Ar dating on hydrothermal minerals, supplement data for 

Chapter 3 

Table 3 SHRIMP raw data for the Sample ZG-01 data for Chapter 3 

Table 1 Geochemical composition of the Red-brown and Green hornblendes by Electronic 

Microprobe Analysis 

Red-brown 
hornblende 

      

Sample qz1 1-5 qz1 1-6 qz1 1-15 qz1 1-24 qz1 2-7 qz1 2-10 qz1 2-11 

Mineral AM AM AM AM AM AM AM 

Ox no 23.0 23.0 23.0 23.0 23.0 23.0 23.0 

SiO2 42.1 42.1 42.5 41.8 41.8 42.5 42.9 

TiO2 3.1 3.0 3.1 3.7 3.0 2.3 2.3 

Al2O3 11.3 11.5 11.7 11.6 11.5 11.1 11.0 

Cr2O3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Fe2O3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

FeO 12.7 13.3 11.7 11.6 12.3 13.0 13.0 

MnO 0.4 0.4 0.3 0.0 0.3 0.0 0.0 

MgO 12.9 12.4 13.6 13.4 13.7 13.0 13.0 

CaO 11.4 11.5 11.6 11.5 11.4 11.2 11.3 

Na2O 1.8 1.6 1.8 2.1 2.2 1.9 1.9 

K2O 0.8 0.7 0.7 0.7 0.7 0.7 0.7 

Oxide total 96.4 96.4 96.8 96.3 96.7 95.7 96.1 

Fe2O3* 0.2 0.7 0.4 2.0 1.1 0.1 0.1 

FeO* 12.5 12.7 11.3 9.8 11.4 12.9 13.0 

Total* 96.4 96.5 96.8 96.4 96.9 95.7 96.1 

Si 6.3 6.3 6.3 6.2 6.2 6.4 6.4 

Ti 0.3 0.3 0.3 0.4 0.3 0.3 0.3 

Al 2.0 2.0 2.0 2.0 2.0 2.0 1.9 

Cr 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Fe3+ 0.0 0.1 0.0 0.2 0.1 0.0 0.0 

Fe2+ 1.6 1.6 1.4 1.2 1.4 1.6 1.6 

Mn 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Mg 2.9 2.8 3.0 3.0 3.0 2.9 2.9 

Ca 1.8 1.8 1.8 1.8 1.8 1.8 1.8 

Na 0.5 0.5 0.5 0.6 0.6 0.6 0.5 
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K 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

Cation 
total 

15.7 15.6 15.6 15.6 15.8 15.7 15.7 

Mg No 64.7 63.5 68.2 71.0 68.3 64.2 64.1 

Table 1 continuing 

Green 
amphibole 

            

Desc
ption 

pseu
do 

pse
udo 

rim pse
udo 

pse
udo 

pseud
o 

pseu
do 

pse
udo 

rim rim rim pse
udo 

pseu
do 

Miner
al 

AM AM AM AM AM AM AM AM AM AM AM AM AM 

Ox no 23 23 23 23 23 23 23 23 23 23 23 23 23 

SiO2 46.1 44.
2 

50.
0 

44.
8 

49.
1 

48.5 50.6 50.
8 

51.
5 

50.6 48.
4 

50.1 54.1 

TiO2 1.2 1.2 0.3 1.1 0.3 0.3 0.0 0.0 0.6 0.2 0.3 0.3 0.0 

Al2O3 9.0 9.5 6.6 9.7 6.8 7.5 5.6 5.7 4.7 6.1 6.8 6.1 2.5 

Cr2O3 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Fe2O3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

FeO 13.5 13.
7 

11.
7 

13.
6 

11.
9 

12.5 11.5 11.
7 

10.
5 

11.6 11.
5 

11.5 8.7 

MnO 0.3 0.0 0.3 0.2 0.3 0.3 0.0 0.4 0.4 0.3 0.3 0.3 0.5 

MgO 13.8 13.
4 

15.
0 

13.
6 

14.
4 

14.2 15.4 15.
3 

15.
6 

15.0 14.
4 

15.0 17.9 

CaO 11.2 11.
0 

12.
4 

10.
8 

12.
5 

12.6 12.7 12.
4 

12.
3 

12.4 13.
0 

12.5 12.9 

Na2O 1.7 1.8 1.0 1.6 1.1 1.2 0.9 0.7 0.6 0.8 0.9 0.7 0.4 

K2O 0.5 0.6 0.0 0.6 0.1 0.1 0.1 0.1 0.0 0.1 0.2 0.0 0.0 

Oxide 
total 

97.4 96.
3 

97.
2 

96.
1 

96.
4 

97.0 96.8 97.
1 

96.
1 

97.2 95.
8 

96.4 97.0 

Fe2O3
*
 

0.0 0.7 0.5 0.5 0.4 1.3 0.9 0.8 1.0 0.1 0.0 0.9 0.5 

FeO* 13.5 13.
0 

11.
3 

13.
2 

11.
6 

11.3 10.7 11.
0 

9.6 11.5 11.
5 

10.6 8.3 

Total* 97.4 96.
4 

97.
2 

96.
1 

96.
5 

97.1 96.9 97.
2 

96.
1 

97.2 95.
8 

96.4 97.1 

Si 6.8 6.6 7.2 6.7 7.2 7.1 7.3 7.4 7.5 7.3 7.2 7.3 7.7 

Ti 0.1 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 

Al 1.6 1.7 1.1 1.7 1.2 1.3 1.0 1.0 0.8 1.0 1.2 1.0 0.4 

Cr 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Fe
3+

 0.0 0.1 0.1 0.1 0.0 0.1 0.1 0.1 0.1 0.0 0.0 0.1 0.1 

Fe
2+

 1.7 1.6 1.4 1.6 1.4 1.4 1.3 1.3 1.2 1.4 1.4 1.3 1.0 

Mn 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.1 

Mg 3.0 3.0 3.2 3.0 3.1 3.1 3.3 3.3 3.4 3.2 3.2 3.2 3.8 

Ca 1.8 1.8 1.9 1.7 2.0 2.0 2.0 1.9 1.9 1.9 2.1 2.0 2.0 

Na 0.5 0.5 0.3 0.5 0.3 0.3 0.3 0.2 0.2 0.2 0.3 0.2 0.1 

K 0.1 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Catio
n total 

15.6 15.
6 

15.
3 

15.
6 

15.
3 

15.4 15.3 15.
2 

15.
1 

15.3 15.
4 

15.2 15.1 
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Mg 
No 

64.6 64.
6 

70.
3 

64.
7 

68.
9 

69.2 72.0 71.
3 

74.
2 

70.0 69.
0 

71.5 79.4 

 

 

Table 2  40Ar/39Ar dating on hydrothermal minerals, supplement data for Chapter 3 

 

Laser 

intens

ity (%) 

36
Ar ±σ (V) 

37
Ar ±σ (V) 

38
Ar ±σ (V) 

39
Ar ±σ (V) 

40
Ar ±σ (V) 40

Ar® 

(%) 

39
Ar(

k)(%) 

Age(

Ma) 

LB6S

-Bio  

J  =  0.0096090 ± 

0.0000183 

T1=215.3±1.5; T2= 215.0±1.6; T3= 

215.4±1.7 Ma 

   61.00 

W 

0.00

0070 

0.000

009 

0.000

322 

0.0001

19 

0.000

021 

0.00

0007 

0.00

0025 

0.00

0013 

0.00

5135 

0.00

0077 
35.74   0.63 

147.6

2 

62.50 

W 

0.00

0071 

0.000

009 

0.000

322 

0.0001

19 

 .000

021 

0.00

0007 

0.00

0025 

0.00

0013 

0.00

5187 

0.00

0077 
70.43   1.43 

226.5

4 

64.00 

W 

0.00

0071 

0.000

009 

0.000

322 

0.0001

19 

0.000

021 

0.00

0007 

0.00

0025 

 .000

013 

0.00

5235 

0.00

0077 
79.09   4.00 

211.0

1 

65.50 

W 

0.00

0072 

0.000

009 

0.000

322 

0.0001

19 

 .000

021 

0.00

0007 

0.00

0025 

0.00

0013 

 .005

273 

0.00

0077 
89.80   6.91 

214.6

9 

67.00 

W 

0.00

0072 

0.000

009 

0.000

322 

0.0001

19 

0.000

021 

0.00

0007 

0.00

0025 

0.00

013 

0.00

5318 

0.00

0077 
93.17   7.17 

214.5

8 

68.50 

W 

 .000

071 

 .000

009 

0.000

322 

0.0001

19 

 .000

021 

 .000

007 

0.00

0025 

0.00

0013 

0.00

5341 

0.00

0077 
95.20  16.66 

217.6

9 

69.20 

W 

0.00

0071 

0.000

009 

0.000

322 

0.0001

19 

 .000

021 

0.00

0007 

0.00

0025 

0.00

0013 

0.00

5350 

0.00

0077 
 6.95  31.44 

215.5

6 

69.80 

W 

 .000

070 

 .000

009 

0.000

322 

0.0001

19 

 .000

021 

0.00

0007 

0.00

0025 

 .000

013 

0.00

5351 

0.00

0077 
 6.66  17.01 

214.9

9 

70.50 

W 

0.00

0068 

 .000

009 

 .000

322 

 .0001

19 

0.000

021 

0.00

0007 

0.00

0025 

 .000

013 

0.00

5319 

0.00

0077 
94.05  12.84 

213.5

3 

71.20 

W 

0.00

0066 

0.000

009 

 .000

322 

0.0001

19 

0.000

021 

0.00

0007 

 .000

025 

0.00

0013 

0.00

5267 

0.00

0077 
65.74   0.86 

212.8

4 

79.00 0.00 0.000  .000 0.0001 0.000 0.00  .000  .000  .005 0.00
64.24   0.69 

219.0
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W 0063 009 322 19 021 0007 025 013 200 0077 8 

82.00 

W 

0.00

0060 

0.000

009 

0.000

322 

0.0001

19 

0.000

021 

0.00

0007 

 .000

025 

0.00

0013 

0.00

5109 

0.00

0077 
20.74   0.36 

203.9

9 

LB6S

-Hlb 

 

J  =  0.0096090 ± 

0.0000183 

T1=213.6±1.1; T2= 213.6±1.0; T3= 

214.7±2.2 

  60.00 

W 

0.00

0046 

0.000

005 

0.000

185 

0.0000

67 

 .000

010 

0.00

0008 

0.00

0007 

0.00

0006 

0.00

5904 

0.00

0278 
19.72   0.04 

205.6

6 

61.00 

W 

0.00

0046 

0.000

005 

0.000

185 

0.0000

67 

 .000

010 

0.00

0008 

0.00

0007 

0.00

0006 

0.00

5904 

0.00

0278 
36.82   0.17 

128.2

3 

62.00 

W 

0.00

0046 

 .000

005 

0.000

185 

0.0000

67 

0.000

010 

0.00

0008 

0.00

0007 

0.00

0006 

0.00

5904 

0.00

0278 
51.08   0.61 

103.2

5 

63.00 

W 

0.00

0046 

0.000

005 

0.000

185 

0.0000

67 

0.000

010 

0.00

0008 

0.00

0007 

0.00

0006 

0.00

5904 

0.00

0278 
71.89   0.93 

166.2

8 

64.50 

W 

0.00

0046 

0.000

005 

0.000

185 

0.0000

67 

0.000

010 

 .000

008 

0.00

0007 

0.00

0006 

0.00

5904 

0.00

0278 
86.40   2.02 

224.4

4 

66.00 

W 

0.00

0045 

0.000

004 

0.000

232 

0.0000

16 

0.000

004 

0.00

0005 

0.00

0008 

0.00

0008 

0.00

6101 

0.00

0067 
90.17   4.14 

219.1

8 

67.00 

W 

0.00

0045 

0.000

004 

0.000

232 

0.0000

16 

0.000

004 

 .000

005 

 .000

008 

0.00

0008 

0.00

6101 

0.00

0067 
93.94   3.82 

219.3

1 

67.70 

W 

0.00

0044 

0.000

009 

0.000

217 

0.0000

42 

0.000

014 

 .000

021 

0.00

0028 

0.00

0011 

 .005

472 

0.00

0238 
 3.88   2.40 

217.1

1 

68.50 

W 

0.00

0044 

0.000

009 

0.000

217 

 .0000

42 

0.000

014 

0.00

0021 

0.00

0028 

0.00

0011 

0.00

5504 

0.00

0238 
91.84   6.72 

219.3

4 

69.00 

W 

0.00

0044 

0.000

009 

0.000

217 

 .0000

42 

 .000

014 

0.00

0021 

0.00

0028 

0.00

0011 

0.00

5570 

0.00

0238 
94.17  10.15 

212.2

5 

69.30 

W 

0.00

0044 

0.000

009 

0.000

217 

 .0000

42 

0.000

014 

0.00

0021 

0.00

0028 

0.00

0011 

0.00

5605 

0.00

0238 
94.97   7.88 

214.0

3 

69.70 

W 

0.00

0044 

0.000

009 

0.000

217 

0.0000

42 

 .000

014 

0.00

0021 

0.00

0028 

0.00

0011 

0.00

5636 

0.00

0238 
 5.71  14.65 

214.8

7 

70.10 

W 

0.00

0044 

0.000

009 

0.000

217 

0.0000

42 

0.000

014 

0.00

0021 

0.00

0028 

0.00

0011 

0.00

5673 

0.00

0238 
97.38  11.64 

214.3

1 

70.50 

W 

0.00

0039 

0.000

003 

0.000

197 

 .0000

26 

 

0.000

014 

0.00

0011 

0.00

0029 

0.00

0016 

0.00

5777 

0.00

0088 
96.83  16.52 

213.3

9 
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70.90 

W 

0.00

0039 

0.000

003 

0.000

197 

0.0000

26 

0.000

014 

0.00

0011 

0.00

0029 

0.00

0016 

0.00

5777 

0.00

0088 
96.54  12.99 

213.8

2 

71.30 

W 

0.00

0039 

0.000

003 

0.000

197 

0.0000

26 

 .000

003 

0.00

0011 

 .000

029 

 .000

016 

0.00

5777 

0.00

0088 
 3.60   2.54 

212.1

4 

72.50 

W 

0.00

0054 

0.000

010 

0.000

213 

0.0000

19 

0.000

016 

0.00

0007 

0.00

0012 

0.00

0008 

0.00

5343 

0.00

0059 
89.85   2.80 

213.5

0 

LB6S

-Plg 

 

J  =  0.0096090 ± 

0.0000183 T1=226.9±1.3; T2= 223.8±1.2; T3= 225.8±1.5 

 61.00 

W 

0.00

0051 

0.000

008 

0.000

200 

0.0000

36 

0.000

012 

 .000

006 

 .000

018 

0.00

0009 

0.00

5643 

 .000

109 
55.01   0.55 

213.1

1 

63.00 

W 

0.00

0051 

0.000

008 

0.000

200 

0.0000

36 

0.000

012 

0.00

0006 

0.00

0018 

0.00

0009 

0.00

5756 

0.00

0109 
77.70   0.96 

233.5

1 

65.00 

W 

0.00

0051 

0.000

008 

 .000

200 

0.0000

36 

0.000

012 

0.00

0006 

0.00

0018 

0.00

0009 

0.00

5798 

0.00

0109 
89.07   3.22 

216.6

7 

66.50 

W 

0.00

0051 

0.000

008 

0.000

200 

0.0000

36 

0.000

012 

0.00
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 Note: T1: Weighted Average Age; T2: Total Fusion Age; T3: Isochron Age 
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Table 3 SHRIMP raw data for the Sample ZG-01 data for Chapter 3 

 

 

Spot U 
ppm 

 

Th 
ppm 

 

232Th 
/238U 

207Pb 
 ±% /206Pb 

207Pb* 
 ±% /235U 

206Pb 
 ±% /238U 

Age 
ZG-1  398 215 0.56 .0515 3.8 0.24 4.1 217.5 ±3.6 

ZG-2  543 241 0.46 .0537 2.4 0.23 4.6 223.6 ±3.6 

ZG-3  1229 287 0.24 .0514 1.6 0.25 2.4 227.2 ±3.8 

ZG-4  535 107 0.21 .0906 3.2 0.23 13.2 224.9 ±3.7 

ZG-5  376 121 0.33 .0696 1.2 1.45 2.0 906.5 ±13.3 

ZG-6  784 211 0.28 .0528 2.0 0.25 3.0 223.1 ±3.4 

ZG-7  1602 1304 0.84 .0559 1.3 0.25 3.0 231.5 ±3.9 

ZG-8  102 92 0.93 .3187 3.0 0.32 59.9 239.9 ±10.8 

ZG-9  298 158 0.55 .0531 3.2 0.25 6.1 227.4 ±4.1 

ZG-10  2060 578 0.29 .0830 3.1 0.26 7.0 215.0 ±3.5 

ZG-11  427 189 0.46 .1220 2.8 3.09 4.4 1108.4 ±36.7 

ZG-12  106 22 0.21 .0502 5.5 0.24 5.8 218.1 ±3.7 

ZG-13  991 480 0.50 .0534 1.9 0.25 3.1 224.5 ±3.5 

ZG-14  651 458 0.73 .1807 1.4 0.21 25.1 212.2 ±4.6 

ZG-15  666 236 0.37 .0670 1.9 0.24 5.9 219.4 ±3.5 

ZG-16  484 166 0.35 .0584 2.4 0.24 7.5 222.0 ±3.5 

ZG-17  842 354 0.43 .1138 2.2 1.42 5.8 884.1 ±13.7 

ZG-18  791 205 0.27 .0517 2.0 0.25 2.8 219.2 ±3.4 

ZG-19  1230 1247 1.05 .0993 2.0 0.26 7.1 204.2 ±3.7 
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Appendix 5 

SHRIMP dating results of Sample DS-1 and DS-6 for Chapter 4 

Spot U ppm 

 

Th 

ppm 

 

232Th 

/238U 

207Pb* 

/206Pb* 

±% 207Pb* 

/235U 

±% 206Pb 

/238U 

Age 

DS-1          

DS-1-1  1266 99 0.08 0.0443 9.1 0.192 9.2 199.8 ±2.6 

DS-1-2 539 47 0.09 0.053 17 0.233 17.0 202.3 ±3.4 

DS-1-3 998 129 0.13 0.0515 6.9 0.224 7.0 200 ±2.6 

DS-1-4 1163 145 0.13 0.055 14 0.19 14.0 159.9 ±2.4 

DS-1-5 802 114 0.15 0.0485 3.3 0.2212 3.5 209.9 ±2.6 

DS-1-6 690 165 0.25 0.0498 3.2 0.234 4.1 216 ±5.5 

DS-1-7 876 39 0.05 0.0497 4.2 0.2272 4.4 210.2 ±2.6 

DS-1-8 791 207 0.27 0.0497 3.5 0.2341 3.8 216.4 ±2.7 

DS-1-9 1279 684 0.55 0.0524 3.1 0.2371 3.4 208.1 ±2.8 

DS-1-10 747 547 0.76 0.0494 2.5 0.2316 2.8 215.3 ±2.6 

DS-1-11 594 25 0.04 0.0493 3.6 0.2273 3.9 211.9 ±3.1 

Note: BR266 (559 Ma in age with U content 903 ppm and U/Th ratio 0.22) and TEMORA 

(417 Ma with U content 135 ppm and U/Th 0.45) were used as standard zircons to 

calibrate U-Pb isotopic discrimination and to monitor the precision and stability of the 

equipment during analysis. BR266 zircons were analyzed every four unknown zircons and 

TEMORA zircons were analyzed four times every 24 hours.  The 206Pb/238U ages of 

BR266 standard were obtained during the analysis as 555±4, 558 ±4, 564±3, 561±2 Ma. 

The 206Pb/238U age of TEMORA were obtained as 422±5  and 431±5 Ma during the 

analysis. 
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DS-6 

DS-6-1  507 39 0.08 .0486 3.4 0.23 3.9 214.8 ±4.2 

DS-6-2  1207 113 0.10 .0496 1.6 0.23 2.4 212.4 ±3.9 

DS-6-3  869 133 0.16 .0519 1.5 0.24 2.4 211.3 ±3.9 

DS-6-4  673 77 0.12 .0492 2.1 0.23 3.0 210.6 ±4.3 

DS-6-5  907 171 0.20 .0495 1.7 0.24 2.8 220.1 ±4.9 

DS-6-6  858 103 0.12 .0485 1.9 0.23 2.7 215.6 ±4.0 

DS-6-7  819 262 0.33 .0510 1.6 0.24 2.4 214.6 ±3.9 

DS-6-8  1323 344 0.27 .0491 2.3 0.23 3.0 212.1 ±3.9 

DS-6-9  912 110 0.12 .0519 1.8 0.24 2.6 210.1 ±3.9 

DS6-10  531 176 0.34 .0494 2.8 0.23 3.4 213.2 ±4.0 

DS6-11  778 193 0.26 .0491 1.9 0.23 2.7 216.4 ±4.0 

DS6-12  775 260 0.35 .0499 4.5 0.21 5.0 195.0 ±4.2 

DS6-13  867 213 0.25 .0505 2.1 0.24 2.8 216.9 ±4.0 

DS6-14  1529 156 0.11 .0501 3.5 0.24 4.0 220.3 ±4.0 

DS6-15  917 47 0.05 .0615 5.4 0.29 5.7 213.7 ±4.0 

DS6-16  645 33 0.05 .0562 5.1 0.26 5.4 212.5 ±4.0 

Note: BR266 (559 Ma in age with U content 903 ppm and U/Th ratio 0.22) was used as 

standard zircons to calibrate U-Pb isotopic discrimination and to monitor the precision 

and stability of the equipment during analysis. BR266 zircons were analyzed three times at 

the beginning of the analysis and then every four unknown zircons. The 206Pb/238U ages 

of BR266 standard were obtained during the analysis as 551±3, 545 ±3, 563±3, 553±3, 

571±3,570±3 Ma during the analysis. 


