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Abstract: Dongguashan deposit is a large porphyry-skarn copper (gold) deposit in Tongling ore district. The Qingshanjiao
intermediate acid intrusion of Yanshanian had a direct genetic relationship with mineralization. The magma origin, rock-forming
dynamic background and rock-forming process were studied, and the rock-forming mechanism of Qingshanjiao intrusion was
discussed, based on geological characteristics, detailed observation of petrography and systematic investigation of petrochemistry,
trace elements and REE geochemistry characteristics of Qingshanjiao intrusion. The results show that Qingshanjiao rock body
belongs to high-K calc-alkaline series with higher LREE elements, Th, Rb and Sr abundance, but depleted in HREE elements, Ba,
Nb and Ta. The primary magma originated from the mantle-crust mixtures which were caused by basaltic magma of mantle mixing
with syenite magma of partial melting of the lower crust, and the formation environment of Qingshanjiao intrusion was emplaced in
the transitional environment from compression to extension. The Harker diagram and hybrid structures of plagioclase and potassium
feldspar indicate that the fractional crystallization occurred in the process of magmatic evolution. The petrochemistry, trace elements
and REE geochemistry characteristics indicate that the magma was contaminated by crustal material during the rock-forming. These
results suggested that the Qingshanjiao intrusion was formed by fractional crystallization and assimilation and hybridization of
mantle-crust magma in the transitional environment from compression to extensional.

Key words: Qingshanjiao intrusion; geological and geochemical characteristics; rock-forming and geodynamic setting; magma
derivation; rock-forming; Dongguashan copper (gold) deposit

extensively outcropped, associated with a series of Cu,

1 Introduction

Dongguashan copper (gold) deposit is one of the
important parts of the Tongling ore district. It is located
in the northeast margin of the Yangtze block, and belongs
to the Middle-Lower Yangtze River Valley Metallogenic
Belt in Eastern China (Fig. 1), which is a part of
Fanchang—Guichi fault-fold belt of the Lower Yangtze
syneclise [1]. It is also a part of the northeast section of
the Qingshan anticline which is secondary structure of
the Datong—Shun’an multiple syncline. Since Mesozoic,
the Middle-Lower Yangtze area, including Tongling ore
district entered into an active phase of tectonic
movement. The strong tectonic movement of Yanshanian
caused intensive intermediary to acidic magmatic
movement. Intermediary to acidic magmatic rocks are

Fe, Au, Pb and Zn metallogenic activities.

The magmatism process and genesis of magmatic
rock have been the focus of geological study. Previous
studies were conducted on the intrusive rocks within
Shizishan orefield in terms of geochemical features of
the intrusive rocks, rock-forming age and genesis of
rock [2-9], and it is suggested that the Yanshanian
intermediate-acid intrusions are closely associated with
the mineralizaiton. The results of previous studies in this
area provide rich information of rock geochemistry and
geochronology. Because of the different research
methods and perspective, there is still controversy on the
magma origin. Systematic studies focused on the genesis
mechanism of Qingshanjiao intrusion are seldom
reported. The Qingshanjiao intrusion is closely
associated with Dongguashan copper (gold) deposit,
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especially the plutonic porphyry orebody. Therefore, it is
essential to study the rock-forming mechanism in terms
of the source of magma, rock-forming environment, and
the rock-forming process, based on the studies of
petrography, petrogeochemistry, geochemistry of trace
elements and REE for the Qingshanjiao intrusion. The
study will have significant influence on the study of rock
and ore-forming processes, source of ore-forming
materials, source of metallogenic fluid as well as the
genesis of the deposit. It also provides an example for
studying the genetic mechanism and tectonic setting of
Mesozoic intermediate-acid intrusive rock bodies.

2 Geological and lithological features of
intrusion

Qingshanjiao intrusion is located in Shizishan
orefield in Tongling ore district (Fig. 2), distributing in
the southeastern part of Line 34 to Line 54 of
Dongguashan deposit. The outcrop is less than 100 m.
The width is 150 m at —400 m elevation, and more than
300 m at =600 m elevation. The intrusion is narrow at
the top and wide at the bottom in the form of a dyke. The
rock strikes NE and dips SE are almost vertical, due to
influences from the NE-striking Small
apophysis is well developed around the intrusion, and
stretches into the wall rock along bedding in the manner
of tree branches. Close to the intrusion, both width of the
ore-body and mineral concentration increase. The
porphyry close to the intrusion is well mineralized (as
seen from intersections by the boreholes ZK483,
ZK5415, ZK415, ZK5417). Trace element analysis
(Dongguashan copper deposit internal data) and S, Pb
isotope [10] indicate that Qingshanjiao intrusion is
closely related to the mineralization. The intrusion is

structure.

dominantly composed of quartz monzodiorite and
porphyraceous granodiorite.

WU et al [11] and TANG et al [1] reported Ar—Ar
isotopic dating of the Dongguashan magmatic rocks of
(135.8+1.1) Ma and 135.8 Ma. XU et al [12] conducted
whole rock Rb—Sr isotopic dating of Qingshanjiao
intrusion of (135.6+1.4) Ma. LU [13] and XU et al [14]
reported zircon SHRIMP U-Pb dating of the
Dongguashan quartz monzodiorite of (136.0+2.0) Ma
and (135.542.2) Ma, respectively. All the above results
indicate that the magmatic activities of the area mainly
occur at around 135 Ma, and the magmatic rocks belong
to Yanshanian magmatic rock. Mineralization which is
related to the intrusion mainly includes skarn-type
mineralization and porphyry-type mineralization. The
skarn minerals are mainly garnet, diopside, forsterite,
humite, tremolite, serpentine, epidote and actinolite.

Qingshanjiao unaltered intrusion is grey, grayish-
white, medium-coarse granular texture, porphyraceous
texture and hybrid texture (Figs. 3(a) and (b)). The
primary minerals are mainly plagioclase (45%—50%),
potash feldspar (10%—15%), quartz (15%—20%) and
hornblende (10%), secondly for microcline, biotite,
epidote and chlorite. Accessory minerals are pyrite,

chalcopyrite, apatite and sphene, which fill the
interval  space between other minerals with
allotromorphic granular texture or replace earlier
minerals.

The plagioclase of the Qingshanjiao intrusion is
dominantly andesine, with columnar or tabular crystal
form. Polysynthetic twin crystals are commonly seen.
Zonal texture can be observed in
plagioclase (Fig. 3(c)). Hydrothermal alterations include
sericitization and carbonatization (Fig. 3(e)). Early
plagioclase is dissolved and replaced by later minerals
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Fig. 1 Location of Tongling ore district in Yangtze River belt
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Fig. 2 Distribution map of intrusions in Shizishan orefield (Modified from XU et al [14]): 1—Middle-upper triassic limestone,

sandstone; 2 — Grano-diorite; 3 — Quarz monzonite diorite; 4 — Grano-diorite-porphyry; 5 — Pyroxene monzonite diorite;

6—Monzonite grano-porphyry; 7—Anticline axis; 8 —Fault; 9—Geological boundary; 10—Inferred boundary

(Fig. 3(f)). The potash feldspar is mainly subhedral-
allotromorphic columnar crystal which is typical
characteristics of potash feldspar. Carlsbad twin crystals
are also observed. The potash feldspar is partly replaced
by microcline, and shows potash feldspar pseudomorph
(Fig. 3(g)). The hornblende is the major dark mineral in
this area, with subhedral-allotromorphic crystal and
partly chloritization (Fig. 3(h)).

3 Geochemical features

3.1 Sampling and testing methods

The intrusion testing samples were collected from
Qingshanjiao intrusion of exploration Line 59 and Line
66 at —850 m underground adits, part of the boreholes.
The rocks were fresh and un-altered (no mineralization
and without transforming other minerals). Test method is

described as follows. 1) Trace elements: first, the sample
was dispelled with HNO;—HCIO,—HF—-HCI solution,
after the sample was evaporated, the dissolution and
constant volume were finished by using dilute
hydrochloric acid. At last, the results were tested by
inductively coupled plasma spectrometer (ICP—AES).
2) Rare earth elements: the sample that was well-mixed
with LiBO,/Li,B40; was melted in furnace at above
1025 °C, after the molten cooling, the constant volume
was finished by using HNO;—HCIO,—HF—HCI solution.
At last, the results were tested by inductively coupled
plasma massspectrometry (ICP—MS). 3) Major elements:
the sample was melted with lithium nitrate, regarding the
molten material into glass sheet. At last, the results
were tested by X-ray fluorescence spectrometer (XRF).
All of the tests were conducted by Aoshi Laboratory,
Guangzhou, China.
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Fig. 3 Microscopic features of Qingshanjiao intrusion: (a) Plagioclase zoning texture and poikilitic texture (+); (b) K-feldspar
poikilitic texture (+); (c) Hypidiomorphic—allotriomorphic texture (+); (d) Two sets of hornblendes with clear oblique cleavage,
replaced by later epidote (—); (e) Plagioclase with clear twinning striation, with alterations including sericitization on the surface (+);
(f) Plagioclase with clear zoning features, replaced by biotite (—); (g) Microcline with tartan twinning, replacing K-feldspar and
showing K-feldspar pseudomorph (+); (h) Hornblende and biotite with chloritization (—) (Pl—Plagioclase; Kfs—K-feldspar; Bt—
Biotite; Am—Amphibole; Srt—Sericite; Chl—Chlorite; Mc—Microcline; (+)—Cross-polarized light; (—)—Catoptric light)

3.2 Petrochemical characteristics 56.83%—62.59%, averaging 59.10%, which is between
The studies of petrochemistry of Qingshanjiao the average value of diorite (57.39%) and quartz
intrusion (Table 1) show that the content of SiO, is diorite (60.51%) (Li [15], the same below). Total alkali
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Table 1 Major elements contents and characteristic values of Qingshanjiao intrusion (mass fraction, %)
Parameter TS003- DKO001- DKO004- DKO004- DKO004- DK005- DGS8- DGS3- DGS8-  ZK- Total Average
1 4 3 4 5 1 11 11 8 51 value
w(SiO,) 62.59 60.62 58.18 56.93 60.28 5876  62.19 58.09 5648 56.83 59095 59.10
w(AlLO;) 16.24 16.29 16.83 16.72 1590 16.17 1573 17.88 17.04 16.85 165.65 16.57
w(TFO) 5.25 5.23 5.74 7.14 5.62 6.15 5.00 4.51 6.54 584  57.02 5.0
w(CaO) 4.22 4.73 6.93 6.51 5.58 5.75 4.92 4.70 6.55 739 5728 5.73
w(MgO) 1.92 2.50 2.40 2.77 2.26 2.53 1.83 242 2.61 2.43 23.67 237
w(Na,0O) 3.90 3.82 4.02 3.84 3.96 4.21 3.77 3.12 3.99 389 3852 385
w(K,0) 2.77 3.27 2.57 2.82 291 3.05 3.37 2.97 2.56 297 2926 293
w(Cr,03) 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.10 0.01
w(TiO,) 0.66 0.80 0.82 0.88 0.77 0.85 0.67 0.80 0.96 0.90 8.11 0.81
w(MnO) 0.05 0.06 0.07 0.09 0.10 0.06 0.08 0.01 0.07 0.07 0.66 0.07
w(P,05) 0.30 0.34 0.38 0.38 0.32 0.35 0.26 0.34 0.41 0.40 3.48 0.35
w(SrO) 0.10 0.09 0.11 0.11 0.08 0.10 0.08 0.07 0.11 0.10 0.95 0.10
w(BaO) 0.09 0.10 0.08 0.10 0.08 0.08 0.07 0.04 0.07 0.07 0.78 0.08
w(LOI) 1.15 1.44 0.97 0.80 1.39 1.67 0.54 3.81 1.76 1.04 14.57 1.46
Total 99.22 99.29 99.12 99.10 9926 99.74 9850 9874 99.14 9877 990.88 99.09
Wf;;ig? 6.67 7.09 6.59 6.66 6.87 7.26 7.14 6.09 6.55 6.86  67.78 6.78
w(K,0)/
[w(Na,0)+  0.42 0.46 0.39 0.42 0.42 0.42 0.47 0.49 0.39 0.43 432 0.43
w(K,0)]
WVEI(\IISZZE))))/ 1.41 1.17 1.56 1.36 1.36 1.38 1.12 1.05 1.56 1.31 13.28 1.33
A/CKN 0.95 0.88 0.77 0.79 0.80 0.78 0.84 1.06 0.80 0.73 8.40 0.84
A/NK 1.73 1.66 1.79 1.79 1.65 1.58 1.60 2.14 1.83 1.75 17.51 1.75
o 227 2.85 2.86 3.18 2.73 3.34 2.66 2.46 3.18 340 2894 289
T 18.70 15.59 15.62 14.64 1551 1407 1785 1845 1359 1440 15841 15.84
AR 1.97 2.02 1.77 1.80 1.94 1.99 2.06 1.74 1.77 1.79 18.84 1.88
Calcium
rate 0.37 0.38 0.46 0.39 0.41 0.40 0.42 0.40 0.42 0.47 0.41 0.41

Tested by Guangzhou Aoshi Mineral Laboratory(2011); Analysis method: X-fluorescence spectrum analysis; A/NK=n(A1,03)/[n(Na;O)+n(K,0)], A/CKN=
n(A1,03)/[n(CaO)+n(Na;0)+n(K20)] (mole ratio of oxide molecular); o=[w(Na,0)+w(K,0)]/[w(Si02)—43]; 7 is Cottine index; AR=[w(A1,05)+w(CaO)+

w((Na20)+-w(Ko0))/[w(A1203)+w(CaO0)—~(w(Na0)+w(K,0))]

(W(Na,0)+w(K,0)) is 6.09%—7.26%, averaging 6.78%.
w(Na,O)w(K,0) value is 1.05—1.56, averaging 1.33.
The content of K,O is in the range of 2.56% to 3.27%,
averaging 2.93%, higher than the K,O content of
Chinese diorite (2.65%). The intrusion bears high-K
features in a Na-rick background. The alkalic rate (AR)
is in the range of 1.74 to 2.06, averaging 1.88. The enrich
calcium rate  (w(CaO)/[w(CaO)+w(MgO)+w(FeO)+
w(MnO)+w(Fe,0;)]) is in the range of 0.37 to 0.47,
averaging 0.41, which is slightly higher than the average
value of Chinese diorite (0.34) and the average value of
Chinese quartz diorite (0.34). The Rittmann combination
index (o) is in the range of 2.27 to 3.40, averaging 2.89,
belonging to calc-alkaline rock. In the w(K,0)—w(SiO,)
diagram (Fig. 4), the rock samples all fall into the high-K

calc-alkaline series, indicating that the rocks of this area
are high-K calc-alkaline rocks. Aluminum saturation
index (ACNK) averages 0.84, which is lower than 1.1. In
the A/NK—A/CNK diagram (Fig. 5), most samples are
projected in the quasi-aluminous range, belonging to
quasi-aluminous rock. The rocks of this area have high
Na/K mole ratio value (averaging 1.33). In the
w(Na,0)-w(K,0) diagram (Fig. 6), the rock samples are
all projected in I-type granite zone, showing that the
rocks of the area belong to typical I-type granite,
indicating the plutonic source of rock-forming
materials.

From the Harker diagram (Fig. 7), it is indicated
that as the content of SiO, increases, the contents
of Al,O3, TFeO, MgO, CaO, TiO, and P,Os decrease,
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having negative correlation with SiO,, and the content of
K,0 increases, having positive correlation with SiO,,
indicating that the Qingshanjiao intrusion is the product
of evolution of homologous magma and contemporary
magma.

3.3 Geochemical features of rare earth elements

Existing test results (Table 2) show that the mass
fraction range of total rare earth element (ZW(REE) ) is
from 192.19x107° to 314.82x10°°, averaging 230.42x
107°, which is lower than that of the world granitic rocks.
The range of light rare earth (W(LREE)) is from
158.92x10 to 275.31x10°%, averaging 192.97x10 . The
range of heavy rare earth (w(HREE)) is from 31.80% 10°¢
to 40.13x10°°, averaging 37.45x10°®. The range of ratio
of light rare earth to heavy rare earth (W(LREE)/
w(HREE)) is from 4.54 to 6.97, averaging 5.15, which is
much higher than 1, showing that light rare earth is
relatively strongly enriched.

The range of w(Ce)n/w(YDb)y value is from 7.68 to
12.28, averaging 9.21, which is much higher than I,
indicating that the rocks are rich in rare earth. The range
of w(Gd)n/w(Yb)y value is from 1.40 to 1.70, averaging
1.58, which is smaller than average w(La)y/w(Sm)y
(4.50), indicating that fractionation degree of heavy rare
earth elements is low, and is slower in decay compared
with light rare earth elements. The range of Eu anomaly
value (6(Eu)) is from 0.75 to 1.18, averaging 1.01,
showing that overall Eu anomaly is not obvious,
indicating that the rock belongs to non-Eu-anomaly type
(normal type); the range of Ce anomaly value (d(Ce)) is
from 0.81 to 0.88, averaging 0.84, which is small in
variation, showing that Ce anomaly is not obvious. These
indicate that the rock belongs to Ce weakly deficit type,
and that the rock is weakly influenced by surface
weathering. The distribution curves of porphyritic
granodiorite and quartz monzonite almost overlap each
other, showing that the rocks of different output phases
have the same material source.

Qingshanjiao intrusion has higher w(La)y/w(Yb)y
ratio, but depleted in heavy rare earth element
abundances. It is confirmed that the magma is not likely
to derive from partial melting of the lower crust which
consists of granulite facies rocks, and is not the source of
the upper crust.

3.4 Geochemical features of trace elements

In order to ensure concordant standard with REE
and avoid human factor in the primitive mantle model,
chondrite value provided by THOMPSON [19] was
adopted for normalization. Trace element spider diagram
(Fig. 8) is made based on the analysis results (Table 3). It
shows that the rocks in this area are enriched in large-ion
lithophile elements such as Rb, Sr and Th, but depleted
in high field strength elements such as Nb, Ti and Ta.
Enrichment of large-ion lithophile elements demonstrates
that the rock-forming materials derive from low-grade
melting of upper mantle. Deficit of high field strength
elements demonstrates the existence of contamination
from crust materials [20]. The Nb, Ti and Y contents
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Table 2 Content table of rare earth elements of Qingshanjiao intrusion (mass fraction, 107%)
Parameter TS003-1 DK001-4 DK004-3 DK004-4 DK004-5 DK005-1 DGS8-11 DGS3-11 DGS8-8 ZK-51 Average value

w(La) 4690 40.10 43.80 38.60  40.60 4230  44.30 72.70  48.00 52.70 47.00
w(Ce) 9240  79.00 9330 7400  76.90 84.00 82.60  130.00 94.10 101.50 90.78
w(Pr) 9.94 8.75 10.75 8.07 8.24 9.18 9.05 13.70  10.60 11.25 9.95
w(Nd) 3580 3190 41.60 3090 3030  34.10 32.20 4930  40.60 42.20 36.89
w(Sm) 6.70 5.84 7.73 5.51 5.15 6.38 5.51 8.02 727 135 6.55
w(Eu) 1.68 1.63 2.04 1.84 1.58 1.80 1.63 1.59 2.09 214 1.80
w(Gd) 5.56 4.69 6.09 4.74 431 5.05 4.55 5.49 536 535 5.12
w(Tb) 0.77 0.64 0.82 0.64 0.57 0.77 0.65 0.74 0.73  0.72 0.71
w(Dy) 4.21 3.73 4.95 3.62 3.61 4.17 3.60 4.37 432 427 4.09
w(Ho) 0.85 0.72 0.86 0.73 0.73 0.77 0.72 0.81 0.80 0.78 0.78
w(Er) 2.14 1.99 2.63 1.94 1.71 2.38 1.94 2.29 232 227 2.16
w(Tm) 0.34 0.26 0.40 0.31 0.31 0.35 0.28 0.35 033 034 0.33
w(Yb) 2.10 1.71 2.37 1.71 1.69 221 1.91 2.14 2.06 2.04 1.99
w(Lu) 0.34 0.26 0.34 0.28 0.27 0.33 0.30 0.32 031 0.32 0.31
w(Y) 2350  19.80  25.40 19.30 18.60  22.60  20.30 23.00 2390 23.30 21.97
ZW(REE) 233.23 201.02 243.08 192.19 194.57 21639 209.54 314.82 24279 256.53 230.42
w(LREE 19342 167.22 199.22 15892 162.77 177776 17529 27531 202.66 217.14 192.97
w(HREE 39.81 33.80  43.86 3327  31.80  38.63 34.25 39.51  40.13 39.39 37.45
w(LREE)/w(HREE) 4.86 4.95 4.54 4.78 5.12 4.60 5.12 6.97 505 5.51 5.15
J(Eu) 0.89 1.01 0.96 1.18 1.09 1.02 1.06 0.75 1.07  1.09 1.01
d(Ce) 0.86 0.85 0.88 0.84 0.84 0.86 0.82 0.81 0.84 0.84 0.84

w(La)n/w(Yb)n 1326  13.92 10.97 13.40 14.26 11.36 13.77 20.17  13.83 1534 14.03
w(Celn/w(Yb)y 8.89 9.34 7.96 8.75 9.20 7.68 8.74 12.28 9.23  10.06 9.21
w(La)n/w(Sm)y 438 4.29 3.54 4.38 4.93 4.14 5.02 5.67 4.13 448 4.50
w(Gd)n/w(Yb)y 1.62 1.68 1.57 1.70 1.56 1.40 1.46 1.57 1.59 1.61 1.58

Table 3 Content table of trace element of Qingshanjiao intrusion (mass fraction, 10°°)
Parameter TS003-1 DKO001-4 DKO004-3 DKO004-4 DKO004-5 DKO005-1 DGS8-11 DGS3-11 DGS8-8 ZK-51

w(Rb) 118.00 142.00 82.60 83.50 92.60 94.40 108.50 192.50 64.70 73.70
w(Ba) 861.00 939.00 783.00 951.00 704.00 748.00 823.00 536.00 748.00 832.00
w(Th) 9.26 7.63 7.45 5.68 8.78 10.25 14.60 11.65 9.50 8.97
w(Ta) 1.00 1.00 1.20 0.60 0.90 1.00 1.10 1.10 1.00 1.00
w(K) 22700.00 26500.00 21200.00 23400.00 23900.00 24600.00 29700.00 25000.00 21400.00 30100.00
w(ND) 14.50 14.40 17.60 11.10 13.10 13.40 15.90 16.30 15.10 15.30
w(La) 46.90 40.10 43.80 38.60 40.60 42.30 30.00 40.00 40.00 40.00
w(Ce) 92.40 79.00 93.30 74.00 76.90 84.00 82.60 130.00 94.10 101.50
w(Sr) 899.00 801.00 942.00 969.00 710.00 857.00 715.00 650.00 1005.00 1020.00
w(Nd) 35.80 31.90 41.60 30.90 30.30 34.10 32.20 49.30 40.60 42.20
w(P) 1310.00 1460.00 1690.00 1680.00 1420.00 1510.00 1230.00 1630.00 1960.00 1960.00
w(Zr) 192.00 199.00 243.00  231.00 182.00 172.00 197.00 233.00 243.00  241.00
w(Hf) 5.40 5.30 6.50 6.00 5.20 4.90 5.70 6.00 6.10 6.00
w(Sm) 6.70 5.84 7.73 5.51 5.15 6.38 5.51 8.02 7.27 7.35
w(Ti) 3800.00 4200.00 4600.00 5100.00 4400.00 4700.00 3900.00 3900.00 5500.00 5500.00
w(Tb) 0.77 0.64 0.82 0.64 0.57 0.77 0.65 0.74 0.73 0.72
w(Y) 23.50 19.80 25.40 19.30 18.60 22.60 20.30 23.00 23.90 23.30
w(YD) 2.10 1.71 2.37 1.71 1.69 2.21 1.91 2.14 2.06 2.04
w(Rb)n/W(Yb)x 35.32 52.20 2191 30.69 34.44 26.85 35.71 56.54 19.74 22.71
K* 1.96 2.57 1.83 2.65 2.37 2.30 3.39 2.36 2.08 2.92
Nb* 0.25 0.24 0.32 0.20 0.23 0.23 0.27 0.28 0.29 0.23
Zr* 1.30 1.32 1.35 1.38 1.27 1.06 1.47 1.37 1.25 1.25
Ti* 0.26 0.33 0.28 0.42 0.39 0.33 0.32 0.23 0.36 0.35

K*ZZKN/(TB,N"'LB,N); Nb*:2NbN/(KN+LaN); Zr*ZZZrN/(PN+SmN); T1*:2T1N/(SmN+TbN)
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of the rocks are lower compared with Vickers value,
while Sr content is higher, which is prominently different
from continental crust derived granite. Enrichment of Rb
and deficit of Nb and Ta demonstrate that the magma is
subjected to contamination from crust material during
ascending, which are compliant with the conclusions
from petrochemical characteristics.

3
10 o— DGS8-11 = — DGS3-11
+— DGSK-8 o— ZK-51
a— TS003-1 *— DK00-4
N A4\ >— DK004-3 o— DKO00-4
2 el W\ «— DK004-5
!
b\
5 o)
)
=4
g lol L
w2
10°

Rb Ba Th Ta Nb Sr Zr Sm Ti Y Yb
Fig. 8 Trace element spider diagram of Qingshanjiao intrusion

Anomaly values of trace elements, w(Rb)n/w(Yb)n,
K*, Zr*, Nb* and Ti* are usually used in the study of the
rock-forming  material source and  diagenesis
environment [20]. The w(Rb)n/w(Yb)y values of rocks in
Qingshanjiao intrusion range from 19.74 to 52.20
(Table 3), indicating that the rock-forming material is
mainly derived from low-grade melting of enriched
mantle. The K*, Zr* Nb* and Ti* are 1.83-2.92,
1.06-1.47, 0.20—0.32 and 0.23-0.42, respectively,
indicating the crust source characteristics. These show
that the rock-forming material is derived from
crust—mantle mixed source.

4 Discussion on rock-forming mechanism

4.1 Derivation of magma

There are different opinions for the magma source
of Tongling ore district: 1) the magma is the product of
melting of old lower mantle [21-28], and XU [24]
suggested that the mantle involved in the formation of
magma in the form of energy; 2) the magma is the
product of upper mantle alkaline basaltic magma
assimilated older crust material [1,29—34]; 3) the magma
is the product of crust—mantle interaction [3,8,9,35—40].
WU et al [4] suggested that the kohalaite series rocks
might be the products of differentiation of
mantle-derived alkaline basaltic magma, and the high-K
calc-alkaline series rocks might be the products of the
mantle magma and crust magma mixing; 4) the magma is
the product of evolution of adakitic magma derived from
partial melting of subducting oceanic crust [41—43].

XU et al [39] excluded the possibility that the

magma of Tongling area is derived from crust melting
from Sr, Nd isotope composition. The fact that intrusion
does not have negative Eu anomaly indicates that there is
no large-scale fractional crystallization of plagioclase.
XIE et al [40] indicate that there is small possibility that
the medium-acidic intrusive rocks are formed from
fractional crystallization of basic magma. Qingshanjiao
intrusion is characterized by high-K, alkali-rich,
A/CNK<I1.1 and high Na/K mass ratio, belonging to
high-K calc-alkaline series, and is typical I-type granite,
which suggests that the magma source is mainly from
mantle and lower crust [44]. The trace elements suggest
that the Qingshanjiao intrusion is enriched in large-ion
lithophile elements Rb, Sr and Th, and depleted in high
field-strength elements Nb, Ti and Ta. The abundances of
Sr element are consistent with the mantle-derived
alkaline basalt. The average value of (ZW(REE)) is
230.42x10°°, which is relatively low. Light rare earth is
relatively enriched, with high w(La)y/w(Yb)y ratio,
indicating that the mantle-derived magma is joined by
crust-derived materials, which is supported by the trace
element anomaly value of w(Rb)y/w(Yb)>1, K*>1,
Zr*>1, Nb*<1 and Ti*<l [21]. The above characteristics
indicate that the primary magma has the feature of
mantle—crust mixing, and is the product of mixing of
mantle-derived material and crust-derived material.
Besides, the zircon of this area has lots of new
Proterozoic ((747—823) Ma) and Archean zircon core
(2196+15) Ma [4,44]. However, the contamination of
lower crust could only cause the intrusion to inherit a
small amount of old zircon core. Therefore, it is
indicated that lots of lower-crust materials participate in
the magmatism [4,45]. The existence of magma mixing
structure in the intrusion showed that the Yanshanian
magmatism in this area experienced mixing process of
mantle-derived material and crust-derived material
[36,39,40,46]. The existence of potash feldspar poikilitic
texture in the fine ultramafic inclusions showed that the
basaltic magma experienced a mixing process with a
type of alkali-rich magma (primarily inferred as syenite
magma) [45]. Therefore, it is considered that the primary
magma is likely a product of mixing between basaltic
magma and syenite magma formed from melting of
lower crust.

4.2 Petrogenic and geodynamic setting

The Cottine index (r) is an important parameter
used to reflect the volcano rock formation environment.
7<10 represents stable non-orogenic belt environment,
whereas 7>10 represents strong active continental margin
(orogenic belt) environment [47]. The Cottine index of
the rocks in this area averages 15.84, which is higher
than 10, indicating a non-stable environment. Based on
lg 7—lg o relationship diagram, the tectonic units of
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ingeneous formation can be divided. In the lg =—lg ¢
relationship diagram (Fig. 9), all the samples fall into
volcanic rock of orogenic belt zone (Zone B). In the
w(Nb)—w(Y) relationship diagram (Fig. 10), the samples
are located in the collision granite and oceanic-ridge
granite zone, indicating that the formation of intrusion is
closely related to orogenic belt or plate collision, which
is also supported by the depleted Nb and Ta of
Qingshanjiao intrusion. It is enriched in Rb, and depleted
in Ti, which is similar to post collision granite. This
shows that the rock-forming environment is transition
environment from compressional to extensional [50,51].

1.9F ]
1.5r Zone B Zone C
&
L1 2
0.7r
Zone A
0.3 . ‘ ; ;
=.5 0 0.5 1.0 1.5 2.0

lgo

Fig. 9 lg =—lg o relationship diagram of Qingshanjiao intrusion
(after RITTMANN [48]): Zone A-lIgneous rock from
non-orogenic zones; Zone B—Igneous rock from orogenic belt
(island-arc and active continental edge); Zone C—Alkaline rock
derived from Zones 4 and B

10°F
s 10°F vAGH
S syn-COLG
Y
10'
10f 10! 102 10°

w(Y)/1076

Fig. 10 w(Nb)-w(Y) relationship diagram of Qingshanjiao
intrusion (after Pearce [49]): VAG—Volcanic-arc granite;
COLG—Collision granite; WPG—Within-plate granite; ORG—

Oceanic-ridge granite

4.3 Rock-forming process

From Harker diagram (Fig. 7), it can be seen that as
the content of SiO, increases, the TFeO, MgO, CaO,
TiO, and P,0Os contents decrease, showing negative

correlation with SiO, content, indicating that the
fractional crystallization of mafic minerals (pyroxene,
hornblende, ilmenite and apatite) plays an important role
during the magmatic evolution process [7,14,39]. The
w(CaO)/w(Na,O) ratio is positively correlated with the
CaO content (Fig. 11), which also indicates that
fractional crystallization of clinopyroxene occurs during
the magmatic evolution process [6]. Hybrid textures
including plagioclase zoning, plagioclase intercalary
crystal and feldspar potash intercalary crystal are
observed in Qingshanjiao intrusion (Figs. 3(a) and (b)),
indicating that fractional crystallization during the
magmatic evolution process has caused regular variation
and distribution of major elements and trace
elements [40]. The K,O content increases and is
positively correlated with SiO, content. Na,O is not
clearly related with SiO, content. These indicated that
fractional crystallization of K-depleted minerals occurred
during the magmatic evolution process, or that potassic
alteration occurred to the intrusion.

2.0

w(Ca0)/w(Na,0)

1.0 s s
4 5 6 7 8

w(Ca0)/%
Fig. 11 w(CaO)/w(Na,O)-w(CaO) relationship diagram of
Qingshanjiao intrusion

The sample points in the w(La)/w(Sm)y—w(La)
relationship diagram (Fig. 12) are arranged in an oblique
line during the partial melting process, and a horizontal
line during fractional crystallization process. From Fig.
12, it can be seen that the sample projection point in this
area is neither an oblique line nor a horizontal line. The
linear relationship is not obvious. Therefore, the
magmatic evolution process is not simply partial melting
or fractional crystallization, instead, it is a relatively
complicated rock-forming process, and there might be
participation of crust material during the magmatic
evolution process.

Beside Al,O; and MgO, the rock consolidation
index lg S) is not clearly related to the contents of
Si0,, Fe,03, CaO, Na,O and K,0O, demonstrating that
assimilation and contamination might occur between
Qingshanjiao intrusion and wall rock during the
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magmatic evolution process, as suggested by ZHOU
et al [52].

w(La)y/w(Sm)y

2 1 1
100 150 200 250

w(La)/107°

Fig. 12 w(La)/w(Sm)y—w(La) relationship diagram of
Qingshanjiao intrusion

4.4 Discussion on rock-forming mechanism

Under the dynamic background of continental
collision and extension between the Yangtze plate and
northern China plate since Triassic period [53], the
crust—mantle mixed primitive magma increased to the
deep crust and formed deep magma chamber. The
primary magma formed the intermediary-basic magma
by fractional crystallization and assimilation and
hybridization with sima layer material of lower crust.
With further increase of the intermediary-basic magma,
the temperature decreased, the magma started to separate
ferromagnesian, assimilation and hybridization with
mid-shallow crust material occurred, and the
intermediate-acidic magma formed. During the
intermediary-acidic magma ascended and intruded, deep
dikes were formed in upper crust. Under the effect of
tectonic movement and high pressure, the magma
continued to increase and apophyses formed on shallow
surface. Due to the inflow of external fluid and change of
its own physical and chemical conditions, potassium
alteration, propylitization, argillization and metal sulfides
mineralization occurred inside the intrusion. Skarnization
and retrograde alteration of early skarn occurred in the
contact zone between the intrusion and the wall rock and
its adjacent area.

Petrochemistry of Qingshanjiao intrusion shows that
as the SiO, content increases, Al,O3;, TFeO, MgO, CaO,
TiO, and P,Os contents decrease. K,O content increases,
showing positive correlation with SiO, content. These
showed that besides fractional crystallization within the
magma, assimilation and hybridization with crust-
derived material also occurred during the magma
evolution process. The range of calcium enrichment rate
w(Ca0)/[w(Ca0)+w(MgO)+w(FeO)+w(MnO)+w(Fe,03)]
of Qingshanjiao intrusion is from 0.37 to 0.47, averaging

0.41, which is a bit higher than the average value of
China diorite (0.34) and China quartz diorite (0.34). This
indicated that certain degree of assimilation and
hybridization occurred between the magma and the
calcareous wall rock strata during the magma evolution
process. Therefore, the intrusion in this area was formed
by mixing the mantle-derived magma with crustal rocks
under the extensional environment after the collision,
based on its own fractional crystallization and
assimilation and hybridization with crust-derived
material.

Trace elements and H-O, S and Pb isotope test
results [10,54] show that the mineralization in this area
has a close genetic relation with Yanshanian magmatism.
The magmatism offers many metallogenic materials,
ore-forming fluids and heat energy. The Qingshanjiao
intrusion of Yanshanian is the primary factor for
mineralization. Near the Qingshanjiao intrusion, the
thickness of ore body increased, ore grade turned to be
higher. And the Qingshanjiao is the host intrusion for
porphyry type copper—gold ore body.

5 Conclusions

1) The Qingshanjiao intrusion enriched in large-ion
lithophile elements, depleted in high field strength
elements. The trace element anomaly values
w(Rb)NW(Yb)>1, K*>1, Zr*>1, and Nb*<1, Ti*<l.
The light rare earth elements are enriched and heavy rare
earth elements are depleted. The w(La)n/w(Yb)y ratio is
higher, indicating high degree of differentiation. These
indicate the source rock with mantle-crust mixed
characteristics.

2) The primary magma of forming the Qingshanjiao
intrusion is a mixed product between mantle-derived
basaltic magma and syenite magma from partial melting
of lower crust materials. The rock-forming environment
is conversion from compression to
extension during the period from late Jurassic to early
Cretaceous.

3) The relationship between the oxides and trace
elements of the intrusion demonstrated that both
fractional  crystallization and  assimilation and
contamination occurred during the magma evolution
process. Plagioclase zoning, plagioclase intercalary
crystal and feldspar potash intercalary crystal show that
the fractional crystallization during the magma evolution
caused regular change and distribution of major elements
and trace elements.

4) The mantle—crust mixed magma differentiated
and evolved under the conversion environment from
compression to extension. Fractional crystallization and
assimilation and contamination occurred during this
process. The Qingshanjiao intrusion was formed under

environment
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the combined control of the fractional crystallization and
assimilation and contamination.
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