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ABSTRACT

The Jinchuan ultramafic intrusion in western China has an elongate surface expression of about 6000 by 350 meters. It is one
of several mafic—ultramafic intrusions found in the fault-bounded Longshoushan uplifted terrane, of Proterozoic age, located
along the southwestern edge of the Sino-Korea platform. Three boreholes from the western, central and eastern parts of the
intrusion were sampled and studied. The rocks from the Jinchuan intrusion are olivine — orthopyroxene — chromian spinel cumu-
lates with orthopyroxene, clinopyroxene, plagioclase and phlogopite as interstitial phases. On average, base-metal sulfides
(pyrrhotite, pentlandite and chalcopyrite) constitute 5 wt% of the rocks. The samples are overprinted by low-grade metamor-
phism, hydrothermal alteration and near-surface oxidation. Minor chromian spinel and orthopyroxene preceded olivine in the
crystallization sequence. Olivine composition varies between Foj9 and Fogs. This variation is negatively correlated with the
amounts of trapped silicate liquid in the rocks and is ascribed to the effects of subliquidus and metamorphic re-equilibration. The
complex and highly variable lithological structures, limited variation in Fo in the olivine and grain sizes suggest that the intrusion
was formed by injection of high-yield-strength viscous crystal-mushes containing variable amounts of sulfide liquid and silicate
melt of basaltic composition into planar fractures or faults. During mush emplacement at Jinchuan, flow differentiation controlled
the proximal, central part of the intrusion, resulting in subconcentric lithological zonation in this regime, whereas chaotic flow
prevailed in the distal, eastern and western parts of the intrusion, resulting in complex lithological banding and interfingering. The
original emplacement and flow structures did not collapse because of the high viscosity and high yield-strength of the crystal
mushes, strong enough to withhold the gravitational forces imposed on the mushes after flow eased. The observed sequence of
crystallization in the rocks suggests that the crystal mushes were formed in a staging chamber at a depth between 4 and 9 km. In
this staging chamber, olivine-poor magma occurred at the top and olivine-rich mushes containing minor orthopyroxene and
chromian spinel, and variable amounts of silicate and sulfide liquids, were concentrated toward the base in response to gravita-
tional settling. The stratified liquid—crystal materials were then squeezed out of the staging chamber into planar fracture or fault
systems at higher levels to form a series of mafic—ultramafic intrusions, possibly induced by the collapse of the chamber roof. The
roof collapse was probably triggered by regional extension. Early extraction of the crystal-poor magma from the top of the staging
chamber formed the sulfide-poor mafic intrusions in the vicinity of the Jinchuan intrusion. Subsequent extraction of the sulfide-
bearing crystal mushes from the bottom of the staging chamber formed the Jinchuan intrusion. The overall high sulfide-silicate
ratio in the Jinchuan intrusion resulted from preconcentration of sulfide by liquid stratification in the staging chamber.

Keywords: mafic—ultramafic intrusion, magmatic sulfide, magma stratification, crystal mush, flow differentiation, magma em-
placement, Jinchuan, China.

SOMMAIRE

L’intrusion ultramafique de Jinchuan, dans la partie occidentale de la Chine, a une expression allongée en surface, environ
6000 par 350 metres. C’est un parmi plusieurs massifs intrusifs de composition mafique a ultramafique dans le socle faillé en
émergence de Longshoushan, d’age protérozoique, situé en bordure sud-ouest de la plateforme sino-koréenne. Trois trous de

forage, représentatifs des parties ouest, centrale et est de 1’ intrusion, ont été échantillonnés. Les roches sont des cumulats a olivine
— orthopyroxeéne — spinelle chromifere, avec orthopyroxéne, clinopyroxene, plagioclase et phlogopite dans les interstices. En
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moyenne, les sulfures des métaux de base (pyrrhotite, pentlandite et chalcopyrite) constituent 5% (poids) des roches. Les roches
ont subi les effets d’un métamorphisme de faible intensité, une altération hydrothermale et une oxydation pres de la surface. Une
fraction mineure du spinelle chromifere et de 1’orthopyroxeéne ont précédé 1’olivine dans la séquence de cristallisation. L’olivine
varie entre Fo79 et Fogs. Cette variation montre une corrélation négative avec la quantité de liquide silicaté piégé dans ces roches,
et serait due plutdt aux effets subliquidus et métamorphiques. Les structures lithologiques, complexes et fortement variables, la
variation limitée de la teneur de 1’olivine en Fo, et la taille des grains, font penser que I’intrusion s’est mise en place par injection
d’une émulsion visqueuse de cristaux + liquide a limite élevée d’élasticité, contenant des proportions variables de liquides sulfuré
et silicaté (composition basaltique) dans une fissure ou une faille. Au cours de la mise en place de cette émulsion a Jinchuan, une
différenciation par épanchement a régi la partie centrale, proximale, de I’intrusion, ce qui a mené a une zonation subconcentrique
des unités lithologiques dans ce régime, tandis qu’un épanchement plus chaotique était important dans les parties plus distales, a
I’est et a I’ouest, avec comme résultat un rubanement lithologique et une interdigitation. La mise en place originale et les struc-
tures d’épanchement ne se sont pas effondrées, a cause de la viscosité et le seuil d’€lasticité élevés de ces émulsions, suffisamment
fortes pour contrecarrer les forces dues a la gravitation imposées a mesure que cessait I’épanchement. D’apres la séquence de
cristallisation observée dans ces roches, les émulsions de cristaux se sont formées dans une chambre transitoire a une profondeur
entre 4 et 9 km. Dans cette chambre, le magma a faible teneur en olivine s’est accumulé vers le sommet, et les émulsions a olivine,
contenant orthopyroxene et spinelle chromifére accessoires, et des quantités variables de liquides silicaté et sulfuré, se sont
accumulées vers la base a cause de la gravité. Les matériaux contenant liquides + cristaux stratifiés ont par la suite subi une
extrusion hors de cette chambre par compression, et une injection dans une fracture ou une faille a un niveau supérieur, pour
former une série d’intrusions mafiques et ultramafiques, possiblement dues a I’effondrement du toit. Un tel effondrement a
probablement été déclenché par une extension régionale. L’extraction précoce du magma a faible teneur en cristaux de la partie
supérieure de la chambre est responsable des roches a faible teneur en sulfures prés de I’intrusion de Jinchuan. L’extraction
subséquente de fractions enrichies en sulfures pres de la base de cette chambre a formé I’intrusion de Jinchuan. Le rapport
relativement élevé de sulfures a silicates est le résultat d’une préconcentration de la fraction sulfurée par stratification de la
fraction liquide dans la chambre transitoire.

(Traduit par la Rédaction)

Mots-clés: intrusion mafique—ultramafique, sulfures magmatiques, stratification des magmas, émulsion de cristaux, différenciation
par épanchement, mise en place du magma, Jinchuan, Chine.

INTRODUCTION

The Jinchuan ultramafic intrusion, Gansu Province,
China, is currently a dyke-like body, dominated by oli-
vine-rich ultramafic rocks containing disseminated sul-
fides. It was discovered in 1958, and follow-up
exploration proved that the intrusion hosted as much as
half a billion tonnes of net-textured, disseminated and
subordinate massive Ni-Cu—PGE sulfide ores. Mining
has been in operation since 1973. An outstanding fea-
ture of the intrusion is the high bulk sulfide-to-silicate
ratio, and, as a result, the intrusion holds important clues
for the genesis and exploration of similar world-class
magmatic sulfide deposits.

In this paper, we use new chemical and physical data
to evaluate the existing hypotheses on the genesis of the
Jinchuan intrusion. These hypotheses range from injec-
tion of stratified ultramafic magmas from a staging
chamber (Tang 1998a, b, Tang & Li 1995) to root zones
of a large layered mafic intrusion (Chai & Naldrett
1992a). We report evidence for the crystallization of
cumulus minerals at variable depths. We use these data
in conjunction with lithological data to establish a modi-
fied genetic model for the Jinchuan intrusion.

GEOLOGICAL SETTING

The Jinchuan ultramafic intrusion is situated on the
southwestern margin of the Sino-Korean platform

(Fig. 1), a triangular continental mass consolidated at
the end of the Early Proterozoic, at ~1.9-1.8 Ga (Li &
Cong 1980, Yang et al. 1986). The Early Proterozoic
rocks in the southwestern part of the platform constitute
the Longshoushan Group (Pan 1986), which in the
Jinchuan region is represented by a fault-bounded,
northwest-striking, uplifted terrane with an east—west
structural lineation. Shallow basins, filled with Meso-
zoic and Cenozoic continental sedimentary rocks, flank
both sides of the Longshoushan uplifted terrane. To the
south is the Qilianshan (Caledonian) fold belt, which
embodies a huge thickness of Cambrian—Silurian clas-
tic, carbonate and volcanic rocks. A blueschist and
ophiolite belt occurs on the southern flank of the fold
belt, and it has been suggested that ancient oceanic crust
to the south was subducted northward beneath the Sino-
Korean platform (Zhang et al. 1984, Yang et al. 1986).
In this scheme, the Longshoushan uplifted terrane may
represent a part of the ancient continent.

The main rock types in the Longshoushan terrane
are the highly metamorphosed Early Proterozoic, or
possibly Archean, Longshoushan Group (Tang & Li
1995) and a less intensely metamorphosed series of
Middle and Upper Proterozoic rocks. The Longshoushan
Group comprises the Baijiazuizi and Tamazigou forma-
tions in the eastern part of the Longshoushan uplifted
terrane. The older Baijiazuizi Formation, believed to be
at least partly Archean in age (Jia 1986), is intruded by
a granite yielding a U-Pb isotopic (zircon) age of 2.0186
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Ga (Tang & Li 1995). The Baijiazuizi Formation con-
sists mainly of migmatite, gneiss and marble (total thick-
ness of more than 3.5 km) and has a faulted contact
(denoted Fy, Fig. 2) to the north, which is also the north-
ern boundary of the uplifted terrane. Along this fault,
the Baijiazuizi Formation has been pushed up by more
than 4 km, and is now directly in contact with post-Pa-
leozoic strata to the north (S. G. U. 1984).

GEOLOGY OF THE INTRUSION

Although the Jinchuan Ni—Cu sulfide deposit was
discovered nearly half a century ago, documentation of
the deposit (mostly in Chinese) and its host lithology
only appeared in publications since the 1980s (Barnes
& Tang, 1998, 1999, Chai & Naldrett 1992a, b, 1994,
Chai et al. 1993, Jia 1986, Li & Cong 1980, Shi 1980,
Tang 1982, 1990, 1992, 1998a, b, Tang & Li 1991,
1995, Tang & Ren 1987, Tang et al. 1989, 1992; S.G.U.
1984). Chai & Naldrett (1992a, b, 1994) gave detailed
summaries of the geology of the Jinchuan Intrusion, and
only a brief description is necessary here.

The Jinchuan ultramafic intrusion, which hosts more
than 500 million metric tonnes (Mt) of disseminated,
net-textured and massive sulfide ore grading 1.06% Ni
and 0.7% Cu, outcrops as an elongate body, 6500 m
long, usually less than 500 m wide and more than 1100
m deep in its central part (Fig. 2). It intruded marble,
migmatite and gneiss of the Baijiazuizi Formation and
has a Sm—Nd isochron age of 1.508 £ 0.031 Ga (Tang
et al. 1992). The central part of the intrusion is rela-
tively well exposed. Its eastern and western ends are
covered by Quaternary alluvium.

Regional context of the Jinchuan Ultramafic Intrusion (adapted after Yang et al. 1986)

The intrusion is subdivided into four sections by a
series of northeast-trending strike-slip faults (Fig. 2).
These four sections, in the order of their discovery, gave
rise to the mining areas L, II, IIT and IV. (S.G.U. 1984).
Essential information is summarized in Table 1.

ANALYTICAL METHODS

A total of 125 samples were collected from three
boreholes (Figs. 3, 4). Borehole 1114-83 represents the
central portion of Mining Area II, where the orebodies
extend to levels deeper than currently intersected by
drilling. Borehole 114-16 lies to the west of I114-83 and
represents one of the shallower sections of the orebody.
Borehole 1148-136 was drilled through a deeper inter-
section of the orebody to the east of 1114-83.

Polished thin sections made from the samples were
investigated under a petrographic microscope, and X-
ray diffraction of selected samples aided in the identifi-
cation of the mineral phases present.

All samples were analyzed for major and trace ele-
ments on an ARL 8420 wavelength-dispersion XRF
spectrometer in the XRF/XRD Laboratory of the De-
partment of Geology, University of Pretoria. Samples
were dried and roasted at 950°C to determine percent-
age loss on ignition (LOI). Major-element analyses were
performed on fused beads, following a standard method
adapted from Bennett & Oliver (1992). One gram of pre-
roasted sample is mixed with 6 g lithium tetraborate flux
in a 5% Au/Pt crucible, and fused at 1050°C in a muffle
furnace with occasional swirling. Glass disks are poured
into a pre-heated Pt/Au mould, with the bottom surface
presented for analysis. The samples were analyzed for
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TABLE 1. THE FOUR MINING AREAS OF THE JINCHUAN ULTRAMAFIC INTRUSION

I (West) I I IV (East)
Length 600 m 1500 m ~3000 m 1300 m
Outcrop width 0to 250 m 300 m in west, Maximum 530 m 400 m
in east to 20 m in east
Shape and dip Wedge-shaped, Narrow wedge- Tongue-like, steep Wedge-shaped,
SW-dipping shaped, SW- SW-plunging, SW-dipping
lens-shaped in
extreme east
Closure depth 200 m in west 500 m in west, Closure depth not 700 m in the west,
to 600 m in east increasing to 800  known; deepest becoming
m in central part,  intersection at shallower
decreasing to 200 1100 m eastward
m in east
Bounded by West of Fy Faults Fy and Faults F ¢, and East of F,;
Fie Fy
Cover Quaternary Well exposed Well exposed, Quaternary alluvium
alluvium except for last 60 to 140 m thick
40 m thick 300 m toward east
Mineralization Disseminated to Disseminated to Largest body of Disseminated ore

net-textured ore

net-textured ore;
discovery site

massive to net-
textured ore in the
Jinchuan Intrusion

Proterozoic
Quaternary

Fr
F,

Lithological contact

Jinchuan U.l. With
disseminated ore (%)

Major faults

0 approx

1 km

FiG. 2.

Geological map of Jinchuan Ultramafic Intrusion (adapted after Jia 1986).
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F1G. 3. Oblique three-dimensional view of the Jinchuan Ultramafic Intrusion. Mining areas I, II, III and IV and the position of
the boreholes (black dots) on the sections are shown (adapted after Tang & Li 1995). Total length of intrusion ~6.5 km.
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F1G. 4. Profiles showing borehole intersections that were sampled and used in this study. Note the “tongue” (in two dimensions)
of sulfide-rich rock (600+ meter high) in borehole 1114 —83 and the lensoid lithological boundaries in the other boreholes
(adapted after Tang & Li 1995)

selected trace elements on pressed powder pellets with  program was used for matrix correction for the major
saturated Moviol solution as binder, using an adapta- elements as well as for Cl, Co, Cr, V, Ba and Sc. The
tion of the method described by Watson (1996). The Rh Compton peak ratio method was used for the other
XRF spectrometer was calibrated with certified refer-  trace elements. S and CO, were determined with an Eltra
ence materials. The NBSGSC fundamental parameter = CS500 carbon—sulfur analyzer.
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The chemical composition of the minerals was de-
termined with Cameca SX50 electron microprobes at
the University of Indiana (olivine) and at the Université
de Paris VI (CAMPARIS) (olivine and other minerals).
At Indiana University, we used an accelerating voltage
of 15kV, abeam current of 20 nA and 20 seconds count-
ing intervals for the major elements in the olivine.
Nickel in olivine was determined with a 100 nA beam
current and 100 seconds counting time. Synthetic oxide
and silicate standards were used for calibrations. The
accuracies of olivine analyses were determined by
analysis of San Carlos olivine (USNM 1113122/444).
At the Université de Paris VI, an accelerating voltage of
15 kV, beam current of 20 nA and counting times of 10
to 20 seconds were used. Natural minerals and synthetic
oxides served as standards for all elements.

Grain sizes (length and width) of the ten largest
grains of olivine observed per thin section were mea-
sured under a binocular microscope using a calibrated
micrometer scale. This choice of procedure stems from
the altered nature of the rocks and the inherent topo-
logical constraints. From these measurements, we cal-
culated the square root of the product of the length and
width for each grain and averaged over the ten grains
per sample. The resulting parameter was used as a rela-
tive measure of the grain size in each sample.

All primary chemical and physical data as well as
all secondary data calculated from the primary data are
available from the Depository of Unpublished Data,
CISTI, National Research Council, Ottawa, Ontario
K1A 0S2, Canada.

REsuLTS
Petrography

Microscopic observations indicate that the rock
samples from this study are olivine — orthopyroxene —
chromian spinel cumulates. The interstitial materials are
either a silicate assemblage of orthopyroxene, clino-
pyroxene, plagioclase and phlogopite, or a sulfide as-
semblage of pyrrhotite, pentlandite and chalcopyrite, or
variable mixtures of both assemblages.

Olivine is the most abundant primary magmatic sili-
cate in the rocks. It occurs as euhedral to roundish, elon-
gate to equant crystals (maximum aspect-ratio ~2:1).
Smaller crystals may occur as inclusions in the py-
roxenes. The contents of olivine in the rocks vary from
~40 to >80 wt%. The samples that contain higher quan-
tities of olivine commonly also contain more sulfides.

There are two types of orthopyroxene in the rocks.
One occurs as inclusions in olivine (Fig. 5), and the other
occurs interstitially with clinopyroxene and plagioclase.
The inclusion-type orthopyroxene is small, commonly
<1.5 mm in length, with an aspect ratio ~5:1. It consti-
tutes up to 5% by volume in the rocks, but varying from
sample to sample. The inclusion-type orthopyroxene is
distinguished from the larger and anhedral interstitial
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grains of orthopyroxene by its euhedral prism-like mor-
phology and low Al and Ca contents (Table 2).

Chromian spinel constitutes <3% by volume in the
rocks. The grains are small, mostly <0.03 mm in diam-
eter, and commonly occur as inclusions in both olivine
and orthopyroxene. Some contain ilmenite as lamellae
or as a reaction rim. The compositions of the chromian
spinel are highly variable (Barnes & Tang 1998, 1999).

The samples in this study have been subjected to at
least two episodes of metamorphism. In the first stage,
interstitial orthopyroxene, clinopyroxene and plagio-
clase were altered to fine-grained amphibole (tscher-
makite, actinolite—tremolite), garnet (andradite), chlorite
and talc. In the second, lower-temperature stage, oliv-
ine was extensively replaced by serpentine *+ magnetite,
whereas the chromian spinel was commonly altered to
an aluminous spinel. At this stage, some orthopyroxene
prisms enclosed in olivine also were altered to serpen-
tine, characterized by a bastitic texture.

Signs of shear deformation are observed in some
samples, particularly those from the contacts with coun-
try rocks and, to a lesser extent, with massive to
semimassive sulfide bodies. Narrow veins (up to mm
width) of secondary serpentine * calcite * pyrite (or
goethite near the surface) are commonly observed in
these samples. The timing of the shear deformation is
unclear.

Pentlandite in some near-surface samples is perva-
sively altered to violarite. Abundant magnesite is found
in a sample from the near-surface, and may be related
to weathering.

TABLE 2. ORTHOPYROXENE COMPOSITIONS,
JINCHUAN ULTRAMAFIC INTRUSIVE COMPLEX, WESTERN CHINA

Opx in olivine Opx in matrix

Mean St.Dev.  St.Error Mean St.Dev. St.Error
Si0, wt.% 56.84 0.45 0.18 55.71 0.26 0.11
Tio, 0.02 0.02 0.01 0.63 0.02 0.01
ALO, 042 0.32 0.13 1.48 0.10 0.04
Cr,0, 0.05 0.05 0.02 0.30 0.11 0.05
TeO 11.29 0.25 0.10 10.09 0.28 0.11
NiO 0.03 0.04 0.02 0.02 0.02 0.01
MnO 030 0.10 0.04 0.24 0.04 0.02
Zn0O 0.00 0.01 0.00 0.05 0.06 0.02
MgO 30.73 0.33 0.14 29.61 0.30 0.12
CaO 0.07 0.02 0.01 1.51 0.11 0.05
Na,O 0.02 0.01 0.01 0.06 0.01 0.00
K,0 0.01 0.01 0.00 0.02 0.03 0.01
Cl 0.01 0.02 0.01 0.01 0.01 0.00
F 0.02 0.02 0.01 0.11 0.10 0.04
Total 99.81 99.86

St. Dev.: standard error. St. Error: standard error of the mean.



VISCOUS MUSHES IN THE JINCHUAN ULTRAMAFIC INTRUSION, CHINA 377

F1G. 5. Early cumulus orthopyroxene crystals (opx) enclosed in cumulus olivine. Arrows
mark small crystals of chromian spinel. Olivine is fractured and partly serpentinized.
Larger black areas represent secondary magnetite (mt). Scale bars ~ 300 pwm.

Whole-rock chemical composition

Representative whole rock compositions of samples
containing variable amounts of olivine are listed in
Table 3. The data-reduction procedures of the whole-
rock chemical data used in this paper are provided in
Appendix A.

Nomenclature

Owing to extensive alteration, it is difficult to deter-
mine the precise modal quantities of all primary miner-
als in the rocks by optical observation. Since olivine in
the samples exceeds 40 wt%, the rocks may be broadly
described as peridotite according to the IUGS nomen-
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TABLE 3. SELECTED CHEMICAL DATA, JINCHUAN ULTRAMAFIC INTRUSION

A. Raw data B. Calculated sulfide fraction as percentage of whole rock
Sample ID m4-26 1148-58 114-21 4-10 11441  Sample ID 1114-26 1148-58 114-21 M14-10 11441
Depth m 702 599 165 493 867  Depthm 702 599 165 493 867
Si0, wt.% 27.82 28.05 38.54 36.98 4473 Chalcopyrite (%) 5.69 1.73 0.01 0.02 0.10
TiO, 0.11 0.09 0.56 0.33 0.77  Cobalt pentlandite 0.11 0.09 0.04 0.04 0.03
ALO, 1.00 1.92 3.86 4.92 775 Pentlandite 6.31 4.83 0.08 0.12 0.08
Fe,0, 27.70 26.19 13.16 11.42 12,59 Pyrthotite 12.06 18.67 0.00 0.18 0.93
MnO 0.17 0.15 0.i8 0.17 015 Totalsulfide  24.18 2532 0.13 0.36 1.15
MgO 2933 27.03 30.82 24.42 21.68
Ca0 021 1.14 3.04 4.08 5.44
Na,O 0.01 0.01 0.01 021 <0.01 C. Metal content of sulfide fraction
K0 0.05 0.06 033 036 031
P,0; 0.01 0.02 0.08 0.05 0.10
Cr,0, 0.67 0.31 0.50 0.43 036 Ni% 8.9 6.5 21.6 113 24
NiO 265 2.03 0.15 0.14 012 o 02 0.1 106 41 1.0
V,04 0.01 0.01 0.02 0.02 003  Fe 49.1 575 32.4 498 60.1
710, 0.00 0.00 0.01 0.00 <001 Cy 82 24 2.0 15 2.9
Lot 1.2t 1185 7.75 15.56 509 g 337 335 333 334 335
Total 100.95 98.86 98.99 99.07 99.13
D. Silicate fraction corrected for LOI and sulfide
As* ppm 3 3 3 3 3
Cu 18172 5483 25 45 318
Ga 2 2 3 10 8 sio,w% 4136 4344 4213 4427 47.99
Mo* 1 ! 2 2 1 Tig, 0.17 0.14 0.61 0.40 0.82
Nb* 2 2 6 2 4 AL, 1.49 297 422 5.89 832
Ni 21760 14534 1209 1069 922 Feo,@otal) 1501 8.74 1432 13.42 12.39
Pb 10 19 12 63 3 Fe0, 150 0.87 143 134 1.24
Rb* 2 4 14 15 17 Fe0 12.16 7.08 11.60 10.87 10.03
St 10 3 70 127 47 Mno 025 023 0.19 0.20 016
Th* 3 3 3 3 3 Mgo 43.60 41.85 33.69 29.24 23.26
u* 3 3 3 3 3 ca0 031 176 332 4388 5.84
wH 6 6 6 18 13 Nao 0.01 0.01 0.01 025 0.00
¥ 6 5 10 8 12 ko0 0.07 0.09 036 043 033
Zn 113 127 99 152 105 po, 0.01 0.02 0.09 0.05 0.11
Zr 21 25 64 43 8 o, 1.00 0.48 0.55 052 0.39
cl 693 512 1092 1699 250 Nio 0.14 0.13 0.13 011 0.09
Co 346 285 130 121 13 v, 0.02 0.02 0.02 0.02 0.03
Cr 3235 1723 3319 3294 2717
Sc 3 4 9 16 16 poal 102.10 99.09 98.36 98.47 98.61
v 43 46 102 100 149
S (Eltra) 75038 77536 19 994 3627 i ppm 965 486 1032 873 695
Sr 15 51 76 152 51
Y 10 9 11 10 i3
Zr 34 40 70 51 87
Cr 5248 2829 3629 3945 2920
Sc 5 7 10 19 18
v 54 56 111 119 158

* Concentration is close to the limit of detection.

clature (Le Maitre 2002). Alternatively, the CIPW
norms may be used for classification. These were cal-
culated using the whole-rock compositions corrected for
the presence of sulfides. The amounts of K-feldspar
from the CIPW calculation were converted to phlogo-
pite using the equation:

KzO'Ale3'6SiOz
K-feldspar
+ [(12x)MgO=(6x)SiO; +12(1-x)FeO*6(1-x)SiO] =
olivine
K,026xMgO+6(1-x)FeO*Al,03°6S10,
phlogopite

+ [6xMgO#6xSiO; + 6(1-x)FeO*6(1-x)SiOz] (1)
orthopyroxene

The distribution of rock types based on the CIPW norms
and the IUGS nomenclature (Le Maitre 2002) is illus-
trated in Figure 6. About 40% of the rocks are olivine-
rich norite, gabbronorite and gabbro (color index, M,
approaching 90%). The remaining 60% are harzburgite,
dunite and lherzolite (M > 90%, ol >> opx + cpx, with
small but varying quantities of plagioclase). Only one
rock (sample 1114-83/2), with approximately 5% oliv-
ine, was classified as gabbronorite. This sample, which
is intensely sheared and altered, has a composition com-
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FiG. 6. Relative abundance of rock types in the Jinchuan intrusion derived from norma-

tive data (see text for details).

parable to the parental magma for the Jinchuan intru-
sion proposed by Chai & Naldrett (1992a) (Table 4).

Olivine composition

On the basis of results of 570 electron-microprobe
spot analyses, the forsterite content (Fo) of olivine from
the samples used in this study varies between 79 and 86
mole %. Figure 7 shows the variation of olivine compo-
sition versus depth in the three boreholes we have
sampled. The profiles are characterized by overall con-
vex-upward curvilinear Fo patterns in olivine with vari-
able local scatter. Borehole 111483 is characterized by
one clear convex pattern, whereas borehole 114883 is
characterized by two juxtaposed convex patterns. The
depth profile of Fo contents in olivine for borehole 114—
16 is more complicated owing to more pronounced lo-
cal scatter.

Olivine grain-size distribution

The variation in grain size of olivine may be useful
in understanding the emplacement mechanism of the
Jinchuan intrusion. The average relative grain-sizes of
the ten largest grains per sample (as observed in thin
section; see Analytical Methods) are shown in Figure 8.
In borehole 114-16, the relative grain-sizes of olivine
increase with depth, whereas the opposite is seen in the
other two boreholes. The relative grain-sizes for sulfide-
poor rocks (borehole 11416, interval 77-366 m; bore-
hole [148-136, interval 107-310 m) correlate negatively
with the amounts of interstitial silicate melt (Fig. 9). The
extents of correlation, as indicated by the regression
results in both boreholes, are almost identical. Such
correlation, however, becomes obscured when the sul-

fide-rich samples are included. The grain sizes of oliv-
ine in the sulfide-rich samples are broadly smaller than
in the sulfide-poor samples.

Parental magma

The parental magma of the Jinchuan intrusion may
be calculated by assuming that the rocks were formed
by variable mixtures of the cumulus phases (olivine,
chromian spinel and inclusion-type orthopyroxene) with
a homogeneous magma. Limited compositional varia-
tion of olivine from samples of variable olivine contents
suggests that such an assumption is generally valid for
the Jinchuan intrusion. Chai & Naldrett (1992a) were
the first to use this method to estimate the composition
of the parental magma in the Jinchuan intrusion. Our
estimate is statistically not distinguishable from that
suggested by Chai & Naldrett (1992a). Accordingly, we
used their estimate (Table 4) of the Jinchuan parental
magma in all the calculations that follow.

INTERPRETATION AND DISCUSSION
General hypothesis

Any hypothesis addressing the emplacement mecha-
nism of the Jinchuan intrusion will have to explain the
following features:

1. The Jinchuan intrusion has a high sulfide-to-sili-
cate ratio. Rough estimates put this ratio at about 0.05.
This ratio implies that significant segregation of sulfide
took place either before or after emplacement.

2. The profiles through the Jinchuan intrusion
drilled to date display a complex lithological structure
(Tang 1998a, b). In Figure 10, we reproduce from Tang



380

& Li (1995) a selection of cross-sections in which
lherzolite, plagioclase lherzolite, pyroxene lherzolite,
disseminated and net-textured ore display complex lay-
ering and discordant relationships. These features are
atypical of simple gravity-settling from a ponded
magma and more consistent with multiple injections of
high-viscosity materials.

3. The occurrence of a “tongue” of relatively dense,
net-textured sulfide ore enclosed in a shell of low-den-
sity barren rock in the central part of Mining Area II
(Fig. 4, Borehole 1114-16) is problematic for an in situ
differentiation model. This tongue-like sulfide body is
600 X 150 X 600 m and open ended at depth. Such a
sandwich structure of denser materials in the center
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FiG. 7. Variation of Fo content of olivine through boreholes
114-16, I114—-83 and 1148—136. Curvilinear upward convex
patterns are notable. In borehole 1148136, there appear to
be two stacked patterns.
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requires the intruding materials to be rigid enough to
withstand subsequent gravity-collapse after flow eased.

4. The Jinchuan intrusion has a highly variable ge-
ometry along strike, ranging from dyke-like in the west-
ern section of Mining Area II (borehole 111416, Fig. 4)
to complex lensoid in Mining Areas I and IV (Fig. 10).
The dyke-like morphology of the current intrusion may
have resulted from differential rotation after emplace-
ment.
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TABLE 4. COMPOSITION OF SAMPLE If14-2 AND
OF THE PARENTAL MAGMA AT JINCHUAN

A B A B
Si0, wt.% 51.12 50.8 Ni ppm 491 400
Tio, 0.51 1.0 Nb 2 8
ALO, 9.75 125 Rb 10 30
Fe,0, 0 1.0 Sr 338 200
FeO 7.14 112 Y 13 20
MnO 0.14 - 7r 39 100
MgO 13.07 115 Se 38 35
Ca0 15.66 103 v 210 240
Na,0 117 1.3

K,0 0.41 0.8

Total 98.97 100.4

A: sample I114-2 (360 m), this study. B: Jinchuan parental magma, Chai & Naldrett
(1992b).

In the previous studies, Tang (1998a, b) and Tang &
Li (1995) addressed the high sulfide-to-silicate ratio by
proposing that sulfide segregated from a mantle-derived
ultramafic magma in a deep-seated magma chamber.
Gravity settling of sulfide droplets gave rise to liquid
stratification, with continuously increasing sulfide con-
tent from top to bottom in the chamber. The resulting
variable crystal-liquid materials were extracted from the
chamber sequentially from top to bottom and emplaced
to form a variety of intrusions from sulfide-barren to
sulfide-mineralized in the area. They proposed that the
sulfide-barren intrusions in the vicinity of Jinchuan were
formed by emplacement of the sulfide-poor magmas

extracted from the upper parts of the stratified staging
chamber, and the Jinchuan intrusion was formed by the
sulfide-bearing magma and sulfide liquid extracted se-
quentially from the lower parts of the staging chamber.

Chai & Naldrett (1992a), on the other hand, argued
that the Jinchuan intrusion is the root zone of a large
layered intrusion of trumpet shape in cross section, simi-
lar to, but smaller than, the Great Dyke of Zimbabwe.
Subvolcanic gabbroic cumulates, derived by differen-
tiation from a basaltic magma, originally overlied the
ultramafic root-zones but have been eroded away. They
argued that in the eastern parts of the intrusion,
subhorizontal layering is evidence for settling of cumu-
lus crystals and the concentration of sulfide liquid in
response to gravity. They interpreted the dyke-like, cen-
tral part of the intrusion as a feeder through which
magma was fed to the chamber.

In light of our new data, we believe that the overall
lithological structure of the Jinchuan intrusion is more
consistent with the emplacement of high-viscosity,
dense crystal-laden mushes than with that of low-vis-
cosity basaltic magma. The characteristic sill-like ge-
ometry with subhorizontal lithological structure in the
grid 56 of mining area II (Fig. 10) may represent a bet-
ter-preserved portion of the originally sill-like body. The
steep dip in most parts of the current Jinchuan intrusion
is considered to be the result of subsequent rotation of
blocks, possibly during regional thrusting. Further, we
propose that the mush was originally intruded through
pinches and swells of subhorizontal planar fractures and
faults. These ideas are further examined below.
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FiG. 10. Selected profiles (adapted after Tang & Li 1995) through the Jinchuan body
showing complex lithological boundaries indicative of flow channeling and channel
shifting during the intrusion of the mushes. Rapidly varying cross-sectional shapes, as
well as the discrete lensoid structure (Section II 56), are noteworthy. Proposed angle of
tilt, o, about 30° to 50° to the south. Scales among profiles are roughly similar.
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Contents of cumulus phases

Our observations indicate that olivine as well as
minor orthopyroxene and chromian spinel are cumulus
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phases, and silicate and sulfide liquids are intercumulus
materials in the Jinchuan rocks. We have calculated the
amounts of these constituents in individual samples us-
ing the method provided in Appendix B. The depth dis-
tribution of the different phases in the boreholes is
shown in Figure 11. Borehole 1114-83 displays a well-
defined, symmetrical pattern of distribution, with sul-
fide concentrated in the center. The sulfide-rich zone is
also characterized by a higher concentration of olivine.
Interstitial silicate and sulfide liquids appear to compen-
sate each other. In the olivine-rich zone, as shown in
borehole 1114-83, the concentration of olivine remains
roughly constant throughout at about 75 wt% for the
entire interval of ~200 m in thickness. From this “cen-
tral plateau”, cumulus olivine gradually decreases to-
ward the contacts with country rocks. There is some
local scatter superimposed on the overall curvilinear
patterns of distribution of cumulus olivine.

The validity of the crystal-mush model for the
Jinchuan rocks is supported by the fact that the incom-
patible trace-element concentrations of Zr, Y V and Sc
correlate positively with the estimated amounts of
trapped silicate liquid. This relationship, illustrated by
Sc in borehole 1114-83 (Fig. 12), is to be expected only
if the incompatible elements predominantly reside in the
interstitial liquid and if our model is correct. Also, the
fact that Sc behaves incompatibly supports the observa-
tion that pyroxene is not significant as a cumulus phase
in the Jinchuan rocks.

In the other two boreholes (114—16 and 1148-136),
the sulfide-enriched rocks are concentrated toward the
basal contacts (Fig. 11). Symmetrical local variations
of cumulus olivine overprint two larger curvilinear
distribution patterns in 1148—136. In 114-16, the distri-
bution of olivine is dominated by local scatter. Concen-
trations of incompatible trace elements are well
correlated with the amounts of intercumulus silicate
liquid in 114-16, but not in 1114-83 (Fig. 12).

We propose that the characteristic “central plateau”
distribution of olivine in borehole 1114-83 (Fig. 12) rep-
resents a plug of densely packed mush of olivine + (mi-
nor orthopyroxene and chromian spinel) + liquid
(silicate and sulfide). As this plug of crystal-liquid ma-
terial moved along, flow differentiation took placed.
Light silicate liquid became more concentrated toward
the walls to form a lubricant sheath for the plug. In bore-
hole 1148-136, two such plugs, of lesser density than
the plug in borehole 1114-83, were involved, whereas
in borehole 114-16, more than two such plugs may have
been involved. Local scatter in the distribution of oliv-
ine may have resulted from flow banding and mush
mingling in the more chaotic regimes.

Variation of Fo proportions in olivine
A comparison of Figures 7 and 11 shows that oliv-

ine from the olivine-rich intervals commonly contains
higher Fo than olivine from olivine-poor intervals. In
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other words, the Fo content of olivine is negatively cor-
related with the amounts of interstitial silicate liquid in
each borehole (Fig. 13). Such a correlation is consistent
with the trapped liquid effect (see Barnes 1986). Meta-
morphic re-equilibration between olivine and second-
ary tremolite—actinolite is another process that may have
lowered the Fo content of olivine. Because tremolite—
actinolite alteration is more prevalent in rocks with a
greater proportion of interstitial phases, its effect is
complementary to that of the trapped liquid.
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Fic. 12. Linear correlation between Sc and the fraction of
interstitial magma is borne out by the data for borehole
1114-83 in the center part of the intrusion. The data for the
other two boreholes (1148-136 and 114-16) show less lin-
earity, which is interpreted to reflect a more complex mix-
ing history in the latter boreholes.
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Taking into account the effects of trapped liquid
crystallization and metamorphism, one sees that the
range of Fo contents of the original cumulus olivine is
very small, most likely between 85 and 82 mole %. It is
difficult to imagine how such a small range of compo-
sition of cumulus olivine in the different parts of the
intrusion could have been formed by in situ fractional
crystallization of olivine in a system in which different
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FiG. 13. Fo content plotted against % interstitial silicate lig-
uid. The slopes of the lines are closely comparable, and the
trend is interpreted as the combined effect of subliquidus
and late metamorphic re-equilibration. For boreholes 114—
16 and 1148-136, the regression lines were forced through
a c intercept at 84.41, a value that was obtained from the
regression equation of borehole I114-83.
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rates of cooling are to be expected. Preconcentration of
cumulus olivine at depth is obviously a better explana-
tion.

Olivine grain-size distribution

The relative grain-sizes of olivine are not correlated
with either composition (Fig. 7) or abundance (Fig. 11).
The weak negative correlation between olivine grain-
size and the amount of interstitial liquid in the rocks
(Fig. 9) indicates no significant subliquidus overgrowth
of olivine, particularly in the sulfide-rich samples. These
features are again inconsistent with in situ olivine crys-
tallization. Homogeneous thermal conditions, as ex-
pected from a large magma chamber, may have played
an important role in producing similar grain-sizes of
olivine. Differential rates of cooling in a small body such
as the current Jinchuan intrusion would have yielded
symmetrical grain-size variations in a cross-section, i.e.,
small grains along the contacts in view of rapid cooling
in this area, and large grains in the central parts owing
to slow cooling in this area.

Densities

We have calculated the densities of the proposed
mushes from published data on olivine, chromian spinel,
orthopyroxene, chalcopyrite, pyrrhotite and pentlandite
(Table 5), as well as the calculated densities for the pa-
rental magma (Bottinga & Weill 1970) and sulfide lig-
uid (we assumed densityyifige liquia = 0.9°densityolia
sulfige)- The results are illustrated in Figure 14.

Keeping in mind that the density of the mush is es-
sentially controlled by olivine, interstitial silicate melt
and interstitial sulfide liquid, the central borehole (1114—
83) displays a symmetrical pattern of density, with the

TABLE 5. COMPOSITION AND DENSITY OF MINERALS USED

IN THE CALCULATIONS
Otfivine Chromian spinel Orthopyroxene
Si0, wt.% 40.03 0.11 56.71
TiO, 0.00 1.87 0.02
AlLO, 0.00 12.08 1.00
Fe, 0, 0.00 0.00 0.00
FeO 1420 44.12 12.19
MnO 0.20 0.47 0.31
MgO 45.06 2.52 3047
Ca0 0.11 0.02 0.10
Na,O 0.00 0.01 0.01
K,0 0.00 0.00 0.00
P,0; 0.00 0.00 0.00
Cr,0, 0.01 34.08 0.08
NiO 023 0.08 0.03
Total 99.85 95.36 100.92
Density g/em’ 3.39 5.00 3.32

Density of sulfides: chalcopyrite 4.20, pentlandite 4.60, pyrrhotite 4.60 glem’.
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upper (above ~500 m) and lowermost (below 850 m)
parts showing densities below 3.1 g/cm?. Density also
mimics the “central plateau” distribution observed for
olivine (Fig. 11).

In contrast, the eastern (I148—136) and western (114—
16) boreholes show mutually comparable patterns of
density distribution, with the more dense material con-
centrated toward the base, but not immediately against
the footwall. The lowest densities in these boreholes
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(~3.2 g/lcm?) are, on average, higher than that in 1114—
83, resulting from the higher concentrations of olivine.

Two important questions arise from the density data.
First, under which conditions will such a dense mush
move to higher levels in the crust? One may argue that
the level of neutral buoyancy for a mush of crystals is
on average deeper than the magma chamber in which it
forms. A possible answer to the question may be that
regional tensional conditions induced the collapse of the
roof of the chamber. This idea is in line with the work
of Chai & Naldrett (1992a), based on the compositional
characteristics of the parental magma for the Jinchuan
intrusion; they suggested the presence of a regional ten-
sional environment during the emplacement of the
Jinchuan intrusion. Accordingly, we speculate that the
injection of magma and crystal mush from a staging
magma-chamber to the fault and fracture systems to
form the current Jinchuan body was triggered by the
collapse of the chamber’s roof.

The second question centers on the physical condi-
tions necessary to maintain the original emplacement-
related structures, such as the concentric density
structure in borehole 1114-83 (Fig. 4). In a liquid-domi-
nant system, denser materials will tend to settle and vice
versa. A crystal mush may be viscous enough to counter
such adjustment by gravitational force and thus preserve
its original emplacement-related structure. This is fur-
ther examined below.

Viscosities of the crystal mushes

In the calculations, we used the viscosity approxi-
mations of Shaw (1972) for particle-free silicate mag-
mas, and of Gay et al. (1969) for crystal-laden silicate
magma, as discussed by Pinkerton & Stevenson (1992).
According to Gay et al. (1969),

No (Pas) = N1 [‘Pmax/( Pmax — ‘P)] 25 (3

and

Mint (Pa.8) =n; exp{[2.5 +
O Pmax— D)1 @/ Pmax} ),
where no and mj,¢ are the differential viscosities at low
strain-rate and high strain-rates, m is the viscosity of
the interstitial fluid (magma), @,y is the maximum pos-
sible volume concentration of solid particles in a fluid
medium, which is a function of size distribution and
shape of the solid particles under investigation, and ¢ is
the observed concentration of solids (volume propor-
tions) in the material being investigated. It should be
clear that the values of the differential viscosities 1 and
Minf are critically dependent on @n,x. As ¢ approaches
®max, both Mg and m;,r tend toward infinity. The choice
of @max in natural systems is therefore of critical impor-
tance.
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To estimate the value of @p,y, detailed knowledge
of the grain-size and grain-shape distributions is needed.
Owing to the alteration in the rocks and the inherent
topological constraints, we estimated ¢, from a plot
of the mass ratio of silicate magma / (silicate magma +
sulfide liquid) as a function of the volume concentra-
tion of olivine crystals. We ignored cumulus ortho-
pyroxene and chromian spinel because their volume
proportions and grain-sizes are orders of magnitude
smaller than those of olivine. From Figure 15, it is evi-
dent that the volume proportion of olivine in the rocks
reaches a maximum at about 82%, irrespective of the
ratio of silicate magma to silicate magma plus sulfide
liquid. This concentration limit most probably marks the
point at which the olivine crystals started to jostle
against each other to form a solid framework. Accord-
ingly, we used ¢max = 82% as being the highest concen-
tration of olivine calculated for the sample set.

Yield strengths were estimated using the formula of
Ryerson et al. (1988). On the basis of a systematic study,
these authors showed that the yield strength of crystal-
laden picritic magma, Ty, is strongly dependent on the
crystal content and can be approximated by the formula

7y (Pa) = 6500¢ 28 (10).
The calculated viscosities are illustrated in Figure 16.
Although only approximations, it is evident that the vis-
cosity of the proposed Jinchuan crystal mushes roughly
falls between that of basalt (In m approximately 2 to 4)
and andesite (In m about 6 to 8). Furthermore, the yield
strengths (in Depository for Unpublished Data) increase
rapidly with increasing fraction of cumulates, rendering
the denser crystal-rich mushes much more resistant to
initial mobilization than the less dense ones. The
coupled high viscosity and high yield-strength of the
crystal mushes may have been critical for the preserva-
tion of the concentric and irregular density-structures in
the Jinchuan intrusion.

Depth of intrusion

A phase diagram (Fig. 17), constructed with MELTS
(Ghiorso & Sack 1995), using the parental magma of
Chai & Naldrett (1992a), suggests that

1. Orthopyroxene is the liquidus phase at P = 2.8
kbar (= approximately 9 km depth, at 10 kbar/33 km).

2. Olivine replaces orthopyroxene as the liquidus
mineral at 2.8 < P < 1.3 kbar (approximately between 9
and 4 km depth).

3. At P = 1.5 kbar at f{O,) = QFM, the first olivine
to crystallize is Fogs, which compares well with results
of the electron-microprobe analyses. Furthermore, only
about 5 wt.% olivine crystallizes before orthopyroxene
appears on the liquidus. At that point, olivine has
reached Fog, in composition.
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4. Below 1.3 kbar, orthopyroxene does not become
stable in the crystallization sequence in that olivine is
directly followed by clinopyroxene at about 1220°C.

We use these data to infer that the early cumulus
orthopyroxene (as inclusions in the cumulus olivine) and
the chromian spinel (in turn enclosed in the cumulus
orthopyroxene) crystallized at pressures above 2.8 kbar,
i.e., deeper than ~9 km. The bulk of the olivine crystal-
lized between roughly 4 and 9 km, the lower limit based
on the fact that orthopyroxene appears to dominate over
clinopyroxene among the intercumulus phases in the
Jinchuan rocks. Our calculations indicate that crystalli-
zation of <5 wt% olivine in the staging chamber is re-
quired before final emplacement of the resulting crystal
mushes in the chamber to form the Jinchuan intrusion.

Possible post-emplacement rotation

The cross sections of variable dip at Jinchuan (Figs.
4, 10) show that sulfide zones are not confined to the
deepest part, but do seem to hug the lower northern
sidewalls (e.g., boreholes 114-16 and 1148-136). The
similar relationship of the sulfide zones with one par-
ticular sidewall is apparently independent of the current
dip, which suggests that the currently variable dip of
the different parts of the intrusion may not be primary,
but rather due to subsequent rotation after emplacement.
Using the most gently dipping part of the intrusion, such
as the section of grid 56 in Mining Area II (see Fig. 10)
as a reference of primary orientation, the other sections
are estimated to have been rotated counterclockwise

TABLE 6. WEIGHTED AVERAGE METAL CONTENT
OF SULFIDE FRACTION IN THREE SAMPLES FROM JINCHUAN

114-16 1114-83 1148-136
Ni % 7.64 9.16 6.66
Cu 5.68 5.05 333
Co 0.14 0.18 0.28
Cu/Ni 0.7 0.6 0.5
Co/Ni 03 0.2 0.4

from 30 to 50°. The rotation may have taken placed dur-
ing the regional Longshoushan uplift event.

Proposed genetic model

In view of our results, we propose that the following
sequence of events led to the formation of the Jinchuan
intrusion. The very early stage began with the ascent of
picritic basic magma into a staging chamber in the crust.
Incipient crystallization of chromian spinel and
orthopyroxene took place during this ascent at a depth
below 9 km. After the magma reached the staging cham-
ber, olivine replaced orthopyroxene on the liquidus, and
the crystallization of olivine proceeded. At the same
time, sulfide droplets started to exsolve from the magma.
Both olivine crystals and sulfide droplets settled down
to the bottom of the chamber in response to gravity. The
sulfide droplets, being relatively fluid and dense, coa-
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lesced, trickled down and partly displaced the intersti-
tial silicate magma of the olivine cumulates at the base
of the staging chamber. This displacement of inter-
cumulus silicate melt by sulfide liquid in the bottom
layer of the magma chamber increased with depth, and
a pure sulfide layer was eventually formed right at the
bottom of the chamber. Such a crystal-liquid differen-
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FiG. 16. Calculated differential viscosities, ng (inverted tri-

angles) and m;y¢ (triangles) for the Jinchuan crystal/magma
mushes at liquidus temperatures (see text for detail).
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tiation process produced a stratified sulfide — olivine —
magma column similar to that described in the billiard
ball model of Naldrett (1973). Crystal overgrowth
ceased once olivine crystals became engulfed in a sul-
fide liquid, resulting in variable grain-sizes and similar
compositions of olivine (Fo value) in the sulfide-rich
layer close to the bottom of the chamber. The overlying
crystals of olivine forming a framework of jostling crys-
tals neutralized the buoyancy forces. A crystal-mush
layer, comprising olivine, orthopyroxene and chromian
spinel, was thus formed overlying the sulfide-rich layer.

The second stage was the injection of the bottom-
resident sulfide — olivine — magma mushes into planar
fractures or faults connected to the chamber. The injec-
tion may have been triggered by the collapse of the roof
of the chamber under regional tensional conditions. The
upper crystal-free magma with relatively low yield-
strength and viscosity is the first to be squeezed out of
the staging chamber. This led to the formation of some
of the sulfide-barren mafic intrusions in the Jinchuan
area (Tang 1998a, b).

Following these early tappings of the upper crystal-
poor magma, the high yield-strength, relatively viscous,
high-density olivine- and sulfide-laden mushes in the
bottom of the chamber were injected into nearby planar
fractures or faults to form the Jinchuan intrusion. The
original depth of the Jinchuan intrusion is estimated to
be >4 km, on the basis of phase relationships of cumu-
lus olivine and orthopyroxene in the rocks.

In this model, the central part of the intrusion (bore-
hole 1114-83) is interpreted to represent the proximal
part of the conduit through which the mushes ascended
into the Jinchuan structure. Olivine crystals and sulfide
liquid became further concentrated in the center of the
conduit in response to a higher velocity in this regime.
The western and eastern parts of the intrusion (boreholes
114-16 and 1148-136, respectively) are interpreted to
represent more distal fronts of the intruding mushes.
Fluid dynamics was more chaotic in the distal fronts,
resulting in more complex mingling of batches of mush
and flow banding in these regimes.

As discussed above, the high viscosity and high
yield-strength of the mushes may have played a critical
role in preventing the collapse of the original variable-
density structures in the various parts of the intrusion
after mush emplacement. The original orientation of the
Jinchuan structure is more likely a subhorizontal sill-
like form rather than the current dyke-like form. The
high angle of dip seen today in the intrusion is thought
to have resulted from subsequent counterclockwise
(looking west) block rotation that took place after mush
emplacement and perhaps during the regional Long-
shoushan period of uplift.

The Jinchuan intrusion was overprinted by low-
grade metamorphism and hydrothermal alteration. This
may have been associated with the regional uplift. Fi-
nally, the exposed and near-surface parts of the intru-
sion were oxidized and weathered.
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CONCLUSIONS

Based on the petrographic observations, variable
cross-section geometry and lithological structures, as
well as whole-rock compositions, the Jinchuan ultrama-
fic intrusion is interpreted to represent a body of olivine—
orthopyroxene—chromian spinel mush. The mush was
originally formed in a staging chamber at depth between
4 and 9 km after a small degree of crystallization (<5
wt. % of mostly olivine with minor orthopyroxene and
chromian spinel) from a picritic magma. Crystal-liquid
density stratification occurred in the staging chamber,
resulting in a relatively crystal-free layer at the top and
a sulfide-bearing olivine-magma mush at the bottom.
The stratified materials were then, sequentially from top
to bottom, squeezed out of the staging chamber into
fracture and fault systems. The early expulsion of the
crystal-poor magma formed the sulfide-barren mafic
intrusions in the Jinchuan area and the final expulsion
of the olivine- and sulfide-laden mush from the bottom
of the staging chamber formed the Jinchuan intrusion.
The force of roof collapse possibly induced magma and
mush expulsion from the staging chamber. The collapse
of the roof in the chamber may have been triggered by
regional tension. During mush emplacement at
Jinchuan, flow differentiation controlled the proximal,
central part of the intrusion, resulting in subconcentric
lithological zonation in this regime, whereas chaotic
flow prevailed in the distal, eastern and western parts of
the intrusion, resulting in complex lithological banding
and interfingering. High viscosity and high yield-

strength of the mushes prevented the collapse of the
original emplacement and flow structures. The high ra-
tio of sulfide to silicate in the Jinchuan intrusion is di-
rectly related to sulfide liquid preconcentration in the
staging chamber. The original Jinchuan intrusion was
probably a sill-like body. It may have been tilted by up
to 50° to the south during the regional Longshoushan
uplifting.

New in this model are (1) recognition of the impor-
tance of the coupled high viscosity and high yield-
strength in maintaining the structure of a heterogeneous
crystal-liquid system, and (2) identification of early
orthopyroxene crystallization that preceded olivine at
depth. We agree with Chai & Naldrett (1992a, b) that
the parental magma of the Jinchuan intrusion is prob-
ably of picritic basalt composition instead of ultramatic
composition as proposed by Tang (1998b). We concur
with Tang (1998b) that crystal-liquid stratification in a
staging magma chamber played an important role in the
preconcentration of the sulfide ores in the Jinchuan in-
trusion.
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APPENDIX A. RECALCULATION OF RAW DATA TO ESTIMATE VOLATILE-FREE
UNOXIDIZED WHOLE-ROCK COMPOSITIONS

The whole-rock compositions used in this paper are
available from the Depository of Unpublished Data of
CISTI, National Research Council, Ottawa, Ontario
K1A 0S2, Canada. The following arguments and pro-
cedures have been used in the recalculation of the raw
data to volatile-free unoxidized compositions.

The raw data showed variable but large LOI compo-
nents, which attested to the strongly hydrated state of
the rocks. Furthermore, the totals of the major elements
(determined on fused bead) were low where the S con-
tent was high. This was interpreted to be largely due to
the fact that with high S, Cu becomes a major element,
but is not determined on the fused glass bead.

To arrive at more meaningful estimates of the com-
positions of the volatile-free unoxidized (by roasting)
compositions, and assuming that during the roasting
step, 1) all HO and CO, are driven off, 2) all S is
vaporized (complete depletion in the residual powder),
3) Cu, Ni, Co and Fe, all in sulfide, are oxidized to CuO,
NiO, CoO and Fe,03, respectively, and 4) FeO in the
silicate phases is oxidized to Fe,O3, we made following
corrections. Starting from

Yiz1" c(i) + LOI = Total A 1)

where c(i) is the concentration of the i oxide in the
fused bead, Cu was added to give the new total

Yi1" ¢(d) + LOI + Cu = Total B ).

As the rocks contain variable amounts of (Cu,Ni,Fe,Co)
sulfide, as well as hydrous phases and carbonates,

LOI = H,O + CO; + S — O(Cu) — O(Ni)
— O(Co) — O(Fe) — O (Fe**/Fe*) 3)

where O(Cu), O(Ni) refer to the mass of oxygen that
replaces S during the roasting process, and O (Fe**/Fe**)
is the oxygen needed to oxidize the ferrous iron in sili-
cate to ferric iron. If O replaces the entire S, then it fol-
lows that

O(Cu) + O(Ni) + O(Co) + O(Fe)
=0.5 S + O(FeO/O 5) )

where O(FeO/O; 5) is the oxygen needed to take the FeO
derived from FeS to Fe,O3;. Combining equations 2, 3
and 4, and re-arranging, we get

H,0 + CO, =Total B - 31" ¢(i) — Cu
—0.5 S — O(FeO/0y 5) + O (Fe**/Fe’*) 5)

where O(Fe?*/Fe?*) = 0.136FeO (in silicate). The Fe in
the silicate fraction can be approximated by

Fe(sil) = Fe(total) — Fe(sul) = Fe(total)
—0.573[S - 0.504Cu - 0.545Ni] (6).
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FeO insilicate can be estimated by assuming some fixed
ratio of ferrous to ferric iron in the silicate fraction.
Following this approach, corrections for H,O and CO,,
as well as for the various oxidation-induced processes
during roasting, can be made to arrive at corrected esti-
mates of the volatile-free whole-rock compositions.
For the calculation of the sulfide fractions in the
rocks, we assumed the mineral compositions for pyr-
rhotite, pentlandite, cobalt pentlandite, and chalcopyrite
to be FC7Sg, Ni4'5FC4.5Sg, CO4'5FG4‘588 and CUFCSZ, re-
spectively. Ni in silicate was determined from the rela-
tion: log Ni (ppm) = 0.016 MgO (%) + 2.475, which
was obtained from a plot of log Ni against MgO of a
selection of sulfide-poor rocks (after LOI and oxidation
correction). The fraction of sulfide in each rock was then
calculated from S in the order pentlandite, cobalt pent-
landite, chalcopyrite and pyrrhotite, until all sulfur was
consumed. In the tables of deposited data, we list the
calculated composition of the sulfide fraction and the
metal contents of the sulfide fraction (i.e., metal in 100%
sulfide). The average metal contents of the sulfide frac-
tions in the three boreholes are summarized in Table 6.
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Although there is a significant variation in the total
metal values from one borehole to the next, the metal
ratios are practically constant. These data suggest a
slight variation in R factor (ratio of total silicate to
exsolved sulfide melt), but a constant composition for
the equilibrating silicate magma.

The calculated compositions of the sulfide-free sili-
cate fraction in the rocks are also listed in the tables of
deposited data. Of all the final totals, only about 6% fall
outside the accepted range of 98 to 102%. This discrep-
ancy is probably the result of various factors ranging
from uncertainties about the final state of the roasted
products to minor analytical error. Of particular impor-
tance is the fact that one assumes a constant degree of
postmagmatic oxidation for all samples, an assumption
that is most probably invalid, and that adds to the gen-
eral geological variance. Four samples (114-11, I114-
36, 1148-61 and 1148-65) gave unrealistic values for the
calculated composition of the silicate fraction. We as-
cribe these discrepancies to the presence of pyrite veins
in the relevant rocks (see Appendix B).

APPENDIX B. CALCULATION OF WEIGHT FRACTIONS
OF PHASES IN JINCHUAN MUSHES

As indicated in the petrographic descriptions, the
Jinchuan rocks, at the time of emplacement, probably
comprised crystal mushes with olivine, chromian spinel
and orthopyroxene set in a matrix of silicate magma and
sulfide liquid. It follows that

cs(i,j) = a.co(iy)) + b.cp(i,j) + d.cc(iy))
+ e.cm(i,j) +f-fe(j) @)

where a, b, d and e are fractions and cs(i,j), co(i,j),
cp(i,j), d.cc(i,j) and em(i,j) are the i element oxide in
the silicate liquid fraction, olivine, orthopyroxene,
chromian spinel, and interstitial magma, respectively,
in the j" sample. Since b = 0.05a (assumption) and de-
riving d from the XRF-established Cr in each rock, the
degrees of freedom in equation 7 reduces from 4 to 2.
Using the concentrations of SiO;, TiO,, Al,Os,
FeO(total), MgO, CaO, Na,0, K,0, Cr,03 and NiO
present in all the phases, equation 7 can be solved by
least-squares optimization for all j samples. The frac-
tions of olivine, chromian spinel, orthopyroxene, sili-
cate magma and sulfide liquid in the original mushes
can thus be estimated.

We noted, during earlier simulations, that FeO(total)
was a major source of variance. This is in part due to
the way in which the sulfide fraction is calculated. A
small error in S will be enhanced in the total iron allo-
cated to pyrrhotite, and hence the FeO reserved for the

silicate fraction. A random error in S will cause both
over- and underestimation of the FeO in the silicate frac-
tion. However, the variable quantities of pyrite-bearing
veins (see section on petrography) present in the
Jinchuan rocks, which are not considered in the mass-
balance model, are expected to cause significant under-
estimation of the FeO in the silicate fraction. On the
other hand, the goethite veins (see section on petrogra-
phy) will lead to overestimation of FeO. To counteract
this source of error, we introduced the term, f.fe (f =
fraction, fe = 100% FeO) in equation 7 as a slack vari-
able to absorb variations in iron content due to Fe-rich
phases not accounted for in the model. The coefficient f
assumed a value of —0.6 = 2.68% for the 124 samples
treated. The negative tendency of this factor indicates
that the iron content of the silicate fraction, in general,
was underestimated, which could be due to the presence
of pyrite veins in the rocks. This underestimation was
particularly large for samples 11411, 1114-36, 1148-61
and 1148-65.

In the final model, the average deviation per element
oxide (i.e., measured minus calculated) over the 124
samples calculated to 0.6, 0.05, 0.3, 0.1, 0.1, 0.3, 0.1,
0.06, 0.07 and 0.01 absolute % for SiO,, TiO,, Al,O3,
FeO(total), MgO, CaO, Na,0O, K,0, Cr,03 and NiO,
respectively. The low values support the validity of the
model used here.



