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The origin of zonal mineralization in porphyry copper deposit is important for understanding the miner-
alization processes. We propose a new, modified ‘‘orthomagmatic’’ genetic model for mineralization zon-
ing in hypogene porphyry copper deposits. This new model is based on the features and formation
mechanism of comb microfractures in quartz–chalcopyrite veins within pyrite vein from the Hongshan
porphyry copper deposit in Zhongdian County, western Yunnan Province, SW-China. The main evidence
for this model is volume expansion related to crystallization of chalcopyrite, magnetite and K-metasoma-
tism in the deposit.

Comb microfractures are well developed in quartz–chalcopyrite veins and are present as comb-quartz
veinlets consisting of a zone of central longitudinal quartz overprinted by laterally grown quartz combs.
Chalcopyrite fragments lie perpendicular to the central quartz veinlet and were dismembered by the
quartz combs. The combed microfractures are typical tensional hydrofractures. The formation of the
comb microfractures is related to volume expansion that was induced by crystallization of chalcopyrite
from a chalcopyrite melt that resulted in the subsequent increase of volumetric pressure in the confined
residual silica melt. The formation mechanism of the comb microfractures, including volume expansion
induced by crystallization, increases volumetric pressure, hydrofracturing and fluid expulsion, and was
the most likely process for zoning of minerals in hypogene porphyry copper deposits.

Fabrics in the veins and veinlets are consistent with overpressuring and injection and are common
structures that are directly related to volumetric pressure and crystallization of chalcopyrite and magne-
tite and K-metasomatism in hypogene porphyry copper deposits. The volume expansion ratio of chalco-
pyrite mineral to melt and that of magnetite mineral to melt are approximately 19 vol.% and 20 vol.%,
respectively. The volume expansion rate of a monomolecular lattice is P8 vol.% for orthoclase replacing
plagioclase.

We suggest that zoning of mineralization in hypogene porphyry copper deposits is mainly related to
hydrofracturing, migration and distribution of ore-forming fluids, including (1) the enclosure and forma-
tion of a mush core, (2) concentration of ore-forming fluids in the orthoclase shell, (3) K-metasomatism
and pressure building, (4) hydrofracturing and migration of ore-forming fluids, and (5) prior crystalliza-
tion of magnetite and chalcopyrite that will expel residual fluids upwards and outwards due to the
change in volumetric pressure.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Porphyry copper deposits supply nearly three-quarters of the
world’s copper (Sillitoe, 2010). These deposits are characterized
by alteration and mineralization mineral zoning. This hypogene
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zoning typically manifests as quartz and pyrite in an outer phyllic
zone, and K-feldspar and chalcopyrite in an inner alteration zone
(e.g., Nielsen, 1968; Lowell and Guilbert, 1970; Corn, 1975; Cooke
et al., 2005). The origin of mineral zoning in hypogene porphyry
copper deposits has been related to a number of physical and
chemical controls, such as: (1) temperature gradients, with near-
magmatic temperatures at the center of the stock, grading to rela-
tively cool temperatures in the wall rocks (Park, 1955, 1957; Niel-
sen, 1968); (2) chemical gradients and titration related to solubility
of metallic compounds in the ore-forming solution (Barnes, 1962),
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related to temperature, pH, total chloride and pressure (Hemley
et al., 1992a,b); (3) variation in the ratio of common metal cations
to hydrogen ions in fluids (Hemley and Jones, 1964; Fournier,
1967b; Beane and Bodnar, 1995), which is probably related to mix-
ing of magmatic fluid with meteoric water (Nielsen, 1968; Lowell
and Guilbert, 1970); (4) magma oxidation state (oxygen fugacity)
(Candela, 1992, 1997; Williams et al., 1995; Rowins, 2000); and
(5) partitioning coefficient of metals among silicate melts, vapor-
facies, chloride-bearing aqueous fluids, and crystalline phases dur-
ing crystallization (Candela, 1997; Halter et al., 2002; Williams-
Jones and Heinrich, 2005). In these systems copper may be effi-
ciently concentrated in vapor and moderate to highly saline aque-
ous phases, which move upwards to form porphyry copper
systems at shallower depths than porphyry-Mo systems (Burnham
and Ohmoto, 1980; Williams et al., 1995; Williams-Jones and
Heinrich, 2005). These genetic models and concepts, however, can-
not precisely predict the spatial distribution of alteration and min-
eralization with respect to a cylindrical magmatic stock. An
example is the common occurrence of abundant chalcopyrite and
K-feldspar in the middle zones of porphyry copper deposits instead
of at the center of the stock in the Lowell and Guilberrt’s model;
therefore it is important to search for further explore for general
mechanisms of formation. In this paper, we propose that volume
pressure that was induced by crystallization and K-metasomatism
is the most important contributor to spatial alteration and miner-
alization zoning in porphyry-Cu deposits. Comb microfractures
filled with comb-like quartz within confined quartz–chalcopyrite
veins were identified in the course of this study in the Hongshan
porphyry copper deposit, western Yunnan, SW-China. These tex-
Fig. 1. (a) Regional tectonic location and (b) geological map of the Hongshan porphyry
Rongmenshan thrust fault, (2) Jinshajiang suture, (3) Langchangjian thrust fault, (4) Nuj
tures provide evidence, which suggests that crystallization of chal-
copyrite mineral from a chalcopyrite–silica melt—an important
compound in ore-forming fluids from porphyry copper deposits—
was caused by volume expansion. Volume expansion can poten-
tially raise the pressure within the rock-fluid system enough to
create fractures and drive hydrous silica melt outwards to produce
theoretical and observed mineral zoning in most porphyry copper
deposits. Examination and analysis of the porphyry magma and the
volume varieties observed in many mineralization systems and
specifically the Hongshan Cu-polymetallic deposit during alter-
ation and solidification processes, allows the construction of a
new genetic model for mineralization zoning in porphyry copper
deposits.
2. Geological setting

The Hongshan Cu-polymetallic deposit is approximately 30 km
NE of Zhongdian County in eastern Tibet (Fig. 1a). The deposit lies
within the western part of the Yangtze tectonic Plate adjacent to
the north northwest-striking Jinshajiang suture (Fig. 1a). The latter
is a major shear zone containing a large number of both Triassic
Cu–Mo porphyry deposits and Tertiary Cu–Mo–Au porphyry
deposits. The Triassic porphyries and associated Cu–Mo porphyry
deposits in the Zhongdian area have ages ranging from 240 to
210 Ma, and are attributed to subduction of the Paleo-Tethyan (Jin-
shajiang) oceanic plate (Zhao, 1995; Zeng et al., 2003, 2004, 2006).
Tertiary porphyritic bodies and associated Cu–Mo–Au deposits lie
in the northwest Yulong area (Rui et al., 1984; Zhang et al., 1998;
Cu deposit, western Yunnan, SW-China (revised after Xu et al.(2006a, 2007a)). (1)
iang suture, (5) Yarlungzangbojiang suture.



Fig. 2. Photographs showing quartz–sulfide veinlets (a and b) and banded polymetallic skarn ores (c and d). Sulfide veinlets (SV), quartz–sulfide veinlets (QSV) and sulfide–
quartz veinlets (SQV) in image b were filled along fractures in altered marble. The white triangle in image b shows location of the sample HS02. The sulfide band between
garnet skarn bands in image c was consisted of chalcopyrite, pyrrhotite and magnetite, and contact plane between garnet skarn and marble in image c was nearly
perpendicular to bedding structures (BS). Sulfide bands in image d were varied laterally both in composition and grain size, containing coarse calcite–sphalerite–galena band
(CCSGB) and fine pyrite–sphalerite–galena band (FPSGB). Diameter of the coin in image d is about 2 cm.
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Hou et al., 2003, 2007), in the Zhongdian area (Yang et al., 2002),
and to the southeast in the Jianchun and the Dali areas (Hu et al.,
1997; Peng et al., 1998; Xu et al., 2007a,b). They formed between
65 and 3.6 Ma (Xu et al., 2006b,c,d), with peak magmatic activity
occurring between 40 and 30 Ma (Chung et al., 1998; Wang
et al., 2001; Guo et al., 2005; Xu et al., 2007c). The Tertiary Cu–
Mo–Au porphyry deposits are most likely related to bi-directional
resubduction of the buried Jinshajiang Paleo-Tethys oceanic crust
resulting from Tertiary India-Asia collision (Xu et al., 2007a).

Bedrock in the Hongshan district consists of upper Triassic Qug-
asi Formation marble and slate, as well as hornfels, skarn, dioritic-
porphyry, quartz veins, and calcareous siliceous rocks (Fig. 1b).
Slate is present in the northeastern part of the Hongshan district,
diorite porphyry is located to the west of the slate, and the marble
is present in the central to western parts of the district (Fig. 1b).
Lithologies are uniclinal, striking NW 310� and dipping SW at
60–90�. The calcareous siliceous rocks lie unconformably above
marble, hornfels, skarn and a magnetite–pyrrhotite body with a
distinct contact zone containing some ore-bearing quartz veins in
the middle of the Hongshan district. Three irregular ellipsoid,
quartz–feldspar porphyritic stocks, each <50 m long in plan view,
with a whole-rock Rb–Sr age of about 216 Ma (Yunnan Bureau of
Geology and Mineral Resources, 1990) lie in the western parts of
the Hongshan district. Some buried molybdenite- bearing, layered
or lenticular granite-porphyry bodies also are present in deeper
areas in the central part of the district. Six molybdenite specimens
from the ore-bearing quartz veins were dated using Re–Os iso-
topes. These samples have model ages between 75.46 and
78.46 Ma and an isochron age of about 77 Ma (Xu et al., 2006a),
implying that the granitic porphyritic Cu deposit in the Hongshan
area formed in the late Cretaceous. Faults in the Hongshan district
are mainly NNW-trending thrust strike-slip faults.

The Hongshan Cu-polymetallic deposit contains more than 20
orebodies positioned within five ore alignments that in total con-
tain 0.23 Mt Cu, 11,086 t Pb, 14,176 t Zn, 5759 t Mo, and 193 t
W (SGSTYBGMR, 1971). Ore minerals include chalcopyrite, pyrrho-
tite, pyrite, sphalerite, galena, bornite, tetrahedrite, bismuthinite,
molybdenite, scheelite, and magnetite. There are mainly two types
of mineralization: quartz–sulfide veinlets (Fig. 2a and b), and
banded polymetallic skarn ores (Fig. 2c and d). The massive skarn
ores lie along the contact zone of the Triassic quartz-feldspar por-
phyry, whereas the quartz–sulfide veins are genetically related to a
later Cretaceous granite-porphyry (Xu et al., 2006a). The ore-form-
ing fluids were trapped in fluid inclusions in quartz veins in the
Hongshan porphyry Cu deposit. The fluids are aqueous containing
equivalent CH4 and CO2, and have d18O, d13D and d13C values rang-
ing from 3.76‰ to 5.20‰, from �83.15‰ to �89.75‰ and from
0.92‰ to �6.23‰ (Xu et al., 2006a), indicating that the ore-form-
ing fluids for the porphyry-Cu mineralization system are magmatic
and transitional between oxidized and reduced (Rowins, 2000).
3. Characteristics of comb microfractures

Comb microfractures within confined quartz–chalcopyrite vein-
lets (ore specimen HS02), in altered marble (Fig. 2b) in the south-
eastern part of the Hongshan Cu-polymetallic district (Fig. 1b)
consist of pyrite (60 vol.%), pyrrhotite (10 vol.%), sphalerite
(5 vol.%), galena (5 vol.%), chalcopyrite (5 vol.%), and quartz–chal-
copyrite aggregates and veinlets, and quartz veinlets (Fig. 3a).
Coarse-grained intergrowths of pyrrhotite, sphalerite and galena
are embedded in pyrite as inclusions with round outlines
(Fig. 3a), indicating that they formed under reduced conditions
during an earlier crystallization of the quartz–sulfide veins. Pyrite
contains fine disseminations of chalcopyrite <20 lm in diameter
(Fig. 3b). A few chalcopyrite grains are oxidized to malachite
(Fig. 3b and c). The quartz–chalcopyrite veinlets and their host



Fig. 3. (a) Scanning image, (b and c) reflecting microscopic images, (d) polarized microscopic images, (e and f) SEM images showing the occurrence and geometry of comb
microfractures and their host quartz–chalcopyrite veins (QCV) for the ore specimen HS02 in a thin section from the Hongshan porphyry Cu deposit. The white rectangles in
image a show the locations of image b–e, and the white rectangle in image e shows the location of image f. The bright spots and strips in image d show quartz under partial
extinction conditions. QCA: quartz–chalcopyrite aggregate; QCV-1, 2, 3 and 4: quartz chalcopyrite vein 1, 2, 3 and 4, respectively; QV-1, 2 and 3: quartz veinlet 1, 2 and 3,
respectively.
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quartz–sulfide veinlets most likely belong to the late Cretaceous
porphyry Cu mineralization system in the Hongshan area.

Quartz–chalcopyrite veinlets are present in pyrite (such as QCV-
1, 3 and 5 in Fig. 3a) and along contacts between the composite
pyrrhotite–sphalerite inclusions and pyrite (such as QCV-2 and 4)
in the shape of fine, irregular curved lines with an approximate
width of <1 mm and lengths not exceeding 4 cm. They are charac-
terized by the development of comb-textured microfractures of
tooth-shaped quartz veinlets that dismember chalcopyrite frag-
ments (Fig. 3a).

The most typical comb microfractures are in quartz–chalcopy-
rite vein 1 (QCV-1). This 2.5-cm-long and 0.1–1.1-mm-wide ‘‘ ’’-
shaped consists of chalcopyrite (�85 vol.%) and quartz
(�15 vol.%) with few >6 lm irregular open cavities (Fig. 3a and
f). Comb microfractures in comb- shaped quartz veinlets are well
developed in the quartz–chalcopyrite vein (Figs. 3c–e) where they
form tooth-shaped quartz veinlets. The 5–10 lm wide quartz teeth
are connected to the central longitudinal quartz veinlet at the
roots. The teeth quartz veinlets grow into the chalcopyrite, and dis-
member chalcopyrite grains into fragments (Figs. 3c–f). The width
of the chalcopyrite fragments and the distance between two adja-
cent quartz teeth ranges from 10 lm to 30 lm. Quartz in the
comb-like quartz veinlets is <10 lm and microcrystalline or cryp-
tocrystalline (Fig. 3d). Most of the quartz teeth and chalcopyrite
pieces grow perpendicular to the central longitudinal quartz vein-
lets and their host quartz–chalcopyrite veins, while others grow at
an angle of more than 60� to the central longitudinal quartz vein-
let. Most of the quartz teeth cut through the chalcopyrite to the
boundary of the quartz–chalcopyrite vein, and a few of them ex-
tended into pyrite in the walls, such as the QV-2 in image c and
QV-3 in image d (Figs. 3c, e and f). The quartz teeth and tooth-
shaped microfractures are typical textures of tensional hydrofrac-
tures (Hubbert and Willis, 1959; Xu et al., 2000, 2001, 2004).
Aggregates of <2 mm quartz–chalcopyrite, contain quartz along
vein margins and the quartz ‘‘teeth’’ are inserted into chalcopyrite
and these also are typical fillings within tensional hydrofractures.
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4. Formation mechanism for comb microfractures and their
metallogenic significance

Because comb microfractures are restricted within the enclosed
quartz–chalcopyrite veinlets, this indicates that microfractures are
exclusively related to the quartz–chalcopyrite veins and are not
caused by regional tectonic deformation. A great amount of chalco-
pyrite (>80 vol.%) and low abundance of open cavities or voids (po-
tential agents of aqueous fluid, <5 vol.%) both in the enclosed
quartz–chalcopyrite veinlets and in the aggregates indicates that
they were most likely crystallized and solidified from a hydrous
chalcopyrite–silica melt rather than by hydrothermal solution,
similar to quartz and sulfide minerals in vein dikes and to open-
space veins at Henderson porphyry Mo deposit (Carten et al.,
1988). This is consistent with the occurrence of sulfide melt inclu-
sions in quartz veins in some porphyry copper deposits (Candela,
1997; Keith et al., 1997; Halter et al., 2002, 2005; Core et al., 2006).

Because the chalcopyrite fragments were dismembered by
quartz teeth that are rooted in the central quartz vein, hydrofrac-
turing of chalcopyrite was therefore most likely induced by explo-
sion and instant injection of silica melt from the center towards the
outside. Pressure that build up within the silica melt and produce
comb quartz veinlets would most likely have been related to crys-
tallization and solidification of the confined chalcopyrite–silica
melt instead of being related to feeding pressure. Feeding pressure,
such as the buoyancy force (e.g., Spence and Turcotte, 1990; Lister
and Kerr, 1991; Clemens and Mawer, 1992; Rubin, 1995) and mag-
ma driving pressure (Baer and Reches, 1991; Hogan et al., 1998),
always creates and propagates fractures at the tips of liquid-filled
veins. Moreover, the molar volume of quartz mineral is about
22.7 cm3/mol (Ackermann and Sorrell, 1974) and less than that
of silica melt, which is about 27.3 cm3/mol (Brfickner, 1970; Cour-
tial and Dingwell, 1999; Rabukhin, 1999), implying that crystalli-
zation of quartz from silica melt involves volume contraction
with a ratio of about 16.8% and this is consistent with the ratio
Fig. 4. Formation model for comb microfractures in the quartz–chalcopyrite
of the irregular voids hosting quartz in the comb-like quartz vein-
let in QCV-1. The volumetric pressures forming the comb micro-
fractures in the quartz–chalcopyrite veins were most likely
related to crystallization of chalcopyrite mineral from chalcopyrite
melt, although the molar volume of chalcopyrite melt is still
unknown.

Textural evidence, therefore, indicates that the silica melts
formed the central quartz veinlets were at high pressure and the
implications of this are outlined below.

Irregular inlays of chalcopyrite along pyrite margins at the bor-
ders of the quartz–chalcopyrite veins (Fig. 3f) indicate that the for-
mation of chalcopyrite most likely involved volume expansion, and
therefore the type of pressure driving the silica melt that broke the
chalcopyrite was most likely volumetric pressure. Chalcopyrite
first crystallized from chalcopyrite–silica melt due to volume
expansion—similar to freezing water trapped within pores and
cracks (Hall et al., 2002; Hale and Shakoor, 2003). The mechanism
is also similar to crystallization of water-saturated granitic melt at
a depth about 2 km (Burnham and Ohmoto, 1980). Because the
bulk modulus of liquid is very large, about 1010–11 Pa for melt
(Murase and McBirney, 1973), and about 2.32 GPa for water (Car-
michael, 1989), a static confined liquid in elastic lithosphere can
be regarded as incompressible. Positive volume changes have the
potential to generate high pressures capable of breaking rocks
(Xu et al., 2001, 2004), and these positive volume changes can also
produce vein-filled fractures and explosive breccias associated that
are common within or proximal to porphyritic bodies originating
from water-saturated magmas (Bryant, 1968; Llambias and Malvi-
cini, 1969; Sharp, 1979; Sillitoe, 1985; Xu et al., 2000), similar to
the creation of fractures in ice (Hall et al., 2002; Hale and Shakoor,
2003).

A hypothetical process causing the formation of the comb
microfractures is outlined below (Fig. 4) and illustrates a small
amount of chalcopyrite–silica melt injected into a partly crystal-
lized or poorly consolidated pyrite vein. As the pyrite margins crys-
veins in the Hongshan porphyry Cu deposit, western Yunnan, SW-China.
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tallize and became fully consolidated, the thin chalcopyrite–silica
melt flow is trapped and enclosed (Fig. 4a). Then, early crystalliza-
tion of chalcopyrite from this trapped chalcopyrite–silica melt
formed a chalcopyrite carapace, resulting in the development of
a pipe containing a thick chalcopyrite crust with silica–chalcopy-
rite melt at the center. During primary crystallization of the
trapped chalcopyrite–silica melt, volume expansion related to the
crystallization of chalcopyrite melt was balanced by compression
from the sulfide wall and by the residual silica–chalcopyrite melt
(Fig. 4b). Continued crystallization of chalcopyrite mineral and
the resulting volume expansion; however, caused a buildup of
pressure within the silica–chalcopyrite melt (Fig. 4c). Upon com-
plete crystallization of the chalcopyrite melt, the pressure in the
silica melt was higher than the tensile strength of the surrounding
chalcopyrite crust and created tensile fractures perpendicular to
the pipe (e.g., Hubbert and Willis, 1959; Atkinson, 1984; Xu
et al., 2004). Silica melt was then injected into these microfractures
to form comb quartz veinlets and comb microfractures (Fig. 4d). In
some cases, silica melt broke through developing microcracks
along the chalcopyrite–pyrite contact to form quartz veinlets at
the interface, and therefore some silica melt was expelled out into
the original enclosing space within the emerging veinlet volume.
Fig. 5. Photographs and one sketch showing dendritic chalcopyrite and magnetite veinle
tuff. (b) Dendritic chalcopyrite veinlet in K-altered rock. (c) Pushing structures (e.g., t
phenocryst) associated with disseminated chalcopyrite lump embedded in albite matr
bending structure in image c. (e) Dendritic magnetite veinlets rooted on an enclosed magn
altered tuff, (g) sketch of image b with suggested channel boundaries of the liquid flow. T
depth of about 306 m and zk005 at a depth of 372 m, respectively in the Mengxi porphyr
veinlets in wall rocks and related to the granitic porphyry dikes (Qu et al., 2009). The ore s
c from an ore-bearing albite porphyry dike intruded in granite, in the Hersai porphyry co
chalcopyrite, CV: chalcopyrite vein, MD: magnetite dendrite, PD: pressing direction, SF:
This process is similar to pore water expulsion during freezing in
an open system (e.g., Taber, 1930; Arvidson and Morgenstern,
1977; Chen et al., 1980) and the expulsion of fluids from K-meta-
somatic systems (Xu et al., 2004).

This mechanism operated on quartz–chalcopyrite aggregates as
well. Early crystallization of chalcopyrite most likely drove silica
melt aside and also increased the volumetric pressure in residual
silica melt enough to break the chalcopyrite.
5. Origin of zonal mineralization in hypogene porphyry copper
deposits

5.1. Volume change of mineralization systems

Evidence of volume expansion related to crystallization of chal-
copyrite mineral from melt is common in most porphyry copper
deposits. Comb microfractures, dendritic and swollen chalcopyrite
veins, and compaction fabrics are examples. Dendritic chalcopyrite
veinlets are propagated upward at the tip of the fractures on chal-
copyrite grains (Fig. 5a) and are related to hydrofracturing of the
chalcopyrite melt (Cook and Gordon, 1964; Pollard, 1977; Xu
t, pushing structures and swollen vein. (a) Dendritic chalcopyrite veinlet in altered
win bending, crystal arrangement and intragranular shear fracture in matrix and
ix and phenocryst in ore-bearing albite porphyry. (d) Local enlargement of twin
etite crystal in K-altered albite porphyry. (f) Quartz–magnetite–chalcopyrite vein in
he ore specimens for images a and f were collected from the drilling core zk006 at a

y Cu–Mo deposit, east Junggar, which is characterized by abundant sulfide veins and
pecimens for images b and e were collected from K-altered zone, and that for image
pper deposit, east Junggar. AAM: arranged albite matrix, AP: albite phenocryst, CP:
shear fracture, TB: twin bending.
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et al., 2004; Xu, 2009). Dendritic chalcopyrite veinlets in altered
wall-rocks are commonly isolated (Fig. 5b), indicating that the
pressure that created the fractures and the chalcopyrite melt
movement was not continuous. Dendritic chalcopyrite veinlets
also grow outwards upon some chalcopyrite aggregates that are
embedded in the matrix of the host porphyry (Fig. 5c). Volumetric
pressure may produce pressure-related deformed structures, such
as the outwardly bending of crystallographic twins, parallel
arrangement of matrix minerals, and sliding fractures (Fig. 5c
and d) on phenocrysts and matrix crystals within the host por-
phyry. Development of dendritic magnetite veinlets that are rooted
on an enclosed magnetite crystal (such as that showed in Fig. 5e) in
K-altered albite porphyry indicate that crystallization of magnetite
mineral from melt possibly involved volume expansion as well.

The volume expansion ratio of chalcopyrite mineral to melt can
be roughly estimated from a massive chalcopyrite vein. The contig-
uous chalcopyrite in ore veins is commonly wider than the adja-
cent quartz (Fig. 5f), as that shown by line ab, cd, ef and gh in
Fig. 4g. These steps in the chalcopyrite fabric clearly show lateral
volume expansion, which was induced by the crystallization of
chalcopyrite, because hydrofracturing planes ordinarily should be
relatively straight. The thickness of the chalcopyrite melt flow that
formed chalcopyrite in the center of the quartz–magnetite–chalco-
pyrite vein in Fig. 5f and g was most likely equal to the width of the
quartz grain on either side. This implies that the volume expansion
ratio of chalcopyrite mineral to melt was about 19 vol.%, which is
larger than the volume contraction ratio of quartz liquid to min-
eral. Similarly, it is roughly estimated that the volume expansion
ratio of magnetite mineral to melt was about 20 vol.%.

K-metasomatism is one of the most extensive alteration types
in porphyry systems and formed at temperatures between 450 �C
and 700 �C in porphyry systems (e.g., Fournier, 1967a; Nielsen,
1968; Lowell and Guilbert, 1970; Rose, 1970; Titley, 1982; Seedorff
et al., 2005; Cathles and Shannon, 2007) and K-metasomatism also
involves a volume increase (Xu et al., 2004). The volume expansion
coefficient of molecular lattices for the replacement of albite and
anorthite by orthoclase can be roughly estimated using the follow-
ing metasomatic reactions (Orville, 1963; Deng, 1986; Collins,
1996):

NaAlSi3O8
ðAlbiteÞ

þKþ ¼ KAlSi3O8
ðOrthoclaseÞ

þNaþ ð1Þ

CaAl2Si2O8
ðAnorthiteÞ

þ4SiO2 þ 2Kþ ¼ 2KAlSi3O8
ðOrthoclaseÞ

þCa2þ ð2Þ

The volume expansion rate of a monomolecular lattice is about
8.6 vol.% for orthoclase replacing albite and13.4 vol.% for ortho-
clase replacing anorthite and quartz (Xu et al., 2004).

In summary, crystallization of chalcopyrite and magnetite and
the formation of metasomatic orthoclase within the mineralization
system of porphyry copper deposits involve volume expansion,
which then has the potential to increase volumetric pressure en-
ough to create fractures and to open up the system to fluid flow.

5.2. Features and origin of porphyry magma for porphyry copper
deposits

The close spatial and temporal relation among hydrothermal
deposits and magmatic intrusions, the regular zoning of alterna-
tion minerals, the coexistence of sulfide and silicate melt inclu-
sions that contain vapor-rich and hypersaline fluid inclusions
formed at near magmatic temperatures, and the distinct lead and
sulfur isotope data for porphyry copper deposits suggest that the
ore-forming fluids were magmatic (e.g., Ulrich et al., 1999; Halter
et al., 2002; Holliday et al., 2002; Harris and Golding, 2002; Harris
et al., 2003; Redmond et al., 2004; Core et al., 2006), and that these
fluid exsolved and travelled outward from a porphyry magma (e.g.,
Hedenquist and Lowenstern, 1994; Guillou-Frottier and Burov,
2003; Heinrich et al., 2004; Williams-Jones and Heinrich, 2005).
Both porphyry copper deposits and their host porphyritic stocks
and plutons are likely the twinborn products of ore-forming
fluid-rich porphyry magmas.

Recent research (Xu et al., 2009b) suggests that many porphyry
bodies were shallow intrusions of mixed melts that contained
phenocrysts and glomeroporphyritic aggregates, which were
formed by fractional crystallization and accumulation in a deeper
transitional magma chamber.

Fractional crystallization, accumulation and concentration of
silicate minerals from melt in a magma chamber are enrichment
process for ore elements such as Au, Cu and Mo (e.g., Candela
and Holland, 1986; Richards, 2003; Mustard et al., 2006). Incom-
patible ore elements, such as Mo, sulfide melt, aqueous liquid,
and vapor are directly concentrated in magma during silicate min-
eral crystallization (e.g., Candela and Holland, 1986; Hedenquist
and Lowenstern, 1994). On the other hand, a compatible element
like Cu may be concentrated in magma by partitioning of sulfide li-
quid and sulfate–chloride-bearing fluid (e.g., Candela, 1997; Halter
et al., 2002; Harris et al., 2003; Williams-Jones and Heinrich, 2005).
Pulsed input of new melt into a magma chamber while crystallized
silicate minerals are removed from the melt will gradually concen-
trate base metals, producing ore-forming melts in small amounts
(Lowenstern, 1994; Ulrich et al., 1999). Ore-bearing porphyry mag-
mas formed when the residual ore-forming melts, containing some
phenocrysts and glomeroporphyritic aggregates, were emplaced at
a shallow crustal level.

5.3. Crystallization of ore-bearing porphyry magma and
mineralization zoning

On the basis of features of ore-forming porphyry magmas and
on the basis of known volume expansion, related to K-metasoma-
tism and crystallization of magnetite and chalcopyrite, it is conve-
nient to apply a modified ‘‘orthomagmatic’’ genetic model to
account for the mechanisms responsible for zoning of mineraliza-
tion within porphyry copper deposits, after Burnham (1967), Niel-
sen (1968), Philips (1973), and Whitney (1975, 1984).

Application of this modified hypothetical ‘‘orthomagmatic’’ ge-
netic model suggests that crystallization of ore-bearing porphyry
magma and the formation of porphyry copper deposits would have
undergone three main stages as outlined below (Fig. 6):

In the first stage (Stage I) (Fig. 6a), early crystallization of shal-
lowly emplaced, ore-bearing porphyry magma along the walls and
roof of the magma chamber produced a solid carapace around the
liquid intrusion (Nielsen, 1968; Edwards and Atkinson, 1986). Hy-
drous fluids are then exsolved from the magma and are concen-
trated in the apical region of the intrusion beneath the carapace
(Whitney, 1975; Burnham, 1979). As internal vapor pressure in-
creases, which is partly induced by retrograde boiling (Philips,
1973), rising fluid pressures exceed the lithostatic pressure and
the tensile strength of the crystalline carapace, the rocks and host
rock therefore fracture, permitting rapid escape of hydrous fluids
into the newly created open spaces above the carapace and magma
chamber and newly forming vein system (e.g., Hubbert and Willis,
1959; Atkinson, 1984; Xu et al., 2004). The initially exsolved hy-
drous fluids are then enriched in aqueous vapor containing sulfide
melts and many other components (e.g., Candela and Holland,
1986; Manning and Pichavant, 1988; Candela, 1989; Cline and
Bodnar, 1991; Heinrich, 1990; Halter et al., 2005). Zoning results
from the precipitation and replacement of minerals along fracture
within the outwardly expanding vein system. Mesothermal ortho-
clase and biotite form near the magma intrusion, and are followed
by quartz and sericitic alteration. Propylitic alteration in the wall



Fig. 6. Genetic model for zonal mineralization of hypogene porphyry copper deposits.

X.-W. Xu et al. / Journal of Asian Earth Sciences 56 (2012) 218–228 225
rocks occurs at relatively cooler temperatures. Early crystallization
of chalcopyrite mineral from melt within veins had the potential to
precipitate chalcopyrite mainly in the crystalline carapace.

The second stage involves continued crystallization that pro-
duces a porphyritic crust and increases the volume of ore-forming
fluid that contains sulfide melt within the central crystal-melt core
(Fig. 6b). The ore-forming fluids are possibly brines enriched in
potassium. In this stage (Stage II), intensive K-metasomatism in
the upper crust close to the magma and the carapace produces
an orthoclase shell. This is where early fractures and veins are re-
placed and less active elements (e.g., Mg, Fe and Cu) and minerals
(such as chalcopyrite) are trapped. Meanwhile, ore-rich fluids sep-
arate out and are concentrated at the upper contacts between the
porphyry crust and the mush core to form a saddle-shaped, ore-
rich fluid pool. In addition, space is conserved due to volume
expansion by K-metasomatism that is matched by volume contrac-
tion of crystallization and solidification of the porphyry crust dur-
ing the crystallizing magmas. K-metasomatism occurs in the mush
core as well, and some plagioclase phenocrysts that form in the
pre-emplaced magma chamber may be replaced by orthoclase or
sericite aggregates.

During the third stage (Stage III), further crystallization of the
crystal-melt (mush) core ore-forming fluids are enclosed in pores
within the groundmass. These pore fluids develop into alteration
within the groundmass and phenocrysts by the growth of ortho-
clase, sericite, quartz, and locally kaolinite where there were high-
er numbers of hydrogen ions. When the trapped ore-forming fluids
crystallize, sulfide minerals are precipitated and disseminated
within the altered core porphyry, forming a low-grade ore core
(Figs. 6c and 5d). Volume expansion, due to crystallization of mag-
netite and chalcopyrite in the pore fluid, increases the pressure suf-
ficient to break the host rocks, allowing fluids to flow into the
hydrofractures and producing ore-bearing veinlets and compaction
structures (Fig. 5c). When pore fluid is connected by veinlets, some
leftover ore-forming fluids may be expelled up and outwards into
the fluid pool. This process is similar to pore water expulsion dur-
ing freezing in an open system (e.g., Taber, 1930; Arvidson and
Morgenstern, 1977; Chen et al., 1980).

Both fluid injections from the mushy core and volume expan-
sion that is related to K-metasomatism and crystallization of mag-
netite and chalcopyrite, increase pressure within the fluid pool.
When the volumetric pressure of the fluids exceeded the lithostatic
pressure and the tensile strength of the orthoclase shell, hydrofrac-
tures and ore-forming fluids veinlets form along the orthoclase
shell. Prior volume increase, due to crystallization of magnetite
and chalcopyrite in the fluid veinlets, propagates fractures and re-
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moves leftover fluid from the orthoclase shell by allowing the fluid
to flow up and outwards. These hydrofractures seal due to contin-
ued crystallization and precipitation, and this ‘‘throttling’’ allowing
the pressure of the fluid pool to increase again (Edwards and Atkin-
son, 1986). This sequence repeats many times. As a result, quanti-
ties of chalcopyrite residing in the orthoclase shell form an ore
shell and pyrite and quartz are precipitated in a zone close to the
ore shell forming a pyrite halo. Aqueous fluid moves to the outer
zone and causes forms an argillic alternation zone due to super-
posed hydrogen metasomatism (Fig. 6d).
6. Conclusion

Comb quartz veinlets are well developed on quartz–chalcopy-
rite in vein in the Hongshan porphyry Cu deposit of Zhongdian
County in eastern Tibet. Teeth-shaped quartz is perpendicularly
rooted in the central parts of the quartz veinlet, and dismembers
chalcopyrite in the veins and veinlets. These tooth-shaped micro-
fractures, filled by microcrystalline or cryptocrystalline quartz,
are typical tensional hydrofractures. The formation of these comb
microfractures is related to volume expansion that was induced
by crystallization of chalcopyrite mineral from chalcopyrite melt
and to the subsequent increase in volumetric pressure in the con-
fined silica melt. Volumetric pressures caused the expulsion of
some silica melt into pyrite in the adjacent wall rock. The forma-
tion mechanism that developed the comb microfractures, includ-
ing volume expansion induced by crystallization, increase in
volumetric pressure, hydrofracturing and fluid expulsion, is
hypothesized as the main process for zoning in porphyry copper
deposits.

Textures typical of volumetric pressure such as dendritic and
deformed veins were the common structures induced by related
to crystallization of chalcopyrite and magnetite and K-metasoma-
tism in porphyry copper deposits. The volume expansion ratio of
chalcopyrite mineral to melt and that of magnetite mineral to melt
were about 19 vol.% and 20 vol.%, respectively. The volume expan-
sion rate of a monomolecular lattice is more than 8 vol.% for ortho-
clase replacing plagioclase.

Based on the volume variety in crystallization, K-metasomatism
and solidification processes of ore-forming magmas, we propose a
new, modified ‘‘orthomagmatic’’ genetic model for zoning of min-
erals in porphyry copper deposits. It is suggested that porphyry
copper deposits are associated products of crystallization and
solidification of ore-bearing magma intrusions. Zoning of mineral-
ization, from disseminated ore core and ore shell to outer pyrite
halo, is primarily related to the regular migration and distribution
of ore-forming fluids and involves a series of substantial processes,
such as the concentration of ore-forming fluids in the mush core,
exsolving and migration of ore-forming fluids containing sulfide
melts from the mush core to form the saddle-shaped ore-forming
fluids pool, K-metasomatism and formation of K-feldspar shell
and pressure building in the enclosed fluid pool, and hydrofrac-
tures and injection and migration of ore-forming fluids into the
orthoclase shell along hydrofractures. The continued hydrofrac-
tures are due to prior crystallization of magnetite and chalcopyrite
from the ore-forming fluids that is concentrated in the orthoclase
shell and is associated with expulsion of residual fluid that is dri-
ven by high volumetric pressure. This new model clearly shows
origin of the spatial distribution of alteration and mineralization
with respect to a cylindrical magmatic stock.
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