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Abstract  Porphyry copper systems, which provide most of the world’s copper resource, are commonly associated with
characteristic concentric zonation of alteration and mineralization. In-depth knowledge of the distribution and transport me-
chanism of elements in the alteration zones is essential for understanding the ore-forming processes. We employed flow-reaction
apparatus to simulate the fluid-rock interactions during porphyry ore formation so as to investigate the mechanisms that govern
the transport of elements and the development of zonation. The results indicate more heterogeneous distribution of elements in
the experimental products at 450°C compared to those at lower temperatures, which implies a crucial role of temperature in
controlling elements redistribution in hydrothermal systems. Heating advances potassic alteration and Ca leaching of wall rocks.
To achieve the same degree of sodic alteration, it requires a higher concentration of Na' in the fluid toward higher temperature.
Temperature also facilitates the incorporation of Ti, Sr and Pb into silicate minerals through cation substitution. We infer from
experimental results that from the center of intermediate to mafic volcanic wall rocks toward periphery, the contents of K and Ti
should decrease and the contents of Ca, Zn and Mn should increase, whereas the trend for Si and Na could be non-monotonic.
This study provides experimental and theoretical insights into a variety of vital geological observations, including anhydrite

formation and the widespread development of potassic rather than sodic alteration in porphyry copper deposits.
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1. Introduction

Porphyry copper (Cu) deposits have supplied nearly three-
quarters of the world’s Cu, half the Mo, around one-fifth of
the Au, and significant amounts of other precious/base me-
tals, such as Ag, Zn, and Pb (Sillitoe, 2010; Cooke et al.,
2014b). Most porphyry-related mineralization occurs in
subduction zones, and is closely associated with oxidized

* Corresponding author (email: huayongchen@gig.ac.cn)
1 Corresponding author (email: longsu@lzb.ac.cn)

adakitic magma. Tectonically, the mineralization occurs in
compressive settings, notably around the Pacific Rim (Sil-
litoe, 1972; Kerrich, 2000; Cooke et al., 2005, 2014b; Chen
and Xiao, 2014). At the convergent plate boundaries, the
melting of the subducted oceanic slab and/or the overlying
mantle wedge is triggered by slab dehydration, and the hy-
drous oxidized magma is formed subsequently (Ringwood,
1977; Richards and Kerrich, 2007; Richards, 2011; Sun et
al., 2010). Interactions between the melt and the lower
continental crust (MASH process) produce more silica-rich
magma and form shallow magma chambers, where magma
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migrates upward through fault systems and exsolves metal-
rich hydrothermal fluid by decompression (Hildreth and
Moorbath, 1988; Harris et al., 1990; Landtwing et al., 2005).
Deposition of metals in confined space (apex of the por-
phyritic intrusions) ultimately causes porphyry-type miner-
alization. During the fluid flow, the exsolved ore-forming
fluids alter the surrounding intrusions and country rocks, and
a variety of mineralization and alteration zones are devel-
oped. Porphyry Cu deposits usually display a successive
concentric zonation of alteration and mineralization, featured
by potassic alteration in the center and surrounded by the
almost-coeval propylitic alteration. Sericite, argillic and ad-
vanced-argillic alterations are commonly formed later and
superimpose on the earlier alteration zones (Lowell and
Guilbert, 1970; Sillitoe, 2010). The early-formed, high-
temperature potassic alteration zone is mainly distributed in
the apex of the causative intrusion and the immediate sur-
rounding country rocks. The transition from magma into
magmatic fluid is also crucial for extracting metals and sulfur
from the melt into the fluid. For most porphyry deposits, the
potassic alteration zone hosts the bulk of the orebodies, and
contains a common mineral assemblage of K-feldspar, bio-
tite, quartz, anhydrite, magnetite and Cu-Fe sulfides (Sillitoe,
1973; Cooke et al., 2014b). Therefore, investigations on al-
teration zoning in porphyry Cu systems, especially on the
formation mechanism, controlling factors and elemental
behavior in the high- to intermediate-temperature alteration
zones, can reveal the ore-forming fluid evolution and mi-
neralization process. Conventional research techniques for
hydrothermal ore deposits mainly rely on geological and
microscopic petrographic observations and fluid inclusion
measurement, in combination with alteration mineral as-
semblages and stable isotope compositions to identify the
physicochemical alteration/mineralization conditions, e.g.,
fluid source, temperature, fO,, pH, salinity and major fluid
compositions. The reliability of these conventional techni-
ques, however, is hampered by the complex syn-/post-mi-
neralization modifications, such as the multistage magmatic-
hydrothermal overprinting that forms secondary fluid in-
clusions and alteration mineral assemblages.

With the development of advanced experimental methods
and analytical techniques, selecting suitable geochemical
models to experimentally investigate geological process has
become increasingly effective. Chemical equilibrium theory
provides the foundation to understand fluid-rock interactions
in closed system, and it can also be used to solve some
equilibrium thermodynamic and kinetic issues (Helgeson,
1969; Ré et al., 2014). Many experimental studies have been
conducted to ascertain the main chemical reactions and phase
transformation condition in hydrothermal systems, such as
the experimental study of alkali metasomatism and spiliti-
zation in closed system dominated by K+, Na+, Caz+, feldspar,
mica and clay at 300—400°C and 200 MPa (Winkler and von
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Platen, 1961; Orville, 1962). Experimental studies were also
conducted about hydrothermal alteration, with emphasis on
hydrogen metasomatism and phase transformation of K-
feldspar and albite in the Na,0-K,0-Al,05-Si0,-H,0 system
at different conditions (Hemley, 1959; Hemley and Jones,
1964; Hemley et al., 1980; Sverjensky et al., 1991; Haselton
et al,, 1995). Phase stability field and boundaries of K-
feldspar were also investigated in the KCI-HCI-H,O system
containing K-feldspar, muscovite, andalusite and quartz at
400-750°C and 40-80 MPa (Frank et al., 1998; Frank and
Vaccaro, 2012).

These published studies focused mainly on the controlling
factors of the multicomponent reactions and phase changes
in a closed system, without considering the spatial gradient
effect of species in the actual system. In reality, alteration-
mineralization in porphyry deposits is controlled by a num-
ber of factors, and the ore-forming fluids migrate in specific
direction accompanying the mass redistribution between the
fluids and wall rocks. The local (sub)-equilibrium between
the fluids and wall rocks is reached, gradually forming the
alteration/mineralization zoning (Barnes, 1997). Therefore,
the flow-reaction model resembles geometrically more the
actual ore-forming environment, where a series of finite fluid
batches successively react with the rock column. Conse-
quently, a suite of distinct alteration fronts is formed when
the fluids percolate through permeable rocks via infiltration
or diffusion (Reed, 1997). The first application of flow-re-
action model is to investigate water-rock metasomatism
process (Korzhinskii, 1959, 1970) and stable isotope zona-
tion (Bickle and Baker, 1990; Ferry and Dipple, 1991, 1992).
Another application is about the effective Sn extraction from
granite-related hydrothermal systems by comparing the re-
sults derived from a closed system and a flowing system. The
results show that the maximum cassiterite ore grade was
underestimated by almost an order of magnitude in the
closed system than that in the flowing system, which un-
derwent successive dissolution and precipitation processes.
The cassiterite grade from the flowing system was also closer
to the actual grade (Heinrich, 1990). Other application ex-
amples of flow-reaction model include the formation of se-
diment-hosted Cu deposits and magmatic-hydrothermal
replacement deposits, shallow enrichment of porphyry Cu
deposits by groundwater advection and the reaction of CO,-
rich brine with basalt in a flowing system (Merino et al.,
1986; Holyland, 1987; Ague and Brimhall, 1989; Rogers et
al., 2006; Luhmann et al., 2017). In this study, flow-reaction
apparatus was applied to simulate the interactions of the ore
fluids with common volcanic wall rocks (basaltic andesite)
in porphyry Cu systems, in order to reveal the metasomatic
process and elemental behavior during alteration, and to
provide some preliminary exploration indicators. The initial
fluid composition is based on LA-ICP-MS analysis results of
individual fluid inclusions in the earliest high-temperature
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(potassic) alteration zone of typical porphyry Cu deposits
(Halter et al., 2002, Rusk et al., 2004, 2008; Heinrich, 2005;
Landtwing et al., 2005, 2010).

2. Initial materials and experimental methods

2.1 Rock sample

The rock samples were collected from lower Carboniferous
Qiershan Group in Eastern Tianshan Orogen, which are the
main wall rocks of the Tuwu-Yandong porphyry Cu or-
ebodies. The basaltic andesite samples are porphyritic,
massive and dark-grey to black in color. The rocks are
mainly composed of plagioclase (65 vol.%), clinopyroxene
(10 vol.%), orthopyroxene (5 vol.%), groundmass (20 vol.%)
and trace hematite (Figure 1). The rocks are weakly sericite-,
argillic- and epidote-altered. The least-altered parts of the
rocks (with no hydrothermal veins) were selected. The rock
samples were crushed to about 1 cm and then soaked in
0.1mol L™' HCI solution for 24 h to remove the impurities
and altered components, and then rinsed with deionized
water before dried. 50 g of the sample grains were grinded
into powder (< 200 mesh) for major element oxide and trace
element analyses. The remaining sample particles were
milled into 40—-60 mesh to ensure homogeneity and enhance
reaction rate during the experiment.

2.2 Fluid sample

Compositional analysis of individual fluid inclusions is
lacking for the Paleozoic Tuwu-Yandong porphyry Cu de-
posits, which display features of multistage mineralization
and post-mineralization alteration (Xiao et al., 2015; Wang et
al., 2016). Therefore, the initial fluid salinity and tempera-
ture used in this experiment are based on the conventional
fluid inclusion microthermometric results of representative
porphyry Cu deposits worldwide (Roedder, 1971; Nash,
1976; Heinrich, 2005). For instance, Nash (1976) have stu-
died the fluid inclusions of 37 porphyry Cu deposits in
United States and divided them into two main types, i.c.,
high-temperature, high-salinity fluid inclusions and inter-
mediate-low temperature, low salinity fluid inclusions.
Heinrich (2005) also classified fluid inclusions in porphyry
Cu deposits into two main types according to the homo-
genization temperature and total salinity. These two different
fluid inclusion clusters have similar ranges of salinity and
homogenization temperature, i.e., a 2-20 wt.% (NaCl,,) and
200-450°C cluster, and a 27-80 wt.% (NaCl,,) and 300—
800°C cluster. In this study, the experimental temperature
and total salinity of the initial fluids are within the above
ranges.

Chemical composition of the initial fluid is based on
quantitative analysis results of individual fluid inclusions
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Figure 1 (Color online) Photomicrographs of the porphyritic basaltic
andesite samples. Cpy, Clinopyroxene; Pl, Plagioclase.

from high-temperature alteration zone in typical porphyry
Cu deposits, such as those from the earliest ore-barren quartz
veins in the Butte porphyry Cu-Mo deposit (Rusk et al.,
2004, 2008), and those from the pre-main-stage quartz
veinlets in the Bingham porphyry Cu-Mo-Au deposit
(Landtwing et al., 2005, 2010). The components of these
individual fluid inclusions approximate the composition of
the primary fluid exsolved from the causative magma, with
its major cations dominated by Na', K" and Cu’". There are
also high Fe*" and Ca’" contents in the actual ore-forming
fluid, but the addition of large amounts of Fe*" and Ca” into
the experimental fluid at room temperature have two pro-
blems. First, CaSO, is largely insoluble in SO -rich fluid at
room temperature, and hence the addition of Ca”" would lead
to CaSO, precipitation and decrease the initial fluid sulfate
content significantly. Second, when large amount of Fe*
ions are added to the initial fluid, the Fe’" in the solution is
destabilized and hydrolyzed readily over the long experi-
mental period. LA-ICP-MS analysis of the liquid-phase fluid
inclusions in Bingham showed that Mg2+ is another major
cation in addition to Na’, K and Cca™". Therefore, Mg2+ was
added to the experimental fluid as an important cation.
Previous studies indicated that Ti4+, Sr** and Pb*" can be used
as indicators of specific minerals in porphyry systems, and
the correlation between the contents of these elements and
the distance from the orebody can be used as a vectoring tool
to locate the hydrothermal center(s) (Cooke et al., 2014a,
2017; Wilkinson et al., 2015). Therefore, a small amount of
Ti4+, Sr*" and Pb°" ions were also added into the initial fluid
to reveal the distribution trend of these elements in the hy-
drothermal system, and to provide exploration implications
according to their content variation in the wall rocks.
Therefore, the main components of the initial fluid include
Na', K, Cu*, ng, Cl and SOff and trace Ti*", Sr*, Pb*"
and NOj;, which approximately represents the actual ore-
forming fluid. An equal amount of Sr(NO;), and Pb(NO;),
was added into the initial fluid, while the Sr* and Pb*" ions
would form insoluble electrolytes with other ligands in the
solution. The S’ and Pb>" concentrations were calculated
using the corresponding solubility product constants at room
temperature, yielding 1.0x10°~1.88x10° and 4.7x10°°
—9.4x10 *mol L™, respectively (Table 1). The initial ex-
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Table 1 Major components of initial experimental fluid
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+

2+ .4+

Experimental Total Na" K cu® Mg Ti Cl SOj’
temperature fluid (mL) (mol L") (mol L™ (mol L™ (mol L™ (mol L™ (mol L™ (molL™)
450°C 500 1.24 0.48 0.06 0.11 0.003 1.72 0.17
350°C 500 0.62 0.24 0.03 0.05 0.003 0.86 0.08

perimental fluid was made of analytical standard chemical
reagent and deionized water. We attempted to remove oxy-
gen by bubbling nitrogen into the deionized water for 3 hours
before using.

2.3 Experimental apparatus and procedures

In general, the experimental simulation system for fluid-rock
interactions can be divided into closed and open systems.
The main application of a closed system is to determine the
dominant chemical reactions that contribute to multi-com-
ponent reaction and conditions of mineral phase transfor-
mation. It can also be used to determine the reaction rate and
mechanism based on thermodynamic equilibrium and kinetic
experiments (Brimhall, 1977; Bird et al., 1984; Hutcheon et
al., 1993). The limitation of a closed system simulation is
that the results could only imply element content variations
and reaction process, without the consideration of spatial
dimension in the geological processes. Another limitation is
that setting too high the fluid/rock ratio in a closed system is
not geologically realistic, as rock porosity in the crustal in-
terior is usually below 10% by volume (Heinrich et al.,
1996). However, the flow-reaction models consider the
spatial dimension and direction of fluid flow, and are thus
closer to the geological reality, where a batch of finite fluid
successively percolates through a permeable rock column via
infiltration or diffusion, and alteration fronts are formed.
Therefore, the fluid-reaction models can provide a robust
reflection of alteration process and spatial redistribution of
elements (Carmichael, 1987; Lasaga and Rye, 1993).

This experiment was conducted using the flow-reaction
instrument at the Lanzhou Center of Oil and Gas Resources,
Chinese Academy of Sciences (CAS). This device can be
regarded as a semi-open fluid flow system that contains three
subsystems (Figure 2a), i.e., a high-temperature and high-
pressure reaction system, a fluid collection and filling sys-
tem, and experimental data recording system. The heating
temperature range is 50-650°C and the maximum lithostatic
and fluid pressures are 280 and 150 MPa, with accuracy of
+1°C, £1 MPa and +0.5 MPa, respectively. The sample cell
is 14 cm in length and 2.5 cm in diameter, and can load a
maximum of 150 g rock samples. The remaining space of the
sample cell was filled with alloy pads after the sample
loading (Figure 2b). The rock sample was compressed by
lithostatic pressure at the upper side and withstood con-

finement pressure at the bottom side to balance the lithostatic
pressure, and the sealing rings at both sides were simulta-
neously subjected to lithostatic and confinement pressure
(Figure 2c). Under high temperature, the compressed sealing
rings underwent plastic deformation to seal off the entire
reactor. The alloy conduits connected to both ends of the
autoclave are resistant to acid corrosion and are linked to
solenoid valves and pressure transmitters that control fluid
replenishment and discharge in the autoclave.

This experiment set two temperatures, 450 and 350°C,
which are within the range of high-intermediate temperature
alteration in porphyry Cu deposits (Bondar et al., 2014). The
corresponding experimental lithostatic and fluid pressures are
110, 80, 45, 35 MPa respectively. According to the Airy iso-
stasy model and assumed average upper crust density of
2.75 gcm (Airy, 1855; Du, 2010), the burial depths corre-
sponding to the experimental lithostatic pressure are 4.1 and
3 km, which agrees with the common porphyry Cu miner-
alization depths (<5km) (Sillitoe, 2010). The lithostatic
pressure represents the compaction of overlying rock forma-
tion above the alteration depth. The experimental fluid was
filled in the pores of the rock samples and interacted with
them. Fluid pressure was greater than the hydrostatic pressure
of corresponding depth and is in accord with pressure of ore-
forming fluid in porphyry Cu deposits derived from fluid in-
clusions measurement (Seedorff et al., 2005; Zhang et al.,
2011). Therefore, the rock samples mainly received lithostatic
pressure and surrounding fluid pressure during the experi-
ment. This is similar to the actual scenario of wall rock
compaction, with the widespread development of stockwork
veins and/or breccias in porphyry Cu systems.

Before the experiments started, the rock samples were
filled into the reaction cell and ran pressure system to seal off
the reaction cell. The entire device was then vacuumed and
checked for leakage. After the experiment started, the auto-
clave was heated up automatically at 10°C min ', and then
slowed down to 2°C min ' when the temperature gap from
the set value was below 50°C. Once the target temperature
was reached, fluid pressure and threshold value (0.5 MPa)
on high-pressure pump was set, and the experimental fluid
was injected into the reaction cell at constant flux. When
pressure value exceeded the threshold range, the outlet so-
lenoid valve opened to discharge trace fluid to reduce pres-
sure in the reaction cell to the target value. Therefore, fluid
pressure in the cell was maintained at the target value during



554 LiJ, et al. Sci China Earth Sci

@

(b) Upper

sleeve .
Sealring  Outer

sleeve

Middle
sleeve

March (2019) Vol.62 No.3

12

Sample cell

16

Rock
sample
Alloy pad

. Copper ring
Filter

Lithostatic
pressure

Compression bar

Experimental fluid bar

Pressure Pressure
ring Fluid storage ring
pad Bottom nut
© Gland nut Graphite ring
Copper ring

Figure 2 (Color online) Instrument used for the fluid-rock interaction experiment (a), nickel alloy reaction cell (b) and sealing rings (c). 1, Sample cell; 2,
Autoclave; 3, Heating furnace; 4, Temperature transmitter; 5, Oil cylinder; 6, Compression bar; 7, Lithostatic pressure system; 8, Confinement pressure
system; 9, Pressure transmitter; 10, Solenoid valve; 11, Cold trap; 12, Gas collector; 13, Air compression system; 14, Nitrogen gas; 15, Experimental fluid;

16, Fluid pressure control system.

the experiment. The experimental fluid discharged from the
reactor flowed into a collector containing a cold trap and was
sampled at constant 24-hour intervals. Experimental para-
meters, such as the temperature, pressure and initial heating
rate, were controlled and recorded automatically by the
software. After the experiment ended, the reactor was
quickly cooled to room temperature and the rock column was
removed. The fluid flow direction was marked on the col-
umns for future analyses (Table 2).

The experimental rock columns (Figure 3a and 3c) were
segmented along the fluid flow direction. The 450°C pro-
ducts were divided into three sections (Figure 3b), and the
350°C products were divided into two sections (Figure 3d).
The divided products were broken equally into two parts.
One half was crushed into grains, rinsed with deionized
water to clean and dried, and then grinded into powder (<200
mesh) for composition analysis. The other half was solidified
with resin and made into thin section for micrographic ob-
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Lithostatic Fluid .. . Collecting Single
Experiment Tem(geg;ature pressure pressure m]:::l(() sizsear(lrlrrl):h) (wt Sjll(l;\lgcl ) Dugil;lon frequency fluid volume
(MPa) (MPa) & 70 « (h/time) (mL)
01 450 110 45 70.0 40-60 12.8 385 24 28
02 350 80 35 36.5 40-60 6.9 410 24 15
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Figure 3 (Color online) Columnar experimental products and divided 040 45 5:3 5:5 6I0 6:5 7|0 7|5 8:) 8:5
segments. (a), (b) 450°C products; (c), (d) 350°C products. SO, (Wt.%)

servation and electron probe microanalysis (EPMA). These
procedures were completed without contamination.

2.4 Whole-rock geochemical and EPMA analyses

Major element analyses were conducted with X-ray Fluor-
escence (XRF) at ALS Chemex (Guangzhou) Co. Ltd., and
the accuracy is better than 1%. Trace element compositions
were analyzed using a Thermo iCAP Qc (ICP-MS) at State
Key Laboratory of Isotope Geochemistry of the Guangzhou
Institute of Geochemistry, Chinese Academy of Sciences
(GIGCAS). The analysis accuracy is better than 3% for rare
earth elements (REEs) and 5% for other trace elements.
Analysis procedures follow the ones described in Liu et al.
(1996).

Major oxides of mineral phases were analyzed using a
JEOL150 JXA-8230 EPMA at the Key Laboratory of Mi-
neralogy and Metallogeny of GIGCAS. The operating con-
ditions were 15 kV accelerate voltage, 20 nA probe current
and 1 um beam size. The relative precision is better than
0.01% for all elements and natural crystal standards were
used.

3. Results

3.1 Chemical composition of experimental products

In the TAS diagram, the 350°C products are similar to
pristine rocks, and are plotted in the basaltic trachyandesite
field. The 450°C products were changed from basaltic tra-
chyandesite to phonotephrite, probably by hydrothermal al-

Figure 4 (Color online) Total alkali vs. SiO, diagram of initial rock and
experimental products. B, basalt; O,, basaltic andesite: O,, andesite; Os,
dacite; R, rhyolite; S;, trachybasalt; S,, basaltic trachyandesite; S;, tra-
chyandesite; T, trachyte-trachydacite; Pc, picro-basalt; U,, tephrite-basa-
nite; U,, phonotephrite; Us, tephriphonolite; P, phonolite; F, foidite.

teration (Figure 4). Total alkali content in the experimental
products is higher than that of pristine rock, a phenomenon
that becomes more obvious with increasing temperature. The
K,0/Na,0 ratio of experimental products also varies: 1.24
(pristine rocks), 1.21-1.22 (350°C products) and 1.43-1.72
(450°C products). At the upstream of experimental rock
column (along fluid flow), the SiO, content of all products
decreases, especially for the 450°C products.

The pristine rocks and experimental products display si-
milar trace element variation characteristics (Figure 5a).
Large-ion lithophile elements (LILEs) such as Rb, Ba, K, and
Sr are enriched, while high-field strength elements (HFSEs)
such as Th, Nb, Ta, Zr, Hf and Ti are depleted, all indicating
arc-type geochemical affinity. The experimental products
also exhibit consistent chondrite-normalized REE patterns
(Figure 5b), where LREEs are slightly enriched and HREEs
are relatively depleted. The total REE contents gradually
decrease from pristine rocks to products with increasing
temperature. The average contents of total REE are 136 ppm
(1 ppm=1 mg Lfl) (pristine rocks), 132 ppm (350°C pro-
ducts) (Table 3) and 129 ppm (450°C products).

3.2 Element spatial distribution in experimental pro-
ducts

Analysis results of major elements in the same experimental
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Figure 5 (Color online) Primitive mantle-normalized multi-element spi-
dergram (a), chondrite-normalized REE distribution patterns (b). Normal-
ization values are from Sun and McDonough (1989).

product show heterogeneous redistribution trends and var-
iation of elements during the fluid-rock interactions. The
same element also shows disparate variation trends under
different experimental temperatures. For instance, the degree
of variation is greater in the 450°C products than in the
350°C ones, which implies that higher temperature may have
significant effect on elemental redistribution in hydrothermal
systems. Contents of CaO and MgO all decrease in experi-
mental products, but they display different variation trends
along the fluid flow direction (Figure 6¢ and 6d). Along the
fluid flow direction, leaching of CaO gradually weakens but
leaching of MgO strengthens. In contrast, K,O and TiO,
contents increase in all experimental products, particularly in
the 450°C ones (Figure 6a and 6f) but the enrichment is
gradually reducing along the fluid flow. Na,O content in-
creases weakly in the 350°C products, while that decrease at
upstream and increase at downstream in the 450°C products
(Figure 6b). SiO, content also decreases at upstream and
increases at downstream in all the products, but the enrich-
ment is more significant in the 350°C products (Figure 6e).
All major element oxide contents, except for MgO, show the
greatest variation at upstream (450-1) in the 450°C products,
but this trend is not apparent in the 350°C ones.

Trace elements, such as Cu, Zn, Mn, Sr, Pb and S, are most
affected by water-rock interactions, and have different de-
gree of variation under different experimental conditions.
The variation of these elements in the 450°C products is
greater than that in the 350°C ones, which implies that higher
temperature may play a crucial role in causing elemental
enrichment or depletion. Both Cu and S are distinctly en-
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riched in all the products, and the enrichment reaches a
maximum at upstream (Figure 7a and 7b), whereas Cu and S
contents decrease rapidly along the fluid flow, especially
under higher temperatures. Zinc and Mn contents decrease in
all the products, especially under high temperatures (Figure
7¢ and 7d). Along the fluid flow direction, the leaching is
almost invariable for Mn, but Zn has different leaching
trends under different conditions, and the leaching gradually
strengthen and weaken in the 450 and 350°C experimental
products, respectively. Strontium content increases slightly
in the 450°C products and decreases in the 350°C ones
(Figure 7e). Lead content increases at upstream and de-
creases at downstream in the 450°C products, but stays
constant in the 350°C ones (Figure 7f).

3.3 EPMA results

Major element oxide contents in the minerals from the
pristine and experimental rocks were determined, such as
pyroxene, feldspar and epidote, and the analysis spots were
distributed from core to rim in these minerals (Figure 8).
Analysis results indicate that mineral composition is homo-
geneous from core to rim in pristine rocks (Figure 9a—f).
Therefore, the fluid-rock interaction processes can be re-
vealed by comparing the compositional variation of minerals
from core to rim.

Chemical composition proximal to the mineral core is
mostly constant, but the composition varies distinctly and
H,O content increases at the mineral margin in the experi-
mental products. TiO, content is almost constant from mi-
neral core to rim in the 350°C products, but it decreases at the
pyroxene rim and clearly increases at the rim of epidote and
feldspar in the 450°C ones (Figure 10a and b). CaO content
decreases markedly at the rim of bytownite, epidote and
pyroxene in all the products, while it has no clear decrease at
the oligoclase rim due to its low original CaO content (Figure
10c and 10d).

K,O content decreases at oligoclase rim and slightly in-
crease at the rim of epidote and pyroxene in 350°C products.
However, K,O content increases significantly at the rim of
all minerals in the 450°C products (Figure 11a and 11b).
Na,O content increases at the epidote rim and slightly de-
creases or remains constant at the rim of feldspar and pyr-
oxene in all the products (Figure 11c and 11d). SiO, and
Al,O; contents decrease at the rim of feldspar (esp. oligo-
clase) and epidote, and have no apparent variation at the
pyroxene rim in the 450°C products (Figure 12a and 12b).

4. Discussion

4.1 Silicic alteration process in experimental system

Experimental results show that compositions of the experi-
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Major elements (wt.%) Initial rock 350-1 350-2 450-1 450-2 450-3
AlLO; 17.34 17.51 17.70 17.20 17.48 17.52
BaO 0.10 0.11 0.12 0.11 0.12 0.12
CaO 6.25 5.66 5.71 5.00 5.54 5.68
TFe,0; 9.20 9.20 9.17 10.64 9.17 9.01
K,0 3.92 3.96 4.01 5.05 4.77 4.67
MgO 5.88 5.50 5.48 5.46 5.35 5.34
MnO 0.14 0.13 0.13 0.10 0.11 0.11
Na,O 3.15 3.28 3.30 2.93 3.27 3.26
P,05 0.48 0.43 0.42 0.42 0.44 0.44
Si0, 49.85 49.37 50.28 48.26 49.95 49.87
SO, 0.02 0.11 0.05 0.95 0.39 0.16
SrO 0.11 0.10 0.10 0.11 0.11 0.11
TiO, 1.14 1.15 1.15 1.27 1.21 1.20
LOI 2.71 2.93 2.63 3.02 2.56 241
Total 100.29 99.44 100.25 100.52 100.47 99.90
Minor elements (ppm) Initial rock 350-1 350-2 450-1 450-2 450-3
Rb 72.70 69.08 71.06 72.20 67.24 65.75
Ba 970.40 1017.40 1065.10 965.90 990.10 982.40
Th 1.74 1.82 1.85 1.76 1.77 1.73
Nb 4.14 438 4.61 4.44 4.68 4.93
Ta 0.23 0.24 0.25 0.24 0.26 0.27
Sr 940.50 903.70 930.90 967.50 949.60 991.20
Hf 3.07 3.15 332 3.18 322 3.08
Zr 114.60 124.50 126.60 124.60 122.50 121.80
U 0.58 0.58 0.62 0.56 0.57 0.56
Y 19.48 18.08 18.43 19.03 17.90 18.47
Cu 70.72 368.40 180.20 1846.60 750.60 560.50
Mn 1063.40 976.10 988.30 797.30 816.70 815.30
Zn 105.00 93.03 99.00 77.79 78.94 72.24
Sr 940.50 903.70 930.90 967.50 949.60 991.20
Pb 7.88 8.25 7.84 20.92 32.44 25.60
La 20.86 20.09 20.68 19.47 20.39 20.16
Ce 51.48 49.15 50.71 47.30 49.24 49.57
Pr 7.43 7.19 7.48 7.06 7.35 7.23
Nd 32.75 3091 32.00 30.03 31.52 31.03
Sm 6.93 6.66 6.85 6.46 6.67 6.65
Eu 2.02 1.94 2.01 1.79 1.95 1.95
Gd 5.46 5.18 5.37 5.03 5.26 5.15
Tb 0.73 0.69 0.71 0.67 0.69 0.69
Dy 3.89 3.69 3.87 3.60 3.74 3.66
Ho 0.74 0.71 0.73 0.69 0.70 0.71
Er 1.82 1.73 1.80 1.68 1.75 1.74
Tm 0.26 0.25 0.26 0.24 0.25 0.25
Yb 1.59 1.57 1.65 1.54 1.57 1.58
Lu 0.23 0.24 0.25 0.23 0.23 0.23
Y REE 136.18 130.00 134.35 125.78 131.31 130.58
La/Yb 13.09 12.76 12.53 12.63 12.98 12.77
JoEu 0.97 0.97 0.98 0.93 0.97 0.98




558 LiJ, et al.

Sci China Earth Sci

March (2019) Vol.62 No.3

Fluid flowing

———

551
450°C products (@) K,0
5.1+ =B-350°C products
= === |nitial rock
X
€ 47
1=
[3}
€ 431
[e]
(6]
o—29
39k .
35

1 1

eassssscccscnccccccaaaaaaaan.

o ; [l o
=) o =) o1
T T T 1

Content (wt.%)

»
o
T

(c) CaO

4.0 L L

50.5

50.0 -

495

%)

49.0 -

48.5 -

Content (wt

48.0

475} (e) Si0,

47.0 1 |
450-1 450-2 450-3

3.4r

b) Na,0
33 (b) Na,

|

32r

3.1
3.0

Content (wt.%)

291
281

2.7 L L

6.0 -

. 56

54

Content (wt.%)

52
(d) Mgo

5.0 L L

Content (wt.%)

() TiO,

1.05 . .
450-1  450-2 450-3

Figure 6 (Color online) Variation trends of major element contents in experimental products along the fluid flow direction.

mental products change significantly comparing to those of
the pristine rocks, and that the compositions of mineral rim
are also more variable than those of mineral core, which
implies the occurrence fluid-rock interactions (i.e., altera-
tion) in the experimental system. Previous experimental
studies suggested that hydrothermal replacement of rocks
comprises interface reaction and mass transport (Zhang,
2010). Fluid-silicate mineral interactions are mainly con-
trolled by interface reactions, and involves (i) absorption of
H', (ii) ionic exchange and (iii) cation desorption at the
mineral-fluid interface. The ionic exchange process is af-
fected by the types of chemical bonds, H' concentrations and
activation energy of the reactions (Murphy et al., 1989; Tan
et al., 1994; Schott et al., 2009). The chemical bonds formed
by various elements have distinct bond energy, and thus
causes nonstoichiometric dissolution of elements in the mi-

neral lattice during metasomatic process (Wang et al., 2000;
Schott et al., 2009).

According to previous research, the reactions at the fluid-
silicate interface involve a series of ions substitution pro-
cesses in the mineral lattice, and eventually lead to mod-
ification or destruction of the silicate structure (Oelkers et al.,
1994). The dissolution of silicate/oxide minerals, as in-
dicated by previous dissolution experiments of basaltic glass,
K-feldspar, albite, and pyroxene (Gautier et al., 1994;
Oclkers, 2001; Gislason and Oelkers, 2003), includes three
major processes: (i) univariant/divalent cations on the mi-
neral surface are removed through cationic exchange; (ii)
aluminum from the mineral lattice is released by exchange
reactions; (iii) slow liberation of Si and the silicate structure
is gradually destroyed (Oelkers, 2001).

The Si-O bond tends to become polar covalent bond and
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Figure 7 (Color online) Minor elemental variation trends in experimental products along the fluid flow direction.

the physicochemical properties of water will be changed at
above 300°C, which contributes to the breakage of hydrogen
bond, hydration of substance containing polar covalent bond
and eventually the leaching of Si (Huang et al., 2011). Our
experimental results indicate Si leaching, especially in the
450°C products. The Si and Al contents at the rim of by-
townite and epidote also decrease. The molg;/mol,; ratio in-
crease form core to rim, i.e., from 3.32 to 32.54 (bytownite)
and from 2.83 to 5.26 (epidote). This shows that the leaching
of Al is more significant than Si in these two minerals
(Figure 13a and b). Previous dissolution experiments of ba-
saltic glass and silicate minerals show that the content of Al
and Si leaching has good linear relationship in low tem-
perature (<100°C) acidic solution, which implies that these
two elements have a close liberation relation. The most

possible dissolution mechanism is the leaching of Al that
breaks the Si-O bond adjoining the exchanged Al site and
lead to further Si leaching (Oelkers et al., 1994, 2001).
However, the content of Al and Si leaching at the rim of
bytownite and epidote in the experimental products has no
clear linear relationship (Figure 13a and 13b), which in-
dicates that the leaching of Al and Si may be affected by
other factors, such as salinity and solution chemistry, in ad-
dition to temperature and pH in porphyry Cu fluid systems.

The fluid-rock interaction mechanism in this experimental
system can be revealed based on the variation scale of ele-
mental content in the experimental products coupled with
previous experimental studies in a simple system (Oelkers et
al., 1994; Oelkers and Schott, 2001; Gislason and Oelkers,
2003). In this process, the ions and alkali metals in the fluid
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Figure 8 (Color online) Photomicrographs (left) and BSE images (right) of experimental products ((a)—(f)) and initial rock ((g), (h)). Red dots represent
EPMA analysis spots and red arrows represent analysis direction. Cpy, clinopyroxene; Pl, plagioclase; Ep, epidote.

substitute selectively for cations in the mineral lattice.
Monovalent and divalent cations are more easily leached,
followed by Al and Si, which gradually alters the mineral
structure (Figure 14a and 14b). According to the transition
state theory, high temperature can increase the number of

activated molecules, and therefore the elemental exchange
reactions are more intense under higher temperature (Aa-
gaard and Helgeson, 1982), which results in the more sig-
nificant elemental enrichment or depletion in the 450°C
products comparing to the 350°C ones.
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By comparing the elemental contents in the experimental
products with those in the pristine rocks, the elemental mo-
bility and transfer trend in the experimental system can be
determined. This is achieved by performing integral calcu-
lation for element content variation in the experimental
products, and then divided the values by the length of the
columnar products. The final values are used to evaluate the
elemental transfer trends and mobility. Elemental mobility of
the leached elements (in decreasing order) is Ca, Mg, Si, Al,
Mn and Zn. These elements preferentially enter the mineral
lattice, with their (decreasing) order of substitution ability
being K, Na, Ti, Sr and Pb. Previous experimental studies of
the basalt-brine (seawater) system also showed non-
stoichiometric dissolution of elements in the solid phase,
among which univalent and bivalent elements are more ac-
tive than Al and Si. However, the previous experimental
results of Ca-K-Si-Al decrease and Na-Mg increase in the
solid phase contradict with what were observed in typical
porphyry Cu systems (Mottl and Holland, 1978; Dang and
Hou, 1995; Liu and Zhang, 1996; Hu et al., 2010; Gud-
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(Color online) Major element oxides of minerals in initial rock. PIl-1, bytownite; PI-2, oligoclase; Px, pyroxene; Ep, epidote.

brandsson et al., 2011).

4.2 Mechanism of potassic and albitic alterations in
porphyry Cu system

Potassic alteration zone usually occur in the core of porphyry
Cu systems, and is caused by high intermediate temperature
metasomatism of magmatic fluid in the intrusion apex the
wall rocks around it. The homogenization temperatures of
fluid inclusion in the potassic zone commonly range from
250 to >600°C, mostly reaching 400°C (Sillitoe, 2010;
Bondar et al., 2014). Although the mineral assemblage is
slightly different in mafic to felsic country rocks, the main
assemblage is dominated by quartz, K-feldspar, biotite, an-
hydrite, magnetite and Cu-Fe sulfides (Sillitoe, 1973, 2010).
In many world-class porphyry deposits, the potassic zone
hosts the bulk of the ores, such as the Bingham Cu deposit,
where the most intensely potassic-altered rocks contain the
highest ore grade (Redmond et al, 2004; Redmond and Ei-
naudi, 2010; Landtwing et al., 2010). Therefore, it is ne-
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cessary to investigate the formation mechanism and por-
phyry Cu metallogenic role of potassic alteration. Many
experimental studies were conducted to constrain the me-
chanism and controlling factors of high-temperature altera-

tion by analyzing the elemental behavior, minerals

composition variation and phase transition boundaries in the
closed system (Hemley, 1959; Montoya and Hemley, 1975;
Sverjensky et al., 1991; Haselton et al., 1995). Published
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Figure 14 Mechanism of replacement of fluid with silicate in experi-
mental system. (a) H and K" exchange for monovalent and divalent ca-
tions; (b) H™ exchange for Al and Si leaching. Modified after Oelkers and
Schott (2001).

results indicate that the higher temperature and K'/H' ratio in
the fluids contribute to the stability of K-feldspar and po-
tassic alteration, and similar variation trends can also be
applied to albitic alteration under higher temperature and
Na'/H' conditions (Hemley and Jones, 1964; Frank et al.,
1998; Frank and Vaccaro, 2012). However, there are few
detailed studies about the effect of temperature, K™ and Na"
concentrations on potassic and albitic alterations in a flowing
system.

The initial experimental fluid has the same K'/Na" ratio,
and can be used to investigate the relationship of potassic and
albitic alteration under different temperatures. Analysis re-
sults show that total K,O content increases significantly in
the 450°C products, and has also an apparent increase at
mineral rim (cf. mineral core), which all implies that the
450°C products were potassic-altered. The K,O content in
the 350°C products and that at the minerals rim vary gently
with respect to the 450°C ones, which indicates high tem-
perature may be the key controlling factor of potassic al-
teration. Along the fluid flow direction, potassic alteration at
upstream causes the K decrease, and further weaken po-
tassic alteration at downstream. The increased K,O content
in the 450°C products is nearly 30 times of that in the 350°C
ones, but the K concentration of the initial fluid at the 450°C
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experiment is only twice than that in the 350°C one. More-
over, the fluid-rock ratio is nearly the same in both experi-
ments. Therefore, we can conclude that the temperature may
be the main controlling factor for potassic alteration. The
fluid inclusion microthermometric results also show that
high temperature conditions are more favorable for potassic
alteration in porphyry Cu systems (Sillitoe, 2010).

Na,O content has distinct variation trends in different ex-
perimental conditions. Na,O is leached at upstream and
slightly enriched at downstream in the 450°C products, but it
is mildly enriched in all the 350°C products. Previous ex-
perimental studies demonstrated that higher temperature and
Na'/H' ratios are favorable to albite alteration (Hemley and
Jones, 1964). However, our results show that Na,O content
increase mildly in all experimental products, and imply that
such experimental temperature condition does not favor so-
dic alteration. Na' concentration in the 450°C initial fluid is
higher than that in the 350°C one, but that did not cause more
intense sodic alteration in the 450°C experiment and the
Na,O increase in both products is approximately the same.
This contrasts with the published experimental studies
(Hemley and Jones, 1964). Comparing the Na' concentra-
tions in the initial fluid and experimental (450 and 350°C)
products, we suggest that higher fluid Na" concentrations are
required to form the similar degree of sodic alteration at
higher temperatures. In other words, it is more difficult to
form sodic alteration at higher temperatures when the other
fluid physicochemical parameters are held constant.

The reason for the different K,O and Na,O content var-
iations in experimental products may be due to the fact that
K" and Na' competitively replace each other or the same
cation in the experimental system, and the incompatibility of
these two elements in the same system leads to their different
replacement trends (Du, 1986). K™ enter preferentially into
the silicate crystal lattice to replace cations under higher
temperature (450°C) and leads to dominance of potassic over
sodic alteration. However, it is more difficult for K to enter
crystal lattice under lower temperature (350°C), thus more
Na' can enter the silicates and the same extent of sodic al-
teration is formed under different Na” concentrations. From
the 350 to 450°C experiment, the Na~ content of the initial
fluid increases and is higher than the fluid K content
(moly,/molg, ratio of all the initial fluid is 2.6). However,
the K,O content increase in the 450°C products is higher than
that in the 350°C products by one order of magnitude, which
implies that the potassic alteration is dominant under high
temperature even though the fluid contains higher Na™ con-
centration than K'. As a direct product of magmatic-hydro-
thermal evolution, porphyry Cu mineralization generally
develops potassic alteration in the core but sodic alteration is
usually poorly preserved (Sillitoe, 2010). Our experimental
results confirm this observation that the Na" exchange (and
thus sodic alteration) would be significantly inhibited when
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the system have a certain amount of K', which may cause the
absence of sodic alteration in porphyry systems.

However, it is noteworthy that sodic-calcic alteration is
preserved at depths in some porphyry Cu systems, e.g.,
Yerington and Pebble (Carten, 1986; Seedorff et al., 2008).
In general, these two types of alteration are formed si-
multaneously, but sodic-calcic alteration is distributed below
the potassic alteration and is closer to the root zones of
porphyry systems. The fluid that formed potassic and sodic-
calcic alteration may have distinct thermodynamic properties
and evolution paths due to their different formation depths.
Therefore, we consider that the formation of sodic-calcic
alteration is also controlled by the fluid (esp. for low K"
ones) physiochemical properties and evolution paths. Ac-
cording to Pollard (2001), when the fluids unmixed through
cooling or decompression, the Na/(Na+K) ratio in the
Cng-bearing fluid is more likely to increase relative to the
Cl -bearing fluid, which contributes to wall rock albitization.
High CO,-fluid may cause significant sodic alteration by
fluid unmixing, but the fluid CO, content in typical porphyry
mineral systems is always low and thus sodic alteration is
uncommon.

4.3 Element transport and contribution to mineraliza-
tion

4.3.1 Non-mineralization-related elements

The experimental results indicate that CaO is significantly
leached in all the experimental products, especially in the
450°C ones, and CaO content at the rim of bytownita, pyr-
oxene and epidote also decreases, which implies high tem-
perature is important for CaO leaching. Fluid inclusions from
the different alteration zones in the Butte porphyry Cu-Mo
deposit were analyzed using LA-ICP-MS. The main com-
ponents in the earliest veins can approximately represent the
composition of exsolved parental magmatic fluid, and the Ca
content is below the detection limit. However, fluid inclusion
Ca content in late pyrite-quartz veins is above the detection
limit (Rusk et al., 2004), which indicates a Ca increase with
fluid evolution. The increased Ca may be derived from the
wall rock leaching by high-temperature fluid, as supported
by our experimental results. The leached Ca could form Ca-
rich minerals and anhydrite crystals were found in pores of
the 450°C products (Figure 15a). Some porphyry Cu systems
contain anhydrite (veins) in their potassic alteration zones,
which indicates high oxygen fugacity of the ore-forming
fluids (Yang et al., 2009; Cooke et al., 2014b; Chang et al.,
2018). The presence of anhydrite in the ore-causative intru-
sions was also regarded as a direct indicator of oxidized
magma (Stern et al., 2007; Liang et al., 2009), however this
experiment shows that anhydrite can also be formed by Ca
leaching and reprecipitation during potassic alteration, par-
ticularly when the fluid Ca content is relative low. Therefore,
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Figure 15 (Color online) Anhydrite in the 450°C experimental products (a) and SiO,-rich material in the 350°C experimental products (b). Pore of sample

particles is filled with resin.

anhydrite in the intrusions does not necessarily represent
high oxygen fugacity of magma, and attention should be paid
to distinguish primary anhydrite from secondary one.

MgO is leached in all products and the decrease of MgO
content is more significant in the 450°C ones. Along the fluid
flow direction, the leaching of MgO gradually strengthens,
but the leaching of CaO gradually weakens. The reason may
be that with the continuous leaching of Mg and Ca, their
concentration in the fluid gradually increased and the higher
Ca”" concentration would inhibit further Ca leaching,
whereas the increasing fluid Mg2+ concentration effect on
further Mg leaching is subtle due to the high Mg2+solubility
in the CI -rich system (Liu, 1984). This experiment results
revealed the possible formation process of propylitic al-
teration zone which extends laterally for several kilometers
away from the coeval potassic alteration core and where
abundant Mg-rich and Ca-rich minerals are developed,
especially with mafic wall rocks (Sillitoe, 2010). We propose
that CaO and MgO are both leached from the wall rocks into
high-temperature fluid and when the fluid temperature de-
creases, the ability of transporting Ca” and Mg2+ would be
weakened immensely and the distal propylitic alteration zone
is formed.

Similarly, SiO, is also leached at upstream in all experi-
mental products, especially under high temperature. Along
the fluid flow direction, the leached SiO, precipitated and
concentrated at downstream in the 350°C products (Figure
15b) while precipitated SiO, in the 450°C ones is unobvious.
This indicates that high temperature is important for SiO,
dissolution, and SiO, is more prone to leaching and transport
at high temperature, and more likely to be precipitated at low
temperature. Previous experimental studies suggested that
quartz solubility in water decreases with temperature in-
creasing at 300-500°C and 20-80 MPa (Fournier and Mar-
shall, 1983; Fournier, 1999). Nonetheless, SiO, leaching is
more obvious in the 450°C products, which indicates higher
temperature and salinity fluid is more efficient for SiO,
leaching and complex silicates may have different dissolu-
tion mechanism from quartz in water. The ore-forming fluid

exsolved from magma has high temperature and its strong
leaching ability may decrease the Si content in wall rocks.
With the fluid migrates outward, the fluid SiO, content ap-
proaches saturation. As the fluid gradually cools, SiO, pre-
cipitates in the periphery of the hydrothermal system, where
quartz-rich veins are widely developed.

Experimental results show that the TiO, content increase in
the 450°C products is clearly higher than that in the 350°C
ones and EPMA results also show that the TiO, content in-
crease at mineral rim in the 450°C products is more distinct
than that in 350°C ones (Figure 8a and 8b), which indicates
the importance effect of temperature on behavior of Ti*" in
hydrothermal systems. Along the fluid flow direction, the
TiO, rise decreased, implying that the Ti*" behavior may be
controlled by both temperature and ionic concentration.
However, the TiO, increase in the 450°C products is much
higher than that in the 350°C ones, which implies that tem-
perature may be a more important controlling factor. Lead
content in the 450°C products increases but remains constant
in the 350°C ones, while both initial experiment fluids have
the same Pb>" concentration, which indicates that Pb>" enter
more readily into mineral lattice under high temperature.
Due to the similar ionic radius, Pb>" can substitute Ba®" and
K" in the mineral lattice (Liu, 1984), e.g., substituting K" in
K-feldspar. The higher Pb content in the 450°C products may
be caused by the more Pb’" substitute K~ under higher
temperature, but the non-monotonic variation trends along
fluid flow remains unclear and needs more studies. Stron-
tium content increases in the 450°C products and slight de-
creases in the 350°C ones. Considering the substitution of
St for K" or Ca™" in feldspar, we consider that this exchange
reaction only occurred at above 350°C, and Sr is mainly
leached at below 350°C.

4.3.2 Ore formation and potential of peripheral miner-
alization

Copper and S contents increase significantly in experimental
products implying sulfide precipitation during the experi-
ment. The dominant sulfide is covellite (Figure 16a), as re-
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Figure 16 (Color online) Covellite (a) and fine sulfide crystals (b) in the experimental products; (c) hematite in initial rock; (d) hematite replaced by

magnetite in experimental products.

vealed by microscopic observation and EPMA analysis.
Some sulfides are also speculated to be pyrite or chalcopyrite
(Figure 16b), but are too fine-grained to be analyzed with
EPMA. The formation of sulfide in experiment products was
ascribed to the relatively low oxygen fugacity provided by
the nickel alloy reaction cell (composed mainly of Ni and
minor Cr, Co and Fe) and the corresponding buffer reaction
is 2Ni+O,=2NiO. Although the oxygen fugacity value can-
not be quantified in the experimental system, the oxygen
fugacity range of the experimental system can be roughly
inferred by the mineral assemblages of the experimental
products. The original hematite is partially transformed to
magnetite in the products (Figure 16¢c and 16d), and the
oxygen fugacity of experimental system cannot be below
NNO. Therefore, we infer that the oxygen fugacity of the
system is between NNO and HM. The oxygen fugacity de-
crease contributed to the reduction of SO; into S*, which
then combined with Cu®” to form covellite. The EPMA re-
sults show that Fe is leached from the mafic mineral rim in
the experimental products. The leached Fe* may have re-
acted with Cu”" and S° in the fluids to form the fine-grained
chalcopyrite or pyrite. The anhydrite-sulfide assemblage
occurs in the potassic alteration zone of porphyry deposits,
which reflects that a relatively oxidized environment can
also cause sulfide precipitation (Yang et al., 2009; Chang et
al., 2018), but we consider that an oxygen fugacity decrease
in the ore-forming fluids is conductive to the massive pre-
cipitation of sulfides from the pre-mineralization to the main
mineralization stage. The nickel alloy reaction cell used in

this experiment provided such environment, but the reason
why large amount of covellite, instead of chalcopyrite and
pyrite, was formed needs further studies.

The Cu and S contents in the initial fluid of the 450°C
experiment is twice of that in the 350°C one, but the amount
of Cu and S precipitated in the 450°C products increases by
nearly 10 and 20 times, respectively, than that in the 350°C
ones. This is likely associated with more intense reactions
under higher temperature, during which more sulfides and
anhydrites are formed. Along the fluid flow direction, the
content of Cu and S in the products decrease rapidly and the
extent of variation is greater under higher temperature, which
may be caused by the gradual decrease of Cu and S con-
centrations in the fluids resulted from sulfide precipitation.

Zinc and Mn were both leached in the experimental pro-
ducts, especially under 450°C, and thus the Zn-Mn mobili-
zation and transformation may be mainly controlled by
temperature. As an active element, Zn can be leached from
the wall rocks when the fluid contains alkali metals and
halogens (Liu, 1984). Along the fluid flow direction, the
degree of Zn leaching gradually increases, implying that the
leaching is also affected by other factors. In porphyry Cu
systems, the hydrothermal fluids leach Zn from the wall
rocks (may account for a small part of the total Zn content),
which may contribute to the distal Zn mineralization. The
experimental results show that high-temperature fluids are
more capable to transport Zn’", therefore the Zn miner-
alization only occurs when the transport capacity of the fluid
is significantly reduced. For example, when the Zn” -rich
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fluids migrate to the periphery of porphyry systems and
encounter carbonate formation, the fluids cool and the metal
complexes destabilize, precipitating Zn sulfides to form the
Pb-Zn orebodies (Sillitoe, 1973; Heinrich, 2006).

4.4 Migration trends of elements and exploration im-
plications

Spatial distribution features of certain trace elements in
porphyry Cu systems can provide important clues to identify
concealed orebodies (Cooke et al., 2017). The ore fluid
temperatures gradually decrease with the outward migration,
and the fluid composition is changed by continuous fluid-
rock interactions. Therefore, the composition changes in the
surrounding rocks record the flowing processes and pathway
of the ore-forming fluids, and the hydrothermal center can be
located accordingly. Correspondingly, the elemental spatial
distribution and relative position in the porphyry system can
be inferred based on the variation trends of these elements
along the fluid flow in the experimental products. We used
basaltic-andesite rocks, the most common wall rocks in
porphyry systems, as rock samples in this experiment.
Therefore, these indicators can be applied to the porphyry Cu
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systems developed in intermediate-mafic volcanic rocks.
The K,O and TiO, contents in the 450°C products are
significantly higher than those in the 350°C ones, and both
oxides show a decreasing trend away from the hydrothermal
center, which indicates that K™ and Ti"" in the fluid are more
prone to enter the solid phase at higher temperature. Along
the fluid flow direction, the fluid cools and K and Ti*"
contents gradually decrease, which reduces the K,O and
TiO, enrichments in the wall rocks. K,O and TiO, contents in
the distal wall rocks are weakly affected by hydrothermal
fluid and remain constant. Therefore, it can be concluded that
the K,O and TiO, contents in the wall rocks are high close to
the high-temperature alteration zone, and decrease outward
from the hydrothermal center. In the distal area of the hy-
drothermal system, the K,O and TiO, contents are close to
the background value. Na,O is leached at upstream and en-
riched at downstream in the 450°C products, but the Na,O
content increase in the 350°C ones. The Na,O variation trend
in products indicates that Na,O is mainly leached at high
temperature alteration zone near hydrothermal center and is
weakly enriched away from high temperature center. SiO, is
also leached at upstream and enriched at downstream in the
experimental products, and the enrichment is more sig-
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nificant in the 350°C products. This trend implies that high-
temperature fluids can cause significant SiO, loss in the wall
rocks, and the cooling of the fluids during their outward
migration would result in SiO, precipitation at the periphery
of the hydrothermal system, as featured by the development
of extensive quartz-rich hydrothermal veins. Calcium, Zn
and Mn are all leached in the experimental products (esp.
under higher temperatures), which implies that temperature
is a key factor for the leaching of these elements, and that
their concentrations in the wall rocks increase away from the
hydrothermal center.

In summary, with increasing distance from the hydro-
thermal center, the K and Ti contents in the volcanic wall
rocks decrease and the Ca, Mn and Zn contents have an
opposite variation trend, while the Na and Si contents may
reach a peak at region near high-temperature alteration zone
(Figure 17). This conclusion is based on that single-sourced
ore-forming fluids only react with intermediate-mafic vol-
canic rocks. However, the alteration zones may be super-
imposed and modified by other sources of fluids in the late
ore formation stage, and the original elemental distribution
patterns in the wall rocks may be changed. Therefore, the
application of these indicators to determine the mineraliza-
tion center should be carefully assessed in porphyry Cu ex-
ploration.

5. Conclusion

(1) Experimental results indicate that potassic alteration
dominates over sodic alteration under higher temperature.
With temperature decreasing, the potassic alteration intensity
decreases but the sodic alteration intensity increases. The
inhibition effect of K ions on Na' behavior under high
temperatures may led to the widespread development of
potassic zone and absence of sodic zone in the core of the
porphyry Cu systems.

(2) High-temperature hydrothermal alteration causes the
Ca leaching of wall rocks, increasing fluid Ca and hydro-
thermal anhydrite content. That is also conductive to the
enrichment of Mg, Zn and Mn in fluid and contributes to
propylitic zone formation at distal. Heating is also important
for incorporation of Ti, Sr and Pb into minerals through
substitution reactions.

(3) The reaction of ore-forming fluids with the volcanic
wall rocks would leach and transport majors elements from
wall rocks, among which univalent and divalent cations are
more readily leached than Al and Si. Exploration indicators
derived from this experiment include decreasing K-Ti con-
tents and increasing Ca-Mg-Zn contents outward from the
porphyry hydrothermal center. A zone of maximum Na and
Si contents may exist close to the high-temperature alteration
zone.
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