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Porphyry mineralization is a very complicated process
with hundreds of different possible reactions. Sun et al.
(2013) presented only several combined important reaction
equations in order to make the paper more straightforward.
Our response to Pokrovski’s comment provides us with an
opportunity to better explain the controlling factors and
reactions of porphyry mineralization. The most important
thing for understanding porphyry mineralization is that
both magmas and fluids are involved in porphyry mineral-
ization processes. Hydrothermal processes at temperatures
between 550–350 �C are the most important for the final
porphyry Cu mineralization (Sillitoe, 2010). Most of the
reactions occurred in fluids and/or during fluid/rock inter-
actions, which is not fully considered by Pokrovski (2013)
and many others when discussing reactions responsible
for porphyry mineralization (Zajacz et al., 2011, 2012). It
must always be considered that reactions proposed may
not mimic geological observations.

Hematite–magnetite intergrowths are common in essen-
tially all large porphyry Cu–Au deposits (Sillitoe, 2010; Sun
et al., 2013). This has puzzled us for a while, because the
ferrous/ferric ratio of magmas are usually much higher than
that of magnetite, therefore the crystallization of magnetite
would further increase the ferrous/ferric ratio and
correspondingly tend to lower the oxidation fugacity of
the parental magmas, under the same physical–chemical
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conditions (Sun et al., 2004; Liang et al., 2009; Jenner
et al., 2010). This is true for magmatic process when the
pH value does not change much. After struggling with this
problem for some time, we realized that the formation and
further oxidation of magnetite are responsible for sulfate
reduction controlled by pH, which is the key process for
the final mineralization.

It has long been recognized that magmas with high oxy-
gen fugacity favors porphyry Cu mineralization (Ballard
et al., 2002; Mungall, 2002; Liang et al., 2006, 2009; Sillitoe,
1997, 2010; Sun et al., 2010, 2011, 2012a,b; Zhang et al.,
2013). Elements that exist in variable oxidation states and
present in sufficient abundances to affect the redox state
of the porphyry mineralization system, e.g., C, H and S,
all establish oxygen fugacity lower than the HM buffer un-
der standard conditions (Fig. 1) (Mungall, 2002). In con-
trast to FMQ, HM oxygen buffers (Fig. 1, Eqs. (3 and
4)), sulfur-related redox reactions are sensitive to pH and
concentrations of species involved (Eqs. (1) and (5)), i.e.,
the oxidation potential of sulfate increases with decreasing
pH values and H2S/H2SO4 (Eq. (1)). To catch up with pro-
gress in sulfur studies, we used the logfO2 versus pH dia-
gram for sulfur speciation of Pokrovski and Dubrovinsky
(2011) to explain the effects of magnetite–hematite inter-
growth on porphyry mineralization and the mechanism be-
hind it (Sun et al., 2013). Although it is claimed that the
trisulfur S3

� ion has been demonstrated to be the dominant
sulfur species at temperatures between 250–450 �C, pres-
sures between 5–35 kbar and pH of 1–7, and is more stable
at higher temperatures (Pokrovski and Dubrovinsky, 2011),
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Fig. 1. Oxygen buffers in log(fO2) versus temperature (Matthews
et al., 1994; Mungall, 2002). SSO—sulfide–sulfur oxide buffer (Eq.
(1): H2S + 2O2 = H2SO4); CCO—carbon dioxide–carbon oxide
buffer (Eq. (2): CO2(fluid) = C(gr)+O2(fluid)); FMQ—fayalite–magne-
tite–quartz oxygen buffer (Eq. (3): 3Fe2SiO4 + O2 = 2Fe3O4 +
3SiO2); MH—magnetite–hematite oxygen buffer (Eq. (4): 4Fe3-

O4 + O2 = 6Fe2O3). Hematite–magnetite buffer is higher than SSO
buffer and 1, 10, 100: H2S–SO2 (Eq. (5): 2H2S + 3O2 = 2H2-

O + 2SO2) at 4 kbar, with SO2/H2S ratios of 1, 10 and 100,
respectively.

640 W. Sun et al. / Geochimica et Cosmochimica Acta 126 (2014) 639–642
the published figure was applicable at 350 �C and 5 kbar,
which is slightly lower in temperature and higher in pres-
sure than optimal porphyry mineralization conditions. We
therefore wrote to Professor Pokrovski, asking whether it
is indeed applicable under higher temperatures and lower
pressures. Professor Pokrovski kindly replied with a posi-
tive answer and a diagram at 450 �C and 5 kbar (not pub-
lished), which is quite similar to that under lower
temperatures. We therefore used the diagram at 350 �C
and 5 kbar (Pokrovski and Dubrovinsky, 2011) to explain
our model. While the diagram used in Sun et al. (2013)
was an iron free system (Pokrovski and Dubrovinsky,
2011; Pokrovski, 2013), this is of no consequence because
Fe reacts with S2� forming pyrite, H2 and H+ (Eq. (6))
(Heinrich, 1990), such that it promotes sulfate reduction
and further elevates the oxidation potential of sulfate.
Therefore, as shown by Eqs. (1) and (6), whether S3

� is sta-
ble or not has no influence on our conclusion. The oxida-
tion potential of sulfate increases during its reduction as a
result of decreasing pH and H2S/H2SO4 (or S3

�/H2SO4),
which eventually reaches the HM buffer. For the same rea-
son, the basic concepts of the phase diagram emphasized by
Pokrovski (2013) are irrelevant to our model.

FeCl2 þ 2H2S ¼ FeS2 þ 2HClþH2 ð6Þ
H2 tends to escape from the porphyry system during

degassing or infiltration, and may also further react with
CO2 and/or O2 (Eqs. (7) and (8)).

4H2 þ CO2 ¼ CH4 þ 2H2O ð7Þ
2H2 þO2 ¼ 2H2O ð8Þ

Pokrovski (2013) claims that the reactions listed in (Sun
et al., 2013) do not allow any definite constraint on the evo-
lution of redox or pH conditions during porphyry deposit
formation. However, all those reactions are combinations
of 2 or more reactions. This also explains the apparent large
number of electron transferred in these reactions (Sun et al.,
2013). For example, Eq. (9) is a combination of two reac-
tions (Eqs. (10) and (11)):

12Fe2þ þ SO2�
4 þ 12H2O ¼ 4Fe3O4 þHS� þ 23Hþ ð9Þ

6Fe2þ þO2 þ 6H2O ¼ 2Fe3O4 þ 12Hþ ð10Þ
SO2�

4 þHþ ¼ HS� þ 2O2 ð11Þ

Oxygen is divided out when Eqs. (10) and (11) are com-
bined. This does not mean that those reactions have no
control on redox conditions. Given that the oxygen fugac-
ity of the FMQ buffer is much lower than that of the SSO
reaction line at near-neutral condition (Fig. 1), the oxygen
fugacity of the system is mainly controlled by SSO (Eq.
(1)) before ferrous iron is consumed, i.e., the redox is con-
trolled by the oxidation potential of sulfate (Eq. (11)),
which increases with decreasing pH values. This is dra-
matically different for magmatic processes. Under mag-
matic conditions, pH does not change much.
Crystallization of magnetite converts sulfate to sulfide,
and lowers the oxygen fugacity of the system (Sun et al.,
2004; Liang et al., 2009; Jenner et al., 2010). A similar
process has been proposed to explain sulfate reduction
during porphyry mineralization. In contrast to magmatic
processes, pH value plays a big role in controlling the oxi-
dation potential of sulfate during hydrothermal activities,
i.e., the pH value decreases during sulfate reduction by
magnetite, which elevated the oxidation potential of sul-
fate (Sun et al., 2013). Once ferrous iron concentration
is lowered enough by magnetite crystallization, the oxygen
fugacity is controlled by the magnetite–hematite buffer
(Eq. (4)), which does not change with pH. When both sul-
fate-S3

� and hematite–magnetite buffers are active, the
reactions occur near the intersection of HM and sulfate
reduction lines. Note that although sulfate reduction lines
change with relative activity ratios of species evolved, the
slope, and thus the trend, does not change.

For the formation of magnetite, Pokrovski (2013) pro-
poses an alternative reaction (Eq. (12)), and suggests that
protons are consumed upon magnetite formation and there
is thus a decrease in acidity (i.e., an increase in pH) in the
melt and the resulting exsolved fluid:

12FeOðmeltÞ þ SO2�
4 þ 2Hþ ¼ 4Fe3O4ðmagnetiteÞ þH2S

ð12Þ
We would note that the magmatic system is compli-

cated, while most readers prefer simplified reactions. We
feel that the problem with the scheme proposed by Pokrov-
ski is that he used oxides (FeO) to react with acid (H2SO4),
and this certainly lowers the acidity. However, such a pro-
posal is misleading. For the following reasons, we believe
this reaction is inappropriate for porphyry mineralization.
(1) Ferrous iron is mainly present in silicate minerals (salt,
instead of oxide) in magmas and as FeCl2 in co-existing
magmatic fluids, but not FeO. The fluid phase is more
reactive and important for porphyry mineralization, i.e.,
no fluids, no porphyry. “In many porphyry Cu deposits,
it is fluid cooling over the �550 to 350 �C range, assisted
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by fluid–rock interaction, that is largely responsible for pre-
cipitation of the Cu, in low sulfidation state Cu–Fe sulfide
assemblages, plus any Au” (Sillitoe, 2010). Abundant Fe
in porphyry magmas is leached at high to moderately high
temperatures by fluids and forms hydrothermal magnetite
(Seedorff and Einaudi, 2004). In fact, hydrothermal magne-
tite is an indicator for porphyry deposits (Sillitoe, 2010).
Therefore, the reaction of Fe must occur mainly in fluids,
i.e., oxidation of FeCl2. (2) Anhydrite (not H2SO4) is the
dominant sulfate species in oxidized porphyry magmas
(Jugo, 2009; Liang et al., 2009). Nevertheless, sulfate is
quite soluble in fluids under high pressures and tempera-
tures, with a partition coefficient of about 50 between fluids
and melts (Keppler, 2010). Therefore, the SO4

2� concentra-
tion might be reasonably high in magmatic fluids. (3) As
emphasized by Pokrovski (2013), the near-neutral pH value
during potassic alteration does not allow abundant H+. (4)
Ferrous iron reacts with H2S, releasing H+ (Eq. (6)), which
tends to lower pH and correspondingly increases the oxida-
tion potential of sulfate. H2S is not the main final species in
porphyry mineralization, it forms sulfides. Therefore, we
believe that reactions listed in (Sun et al., 2013) better de-
scribe the process that is reflected in the mineralogy.

In his comment, Pokrovski (2013) proposes that the
oxygen fugacity may be driven across the HM buffer by
the oxidation of H2S to SO2 (Fig. 1, Eq. (13)). H2S, how-
ever, reacts with SO2, forming S (Eq. (14)), which is not
observed in any porphyry deposits. For the same reason,
reaction 7 of Pokrovski (2013) is not likely to be of any
significance for porphyry mineralization. SO2 is indeed
abundant during degassing of volcanic rocks and epither-
mal mineralization, which usually have abundant S. The
two references cited by Pokrovski (2013) describe transi-
tions from porphyry to epithermal environments (Einaudi
et al., 2003; Heinrich, 2005). High pressure experiments
show that sulfate is the dominant sulfur species in magmas
under high oxygen fugacity (Jugo et al., 2010).

H2Sþ 1:5O2 ¼ SO2 þH2O ð13Þ
2H2Sþ SO2 ¼ 3Sþ 2H2O ð14Þ

Pokrovski (2013) claimes that HCl(aq) cannot change
the acidity dramatically because it is a weak acid at temper-
atures >500 �C. Interestingly, he cited Tagirov et al. (1997),
which reports experiments between 350–500 �C. The logKd

of HCl is about �4 at 500 �C, which indicates the pH value
is 4 for 1 M HCl. The higher the HCl concentrations, the
lower the pH. Note, porphyry Cu mineralization usually
occurs at temperatures of �550 to 350 �C (Sillitoe, 2010).
The logKd of HCl is higher than 2 at 350 �C. Reactions
(10) and (11) of Pokrovski (2013) are sound to us, although
we prefer Eqs. (6) and (15), respectively. The point is that
H2 does not necessarily react with O2 (Eq. (8)). It may react
with CO2 (Eq. (7)) and/or also escape from the system dur-
ing degassing. Nevertheless, the H+ formed during the for-
mation of sulfide explains many important features of
porphyry deposits, e.g., extremely low pH fluid responsible
for the high degrees of base leaching involved in advanced
argillic lithocap formation (Sillitoe, 2010) and alteration
(Eqs. (16)–(21)).
Cuþ þ Fe2þ þ 2H2S ¼ CuFeS2 þ 3Hþ þ 1=2H2

ð15Þ
We agree with Pokrovski (2013) that quantitative

knowledge of the thermodynamic reaction constants be-
tween sulfur- and iron-bearing forms and mineral solubili-
ties in the temperature and pressure range of porphyry
systems will improve our understanding on the role of
S3
� in the redox and acidity control during porphyry depos-

it formation. As we mentioned at the beginning, porphyry
deposits are complicated with a variety of alteration mech-
anisms (e.g., Eqs. (1)–(21)). In addition to the behavior of
S3
�, alteration reactions also need to be quantitively stud-

ied in the future. These, however, do not affect the observed
coupling between sulfate reduction and magnetite–hematite
crystallization.

2KðMg;FeÞ3AlSi3O10ðOHÞ2 þ 4Hþ ¼ AlðMg;FeÞ5
AlSi3O10ðOHÞ8 þ ðMg;FeÞ2þ þ 2Kþ þ 3SiO2 ð16Þ

3KAlSi3O8 þ 2Hþ ¼ KAl2Si3AlO10ðOHÞ2 þ 2Kþ

þ 6SiO2 ð17Þ
3NaAlSi3O8 þ 2Kþ þHþ þH2O ¼ ðK;Na;H2OÞ

Al2ðAl; SiÞSi3O10ðOHÞ2 þ 6SiO2 þ 3Naþ ð18Þ
2KAl3Si3O10ðOHÞ2 þ 2Hþ þ 3H2O ¼ 3Al2Si2O5ðOHÞ4;

þ 2Kþ ð19Þ
KFe3AlSi3O10ðOHÞ2 þ 1=2O2 ¼ KAlSi3O8

þ Fe3O4 þH2O ð20Þ
CaAl2Si2O8 þ 2KClþ 4SiO2 ¼ 2KAlSi3O8 þ CaCl2

ð21Þ

We would like to point out that oxygen fugacity is some-
times misleading, because it is controlled by temperature,
pressure, concentrations (Fig. 1) and in some cases, pH val-
ues (i.e., concentration of H+). Moreover, some oxidation–
reduction processes do not have any oxygen evolved (e.g.,
Eqs. (6) and (15)). For this reason, we also used the oxida-
tion potential in Sun et al. (2013) to better explain our mod-
el. Fluids are essential for porphyry mineralization (Sillitoe,
2010) with most of the reactions occurring in fluids and/or
during fluid/rock interactions, which is often ignored when
discussing porphyry mineralization. Most importantly,
reactions must be compatible with geological observations.
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