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Representing themain source of copper in theworld, porphyry copper deposits have beenwidely studied. Differ-
ent models have tried to explain the observed metal zoning, but they did not completely explain it. A Permian
Cu–Mo porphyry deposit in the San Rafael Massif in Argentina shows a similar metal zoning pattern to those de-
scribed elsewhere. However, someparticular features depart from the conventional coolingmodel. Based on data
from this deposit and on theoretical background, we present and discuss Reverse Osmosis as a complementary
process which could have contributed to porphyry metal zoning during the phyllic stage. The existence of
potential-energy gradients and the different relative rejection values for distinct ions make Reverse Osmosis a
natural mineral-concentration process. At temperatures corresponding to those of porphyry phyllic halo forma-
tion and in presence of a phyllic (clay)membrane, Cu, Ag, Zn and Pbwould show a strong osmotic differentiation
that could have led to the observed metal zoning.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Although our knowledge on porphyry deposits was significantly ad-
vanced during the last decades, some aspects of porphyry evolution still
remain obscure. In part, this is due to multiple factors that could control
a porphyry system, but also reproducing the porphyry physico-
chemical conditions in the laboratory is very difficult. Consequently,
there are some disagreements concerning porphyry evolution and also
some uncertainties that have not yet been satisfactorily explained
(Sillitoe, 2010). One of these discrepancies refers to what controls por-
phyry metal zoning: traditional models explained it solely as a conse-
quence of cooling (Tosdal and Richards, 2001; Sillitoe, 2010; and
references therein). While other researchers consider that cooling may
not be the only cause (e.g., Deyell, 2005).

The complex nature of porphyry systemswould then indicate that a
unique standard model to explain processes leading to metal zoning is
likely to be an oversimplification (Hedenquist and Richards, 1998).
With this in mind, we will analyze the Infiernillo Cu-porphyry deposit
as it shows some features that deviate from the traditional cooling
model. This deposit, considered as a product of a single hydrothermal
system (Gómez and Rubinstein, 2010b; Japas et al., 2013), is a model
case that allows to identify the potential contribution of other processes
than cooling in constraining themetal zoning. In this way and based on
field data and theoretical background, we present and discuss a
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nora@gl.fcen.uba.ar
complementary process that could have contributed to control the
metal zoning at the Infiernillo deposit during the phyllic stage.

2. Geological setting

The Infiernillo deposit is located in the San Rafael Massif, Argentina
(Fig. 1A). Precambrian outcrops are scarce in this area and include high
grade metamorphic rocks, granites, aplites and pegmatites of Grenvillian
age (Cingolani and Varela, 1999). From the Ordovician to the Devonian,
carbonate and clastic sediments were deposited and later metamor-
phosed and successively deformed during the mid–late Ordovician and
the late Devonian (Famatinian Orogeny Bordonaro et al., 1996). This
was followed by Carboniferous–Lower Permian glacio-marine and conti-
nental sedimentary sequence (Espejo and López-Gamundí, 1994).

During the late Paleozoic, there was an active magmatic arc on this
proto-margin, part of the Choiyoi Magmatic Cycle that includes two se-
quences (Kleiman and Japas, 2009; Llambías et al., 1993). The lower
Choiyoi sequence (281.4 ± 2.5 up to 264.8 ± 2.3 Ma, Rocha-Campos
et al., 2011) consistsmainly of andesites and dacitic to low silica rhyolit-
ic ignimbrites with geochemical features that indicate a magmatic arc
tectonic setting and a transpressional regime produced by the early
Permian San Rafael Orogeny (Kleiman and Japas, 2009; Llambías et al.,
1993; and references therein). The upper Choiyoi sequence (264.8 ±
2.3 up to 251.9 ± 2.7 Ma; Rocha-Campos et al., 2011) consists of rhyo-
litic ignimbrites, andesitic dikes, rhyolitic lava flows, dacitic to rhyolitic
subvolcanics, and alkaline basaltic andesites with geochemical charac-
teristics transitional between subduction-related and continental intra-
plate settings and a transtensional regime after the San Rafael Orogeny
(Kleiman and Japas, 2009; Llambías et al., 1993).
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Fig. 1. The Infiernillo deposit. A. Location map (modified from Kleiman and Japas, 2009). B. Geology and alteration map. Polymetallic veins are represented as their corresponding mines
(after Rubinstein et al., 2013 and Japas et al., 2013). C. Cu and Mo anomaly map (after Fuschini, 1968). Anomalies are located in the inner side of the phyllic halo (Di Tommaso and Ru-
binstein, 2007).
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The main ore deposits in the San Rafael Massif have been linked to
the Choiyoi volcanism (Carpio et al., 2001; Rubinstein et al., 2004). Sev-
eral Cu–(Mo) porphyry type deposits are hosted and genetically linked
with the lower Choiyoi (Fuschini, 1968; Gómez and Rubinstein, 2010a,
b; Rubinstein et al., 2000, 2012). Genetically related to the upper
Choiyoi, there are Mo-porphyry type deposits (Carpio et al., 2001) and
epithermal low-sulfidation type deposits (Gargiulo et al., 2007;
Rubinstein and Gargiulo, 2005). The different mineralization styles in
the upper and lower sections of the ChoiyoiMagmatic Cyclewere linked
to the evolution of the Permian magmatism under a changing tectonic
regime (Carpio et al., 2001).

This Permian magmatism was followed by Triassic volcano-
sedimentary synrift sequences (Kleiman and Salvarredi, 2001). The geo-
logical record from the Upper Cretaceous to Pliocene sequences shows
presence of continental sedimentary rocks, as well as volcanic-arc and
back-arc products, including felsic to basaltic pyroclastic and volcanic
rocks, which were deformed during different phases of the late Creta-
ceous to present-day Andean Orogeny. Back-arc basaltic volcanism
and sedimentation continued from the Pliocene to the Pleistocene
(Bermúdez et al., 1993).
3. The Infiernillo porphyry deposit

The Infiernillo deposit is aMiddle Permian Cu–Moporphyry genetical-
ly linked to the lower Choiyoi volcanism (Japas et al., 2013; Fig. 1B) that
was emplaced under a waning transpressional regime during the San
Rafael Orogeny (Japas et al., 2013). It is hosted by lower Choiyoi highly-
welded rhyolitic tuffs that locally show pseudo-flow-banding structures.
They are composed of plagioclase, biotite and minor K-feldspar and am-
phibole crystaloclasts in a recrystallized matrix, with a felsitic texture
where fiamme and shards are occasionally recognizable. The NNE-
trending alteration zone is of elliptical shape and displays a set of typical
concentric halos (Di Tommaso and Rubinstein, 2007; Fig. 1B). The inner
potassic alteration zone consists of pervasive K-feldspathization, silicifica-
tion andminor biotitization and a quartz stockwork. It is surrounded by a
halo of pervasive phyllic alteration consisting of quartz, illite (moderately
to high crystallinity illite, see Di Tommaso and Rubinstein, 2007) and py-
rite with quartz (±pyrite) and pyrite veins.

Surface geochemistry reveals nearly coincident anomalies of Cu and
Mo located at the inner border of the phyllic halo (Di Tommaso and
Rubinstein, 2007; Fuschini, 1968; Fig. 1C). In the center of the potassic
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halo is the hydrothermal breccia composed of silicified host rock frag-
ments cemented by two silicification stages: the first one consists of
quartz crystal aggregates and the second one is made up of quartz
with textures typical of epithermal deposits (crustiform, cockade,
comb, zonal, feathery and flamboyant).

Polymetallic D type veins (according to the classification of Gustafson
and Hunt, 1975) with an assemblage of pyrite–chalcopyrite–sphalerite–
galena (±arsenopyrite ± electrum ± Ag–tetrahedrite) crop out within
or surround the phyllic halo (Fig. 1B) and developed a phyllic envelope
with minor veinlets of illite, quartz and pyrite (Gómez and Rubinstein,
2010b).

A late carbonatization process occurredmainly as veins, but also per-
vasively, overprinting the potassic and phyllic alteration (Di Tommaso
and Rubinstein, 2007).

Fluid inclusions studies by Korzeniewski (2012) reveal that during
the potassic stage thehydrothermal solutions evolved fromearly hyper-
saline brines with high homogenization temperatures (N550 °C) and
salinities (40–55 wt.% NaCl eq.) to Cu-bearing brines with lower tem-
peratures (550–390 °C) and salinities (35–47 wt.% NaCl eq.) and late
barren fluids with slightly lower temperatures (475–350 °C) and salin-
ities (30–40 wt.% NaCl eq.). During the phyllic stage these brines
evolved at lower temperature (335–210 °C) and variable salinities
(0.5–20 wt.% NaCl eq.) hydrothermal fluids.

Although sharing common alteration features with classical porphyry
architecture (e.g., Lowell and Gilbert, 1970), the Infiernillo deposit shows
some significant differences due to presence of a central quartz breccia
with epithermal textures, and the asymmetry of some physico-chemical
features of the phyllic halo. Isocon analyses performed by Rubinstein
et al. (2013) revealed a minimum mass increase in the southwestern
and southeastern areas (6–8%) and a maximum mass increase in the
western sector (26%) of the halo. Furthermore, phyllic compared to potas-
sic alteration shows a general gain in Si–Fe–Al–Mg–K (onlyweak local de-
pletion in Al in the western zone), loss in Na, and local loss in Mn–Ca in
southwestern and western areas (Fig. 2A). At these southwestern and
western areas, a well developed stockwork structure is also present.

Concerning metal zoning, the Infiernillo deposit shows the most in-
tense Cu and Mo anomalies at the inner border of the phyllic halo
(Figs. 1C and 2B), the highest volume percentage of pyrite within this
halo and polymetallic veins located within or outwards the phyllic halo
(Di Tommaso and Rubinstein, 2007; Fig. 1B). All these features are typical
of the classic porphyry deposit model. However, some peculiar features
were also recognized (Gómez and Rubinstein, 2010b) such as:
a) highest Cu and Mo anomalies in the southwestern part of the phyllic
halo (Fig. 2B); b) presence of scarce polymetallic veins in the eastern sec-
tor of the phyllic halo and the lack of veins in thewestern area of this halo
(Fig. 1B); c) higher Mo and lower Ag–Zn–Pb contents in the veins in the
Fig. 2. Infiernillo deposit features. A. Phyllic alteration: Percentage of gains and losses for someele
on Gómez (2008) data. The polymetallic veins are locatedwithin (Cardozamine) and surround
Teresa veins show the highest Cu content while Rosarito and Carmen veins have similar Pb–Zn
phyllic halo than those in the peripheral veins; and d) heterogeneous
metals distribution in all polymetallic veins (Fig. 2B). It is noteworthy
that none of these features could be explained through a simple cooling
process because a more symmetric pattern should be expected.
4. Metal zoning and physico-chemical gradients

Porphyry systems are complex systems that are constrained by sever-
al competing physical and chemical factors. Besides the most commonly
considered factors of temperature, pressure, fluid composition, physical
and chemical properties of host rocks, differential stress and also strain
rate (Fournier, 1999; Hedenquist and Richards, 1998; Sillitoe, 2010;
Tosdal and Richards, 2001), some other important factors concerning sol-
ute–solvent interactions appear to be underestimated. Thesemay include
thermal-, pressure-, chemical-, pH-, redox- and ionic strength-gradients.
Consequently, little attention has been paid to the significance of
potential-energy gradients during porphyry evolution.

The vein types and crosscutting relationships (Gómez, 2008) allow
to consider that the main metal zoning at the Infiernillo deposit had to
be produced during the phyllic stage. Regardless of the origin of the
Infiernillo phyllic halo, it appears to be significant during ore deposition
since metal anomalies are distributed around and close to it. Moreover,
the Infiernillo phyllic halo bounds two regionswith contrasting physico-
chemical conditions (inside, fluids with high salinity/temperature; out-
side, fluidswith low salinity/temperature) and different pressure condi-
tions (inside, relatively high fluid-pressure/differential-stress ratio;
outside, dominant tectonic pressure; Japas et al., 2013).

Some of the phyllic-forming minerals are illite and minor kaolinite
(Di Tommaso and Rubinstein, 2007). As theseminerals are clays, the in-
ception of this halo should have introduced somemodifications into the
hydrothermal system.When placed between two solutions with differ-
ent solute concentrations some clayminerals can act as semi-permeable
barriers, also known as “membranes” (Fritz, 1986; Fritz and Marine,
1983; Garavito Rojas, 2006; Marine and Fritz, 1978). “Semi-permeable”
means that they act as permeable to water but impervious to the solute.

Membrane processes were empirically considered as probable ore-
forming mechanisms at relatively low temperatures (Hart, 2012;
MacKay, 1946; Pirajno, 2009; Spirakis, 1977; Whitworth and DeRosa,
1997). Membrane separation systems are generally grouped for indus-
try purposes into five categories: particle filtration (PF), microfiltration
(MF), ultrafiltration (UF), nanofiltration (NF), and hyperfiltration or Re-
verse Osmosis (Fig. 3). The former three (PF, MF, UF) function as purely
size exclusion processes based onmembrane pore size whereas the lat-
ter two (NF, RO) are osmotic processes and therefore they are also con-
ditioned by diffusion.
ments (ΔCi/Co×100; after Gómez, 2008). B.Metal contents of the polymetallic veins based
ing (Santa Teresa, Rosarito, Carmenmines) the phyllic halo. Notice that Rosarito and Santa
–Ag contents.



Fig. 3.Membrane separation systems and their filtration spectrum. The five considered categories are particle filtration: PF, microfiltration: MF, ultrafiltration: UF, nanofiltration: NF, and
hyperfiltration/Reverse Osmosis: RO. Note that some of these categories show some degree of overlap. PF, MF and UF are size exclusion processes; NF and RO also involve ionic diffusion
(NF is also known as “Selective Reverse Osmosis”). Data compiled from industry and research literature, and own calculations for metal complexes via Formula (1) in text.
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Separating two solutions at different temperatures, pressures and sol-
ute concentrations, the consequent potential-energy gradient generated
by this clay membrane will automatically trigger equilibrium processes:
thermo-, reverse- and/or chemical-osmosis (Denbigh and Raumann,
1952; Ekbote and Abousleiman, 2003; Villaluenga et al., 2006; Fig. 4).
All these osmotic-related processes involve selective transport through
this clay membrane, restricting the passage of solutes through the mem-
brane in relation to the passage of the solvent. This differential passage re-
sults in the consequent dilution of the permeate solution and the
concentration of solutes on the “feed” solution side (Fig. 4).

At the Infiernillo deposit, pressure gradientwould be consistentwith
fluid transport from the magmatic source outwards through the mem-
brane, activating Reverse Osmosis (Fig. 4). Temperature gradient and
presence of illite and kaolinite as hydrophobic clay minerals would
Fig. 4.Mechanisms associated
have enhanced osmotic transport towards the external side of the
halo (thermal-osmosis; Villaluenga et al., 2006).

5. Reverse Osmosis

Aswas previouslymentioned, osmosis-related processes involve rela-
tive restriction or hindrance of transport of solutes through the mem-
brane in relation to passage of the solvent. The filtration spectrum of
Reverse Osmosis embraces the ionic range, so it is commonly used at en-
vironmental temperature to concentrate and separate metal ions, aque-
ous salts and atomic radius particles from their solvents (Hendricks,
2011; Fig. 3).

Although there is no available information aboutmetal–complex sizes
for testing Reverse Osmosis as a viable osmotic differentiation process for
with osmotic transport.
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these substances, recent publications refer to removal of heavymetal ions
through nanofiltration (see the overlap of Reverse Osmosis and
nanofiltration fields in Fig. 3). In those cases, it is required the previous
complexing of metals (Abhang et al., 2013; Lastra et al., 2004; Murthy
and Chaudhari, 2009; Rogel-Hernández et al., 2006). Likewise, a rough es-
timation of metal–complex diameter could be obtained through the for-
mula

Rcx ¼ rca þ 2rl ð1Þ

whereRcx represents the radius of themetal–complex, rca is the cation ra-
dius and rl corresponds to the ligand radius.

According to Formula (1) and considering for example the large Pb2+

cation and the large Cl− ligand (see Table 1) this would imply a complex
diameter of ca. 9.9 Ǻ that is a favorable size for a Reverse Osmosis operat-
ing range (Fig. 3). Therefore, Reverse Osmosis does represent a reliable
separation mechanism for metal-complexes as indicated in Fig. 3.

Restriction of passage of solute through a membrane is known as
“membrane rejection”, a measure relative to the feed concentration
that indicates the amount of solute that does not pass through themem-
brane (Amjad et al., 1998). Rejection (R) ismathematically expressed as

R ¼ Cf–Cp
� �

=Cf ; ð2Þ

where Cf and Cp are the concentration of solute in the feed and in the
permeate flux respectively (Fig. 4). Usually rejection is expressed as
R × 100 (percentage of rejection).

Different parameters are known to influence both permeate flux and
passage of solutes through a Reverse Osmosis membrane, which de-
pend on membrane and feed water characteristics (Bartels et al.,
2005).Membrane-dependant factors includemembrane pore size, den-
sity charge and thickness. Feed water parameters comprise pressure
(net pressure and feed pressure), temperature of feed water and feed
water chemistry (solute concentration, pH, etc.). Feedwater parameters
control Reverse Osmosis efficiency because they command solute pas-
sage ratio (Bartels et al., 2005; Filmtec, 2012). In the case of feed
water pressure, the higher the net pressure the higher the volume of
permeate and the lower the passage of solutes (Hawlader et al., 2000).
Temperature of feed water also plays an important role in Reverse Os-
mosis efficiency because at higher temperatures, solute passage and
permeate flow increase while the required operating pressure to pro-
duce flow is lower (Al-Mutaz and Al-Ghunaimi, 2001; Emalsa, 2007;
Hawlader et al., 2000). Considering feed water concentration, a higher
concentration increases the required feed pressure to activate Reverse
Osmosis (Filmtec, 2012). In the case of solute ions, size and charge
also affect the passage because the larger the size and the larger the
charge, the higher the rejection (or the lower the passage; e.g., Liu,
2007). Although not yet entirely understood, passage seems to be de-
pendant on the charge/mass ratio as it shows a remarkable coincidence
with the measured rejection series for metal ions (Fig. 5).

Membrane processes have received considerable attention regarding
the separation and concentration of inorganic and organic substances
fromwaste water at 25 °C and, consequently, there is a lot of information
Table 1
Approximated size of some simple ligands and cations that are significant in porphyry
type systems (Ǻ: Angstrom).

Ligand Ionic radius (Ǻ) Cation Ionic radius (Ǻ)

OH− 1.10 Fe3+ 0.67
NO2− 1.30 Cu2+ 0.72
F− 1.33 Fe2+ 0.82
O2− 1.40 Zn2+ 0.83
H2O 1.40 Pb4+ 0.84
Cl− 1.81 Ag2+ 0.89
S2− 1.84 Cu+ 0.96
Br− 1.95 Ag+ 1.13
I− 2.20 Pb2+ 1.32
aboutmembrane rejection values for this temperature for differentmem-
branes. Considering these known rejection values for 25 °C and taken into
account that solute passage increases ~2%–3% per °C (Emalsa, 2007;Wilf,
2008) or slightly less (Hawlader et al., 2000) the following formula allows
calculation of solute passage values for different temperatures:

SPT ¼ 1þ SPi=100ð Þ½ �ΔT � 100−Roð Þ ð3Þ

where SPT represents the solute passage value for a given temperature T;
SPi corresponds to the solute passage increaseper °C; (100−Ro) refers to
SPo, that is the reference solute passage value at 25 °C (SP25 °C); and ΔT,
the difference between T and the reference temperature of 25 °C.

Because no data were found about the precise membrane rejection
value concerning the specific clays that resulted from phyllic alteration
at the Infiernillo deposit, a rejection-value span was calculated through
the available maximum and minimum rejection values for different
membranes. The calculated SPT value ranges for different temperatures
considering the different temperature correction factors (2% and 1.5%
per °C) are shown in Table 2 and Fig. 6. In spite of the fact that some sol-
utes show some degree of overlap in SPT intervals (Table 2 and Fig. 6), it
must be emphasized here that they have to follow the same relative re-
jection (/passage) relationship that is shown in Fig. 5A.

a) Considering an incremental rate of 2% per °C for Formula (3) and a
passage-value range obtained from membrane literature, Ag and Pb
could reach the highest fugacity (100% passage) at temperatures of
≥141 °C when Cu, Zn and Fe would be only partially leaked (Cu/Zn/
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Fig. 5. Empiric correspondence between available ion rejection (/passage) values and ion
charge/weight and ion charge/volume ratios. A.Metal ion rejection (/passage) value series
based on compiled industry and research data. COD: Chemical Oxygen Demand. B. Calcu-
latedmetal ion charge/mass series. Shadow areas dividemore rejected frommoremobile
metal ions, leading to the observedmetal partitioning in the Infiernillo deposit. C. Calculat-
edmetal ion charge density (charge/volume) series. Note the stronger correspondence be-
tween series A and B than A and C.



Table 2
Solute passage calculated for different temperatures for Reverse Osmosis. Intervals of passage value for some ions (minimum SPT−maximum SPT) at temperatures ranging from 25 °C to
250 °C considering a correction factor of 2% per °C (A, B) and from 25 °C to 325 °C considering a correction factor of 1.5% per °C (C). Intervals, not specific values, are considered because
SP25 °C values depend onmembrane characteristics and there is no information about rejection of Infiernillo's clay case (rejectionwould be inside thewide range of membranes thatwere
considered). Table 2A comprises the ranges calculated from all the SP25 °C values obtained in the specific literature (see Fig. 6A), whereas ranges from Table 2B resulted considering the
most common SP25 °C value ranges (see Fig. 6B) and Table 2C consists of the results based on the most common SP25 °C value ranges together with a correction factor of 1.5% per °C (see
Fig. 6C). Dark gray cells refer the occurrence of 100% of solute passage; light gray cells indicate the rangewhere total solute passage is probable but depending onmembrane nature;white
cells denote partial passage (inability for total solute passage). Note that at low temperature, ions are retained by the membrane whereas at temperatures higher than 260 °C (correction
factor 2% per °C) and 325 °C (correction factor 1.5% per °C), membrane do not retain any ionic species.
a

b
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Fe SP141 °C= 10–70%; Table 2A and reference bar IV in Fig. 6A). Calcu-
lations show that SiO2 andAs3+ cannot be retained by anymembrane
at ~180 °C, and that at this temperature Ag/Pb and Cu/Znwould be re-
spectively leaked out by 43–100% and 22–100% (Table 2A and refer-
ence bar III in Fig. 6A). At 225 °C, membrane passage for Cu and Zn
will be 53–100% whereas for Ag and Pb it will be 100% (Table 2A
and reference bar II in Fig. 6A). Calculations would indicate that
under the selected SP25 °C-value ranges and the considered 2% per °C
correction factor, no membrane effects were expected at more than
260 °C, and all considered solutes would go through the membrane
(Table 2A and reference open bar I in Fig. 6A). The calculated passage
values reveal that higher temperatures enhance rejection contrast be-
tween different metal ions, leading to an osmotic differentiation phe-
nomenon (Fig. 6). These indicate that osmosis-related differentiation
would be more effective at temperatures that are consistent with
the phyllic stage of the Infiernillo deposit hydrothermal system.

b) Solute passage valueswere recalculated constraining the SP25 °C inter-
vals for different membranes into the most common SP25 °C-values
and maintaining the correction factor of 2% per °C. Results are
shown in Table 2B and the representative curves are presented in
Fig. 6B. Considering a temperature of ~141 °C (Table 2B and reference
bar IV in Fig. 6B), SiO2 will pass through the membrane while As3+
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Table 2 (continued)
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could be partially or entirely removed depending on the membrane
characteristics. On the other hand, Ag, Pb, Cu, Zn and Fe will be pre-
dominantly retained on the membrane feed side. At ~180 °C, SiO2

and As3+will be removed, Ag and Pb could be also removed depend-
ing on the membrane type, while Cu, Zn and Fe will be the most
retained solutes (reference bar III in Fig. 6B). At ~205 °C (reference
bar II in Fig. 6B), Fe will be the only one strongly rejected solute. As
in case a), case b) show the same ~260 °C maximum temperature
constraining the existence of osmosis-related differentiation
(Table 2B and reference open bar I in Fig. 6B).

c) SPT ranges could be adjusted when using the most common SP25 °C-
values for different membranes and a correction factor of 1.5% per °C
(Table 2C and Fig. 6C), since according toHawlader et al. (2000) solute
passage increase per °C is slightly less than 2%. Considering the same
relative behavior of solutes as in case b), temperature conditions will
be ~180 °C (IV in Fig. 6C), 230 °C (III in Fig. 6C) and ~265 °C (II in
Fig. 6C). Applying this correction factor of 1.5% per °C, the thermal
range for osmosis-related differentiation expands until 325 °C
(Table 2C and reference open bar I in Fig. 6C) that is also coincident
with temperature conditions during the phyllic stage. Comparisons
between case b) and case c) indicate that a correction factor of
1.5% per °C broadens the temperature interval for an osmotic differ-
entiation mechanism (150 °C–325 °C), and also it amplifies the os-
motic differentiation range of solutes (see top bars for each solute
in Fig. 6B and C).
6. Discussion

6.1. Reverse Osmosis and the Infiernillo deposit

6.1.1. Reverse Osmosis and the Infiernillo phyllic stage conditions
In the previous section it wasmathematically demonstrated that the

temperature for total metal passage during Reverse Osmosis would be
constrained between 260 °C and 325 °C, depending on the used correc-
tion factor.

Fluid inclusion data for the Infiernillo phyllic stage indicate tempera-
tures between 335 °C and 210 °C (Korzeniewski, 2012) enabling Reverse
Osmosis to occur. This is in agreementwith experimental data concerning
maximum illite formation temperature (ca. 325 °C, Cathelineau, 1988; ca.
360 °C, e.g., Rosenberg, 2002). On the other hand, theoretical maximum
stability temperatures for kaolinite (~250 °C, e.g., Essene and Peacor,
1995) would also support favorable conditions for Reverse Osmosis
filtration but at lower temperatures (as will be considered in
Section 6.1.4).

The presence of chalcopyrite in the Infiernillo polymetallic veins indi-
cates that this ore-mineral should have been precipitated at tempera-
tures lower than 335 °C, enabling its selective filtration through a
Reverse Osmosis mechanism. Furthermore, experimental precipitation
temperatures lower than 300 °Cwere also referred for chalcopyrite, de-
pending on pH, dilution and chemical reduction (e.g., 300–200 °C at
pH ~ 5; Reed and Palandri, 2006), as well as on aCl− , and oxygen fugacity
(see Xiao et al., 1998).
6.1.2. Reverse Osmosis and metal zoning at the phyllic stage
Reverse Osmosis passage values (SPT) for Cu are lower than for Ag

and Pb (Figs. 5 and 6), which explains why copper is concentrating at
the inner side of the phyllic halo (Figs. 1C and 7A), acting as a sieve for
copper. Moreover, when a clay membrane rejects partially the solute,
a concentration–polarization-layer (CPL) forms at the higher-pressure
interface of the membrane. On this feed side of the membrane, solute
concentration would exceed the solute concentration in the bulk solu-
tion by about 13–20% (Filmtec, 2012) and consequently, Cu concentra-
tion, nearest to the membrane, may reach supersaturation leading to
ore metal precipitation (DeRosa et al., 1997; Whitworth and DeRosa,
1997). On the other hand, the more osmotically mobile Pb, Ag, and Zn
ions would be relatively more abundant in the permeate fluid, so base
metals would preferentially concentrate in the polymetallic veins
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instead of being disseminated in the phyllic halo (Fig. 7A). Therefore Ag,
Zn and Pb-bearing solutes would be separated from the osmotically-
induced flow out of the halo, where: a) they precipitate in the
polymetallic veins due to the temperature–pressure drop in this area,
and/or b) they achieve supersaturation in the vein-precursor fractures
due to a second Reverse Osmosis filtration controlled by the phyllic al-
teration of the veinwalls that would have also operated as amembrane.
Considering the latter case b), the expected temperature declination
might have resulted in a decrease in ion solute passage (Fig. 6) and con-
sequent supersaturation and base metal precipitation. This assumption
would also be supported by comparisons with other Permian porphyry
copper deposit (San Pedro) located some 100 km south of the Infiernillo
deposit, where a phyllic halo is absent and Cu anomalies are mainly re-
stricted to polymetallic veins with phyllic envelopes (Gómez et al.,
2015).

The zinc passage is similar to that of Cu, but is strongly dependent on
the Chemical Oxygen Demand of the media that is a measure of the ca-
pacity of the solvent to consume oxygen during the oxidation of inor-
ganic chemicals (Chianese et al., 1999). While for most metals the
influence of the Chemical Oxygen Demand on their passage coefficient
is negligible, for Zn, the higher the Chemical Oxygen Demand of the
stream the higher its passage (Chianese et al., 1999). This dependence
of Zn passage to Chemical Oxygen Demand could then explain why Zn
can concentrate in polymetallic veins (e.g., Infiernillo deposit) and/or
can overprint the Cu-enriched potassic cores (see Sillitoe, 2010).

The occurrence of As in the polymetallic veins of Infiernillo deposit
also supports an osmosis-induced process, since As3+ has a high osmot-
ic fugacity (Applied Membranes, 2003; Table 2 and Figs. 5A and 6).

Since information about metal ion rejection is restricted to those
present in waste water, leachate and seawater, there is no a complete
dataset for all the chemical elements present in porphyry-type deposits.
However, if a theoretical relationship between the degree of rejection
and the charge/mass ratio is regarded (Fig. 5), Au+ should show the
lowest rejection values whereas Au3+ should have a roughly similar re-
jection value to Cu+, but lower than Cu2+. Although no quantitative re-
jection values for Mo was found in the literature, Huxstep and Sorg
(1988) refersMo as amoderately removed ion, and therefore its osmot-
ic rejection behavior could have been considered as similar to Cu.

The asymmetric distribution of basemetal polymetallic veins, that are
absent westwards and scarce eastwards from the phyllic halo, can be also
explained by a Reverse Osmosis process. Reverse Osmosis membranes
tend to “fouling” and “scaling” over time. A reduction of permeate flux
and of the rejection capability of the membrane should be expected as a
consequence of the presence of some chemicals (Fe, silica, etc.) that
harm the membrane on its feed side (Fritzmann et al., 2007). Fouling re-
fers to the damage produced by particulate matter and is mainly caused
by suspended or colloidal matter; scaling involves precipitation of inor-
ganic material caused by concentration–polarization (CPL) on the mem-
brane surface. Some of the most important foulants are Fe, Mn, Mg, SiO2

and Alwhereas themore frequent scalants are substanceswith large pre-
cipitation kinetics such as CaCO3, CaSO4, BaSO4 and SiO2 (Freeman and
Majerle, 1995; Fritzmann et al., 2007; Jarusutthirak et al., 2007). The ob-
served gain in Si, Fe, Mg and Al around the Infiernillo phyllic halo can be
then explained by fouling and scaling. Instead of an expected gain in Ca,
depletion in this element could be interpreted as the consequence of
the non-homogeneous overprint of the late carbonatization. In this con-
text, silicification within the phyllic halo could be not only the conse-
quence of mineral alteration during development of the halo but also
the result of SiO2 fouling during osmotic transport. Iron is a metal with
large fouling power and has a strong affinity to clay minerals, suggesting
that fouling could be also the reason for the worldwide occurrence of
abundant pyrite in the phyllic halo in porphyry Cu deposits.

Since presence of Fe would enhance silica scaling (Freeman and
Majerle, 1995; Sahachaiyunta et al., 2002), fouling and scaling could be
the cause of a significant decrease in Reverse Osmosis performance of
the membrane. Considering that: a) fouling is more intense at high
permeation rates (Zhu and Elimelech, 1997), b) the higher the net pres-
sure the higher the permeation rates (Al-Bastaki and Abbas, 2000), and
c) net pressure is higher E–W (parallel to σ3-direction) than N–S, then
the Reverse Osmosis process offers a reasonable explanation to
polymetallic vein distribution asymmetry for the Infiernillo deposit.
Aligned following the direction of minimum stress (σ3; Fig. 1B), the east-
ern and western phyllic halo sectors would have supported higher per-
meation rates (Fig. 7B). Consequently, fouling would have been stronger
in the eastern and western than in the southern and northern sectors of
the phyllic halo, causing permeation to drop and to end early. In contrast,
a lower permeation rate would have allowed continuous selective trans-
port throughout themembrane at its southern andnorthern edges,which
are aligned with the σ1 maximum stress direction, thus enabling the
higher ore concentration in veins (Fig. 7B). Furthermore, the highest dis-
seminated Cu anomalies detected in the southwest of the phyllic halo
(Gómez and Rubinstein, 2010b) would also support this explanation.

It must be noted that, although the asymmetric and localized distri-
bution of polymetallic veins could indicate an asymmetrical fracture
connectivity (Japas et al., 2013), the remarkable coincidence between
differences in those phyllic halo features described in Section 3 and dif-
ferences in metal content in veins allows to conclude that Reverse Os-
mosis should have contributed to this asymmetry.

In summary, asymmetric ore distribution at the Infiernillo deposit
could be satisfactorily explained by Reverse Osmosis in a differential
stress field that would enhance a differentiated permeation phenome-
non through the phyllic halo. This means that metal zoning would
also be a pressure-sensitive process.

6.1.3. Reverse Osmosis, differential stress and stockwork features
As a typical feature from the phyllic stage (Hedenquist and Richards,

1998), the stockwork structure has developed in the Infiernillo deposit.
As previously reported, the main characteristics of the stockwork in the
Infiernillo deposit is its asymmetric distribution around the phyllic halo.

The origin of stockwork linked to porphyry-type deposits is still sub-
ject of much debate (Fournier, 1999; Tosdal and Richards, 2001). Ana-
lyzed in a Reverse Osmosis perspective, the development of a
concentration–polarization layer (CPL favoredwhenfluidsflowperpen-
dicular to the membrane) as well as the progressive fouling/scaling of
the phyllic membrane would have induced a temporal solute concen-
tration at the inner side of the phyllic halo (feed side of themembrane).
This higher feedfluid concentration directly influenced anosmotic pres-
sure increase (the necessary pressure that must be applied in order to
stop osmosis), and consequently an increase of feed fluid pressure
that triggered thehydraulic fracturing responsible for the stockworkde-
velopment. Stockwork fractures were preferentially filled by the
foulants/scalants substances (e.g., SiO2, Fe), that is consistent with the
presence of quartz–pyrite–illite veins overprinting the pervasive phyllic
alteration. Therefore, the presence of osmotic pressure gradients around
the phyllic halo, which are controlled by the differential stress field,
agrees with the observed asymmetry in the stockwork distribution at
the Infiernillo deposit.

Summarizing, Reverse Osmosis under differential tectonic stress
could also explain both, the Infiernillo deposit stockwork as well as its
asymmetrical distribution around the phyllic halo.

6.1.4. Reverse Osmosis and late porphyry stage
At the latest stage of Infiernillo deposit evolution, magmatic supply

declined and hydrothermal fluid pressure diminished. The Reverse Os-
mosis system then collapsed and pure chemical osmosis occurred (top
of Fig. 7B). This reversal of the Reverse-Osmosis-induced flow (referred
to here as “backflow”) would induce a new input of cognate and/orme-
teoric waters inwards the phyllic halo, assisting them tomerge with re-
sidual fluids of the phyllic stage. This late fluid activitywould have led to
the development of the central quartz neck.

Backflow is physically equivalent to the “backwashing” of water de-
salination membranes. Considering that during backwashing, the flow



Fig. 6.Reverse Osmosis and solute passage for different temperatures. Intervals of passage values for some ion solutes (minimumSPT−maximumSPT) at temperatures ranging from25 °C
to 250 °C considering a correction factor of 2%per °C (A, B) and from25 °C to 325 °C considering a correction factor of 1.5%per °C (C). Fig. 6A comprises the ranges calculatedbased on all the
SP25 °C values obtained in the specific literature, whereas Fig. 6B involves the ranges calculated based on themost common SP25 °C value ranges. Fig. 6C represents the results based on the
most common SP25 °C value ranges together with a correction factor of 1.5% per °C. Passage value range for 25 °C for Ag (3–5), Cu (1–4), SiO2 (10–15), Fe (1–2) and As3+ (5–10) were
collected from available rejection data from research and industry sources. For each considered ion, the area between both curves indicates the range for probable 100% solute passage
depending on the several factors described inmain text (e.g., the dashed area inside the plot indicating the range for probable 100% solute passage for Fe, depending onmembrane char-
acteristics). Pb and Zn are not plotted because their similar SPT trend toAg. Osmotic differentiation is highlighted at the top bar. Note that i) considering a correction factor of 1.5% per °C the
temperature for SPT shifts to higher temperature and ii) nomembrane effects would be observable atmore than 260 °C (correction factor 2% per °C) and 325 °C (correction factor 1.5% per
°C). Note that for Ag, for example, a temperature decrease would imply a change from the field of 100% Ag-passage (≥250 °C) to the field of a higher Ag retention by the membrane
(b250 °C) supporting retention conditions for Ag at the polymetallic vein environment. Bars labeled, I, II, etc. refer to reference temperature analyzed and discussed in main text.
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is reverted to take foulant substances out of the membrane, backflow
should be then effective in removing SiO2 and Fe into the central area
of Infiernillo deposit. In this way, the presence of a central hydrothermal
breccia composed by silicified host rock fragments cemented by hema-
tite and low temperature SiO2, and overprinted by late quartz–hematite
veins are consistent with this Reverse Osmosis related model.

The late carbonatization process linked to the transtensional post-
orogenic regime postdates the central breccia development (Gómez,
2008) constraining the time of the breccia formation to the final stages
of the San Rafael orogenic phase, shortly after the transtensional regime
inception. This means that this central breccia body could be formed at
the time of the lowest differential stress, which is consistent with the
proposed backflow scenario.

6.1.5. Reverse Osmosis and the stress environment
Infiernillo porphyry was emplaced during the final stages of the San

Rafael orogenic phase (Japas et al., 2013). The structural zoning de-
scribed for the Infiernillo deposit by Japas et al. (2013) allows to recog-
nize a pressure gradient: dominant tectonic pressure conditions
outwards the phyllic halo and magmatic pressure higher than tectonic
stress inwards the phyllic halo. This pressure gradient was the trigger
for Reverse Osmosis immediately after the phyllic halo developed.

Under these waning stress conditions, magmatic pressure linked to
the emplacement and evolution of this deposit would be relatively strong
enough to activate the pressure-sensitive ReverseOsmosismechanism. In
other words, magmatic pressure surpassing tectonic stresses would be
the condition for the activation of Reverse Osmosis during the phyllic
stage. Conversely, at the orogenic climax, magmatic pressure exceeding
tectonic pressures is considered to be unlikely and consequently the exis-
tence of pressure gradients defined by tectonic stresses higher thanmag-
matic pressureswould not be able to trigger ReverseOsmosis. In thisway,
Reverse Osmosis would also explain why porphyry-type deposits are
linked to declining compressional/transpressional regimes, a link previ-
ously suggested by Billa et al. (2004), Sillitoe and Hedenquist (2003),
Tosdal and Richards (2001) and confirmed by Japas et al. (2013).
6.2. Reverse Osmosis linked to other porphyry deposit features

Although still speculative, Reverse Osmosis could also explain some
other exceptions to the traditional model.
6.2.1. Reverse Osmosis and δ34Ssulfide isotope zoning
The zoning pattern described by Deyell (2005) for alkalic porphyry

copper deposits, with more negative δ34Ssulfide values in the core of
the deposit to more positive values outwards, would unable cooling as
the main control of sulfide deposition. This author links this isotopic
zoning to the progressive reduction of sulfate-rich, metal-bearing fluids
outwards from the deposit core, linking zoning with redox controls.



Fig. 7. Reverse Osmosis andmetal zoning. A. Phyllic stagemetal zoning and Reverse Osmosis. B. Incidence of differential stresses in osmotic differentiation performance. Direction of min-
imum stress (σ3; see Fig. 1B) supported the highest permeation rates that resulted in strong fouling/scaling. C. Simplified sketch to show Infiernillo deposit evolution and particularly how
Reverse Osmosis would operate in ion differentiation leading to Infiernillo deposit metal zoning during the phyllic stage. Stage I: Potassic alteration; Stage II: Phyllic alteration; Stage III:
metal zoning overprinting controlled by Reverse Osmosis; Stage IV: Waning hydrothermal system and consequent collapse of Reverse Osmosis; Stage V: Chemical osmosis, backflow
and the formation of the central hydrothermal breccia. The inception of the phyllic membrane triggers concentration (chemical)-gradients that locally modify the buoyant flow pattern
leading the fluids not only to flow to the top but also towards the laterals (lateral flow).

200 M.S. Japas et al. / Ore Geology Reviews 71 (2015) 191–202



201M.S. Japas et al. / Ore Geology Reviews 71 (2015) 191–202
In this context, and bearing in mind the differential solute passage
imposed by the “phyllic membrane” for two different ion-solute species
(sulfate and sulfide), a significant redox imbalancewould have been in-
troduced. This disproportion would have trigger redox reactions to at-
tain equilibrium, leading to the documented δ34Ssulfide zoning.

In summary, the early ore deposition related to the Infiernillo deposit
began at the potassic stage, prior to the phyllic halo formation (Fig. 7C
Stage I). At this time, temperature was favorable for Cu and Mo deposi-
tion. During the inception of the phyllic halo (Fig. 7C Stage II), hydrother-
mal fluids would have caused dissolution of early formed copper sulfides
and remobilization of Cu. This late-stage alteration represented the
starting point for a late overprinted metal zoning that was controlled by
ReverseOsmosis (Fig. 7C Stage III). In thisway, ore deposition constrained
by Reverse Osmosis can overprint themineralization of the potassic stage
imposing its ownmetal zoning. As the hydrothermal systemdeclined, hy-
drothermal pressure diminished until it equaled the osmotic pressure; at
this point Reverse Osmosis stopped working (Fig. 7C Stage IV). The con-
tinuous decrease in hydrothermal fluid pressure allowed reversal of the
osmotic transport (from Reverse Osmosis to chemical osmosis) leading
to backflow and the consequent development of the central hydrother-
mal breccia (Fig. 7C Stage V). Following this model, Reverse Osmosis op-
erating during the phyllic stage could answer a question of Sillitoe (2010)
about what controls metal depletion versus metal enrichment during chlo-
rite–sericite and sericitic (phyllic) overprints.

7. Conclusions

All the evidence pointed out above vouch for Reverse Osmosis as a
geologically viable, natural, pressure-sensitive process that favors ore
concentration during the phyllic stage in porphyry systems based on
the existence of potential-energy gradients and different relative rejec-
tion values for different metal ions. At temperatures corresponding to
those of porphyry phyllic halo formation, and in presence of a phyllic
(clay)membrane, Cu, Ag, Zn and Pbwould showa strongosmotic differ-
entiation that could have led to the observedmetal zoning. The viability
of Reverse Osmosis would be also supported because, as a low-energy
consumption and slow-process, it seems to be also compatible with
geological time rates linked to porphyry evolution.

Regardless of the case of Infiernillodeposit, ReverseOsmosis could also
explain some departures from the traditional model of porphyry evolu-
tion in other porphyry deposits. The recognition of this new physico-
chemical factor controlling ore formation would benefit the knowledge
of complementary processes that could operate during porphyry deposit
evolution worldwide and would clarify some still unresolved questions
contributing to minimization of some exploration risks.
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