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The different styles of mineralization in the Mankayan District that evolved
within at least 5 million years include several porphyry Cu-Au deposits, epithermal
enargite-Au orebodies, carbonate-base metal-Au-Ag veins and quartz-pyrite-gold (QPG)
veins. Among the four types of mineralization styles, the QPG veins has just been
recently delineated extensively. This study focuses on the characterization of the QPG
veins and determining its temporal and spatial relationship with the adjacent enargite
orebodies and porphyry-type mineralization.

The QPG veins are mainly hosted by the Cretaceous to Eocene Lepanto
metavolcanics basement rocks. Different sets of QPG veins have been delineated: The
Northwest deposit is situated 500 m to the east of the Lepanto Fault, while Carmen and
Florence are located further to the south. In general, the paragenesis of the QPG veins
include five mineralization stages. The earliest stage, Stage 1, is characterized by
sphalerite + chalcopyrite + pyrite + magnetite veins that cut the host rocks that were
altered to chlorite =+ illite + epidote. The Stage 2 is the start of precious metal deposition
as electrum, native gold and gold-silver tellurides deposited with pyrite, quartz and
carbonate. Deposition of gold and silver tellurides continued during the formation of
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intergrown with chalcopyrite, bornite and minor sphalerite. Gangue minerals deposited
during the Stage 3a include abundant muscovite and quartz, while the Stage 3b veins
and alteration contain quartz, pyrophyllite, alunite and dickite. Abundant luzonite and
enargite were deposited during the Stage 4 as dissemination in silicified host rocks or as
inclusions in quartz veins. Stage 5 is characterized by less amount of quartz and
abundant pyrite deposition. The paragenetic sequence of the QPG veins shows a change
in the sulfidation state of the ore-forming environment from a distal porphyry (stage 1) to
an intermediate sulfidation (stages 2 and 3a) and then a high sulfidation (stages 3b to 5)
condition. All the five mineralization stages have been documented in the observed drill
holes from the Northwest deposit. However, only the QPG and enargite veins associated
with quartz + alunite + pyrophyllite + kaolinite/dickite alteration zones, which may be
equivalent to Northwest stages 3b and 4, have been observed in the available drill holes
and underground exposures in Carmen and Florence.

Radiometric “°Ar/39Ar dating on alunite separated from the Stage 3b vein from
the Northwest deposit yielded an age of 2.2 + 0.1 Ma, while the alunite from the Carmen
deposit yielded an age of 1.62 + 0.04 Ma. These new age data, in comparison with
previously published ages of the adjacent deposits, substantiate the idea that there is
more than one intrusive center that caused acid leaching and alteration, which coalesced
to form a large, continuous district-wide alteration zone in Mankayan.

The ore-forming fluids of the Northwest, Carmen and Florence QPG and enargite
veins were characterized by fluid inclusions microthermometry and bulk gas analysis.
Fluid inclusions in quartz of the Northwest QPG stage 1 are mostly bi-phase liquid-rich
fluid inclusions that homogenized between 220 °C and 280°C. These bi-phase liquid-rich
fluid inclusions co-exist with minute polyphase fluid inclusions that did not homogenize
at 450°C. Microthermometric data of bi-phase liquid-rich fluid inclusions in the
Northwest QPG stage 2 and stage 3a quartz indicate that precious metals were deposited
due to boiling of fluids that occurred from 270°C to 250°C and 250°C to 210°C,
respectively. The deposition of alunite, pyrophyllite and quartz during the stage 3b
occurred at higher temperatures (250°C to 270°C), indicating hotter pulses of
hydrothermal fluids. The deposition of abundant enargite and luzonite during the stage 4
also occurred with fluid boiling at a temperature lower than the earlier stages (220°C).
Gas compositions of fluid inclusions in stage 2 quartz from the Northwest deposit have
No/Ar ratios ranging from 16 to 53, which are lower than that of air (No/Ar = 84) or
air-saturated water (N2/Ar = 40 to 50). These low No/Ar combined with elevated He
content indicate that the stage 2 fluids were derived from basaltic magma. In contrast,
the fluid inclusions in quartz of the enargite-bearing stage 4 veins from Northwest and
Florence deposits have elevated N2/Ar indicating contribution of a fluid derived from
andesitic magma. The fluid inclusions in quartz of the QPG veins in Carmen have
elevated He content and Nao/Ar ratios are between 60 and 106, indicating that the
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hydrothermal fluids are deeply-circulated meteoric waters.

The QPG and enargite veins in Carmen and Florence were found to have
overprinted earlier porphyry-type quartz veinlet stockwork and veins that host polyphase
hypersaline fluid inclusions that homogenized above 500 °C. The mineral chemistry of
the high-temperature quartz exhibits distinctly different mineral chemistry compared to
the quartz veins related to QPG and enargite mineralization. The Ti content of the
porphyry-type quartz is above 100 ppm, while the Ti content in epithermal-type quartz is
below detection limit. On the contrary, Fe concentration in epithermal vein quartz
reaches above 300 ppm, whereas Fe is nearly undetected in the porphyry-type stockwork
veinlet quartz. This shows that several high-sulfidation epithermal gold orebodies in the
Mankayan District were formed in an environment that have been already affected by
earlier porphyry-type mineralization.

Stable isotopic ratios of the sulfides, sulfates, dickites and quartz were measured
to determine the characteristics of the ore-forming fluids. The 634S of the sulfides from the
Northwest QPG deposit shows a decreasing trend from Stage 1 to Stage 5, which is
parallel to the general decrease in temperature measured from fluid inclusions
microthermometry. The 63¢S of alunite range from +13 to +24 %o, suggesting hypogene
origin. The bulk 6%*S measured from alunite-pyrite and anhydrite-pyrite pairs from
Northwest and Carmen indicate a nearly uniform value of +5 %o. The narrow range of the
634S values of sulfides and the wider range of the 634S of associated alunite indicate the
predominance of HzS in hydrothermal fluids.

The calculated 680 and 6D values of the fluids that formed the stage 4 dickites in
the Northwest deposit indicate a significant contribution by magmatic fluids, while the
6180 and 6D values of the fluids that formed the Stage 3b dickites of the Northwest
deposit indicate dilution by meteoric water. The calculated 680 and 6D of the fluids that
formed the dickite that occur as an overprint to the porphyry-type stockwork veins are
significantly greater than the isotopic ratio of the dickites that occur as veins, indicating
possible contribution of heavier isotopes by the earlier alteration.

The available ages, fluid inclusions microthermometry, bulk gas analysis and
stable isotopes geochemistry of the different deposits in the Mankayan District suggests
multiple hydrothermal events that occur adjacent and overprinting each other. In general,
the different episodes of enargite mineralization were formed from fluids whose major
components were derived from a magma, whereas the hydrothermal fluids that formed
the QPG were largely meteoric in origin. In both type of mineralization, boiling is an
important mechanism for deposition.

The effects of the different styles of mineralization and their associated alteration
can also be seen in the geochemical signature of the host rocks. N-MORB-normalized
multi-element diagrams show that the host rocks preserve the negative anomalies of the
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suprasubduction zone setting. The non-mineralized diorites and metavolcanics rocks
show variable signature of the large ion lithophiles (LILEs), while the altered rock
samples show a more consistent signature, indicating that pervasive alteration causes
geochemical homogeneity. The host rocks that have been altered by acid-sulfate
alteration assemblage show negative Rb anomaly, while those that show a near-neutral
alteration assemblage has a positive Rb anomaly. The rare earth elements (REEs) are
severely depleted in rocks that underwent acid-sulfate alteration. Mass balance
calculations indicate that the host rocks in Mankayan gained significant amounts of Al,
Si and S, while Na, Ca, Mg and Fe were considerably leached.

The new findings of this study provide new constraints for understanding the prolific
mineralization in the Mankayan District, which was produced by multiple hydrothermal
events. This study contributes information for the exploration of overprinted
hydrothermal systems that may not show typical alteration patterns but contain

economic precious metal deposits.
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