C o M T /V C f

Ckci4? ^ree^ Zioof

(3(3 'Rkde Island S/.
i^ u ire n c e

KS

(p(^0L(L{

- i t s ( 8 3 2 ■<122°
i~€ * COw/\
, 2000^

GEOLOGY OF THE METATES GOLD-SILVER DEPOSIT,
DURANGO, MEXICO
by
Christopher A. Greenhoot

A Prepublication Manuscript Submitted to the Faculty o f the
DEPARTMENT OF GEOSCIENCES
In Partial Fulfillment o f the Requirements
for the Degree o f
MASTER OF SCIENCE
In the Graduate College
THE UNIVERSITY OF ARIZONA

2000

STATEMENT BY THE AUTHOR
This manuscript, prepared for publication in the Proceedings of the Geological
Society of Nevada, has been submitted in partial fulfillment of requirements for the
Master of Science degree at the University of Arizona and is deposited in the Antevs
Reading Room to be made available to borrowers, as are copies of regular theses and
dissertations.
Brief quotations from this manuscript are allowable without special permission
provided that accurate acknowledgement of the source is made. Requests for permission
for extended quotation from or reproduction of this manuscript in part or in whole may
be granted by the Department of Geosciences when the proposed use of the material is in
the interests of scholarship. In all other instances, however, permission must be obtained
from the author.

trjyCjLi

3 , 2 OOP

J H

(date)

(author’s signature)
APPROVAL BY RESEARCH COMMITTEE

As members of the Research Committee, we recommend that this prepublication
manuscript be accepted as fulfilling the research requirement for the degree of Master of
Science.

Mark D. Barton ^
Major Advisor

J

^
(date)

f (signature)
\\

)

Joaquin Ruiz
(signatu/e) \

H M ^ oC )
(date) ^

Spencer Titley
(signature)

2

(date)

G E O L O G Y O F T H E M E T A X E S G O L D -S IL V E R D E P O S IT , D U R A N G O ,
M E X IC O
1. A b stract
The Metates gold deposit in northwest Durango, Mexico, contains over 800 million tonnes of
mineralized rock averaging 0.62 ppm Au, 15 ppm Ag, 1700 ppm Zn, 385 ppm Pb and 100 ppm
Cu. It is hosted by a lenticular quartz latite body and enclosing marine clastic sedimentary rocks.
Mineralization is confined to two zones of mineralogically simple pyrite-dominated veins. This
paper reports field observations, analytical results and a possible models for mineralization, based
on new work and earlier studies by Cambior USA.
Mineralization at Metates is spatially related to an Early Cretaceous concordant body of
porphyritic quartz latite (107 Ma, U/Pb). A detailed stratigraphic column documents at least a 500
m coarsening upwards sequence of enclosing dark shales (argillites), greywackes and
conglomerates, which may represent marine turbidites deposited in a backarc basin. Mesozoic
rocks are deformed and unconformably overlain by unmineralized middle Tertiary volcanic
rocks. The latite body strikes northwest for more than a kilometer, and dips 30 degrees northeast;
maximum thickness is about 300 meters. Massive latite is overlain in many places by a
heterolithic breccia, characterized by igneous and sedimentary matrix that alternates at meter
scale. Sedimentary bedding within 20 meters of the upper and lower contacts is sheared and
contorted; contact metamorphic effects are absent. The latite body may be a shallow synsedimentary sill, with peperite at the upper contact. Alternatively, the breccia may represent a
debris flow overlying a submarine volcanic latite flow.
Epigenetic vein-hosted sulfide mineralization crosscuts stratabound framboidal pyrite.
Isolated crystals and lamellae of framboidal pyrite in the sedimentary rocks likely represent
diagenetic pyrite. Veins include: (1) quartz; (2) pyrite +/- -chalcopyrite; (3) pyrite -arsenopyrite-
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+/- -quartz +/- -chalcopyrite; (4) sphalerite-pyrite-galena-siderite-chalcopyrite-quartz; and (5)
quartz-pyrite +/- -sphalerite. In the quartz latite, silica is weak but pervasive in the interstices
between sericitized feldspars (perhaps resulting from sericitic alteration of feldspars), but veins
typically are nearly free of silicate minerals. Alteration in the sheet-silicate-rich sedimentary units
is subtle, as microscopic replacement of clays and feldspars by sericite. X-ray diffraction and
petrographic studies show that veins in both igneous and sedimentary rocks lack narrow alteration
halos. Rather, alteration is pervasive and widely distributed throughout the rock, without a clear
relationship to veins.
Two conical zones of Au/As/Cu mineralization, each with peripheral Zn, correlate with two
zones of high vein abundance in (1) the latite body and (2) overlying coarse sediments. Ag
mineralization (as pyrargyrite, tetrahedrite, and argentiferous galena) is (regularly distributed.
Reflected light and SIMS studies show that gold is present as rare micron sized inclusions within
pyrite. SIMS and electron microprobe microanalyses indicate gold contents in pyrite are typically
< 1 ppm but positively correlated with As concentration which ranges up to 1.5 wt. %. Some
vein pyrite mineralization may predate brecciation of the quartz latite, based on rare occurences
of pyrite-dominant veins truncated at clast boundaries. More typically, however, pyrite-dominant
veins cut clasts and matrix in the breccia.
Vein sulfides have uniform d34S of about -0.5%o compatible with a magmatic sulfur source;
the framboidal pyrite has d34S of -8. l%o, compatible with a sedimentary sulfur source. A
magmatic fluid component is compatible with moderate salinity fluid inclusions (>5 wt % NaCl
eq), and pervasive alteration o f the quartz latite to sericite-quartz-pyrite +/- siderite. Oxygen
isotope studies of quartz also support a magmatic link to mineralization.
Early Cretaceous metallogeny in western Mexico includes Au-bearing porphyry Cu deposits
(e.g., El Arco, Baja California Norte) and Au-bearing VMS deposits of Early Cretaceous age
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southeast of Metates. The Metates deposit does not fit either model, although the evidence points
to a likely magmatic fluid component indicating a hybrid system.

2. In trod u ction
Metates (24° 55.00’ N; 106° 22.50’ W) is located in the Sierra Madre Occidental in western
Durango, Mexico. It is 160 km west northwest of the city of Durango, 6 km southeast of the
village of San Juan de Camarones, and 1 km north of the village of Vascogil (Fig. 1). Elevations
in the remote district range between 600 and 2600 meters above sea level. Airstrips at Vascogil
and San Juan de Camarones are served by one hour charter flights from Durango, Mazatlan and
Culiacan. Terrestrial access is via 370 km o f variably maintained roads from Durango.
The history of the Metates district is summarized by Ramsay and others (1995) in an internal
Cambior report from which this summary is abstracted. The early history of the district is poorly
known, although the presence of precious metals and mercury deposits are referenced in old
literature. There are several short adits on the property o f a type normally associated with the
Spanish slave operations of the 17th and 18th centuries. In 1978, Sr. Roberto Erraguin
constructed a 25 ton/ day mill to treat silver ore from three small veins. In 1980, Minas Frisco
S.A. de C.V. optioned the property and formed a joint venture (Minera Promet S.A. de C.V.) with
BP Minerals. By 1983 this group drilled 28 holes totaling 5891 meters on the property which
indicated 1.8 Mt of ore grading 106 ppm silver and 0.33 ppm gold. Three holes drilled to the
south, in a porphyritic felsic intrusion, suggested extensive low-grade silver-gold mineralization.
As BP Minerals was seeking strata-controlled syngenetic sulfides, the Promet joint venture was
terminated.
Industrias Luismin S.A de C.V. optioned the property from Sr. Erraguin in 1987 and
consolidated land in the area. Their efforts were focused on the mineralized igneous body. In
1992, Luismin drilled 4 diamond drill holes totalling 1331 meters, and projected probable
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Figure 1. Simplified morphotectonic provinces of Mexico, with Metates location.

500 km

reserves of 158,000,000 metric tons of 14 ppm silver and 1.27 ppm gold in the porphyry and
adjacent sedimentary rocks. In April 1993, Luismin entered into a joint venture agreement with
Cambior and an aggressive gold exploration program commenced, including field mapping,
drilling, petrography, geochronology and analytical work by Cambior USA staff and consulting
geologists. By 1995, over 50,000 m of drilling, with assays (Au, Ag, As, Cu, Pb, Zn) at 3 m
intervals, had defined mineralization on all sides. Much of the background information in the
present study, including district history, assay results and structural geology, is taken from from
company reports compiled during this period (Ramsay et al., 1995).
As of 1999, Metates is viewed as a resource for the future, with metallurgy, infrastructure and
economics impeding short term development.
This study was undertaken to better document the geology of the Metates deposit building on
earlier work by Cambior USA geologists, and to evaluate possible origins at the deposit and
regional levels. Field work for this study was done by Greenhoot and Friehauf in December 1998
with the goal of better documenting the local stratigraphy and the mineralogy, timing, zoning, and
orientation of sulfide veins. Most time was spent logging selected drill holes, but some new
detailed mapping was done of key surface exposures. Extensive laboratory work on samples
collected during this field work and by Cambior geologists was conducted bewtween 1997 and
spring 1999. Laboratory methods include petrographic examination of 100 polished thin sections,
X-ray diffraction, microanalysis using the electron microprobe and SIMS (Secondary Ion Mass
Spectroscopy), stable isotope analysis, and reconnaissance fluid inclusion work.
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3. R eg io n a l F ra m ew o rk

3.1 Regional Geology o f the Guerrero Terrane
Metates is located within the Guerrero terrane of western Mexico (Fig. 2), a mainly Mesozoic
marine volcano-sedimentary suite that is intruded and overlain by igneous rocks of Late
Mesozoic and Cenozoic age. Mineral deposits of the Guerrero terrane include Cretaceous
volcanogenic massive sulfide (VMS) deposits in the south, sparse early porphyry and skam type
mineralization in the northwest, and Laramide and mid-Tertiary porphyry and epithermal deposits
throughout the Sierra Madre Occidental.
The Guerrero terrane, which includes much of Mexico’s western continental margin (Fig. 2),
is a composite terrane composed of Jurassic to mid-Cretaceous submarine sedimentary and
volcanic sequences (Campa and Coney, 1983). Late Paleozoic chert, shale, micrite, quartzite, and
overlying flysch are present in northern Sinaloa, with possible correlatives throughout Sinaloa
and southern Sonora (Sedlock et al., 1993). Low initial 87Sr/86Sr ratios in Cretaceous and Tertiary
plutons suggest that the Guerrero terrane is underlain by transitional or even oceanic crust
(Damon et al., 1983; Sedlock et al., 1993) (University of Arizona Mexico Consortium,
unpublished data). The Guerrero terrane was accreted to North America by the late Jurassic.
During the late Jurassic to early Cretaceous, a magmatic arc was constructed on the western
edge of North America. The upper portion of the arc is preserved as the Borahui Complex, a thick
(up to 8 km) metavolcanic sequence overlying Carboniferous submarine rocks and
metamorphosed equivalents (Mullan, 1978; Sedlock et al., 1993; Servais et al., 1982). Sparse
outcrops of mafic and ultramafic intrusive rocks may represent the roots of the arc (Sedlock et al.,
1993; Servais et al., 1986; Servais et al., 1982). Arc rocks are conformably overlain by (and
locally overthrust by) the Bacurato Formation, which consists of isoclinally folded greenschists
derived from calcareous and tuffaceous sandstone, chert, and pelagic limestone grading upward to
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Figure 2. Cretaceous Geology of Mexico. Cretaceous igneous and volcanosedimentary rocks in
black. Cretaceous sedimentary and metamorphic rocks in dark gray. Older rocks in light gray.
Younger rocks in white. After Ortega Gutierrez, 1992.

mid-Cretaceous reefal limestones (Bonneau, 1971; Mullan, 1978; Sedlock et al., 1993; Servais et
al., 1986; Servais et al., 1982).
The mid-Mesozoic arc and its sedimentary cover are structurally overlain by thrust sheets of
weakly metamorphosed to unmetamorphosed dunite, serpentinite, pyroxenite, massive and
layered gabbro, diabase dikes, pillow basalt, limestone, chert and tuff, which are interpreted as an
ophiolite complex (Ortega Gutierrez et al., 1992; Sedlock et al., 1993; Servais et al., 1986;
Servais et al., 1982). The tectonic setting of this ophiolite may have been a backarc basin east of
the early Cretaceous arc (Ortega Gutierrez et al., 1992; Sedlock et al., 1993), or a forearc basin
west of the arc (Sedlock et al., 1993; Servais et al., 1986; Servais et al., 1982).
To the east, rocks of comparable age are platform and slope carbonates (Campa and Coney,
1983; Ortega Gutierrez et al., 1992).

3.2 Ore Deposits o f the Guerrero Terrane
Early Cretaceous mineralization is represented by VMS deposits of the south (Fig. 2, Miranda
Gasca, 1995) and sparse Cretaceous porphyry copper mineralization (e.g. at El Arco in central
Baja California, Coolbaugh et al., 1995). Laramide (Late Cretaceous-Paleocene) vein-type
precious metal mineralization (Ag-Au (-Cu-Pb-Zn)), and many Cu prophyry and breccia pipe
deposits, are associated with intermediate intrusions, in Batopilas and Cosala (Barton et al., 1995;
Cibula, 1975; Wilkerson et al., 1988).

3.3 Mid-Tertiary Mineralization Across Mexico
Mid-Tertiary mineralization is widely distributed throughout the Sierra Madre Occidental and
to the east, in Au-rich and Ag-rich epithermal systems. Volcanic hosted Au-Ag(-Cu)
mineralization at the Mulatos District of eastern Sonora is associated with an Oligocene dacitic to
rhyodacitic ignimbrite sequence, and advanced argillic alteration (Staude, 1995). Vein and

8

replacement type Ag-Au (-Cu-Pb-Zn) mineralization at Fresnillo is associated with intermediate
mid-Tertiary dikes and stocks (Gemmell et al., 1988; Lang et al., 1988; Simmons et al., 1988).
Dozens of other precious metals districts related to mid-Tertiary magmatsm include: Tayoltita (55
km southeast of Metates), (Clarke and Titley, 1988), Topia (Loucks et al., 1988; Loucks and
Petersen, 1988), and Zacatecas (Ponce and Clark, 1988).

4. D istrict G eology
At Metates a thick sequence of deformed Mesozoic marine clastic sedimentary rocks is
unconformably overlain by more than 1000 m of Cenozoic andesite and rhyolite. The latter are
typical of the middle Tertiary volcanic rocks of the Sierra Madre Occidental. Mesozoic igneous
and sedimentary rocks are exposed in an erosional window in the Tertiary volcanics (Fig. 3). A
lenticular body of porphyritic quartz latite is roughly concordant with bedding in the Mesozoic
sediments (Fig. 4). Hydrothermal alteration and sulfide veins are present in all Mesozoic rocks,
but not in the Tertiary rocks. Sericitic alteration is most pronounced in the quartz latite, whereas
veins and disseminations of pyrite and accompanying base metal mineralization are abundant in
both igneous and sedimentary Mesozoic rocks.

4.1 Sedimentary Rocks
Sedimentary rocks at Metates consist of interbedded and intergradational shales, siltstones,
greywackes and conglomerates (Fig.5). The minimum stratigraphic thickness of this sequence is
500 m based on sections measured in core. The sedimentary rocks have not been dated directly,
however similar exposures in Durango and Baja California (Phillips, 1993) are considered
Cretaceous in age based on fossil evidence. Contact relationships, detailed below, suggest the
possibility that sedimentary units and the quartz latite body (107 Ma, U /Pb) are o f a similar age.
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Figure 3. District geologic map. Geologic mapping by Cambior USA (Ramsay et al., 1995).
Locations examined for this study are shown.

Figure 4. Simplified district cross section. See Figure 3 for location. Geology compiled by
Cambior USA (Ramsay et al., 1995); vein abundances and assay contours produced for this
study.
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Lower stratigraphic intervals tend to be finer grained and thinner bedded, with both grain size
and bed thickness broadly increasing up section (Fig. 5). Normal cross bedding in outcrop
indicates upright stratigraphy in the central project area. However, flute casts in outcrop in the
north project area indicate at least local overturned section in that area. Sandstones and siltstones
are immature (grains typically subangular and moderately sorted) and quartz-rich, with minor Kfeldspar, detrital muscovite, chlorite and epidote. Clay matrix is generally altered to sericite;
carbonate is not present in the sedimentary matrix. Sedimentary rocks are divided into an upper
and lower section, separated by the Metates quartz latite. Field evidence is equivocal with regard
to the contact between the lower sedimentary sequence and the latite.

4.1.1 Stratigraphy o f Lower Sedimentary Package
The lower section is known from outcrop and drilling, although few drill holes have
penetrated more than 50 m of these units. The lower section is composed of black, carbonaceous,
interbedded shale and siltstone, and interbedded , intergradational thin-and thick-bedded silt-to
sand-sized, medium-to light-grey, variably carbonaceous shale-greywacke pairs.
Petrography and X-ray diffraction indicate that laminae are made up of mixtures of clay,
quartz, graphite, and rare detrital rutile and tourmaline. Original clastic components were chiefly
feldspar, quartz, muscovite and clays; feldspars are now altered to clays and minor epidote and
chlorite. Minor graphite is present in fine grained shales and in gouge zones. Coarser units are
colored gray by graphite and fine pyrite. Pyrite is present as 0.1 mm lamellar seams and
disseminations in fine, dark interbeds. This pyrite is overprinted by pyrite and other sulfides with
or without minor quartz and dolomite in the form of seams, veinlets and networks of sulfides
(Ramsay et al., 1995).
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Figure 5. Metates stratigraphic column, with gold assays. From detailed logging of drill holes CM
95-123 and CM 94-36.

4.1.2 Stratigraphy of Upper Sedimentary Package
The upper sedimentary unit (Fig. 5) is over 500 meters and is similar to the lower sequence.
The overall grading trend is coarsening upward, with siltstones and shales near the latite, and fine
and coarse greywackes and conglomerates up section. Bed thickness increases up section, and
sedimentary structures are rare. Massive bedding is common; graded bedding, when observed,
fines upward. One massive bed of fine grained greywacke exceeds 40 m in thickness. Up section,
conglomerates up to 100 m thick are moderately sorted, and contain rounded pebbles and cobbles
of greywacke and lesser shale, chert, felsic volcanics, and fine grained silica in a matrix of sand to
shale. These conglomerates contain rare clasts with truncated pyrite veinlets with unknown minor
sulfide assemblages.

4.1.3 Stratigraphic Interpretation
The prevalence of massive bedding which broadly coarsens upward, coupled with the scacity
of sedimentary structures, and the presence of up section heterolithic conglomerates, supports a
tentative interpretation of these strata as high density marine turbidites (Busby and Ingersoll,
1995). In the context of Cretaceous western Mexico, the most likely depositional environment is
a back-arc or intra-arc basin. These are likely slope or deep water deposits sourced from mature
continental crust of the North American craton.

4.2 Igneous Rocks
The Metates quartz latite (Figs. 3 & 4) has been interpreted both as an intrusion and as a
submarine pyroclastic flow, and is the locus of most Main Zone mineralization. The latite is
lensoid in form, striking generally northwest, and measuring 1500 m along strike and at least 700
m downdip, to the northeast. Drilling shows that the latite pinches out to the northwest and at
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depth, where it interfingers with enclosing sedimentary rocks. To the southeast and northwest, the
latite is intersected by high angle faults with uncertain displacement.
Thickness of the latite ranges from less than 100 m to greater than 300 m, and averages about
200 m. The lower contact generally strikes N35W and dips 30° NE. The upper contact with
overlying sedimentary rocks strikes west to northwest, and dips more steeply, 60° to 70°
northeast. The latite body consists of a lower massive unit and a brecciated upper unit. Contact
relationships between the quartz latite body and enclosing sedimentary rocks are illustrated in
Figure 6. Figure 7 displays a range of rock types and textures from several contacts, with
locations keyed to Figure 6. Appendix A contains additional rock photographs.

4.2.1 M assive Lower Latite Sequence
The lower unit is a light cream-colored felsic porphyritic quartz latite, containing about 50%
phenocrysts. Phenocrysts include rounded, embayed quartz (up to 5% of rock volume), foliated
muscovite pseudomorphs after igneous biotite (10%), sericite +/- pyrite pseudomorphs after
feldspars (35%), chlorite and sericite pseudomorphs after hornblende (<5%), and relict K-feldspar
phenocrysts with ragged margins (<1%). Broken quartz and feldspar phenocrysts (now
pseudomorphed by sericite) suggest a brecciated fabric throughout the massive quartz latite,
which may indicate eruption. Matrix consists of very fine grained sericite and quartz. The
relatively even, fine grained texture of the sericitic groundmass suggests that the original matrix
may have been glassy. The massive latite has a homogenous porphyrytic texture, but typically
includes 1% (locally, up to 5%) subangular to subrounded xenoliths of sedimentary rock,
typically 1-2 cm, locally up to 8 cm, with typical aspect ratios 1:2; some outcrop exposures
suggest a preferred orientation. Xenoliths are seen in thin section, in core and in outcrop. Quartz
latite clasts are found in drill core in the graded sedimentary breccias and conglomerates in the
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upper sedimentary package. In core, greywackes and shales within 5 meters of the lower lathe/
sediment contact have broken up and contorted bedding, including angular, matrix-supported
breccias, and tight folds at 5 cm scale (Fig.7 a,g,i).

4.2.2 Brecciated Upper Latite Sequence
The upper unit is a monolithic to heterolithic breccia containing subrounded to angular
pebble-sized, and occasional cobble-and boulder-sized clasts; matrix varies at meter scale or less,
from dark grey, clay and silt rich zones, to light grey, porous zones with sand-sized particles. The
latter may represent tuffaceous material or reworked sediment (Fig. 7 b,c,d,e). Commonly, clasts
and matrix are entirely porphyritic quartz latite; clasts and matrix contain disseminated pyrite
(Fig. 7 b,c,d). More frequently, the fragments are a mixture o f quartz latite and slightly bleached
fragments of greywacke and shale (Fig 7 b,c,d,e,h,e). Sedimentary clasts comprise up to 50% of
rock volume (Fig.7 a,h).
The breccias of the upper unit show multiple textures. Sedimentary fragments within the
quartz latite matrix may have originated from the surrounding rock. Some breccia horizons show
sedimentary character: they have a sandy matrix, and are clast-supported, moderately-sorted, and
possibly graded (Fig.7 a,h). A few clasts contain truncated sulfide (mainly pyrite) veinlets,
indicating that at least some sulfide mineralization had begun prior to brecciation (Fig. 7 h,e).
More commonly, sulfide veins cut clasts and matrix (Fig.7 a,b,d,e,h). As with the lower contact,
greywackes and shales within 5 meters of the upper latite/ sediment contact have sheared and
contorted bedding suggestive of wet sediment deformation (Fig. 7 i).
Unusual textures are observed at the contacts between the latite and sedimentary lithologies
(Fig. 6). These include fluidal, fine-grained, wispy interdigitations of dark sediment within white
latite (Fig. 7fj). These interdigitations are commonly associated with jigsaw-fit textures (Fig. 7j)
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Figure 6. Unusual contact relationships between quartz latite body and enclosing sedimentary
rocks, known from detailed core logging, a. Highly schematic cross section showing locations of
Figures b. through f. b. Lower contact o f latite body with underlying “lower sedimentary
package.” Hole CM 95-133 178-201m. c. Upper contact of latite body with overlying “upper
sedimentary package.” Hole CM 94-36 290-311m. d. Upper contact of latite body with overlying
“upper sedimentary package.” Hole CM 94-96 393-416m. e. Latite “finger” within lower
sedimentary package, below main latite body. Hole CM 95-133 272-294m. f. Thin latite “fingers”
within greywackes. Hole CM 95-117 247-271m.

MASSIVE LATHE.
3% Disseminated Pyrite.
Pyrite veins 1 - 3 mm.

Fig. 7a

SHALE, slightly folded,
with apparent soft sedim ent
deformation features.

SILTSTONES.
Undeformed.

SILTSTONE AND SHALE, fractured and
brecciated Matrix-supported breccia,
shale clasts and matrix,
unsorted and ungraded

BRECCIA, heterolithic, dast-supported.
Latite and sh ale d a s ts up to 40 mm.

VOLCANICLASTIC BRECCIA,
matrix- supported, 70-90% clasts.
C lasts 70% latite/ 30% sedim entary
Most clasts angular, 1-30 mm;
som e clasts >25 cm (see Fig. 22 e ).

Gradational Contact.

SILTSTONES, irregularly folded
and contorted.

GREYWACKES, fine grained.
Fractured in place.
Fault G ouge (?) Clay- rich, silty, white.
SILTSTONE
Intact, undeformed.

SILTSTONES.
Fractured in place.

Fig. 7e

/ / / / / / /

MASSIVE QUARTZ LATITE.
Up to 3% angular to rounded
sedim entary xenoliths, 1-2 cm, bleached
D isseminated pyrite up to 5% volume

SHALE.
Intact, undeformed.

Fig 6 b Lower contact of latite body with underlying
'low er sedim entary package " Hole 95-133 178-201 rr

MASSIVE QUART LATITE.
Up to 3% angular to rounded
sedim entary xenoliths, <10 mm
D isseminated pyrite up to 5% volume.
Fig 6 c. Upper contact of latite body with overlying
'u p p er sedim entary package ' Hole 94-36 290-311 m

SILTSTONE BRECCIA.
Siltstone d a s ts (angular to
subrounded, 3-25 mm) in siltstone
matrix Jigsaw fit, unsorted,
ungraded Veins not observed.
MASSIVE LATITE
Lowest 2 m eters contain up to 50%
xenoliths (rounded to subangular
pebbles of greywacke. 2 - 20 mm,
bleached). No veins in xenoliths

Fig. 7f

WHISPY INTERFINGERING of finely
brecciated shale ( jigsaw fit. bleached
d a s ts in dark grey matrix) with xenolithrich quartz latite.
INTERPRETATION injedion of steam heated wet sedim ent into sill.
SHALE with small, tight folds
Slightly bleached, extremely incompetent.
Breaks into irregular 1 cm chunks.
INTERPRETATION: Rapidly dew atered
shale at lower co n tad with sill.

Fig. 7g

LAMINATED SHALE
Moderately fradured, slightly folded.
5 - 1 0 mm Qtz veins (and later py veins)
with sharp walls fill open sp aces

Fig 6 d. Upper con ta d of latite body with overlying
'u p p er sedim entary package ' Hole 94-96 393-416 i

Fig. 7h

xV z

SILTY SHALES (thin bedded,
with subtle folds) grade down into
angular heterolithic breccia, with
pyritized d a s ts (3 - 60 mm) in shale matrix.
QUARTZ LATITE, locally brecciated
with jigsaw fit

i illli
Fig. 6 a. Highly schematic cross section
showing locations of Figs. 6. b through f.

Fig. 6. Unusual contact relationships between quartz latite
body and enclosing sedimentary rocks.
Fig. 6 e. Schem atic log Latite 'finger' within lower sedim entary package,
below latite body. Hole 95-133 272-294 m.

BRECCIA, heterolithic, coarser at top and
bottom Latite and sedim entary d a sts,
angular to sub- rounded, up to 40 mm.
Matrix light grey sand Finer b recd a
at middle of interval may be sorted
C lasts contain pyrite veins truncated (?)
at d a s t boundaries

Fig. 71

Fig- 7j

SILTSTONES with folded, contorted
bedding and brecciation at lower contad.
Quartz veins may predate AND postdate
this local deformation
BRECCIA, heterolithic, shale-matrixsupported breccia enclosed in
brecciated quartz latite

SHALES, fradured at upper and lower
c o n ta d Clean, white early quartz veins
cut, and are cut by pyrite veins.

QUARTZ LATITE 'Finger.'
BRECCIA, matrix- supported,
sedim entary clasts and matrix
QUARTZ LATITE 'finger.'.
BRECCIA, matrix- supported,
sedim entary clasts and matrix.
Fig 6 f. Thin latite 'fingers' within greyw ackes
Hole 95-117 247-271 m

Figure 7. Rock textures at Metates, with locations keyed to Figure 6. a. Matrix-supported breccia,
shale clasts (subangular to subrounded, 3-40 nun), b. Heterolithic breccia, clast-supported; quartz
latite clasts (3-40 mm, angular) exhibit jigsaw fit, lack quenched margins; matrix is light grey
sand. c. Heterolithic breccia, clast-supported; one quartz latite clast (>25 cm, angular), contains
clasts of fine-grained greywacke (5-30 mm, subrounded), d. Heterolithic breccia, matrixsupported; quartz latite clasts (rounded to subrounded, 1-10 cm) and fine sandstone and shale
clasts (angular to subangular, 4-30 mm) are completely enclosed in dark sand matrix, e.
Heterolithic breccia; three quartz latite clasts and one greywacke clast contain 1 mm pyrite
veinlets truncated at clast boundaries, f. Contact: quartz latite (above) with brecciated shale
(below); latite contains fine-grained sandstone xenoliths (subrounded to subangular, 8-30 mm,
bleached and unbleached); shale is fractured in place, with jigsaw fit and shaley matrix, g. Thin
laminated siltstone; fractured, folded, contorted; quartz veins (2-10 mm) fill open space and cut
small fold; early quartz veins reopened by later pyrite veins, h. Heterolithic breccia, matrixsupported; quartz latite clasts (angular, 3-60+ cm, jigsaw fit) contain disseminated pyrite, lack
quenched margins; fine-grained greywackeclasts (subangular to subrounded, 3-20mm) are poorly
sorted, ungraded; two 2 mm pyrite veins cut clasts and matrix, i. Siltstone with folded, contorted
bedding; quartz vein (partially folded) fills open space, j. Fractured quartz latite with jigsaw fit;
whispy shale interfingerings separate qlatite fragments; these could be interpreted as sedimentary
injection features.

1 cm
CM 95-133 293m

H

CM 95-117 247m

and globular, fluidal (McPhie et al.„ 1993, p.64) clast shapes in both sedimentary and igneous
clasts.

4.2.3 Interpretation o f the Metates Quartz Latite: Shallowly Intruded SynSedimentary Sill, with Peperite Margins
The upper and lower latite sequences are interpreted as a syn-sedimentary sill, intruded at
shallow levels into poorly consolidated sediments, with peperite margins at the upper contact.
Peperite is generated by interaction of coherent lava or magma with unconsolidated wet sediment
(Fisher, 1960; Williams and McBimey, 1979), and characterized by a clastic texture in which
either component may form the matrix (McPhie et al., 1993). Peperite occurs at the contacts
between intrusions and wet sediments (Hanson and Schweickert, 1982; Hanson and Wilson,
1993), and along basal contacts of lava flows that override or burrow into unconsolidated
sediments (Bull and Cas, 1989; Schmincke, 1967). Contacts are commonly complex in detail,
involving intricate interpenetration between the intrusion or lava flow and the sediment, and
mixed contacts can occur together with sharp, planar, unmixed contacts.
The presence of pore water and the unconsolidated nature of the host sediment have
important effects on processes occurring at magma-wet sediment contacts. Expansion of intensely
heated pore fluid can initiate stationary fluidization of adjacent sediment, resulting in entrainment
of sediment particles away from the contact. If pore fluid is flashed to steam, it can expand
explosively. Both processes profoundly disrupt the coherence of the sediments adjacent to the
contact and promote rapid, unconfined, and irregular penetration by magma (Kokelaar, 1982;
Kokelaar, 1986). Bedding in the sediments is commonly destroyed or else broken up and
contorted. Parts of the magma may founder into the sediment and be partially detached or
completely separated. The magma can also be disrupted by a combination of quench
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fragmentation on contact with the wet sediments and shattering by steam explosions (Kokelaar,
1982; Wohletz, 1986).

4.2.4 Tertiary Volcanic Rocks
Continental volcanic rocks unconformably overlie the Mesozoic rocks. Up to 1000 m of
Tertiary volcanic rocks belong to a two-part (upper and lower) sequence. The lower portion is
100 to 150 m thick and includes massive, purple to green andesite flows, ash flow tuff, and
lahars. The andesite is overlain by several hundreds of meters of thick, cliff-forming light pink
rhyolites, mainly variably welded ash flow tuffs. Tertiary volcanic rocks strike northerly and dip
about 5° east. Sulfide veins of the type found in the Mesozoic sequence are not found in the
Tertiary section (Ramsay et al., 1995).

4.3 Structural Geology
Two styles of folding and fracturing are observed in Mesozoic rocks. The oldest consists of
isoclinal folding and low-angle faulting which is overprinted by high angle normal faults. The
modest dips on the mid-Tertiary volcanic rocks indicate little Basin-and-Range extension(Ramsay
et al., 1995).

4.3.1 Folding
Bedding geometries suggest two periods of folding prior to deposition o f the Tertiary
volcanic sequence. The lower sedimentary sequence on average, strikes northwest and dips
northeast. The upper sedimentary sequence has two dominant bedding orientations (Fig. 3):
striking northwest, dipping northeast, and striking northwest, dipping southwest. This suggests a
NNW-SSE trending syncline in the North Zone. This fold is truncated by high-angle normal
faults in the southeast (Fig. 3).
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The quartz latite appears not to be affected by folding, as veins in outcrop have been
observed perfectly planar and apparently undeformed over distances exceeding 3 m. If indeed
folding follows intrusion of the quartz latite body, as we suggest, this may reflect more competent
rheological properties in that unit compared to the enclosing sedimentary rocks. Alternatively,
strain in the latite may be accomodated by discrete faults, leaving zones between them apparently
undeformed. We have no data to resolve this.
The effect, if any, of folding on sulfide veins is unclear. In thin section veins typically have a
fractured appearance but lack visble offset. In outcrop, veins do not appear deformed. Cleavage
or metamorphic foliation has not been observed in sedimentary or igneous rocks.

4.3.2 Faults
Two faults cut the Mesozoic, only one of which cuts the ore zone (Fig. 3). The latter trends
northwest across Arroyo San Nicholas, dipping about 70° northeast, and disturbs bedding along
the road to Vascogil. Gouge, brecciation and small faults with obvious dislocations are common
in outcrop and drill core. Zones of strata-controlled gouge and breccia, mainly in thin-bedded to
laminated graphite-rich interbeds, are interpreted as brittle deformation of weak interbeds during
folding (Ramsay et al., 1995).

4.3.3 Joints, Fractures and Stockworks
The sedimentary and volcanic rocks are strongly fractured and contain orthogonal fracture
patterns. These fractures have controlled sulfide mineralization, particularly in the Cretaceous
quartz latite, detailed below. In contrast, in the sedimentary units the strongest control on sulfide
veins is lamellar sedimentary bedding.
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5. M in eralization and A lteratio n
Epigenetic quartz and sulfide veins overprint earlier stratabound pyrite. Lamellae of
framboidal pyrite are present within the sedimentary rocks, and likely represent diagenetic pyrite.
Four types of sulfide veins are distinguished; three are pyrite-rich and are only distinguished
petrographically, the fourth type is relatively sphalerite-rich and can be distinguished in hand
sample. Petrographic observations establish an association between Au, As, and Cu. This is in
accord with assay data that indicate concentration of Au-As-Cu mineralization in two zones, the
Main Zone (centered on the latite body and enclosing sedimentary rocks) and the North Zone
(within sedimentary rocks stratigraphically above the latite body). Sericitic alteration is strong
and pervasive throughout the district and is best expressed in the Cretaceous quartz latite.

5.1 Fracture-controlled mineralization
Mineralization and alteration at Metates are known from surface mapping, petrographic
studies, and detailed examination of drill core from across the deposit.

5.1.1 Quartz
Early quartz veins are characteristically clean and sharp walled, 1-8 mm in width. They fill
open space in fractured sedimentary rocks with obvious offsets. They cut, and are cut by, pyrite
veins 1-4 mm in width with unknown minor sulfide assemblages (Fig. 7 g,i). Many of these veins
show evidence for deformation, and some are folded (Fig. 7 i). These veins lack visible alteration
halos in thin section or hand sample. They make up 1-10 vol % of the rock (over very short
intervals <50 cm) where they were logged in core. Evidence from two drill holes (CM95-133,
CM95-117) indicates that they may be restricted to sedimentary rocks within 10 m above or
below the quartz latite body.
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Figure 8 . Vein types at Metates. a. Pyrite- Arsenopyrite- +/- Quartz +/- Chalcopyrite b. Pyrite +/Chalcopyrite c. Sphalerite- Pyrite- Galena- Siderite- Chalcopyrite- Quartz d. Quartz- Pyrite +/Sphalerite.

Figure 9. Vein photomicrographs, field of view 3.5mm x 2.5mm. a. Pyrite- Arsenopyrite- +/Quartz +/- Chalcopyrite b. Pyrite +/- Chalcopyrite c. Sphalerite- Pyrite- Galena- SideriteChalcopyrite- Quartz d. Quartz- Pyrite +/- Sphalerite

5.1.2 Pyrite-Arsenopyrite-+/- -Quartz +/- -Chalcopyrite
These 1-12 mm veins are typically >99% pyrite, though locally arsenopyrite composes 40%
of vein volume (Fig. 8 a, Fig.9 a). Chalcopyrite, when present, is <1% of vein volume, as
anhedral crystals (0.02 -0.6 mm), and as inclusions within pyrite (<5p). Quartz is sparse
(typically <1%) in these veins. Discrete grains o f native Au (1 -60 p) and electrum (10 -40 p), as
inclusions within pyrite, are visible in polished section. Arsenic content of pyrites varies from 0
to 1.5 wt %. SIMS microanalyses establish a correlation between Au and As in individual pyrite
grains (Fig. 10). Assay results confirm that correlation throughout the deposit (Fig. 11). These
veins lack visible alteration halos in thin section or hand sample. These veins are hosted by both
the quartz latite and the enclosing Mesozoic sedimentary rocks, however their exact spatial
distribution is not known. These veins cut pyrite-only veins and quartz-only veins.

5.1.3 Pyrite +/- -Chalcopyrite
Although variable in size, these veins tend to be <lmm in width and are typically entirely
pyrite, as bright, anhedral crystals (Fig. 8 b, Fig. 9 b). Although typically sharp-walled, locally
they have diffuse walls suggesting replacement. Chalcopyrite, when present, is < 1% of vein
volume, with anhedral crystals typically <lmm. Rare discrete grains of gold (10 -30 p) are
present as inclusions in pyrite. These veins lack visible alteration halos in thin section or hand
sample. These veins are hosted by both the quartz latite and the enclosing Mesozoic sedimentary
rocks, however their exact spatial distribution is not known. Cross-cutting relationships have not
been observed.
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5.1.4 Sphalerite-Pyrite-Galena-Siderite-Chalcopyrite-Quartz
These veins varyin size and mineralogy. Sphalerite is diagnostic, and ranges from 5% to over
95% by volume; color in transmitted light is ruby red to dark brown. Electron microprobe
analyses indicate that sphalerite ranges from 6 - 1 1 wt% Fe. Vein widths are typically 2-8 mm, but
in rare cases exceed 30 mm (Fig. 8 c). Pyrite ranges from 5% to 95% of vein volume. Sphalerite,
with rare inclusions of chalcopyrite, tends to occur in the center of these veins (Fig. 9 c). Galena
and argentiferous galena, distinguished with electron microprobe analyses, typically comprise 1%
of vein volume, as anhedral intergrowths and inclusions within pyrite. Chalcopyrite, when
present, is <1% of vein volume, with anhedral crystals typically <lmm. When present, magnesian
siderite is late and fills vugs.
These veins have sharp walls and even thicknesses, suggesting they formed by open space
filling of fractures. X-ray diffraction studies confirm hand sample and thin section observations
that these veins lack alteration halos. They have been observed in the quartz latite as perfectly
straight and continuous over distances exceeding 3m. These veins are hosted by both the quartz
latite and the Mesozoic sedimentary rocks, however their exact spatial distribution is not known.
Sphalerite-rich veins cut pyrite-arsenopyrite veins and disseminated pyrite crystals in the quartz
latite.

5.1.5 Quartz-Pyrite +/- -Sphalerite
These veins are uncommon and may result from a later hydrothermal (metamorphic?) event
which reactivated earlier sulfide veins. They are notable for their quartz content, which exceeds
90%, and their thickness, which ranges from 3-12 mm (Fig. 8 d). They have a milky, and locally
ribbony, appearance in hand sample and consist of large, inward-tapering euhedral quartz crystals
with conspicuous fluid inclusions (see below). Pyrite and very minor sphalerite is restricted to the
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Figure 10. Arsenic zonation X-ray map (white dots) superimposed on BSE image o f pyrite grain.
Gold values (ppb), determined by SIMS microanalysis, in white and black. Analyses by Frank
Mazdab.

margins of these veins (Fig. 9 d), which again lack visible alteration halos in thin section or hand
sample. These veins have only been observed in the sedimentary rocks overlying the quartz latite
body. Their exact spatial distribution is not known. Cross-cutting relationships have not been
observed.

5.2 Disseminated Pyrite Mineralization
Disseminated pyrite is common throughout the quartz latite, averaging ~1% of rock volume,
ranging from 0 -4%, and locally 10%. Commonly, disseminated pyrite appears to increase with
distance from sulfide veins. SIMS studies indicate disseminated pyrite is barren, with Au values
<50 ppb.

5.3 Metal Associations
Figure 11 documents metal associations in assays from the latite and the enclosing
greywackes. Ag and Pb are positively correlated in both lithologies, indicating Ag mineralization
is found primarily within Pb in sphalerite-pyrite-galena-siderite-chalcopyrite-quartz veins. Pb and
Zn assays are strongly positively correlated in the latite, but not in the sediments. Au and Ag are
negatively correlated in both lithologies, suggesting Au is not localized within sphalerite-pyritegalena-siderite-chalcopyrite-quartz veins. Au and As are positively correlated in both lithologies
(with higher levels of both elements in the greywackes), suggesting Au mineralization is found in
pyrite-arsenopyrite-+/- -quartz +/- -chalcopyrite veins.

5.4 Timing and spatial distribution o f mineralization
Unequivocal cross cutting relationships are rarely observed at Metates. Most veins occur in
sub-parallel sets, typically with identical mineralogy. Table 1 summarizes vein types and timing
relationships.
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Table 1. Types of Mineralization and Asssociated Hydrothermal Alteration
MINERALIZATION
STYLES (EARLY TO
LATE)
Framboidal pyrite

FORM/HOST

TIME-SPACE
DISTRIBUTION

isolated crystals, bedding earliest? widely
parallel lamellae and local distributed
"knobby" veinlets

Disseminated pyrite with Pervasive throughout
early and late; appears in
intense sericitic alteration latite; subtly expressed in clasts and matrix of
sedimentary rocks, with
breccias
unknown distribution

COMMENTS

most abundant in shaley units
(??)

typically l%-3% vol. (locally
20%) in latite; barren of Au;
As<0.1%

Pyrite ± ?

1 mm veinlets in clasts
(but not matrix) of qtz
latite breccia

Quartz ± ?

1-6 mm sugary, white
early?, cut 1-4 mm Py (+/- fill open space in fractured
veins w/ sharp edges; only ?) veins; cut by 1-4 mm
sedimentary rocks
(?) in sedimentary rocks Py (+/-?) veins; only
observed within 10 m of
qtz latite contact

Pyrite ± Asp ± Qtz ± Cpy 1-12 mm veins; in qtz
latite and sediments
± Au

early, predates qtz latite bx extremely rare; conceivably
later if there is a large
rheological contrast

cut Py-only veins, cut Qtz- discrete Au grains (l-60p);
only veins
discrete electrum grains ( 10 40p); As content of Py up to
1.5%

Pyrite ± Cpy

typically <lmm veinlets; cross cutting relationships discrete Au grains (10-30p)
in qtz latite and sediments not observed

Sphalerite ± Py ± Ga ±
Sid ± Cpy ± Quartz

Typically 2-8 mm; hosted
by quartz latite and
sedimentary rocks; sharp
walls, even thicknesses

cut Py ± Asp ± Qtz ± Cpy rare; Sph content 5-95% Vol.
± Au veins; cut
disseminated pyrite
crystals

Figure 11. Metal Associations.
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Framboidal pyrite mineralization is present, primarily within dark shales, and is observed
petrographically. These are typically isolated crystals and spherical agglomerations, bedding
parallel lamellar seams, and local “knobby” veinlets. Stable isotope analyses (detailed below)
suggest a sedimentary source of sulfur; SIMS analyses indicate that this early framboidal pyrite is
barren with respect to gold.
Rare pyrite veinlets (with unknown minor sulfide assemblages) 1mm in width, are observed
in the clasts but not the matrix of the quartz latite breccia. These are presumed early veinlets, but
could conceivably be late if there is a large rheological contrast.
Sugary white quartz-only veins, 1-6 mm in width, fill open space in fractured sedimentary
rocks within 10 m of the upper and lower igneous contacts. These veins cut, and are cut by, pyrite
veins, with unknown minor sulfide assemblages, 1-4 mm in width.
Pyrite-arsenopyrite +/- quartz +/- chalcopyrite veins, 1-12 mm in width, cut pyrite veins (with
unknown minor sulfide assemblages) 1-2 mm in width, and quartz-only veins 2-3 mm in width.
Pyrite-arsenopyrite +/- quartz +/- chalcopyrite veins are observed in the latite and enclosing
sediments, as well as cutting clasts and matrix in the quartz latite breccias.
Rare sphalerite-rich veins cut pyrite-arsenopyrite +/- quartz +/- chalcopyrite veins and
disseminated pyrite crystals in the quartz latite. Sphalerite-rich veins are observed singly, rather
than in groups, in the latite and enclosing sediments.
Pyrite +/- chalcopyrite veinlets, typically < 1 mm in width, are observed in the latite and
enclosing sediments. Cross-cutting relationships have not been observed.
Rare quartz-pyrite +/- sphalerite veins, 3-12 mm in width (Fig. 8 d), have been observed only
in the sedimentary rocks overlying the quartz latite body. Cross-cutting relationships have not
been observed.

21

Sulfide veins are present throughout the sedimentary and igneous rocks at Metates. In order
to characterize their distribution, > 1000 m of core from three drill holes across the deposit was
examined in detail, recording vein abundance, mineralogy, thickness and orientation to core. The
results are summarized in Figure 4. These results are combined with assay data to interpret the
distribution of metals and vein types in these holes and elsewhere in the deposit.
Distribution of sulfide veins is highly variable, locally up to 5% vol. Intervals of abundant
sulfide veins (>2% volume) occur throughout and beneath the latite body; Veins are irregularly
distributed in the 50-100 m immediately above it. In the North Zone, extensive intervals of >2%
volume sulfide veins are seen. Volume of sulfide veins is positively correlated with Au/Ag
mineralization in both the latite body and overlying sedimentary rocks (Fig. 4).
Vein orientations were mapped at 10 stations across the latite body and at 2 stations in the
North Zone sedimentary units (Fig. 12). The orientations are scattered, but within the quartz latite
body, suggest a systematic pattern. The veins radiate, from ENE dipping veins in the west to
SSW dipping veins 300 m to the east along strike in the latite. One possibility is that these veins
are radiating about a perpendicular axis in the thickest central portion of the lobate latite body.
Although it is tempting to invoke folding as an explanation for such a regular radiating pattern,
veins in outcrop have been observed perfectly straight and apparently undeformed over distances
exceeding 3 m.

5.5 Hydrothermal Alteration
Sericitic alteration is ubiquitous at Metates. It is conspicuous in the quartz latite, and far
subtler in the relatively unreactive sedimentary lithologies. Unaltered igneous rocks have not
been observed.
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Figure 12. Stereonet orientations of sulfide veins.

5.5.1 Sericitic Alteration
X-ray diffraction and petrographic studies (Fig. 13) show that alteration in the quartz latite is
not restricted to halos around veins, but is evenly distributed. These rocks are creamy white and
are composed of phenocrysts of quartz, biotite and rare K-feldspar. Muscovite (+/- -trace rutile)
replaces biotite, and is well foliatedin thin section, suggestive of a primary igneous foliation. The
matrix is a matted aggregate of fine-grained sericite and quartz. Abundant feldspar sites are
completely replaced by sericite and/ or pyrite with trace rutile; magnesian siderite is in trace
quantities at the centers. Most of these feldspar sites are presumed to have originally been
plagioclase, however in very rare cases relict K-feldspar crystals have survived alteration. Sparse
hornblende sites are incompletely replaced leaving actinolite with fine grained pyrite, minor
chlorite, sericite and rutile.
Although sericitic alteration in the igneous rocks it is quite clear and mineralogically simple,
it is subtly expressed in sedimentary lithologies. Detrital quartz, biotite and minor feldspars
appear to be stable during alteration. Sericite/muscovite and illite are partly diagenetic and partly
alteration products of detrital feldspars and clays. X-ray diffraction and petrographic studies
confirm that, as with the quartz latite, sericitic alteration in the sedimentary lithologies is not
restricted to halos around veins, but is apparently evenly distributed.

5.5.2 Silicification
Weak silicification is spatially associated with sericitic alteration, particularly in the
brecciated quartz latite overlying the massive quartz latite. Veinlets and disseminations of quartz
with mosaic texture armor the sericitic groundmass. Silicification is associated with thin pyrite
veinlets within both the igneous matrix and sedimentary xenoliths of the breciated quartz latite.
Even here, sulfide veins do not contain significant quartz. Silicification is not observed in the
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Figure 13. Photomicrographs of typical alteration at Metates. a. Sericite after biotite, biotite folia
preserved, b. Sericite after feldspar, with pyrite and supergene oxides at center. Complete
replacement of distinct pseudomorphs is common.

sedimentary rocks, although it may be masked by the high proportion of quartz as both clasts and
cement.

5.6 Metal Zonation
Metals are broadly zoned from gold- and copper-bearing core to a base-metal and silver
periphery, a pattern that broadly mimics the inferred mineralogical zoning. The presence of native
gold in the pyrite - arsenopyrite+/- -quartz +/- chalcopyrite veins is consistent with an elemental
correlation between Au, As and Cu that is observed in assay data (Fig. 11). Assay data indicate
roughly equal gold grades in both the latite body (Main Zone mineralization) and the upper
sedimentary package (North Zone mineralization).
These geologic observations are supported by statistical analysis. Principal components
analysis of over 50,000 assay values reveals three statistically significant metal associations:
Au/As/Cu, Pb/Ag, and Zn. Au/As/Cu mineralization is present in two parallel downward tapering
conical bodies, the axes of which are oriented parallel to the quartz latite, plunging northeast. The
lower body corresponds to Main Zone mineralization, and the upper body to North Zone
mineralization (Figs. 3 & 4). Peripheral to both conical zones is a zone of elevated Zn values.
Pb/Ag mineralization is distributed in a patchy pattern across the deposit, without a clear spatial
relationship to either Zn mineralization or Au/As/Cu mineralization.

5 .7 Overall Timing

Table 2 summarizes overall timing of geologic events. Deposition of backarc basin turbidites
is accompanied by formation of framboidal pyrite in the upper sediment column. Prolonged
submarine volcanism is recorded in over 2 0 0 m of interbedded conglomerates found in the upper
part of the section, containing locally abundant quartz latite clasts. Some quartz latite clasts have
disseminated and vein pyrite with or without other minor sulfides. The deposition of
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Table 2. Overall timing of geologic events.
EVENT
Deposition in restricted backarc basin

EVIDENCE FOR TIMING
Greywackes and shales above and below
quartz latite body

Framboidal pyrite mineralization in upper 15 Framboids in dark shales
cm of sediment column
Period of prolonged volcanism

Conglomerates in a >200m interval contain
disseminated and vein mineralization
truncated at clast boundaries

Intrusion of quartz latite sill into
unconsolidated sediments

Wet sediment deformation at upper and lower
contacts

Disseminated pyrite mineralization in quartz
latite

Disseminated pyrite (common) in clasts of
quartz latite breccia

Vein pyrite mineralization in quartz latite

Vein pyrite (rare) in clasts of quartz latite
breccia

Brecciation of sediments at contacts under
influence of local steam eruption of
superheated pore fluids

Unsorted heterolithic breccias: angular,
globular and fluidal clast shapes in
sedimentary and igneous matrix

Continuing disseminated pyrite
mineralization in quartz latite

Disseminated pyrite in matrix of breccias,
and throughout massive quartz latite body

Continuing vein pyrite mineralization in
quartz latite and enclosing sediments

Vein pyrite cuts clasts and matrix in breccias;
widely distributed throughout quartz latite
body and enclosing sediments (see Table 1)

Folding of competent quartz latite and less
competent enclosing sediments

Large scale folds in sedimentary units
observed in core and outcrop; minor
deformation in quartz latite

Erosion of quartz latite and enclosing
sediments

Angular unconformity observed in core and
outcrop

Widespread Tertiary volcanism

>1000m Tertiary andesites and rhyolites
above angular unconformity

Basin and range normal faulting

Tertiary volcanics dip 5-10* east (typically),
20-30* east (locally)

conglomerates could reflect ( 1) an influx of volcaniclastic detritus, and (2 ) changing bathymetry
resulting from regional submarine volcanism. The oldest direct stratigraphic evidence for for the
onset of volcanism is provided by a 2 cm pebble, with disseminated pyrite, in a <lm
conglomerate bed within an otherwise unremarkable succession of siltstones, observed 125 m
above the upper contact of the quartz latite.

Intrusion of the quartz latite sill into unconsolidated sediments causes wet sediment
deformation at the upper and lower contacts, and is followed by early disseminated and vein
pyrite mineralization, recorded in truncated quartz latite clasts within later breccias. Local steam
eruptions from superheated pore water cause brecciation of poorly consolidated sediment and
intermingling of latite and sediment. The bulk of disseminated and vein pyrite mineralization
follows sill emplacement, with veins cutting clasts and matrix of intact breccias, as well as shales,
greywackes and conglomerates over 700 m upsection. In rare cases, pyrite-only veinlets cut
disseminated pyrite replacements of feldspars in polished section. Table 1 summarizes vein
timing observations.

Folding of all Mesozoic units follows mineralization, although it is poorly expressed in the
quartz latite, perhaps due to differing rheologic properties or strain partitioning. Erosion of
Mesozoic units is recorded in an angular unconformity at the base of >1000 m of unmineralized
andesites and rhyolites, recording widespread Tertiary volcanism throughout the Sierra Madre
Occidental.
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5.8 Geochemical Data
A reconnaissance study of the sulfur and oxygen isotopic compositions of selected rocks and
veins was done to constrain the sources of these elements and, by inference, the source(s) of the
hydrothermal fluid. Results are summarized in Table 3.

Sulfur isotopes: Sulfides were separated from from many of the assemblages. Samples (100
micrograms, 3 micromoles sulfur) were extracted from veinlets in polished billets with careful
spatial control using a microdrill following study of corresponding polished thin sections.
Samples were mixed with 1 milligrams of V2O5, loaded in tin capsules and analyzed by pyrolysis
and the isotope ratio monitoring method, using a Micromass Optima mass spectrometer in Robert
Rye's laboratory at the USGS in Denver, Colorado. Analytical reproducibility is ±0.2%o. Sulfides
from all vein types cluster near 0%o, whereas the single analysis of framboidal pyrite gave d34S =
-8. P/0 0 (Table 3).

Oxygen Isotopes: Quartz and whole rock analysis for d,80 was performed by standard
fluorination methods on phenocrysts, veins and whole rock powders (Table 3). Precision was
about 0.2 per mil with similar reproducibility of standards. Quartz phenocrysts from the quartz
latite cluster near 12.2%o (± 0.5). Quartz from quartz-pyrite and quartz-only veins clusters near
19.2%o (±1.0). Unfortunately, the minute quantities o f quartz in the pyrite-and sphalerite-

dominated veins precluded analysis of those veins. Whole rock analyses of siltstone and coarse
grained greywacke samples yield values of 14.6%o ±.6. Whole rock quartz latite samples yield
values of 13.7 ±2%o.

Fluid Inclusions: Petrographic examination shows that fluid inclusions, mostly secondary,
are widely distributed in phenocrysts and vein materials from Metates. Fluid inclusions rarely
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Table 3. Stable isotope analyses.
SAMPLE #
GHOOT-1
GHOOT-2
GHOOT-3
GHOOT-4
GHOOT-5
GHOOT-7
GHOOT-8
GHOOT-9
GHOOT-IO
GHOOT-11
GHOOT-12
GHOOT-13
GHOOT-14
GHOOT-15
GHOOT-16
CG-1
CG-2
CG-3
CG-4
CG-5
CG-6
CG-7
CG-8
CG-9
CG-10
CG-11
CG-12
CG-13
CG-14
CG-15
CG-16
CG-17

DESCRIPTION
Framboid Center
Vein Linking Framboids
Py from Py/Qtz Vein
Py from Py/Sph/Ga Vein
Sph from Py/Sph/Ga Vein
Diss Py near Py/Sph/Ga Vein
Py from Py/Sph/Ga Vein
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Figure 14. Reconnaisance fluid inclusion study. Unpublished data from Cambior report collected
by Tawn Albinson (Albinson, 1997).
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exceed 10 microns in size and almost universally consist of an aqueous liquid with a subordinate
vapor bubble. A few inclusions are vapor-dominated but there is no evidence of liquid C 02. Sr.
Tawn Albinson has produced a survey of fluid inclusions of secondary fluid inclusions in quartz
phenocrysts, and pseudo-secondary inclusions in quartz-sulfide veins (Fig. 14). His results (Fig.
14) indicate an average temperature of homogenization of approximately 300°C and an average
salinity o f 10 wt.% NaClcquiva,enVSalinities <7 wt.% NaCleqUivaicnt are scarce, and no salinities
exceed 20% wt.% NaClcquivaknt. Salinities are higher in fluid inclusions in the quartz phenocrysts,
which also have a tendency toward higher temperatures. Fluid inclusions in quartz-carbonatesulfide veins tend toward lower temperatures and salinities. Clathrates are not reported, thus C 0 2
contents must be 0.5 molal (Albinson, 1997).

6. D iscu ssion

6.1 Conditions offormation and sources o f materials
Observed mineral assemblages, fluid inclusion results and isotopic data place limits on the
conditions of formation, the likely sources of components, and the genesis of the deposit.

Temperatures of formation are 300±50C, best constrained by the fluid inclusion data but
compatible with other evidence. Homogenization temperatures around 300C are likely to be near
trapping temperatures given the evidence for coexistence of liquid-rich and vapor-rich inclusions.
The temperatures are also compatible with the metamorphic mineral assemblages, specifically the
presence of quartz-chlorite-K-feldspar-muscovite and the lack of metamorphic biotite.

Evidence indicates that pressures were probably relatively low and imposed by an overlying
water column. The vapor-rich fluid inclusions are compatible with phase separation of low-C0 2
fluids near the boiling curve of 10 wt % NaCl brine — 80-150 bars. These pressures are
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Figure 15. The gray box shows plausible bounds on oxidation and sulfidation conditions for
sulfide-rich mineralization veins at Metates as constrained by mineral assemblages and fluid
inclusion data. It illustrates that the fluids must have been reduced, near the methane - carbon
dioxide buffer and have contained moderate amounts of reduced sulfur.
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equivalent to a hydrostatic head of approximately 800-1500 m. The presence of mineralized clasts
within the sedimentary sequence indicates mineralization was near the contemporaneous
submarine surface, thus the hydrostatic head derives from a water column approximately 1 km
water deep overlying the deposit. This inference is consistent both with the fluid inclusion
evidence for mixing with a fluid having near seawater salinity, and with the sedimentology of the
stratigraphic section.

The mineral assemblages and sulfur isotopes indicate a relatively sulfur-rich, reduced fluid.
The mineralogical constraints are summarized in Figure 15 which shows that the combination of
arsenopyrite, chalcopyrite, iron-rich sphalerite and pyrite are consistent with a fluid with a redox
state near the carbon dioxide - methane buffer with total sulfur on the order of 0.01 molal and
nearly all in the form of sulfide. This is consistent with the carbonaceous nature of the host
sedimentary rocks.

The homogeneous sulfur isotope values near 0%o d34S in all the veins are compatible with
reduced sulfur in the fluids. Thus the fluid sulfur isotopic compositions would be close to 0%o as
well and consistent with an igneous source. The oxygen isotope data are also consistent with a
magmatic, or at least igneous equilibrated source having an original d l80 composition compatible
with the measured quartz phenocrysts from the quartz latite. Fractionation between quartz and
water at 700°C is 1.5%o increasing to 7 %o at 300°C. Thus, quartz veins or quartz-rich alteration
should vary from approximately 12 to 17.5 %o with decreasing temperature. This is consistent
with observation (Table 3). For sericite-rich rocks (such as the altered quartz latite in the table)
fractionations will be small (1 or 2%o), also consistent with a magmatic origin and the moderately
high temperatures and salinities of fluid inclusions from the quartz latite. In contrast, seawater or
connate water would yield much lighter oxygen isotopic values unless isotopic exchange took
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place at elevated temperature elsewhere along the flow path. The best evidence for involvement
of a second fluid comes from the lower salinities recorded in the lower temperature fluid
inclusions (Fig. 14). This end-member has salinities in the 3-5 wt. % NaClequjva,enl range and could
be seawater. Notwithstanding this evidence from the salinities, major involvement of seawater in
the observed part of the system is improbable based on the isotopic data and the lack of chloritic
or other Mg-rich alteration characteristic of seawater involvement.

6.2 Synopsis and Possible Origins
Geochemical evidence indicates that the deposit formed at moderate temperatures (250350C), at low pressures (<1 kb, probably less the 200 bars) from a mixture of moderate salinity
fluids of likely magmatic origin with a contribution of less saline fluids, possibly seawater. The
fluids were modestly sulfur-rich, of intermediate oxidation state, H2S-dominanted. Depositional
mechanisms are uncertain, but phase separation ("boiling") and mixing are most consistent with
the evidence, whereas cooling and wall-rock reaction appear unlikely to have been dominant
processes. Subsequent deformation and lower greenschist facies metamorphism complicates the
history.

In the preferred scenario for Metates, arc-related Early Cretaceous quartz latite magma
intrudes the upper few hundred meters of poorly consolidated wet sediments within a marginal
marine basin approximately 1 km deep. On emplacement, a sill-like body forms a peperitic
margin by heating of pore waters, producing the overlying breccias, which include some early
formed pyrite veins (but post-date diagenetic pyrite). At approximately the same time the early
quartz veins form adjacent to the intrusion, perhaps due to local magmatic fluid loss or
hydrothermal circulation by the sill. After an indeterminate, but probably brief interval more
extensive flow of moderate salinity magmatic-hydrothermal fluids produces the dominant pyrite-

29

arsenopyrite-chalcopyrite-gold mineralization localized in radiating fracture sets produced by
intrusion. The zinc and lead-silver bearing base-metal sulfide veins comprise the distal part of the
system which collapses onto the pyrite-rich rich core. As such, these base metal veins could
represent the cooling of the fluids that produced Cu-As-Au assemblages, but we lack definitive
evidence. Subsequent metamorphism modestly deforms and locally redistributes some of the
hydrothermal constituents, forming metamorphic quartz-pyrite±sphalerite veins. This model is
consistent with zonation in assay data, fluid inclusion and stable isotope data suggesting a
magmatic link with mineralization (Table 3, Fig 14), and a radiating pattern of vein orientations
within the quartz latite body (Fig. 12). It is consistent with field studies which show vein
abundance centered on the quartz latite body and overlying sedimentary rocks.
Alternative interpretations are less satisfying. Metates differs from most epithermal or
porphyry-style systems in structural style, mineral associations, the close relationship to the
pyrite-sericite altered quartz latite body, and in evidence for a setting that is back-arc marine
(Cretaceous) rather than subaerial (e.g., Tertiary). This said, our preferred model still has some
parallels with variants on gold-rich marine hydrothermal systems, notably the variants of
advanced argillic systems (acid-sulfate / high-sulfidation) advocated for marine arcs ( e.g.,
Poulsen and Hannington, 1996; Sillitoe et al., 1996). Metates lacks evidence for either advanced
argillic alteration (possibly due to the reduced nature of the original fluids or host) or seafloor
(massive) sulfides, but otherwise shares with these other systems abundant acid alteration,
broadly similar total metal contents (Fig. 16), and tectonic setting.

6 3 Regional Context
Both the depositional setting and the volcanic facies at Metates are in accord with current
understanding of the Guerrero terrane in the Early Cretaceous. For example, the Teloloapan
subterrane, exposed south of the Trans-Mexican Volcanic Belt and roughly 500 km east of
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Colima, consists of calc-alkaline basalt, andesite and scarce rhyolite of Aptian to Hauterivian age,
interbedded with greywacke, shale, volcaniclastic turbidites and reefal limestones. Strata are
highly deformed and metamorphosed to zeolite to greenschist facies. The depositional setting is
thought to be an evolved island arc (Talavera et al., 1992). Exposures of the Huetamo subterrane,
roughly 100 km west of the Teloloapan subterrane, contain turbidites, volcaniclastics, and
tholeitic lavas and pillow basalts with fragments of calc-alkaline andesite and rhyolite. Fossil
microfauna indicate a Neocomian to Tithonian age; strata are unmetamorphosed. The suggested
depositional setting is a back-arc basin (Centeno-Garcia, 1994).

6.4 Cretaceous mineralization elsewhere in western Mexico
Porphyry copper and volcanic-hosted massive sulfide deposits are developed in western
Mexico (Fig. 2). Mineralization at the El Arco porphyry copper-gold deposit of central Baja
California is associated with a dioritic to granodioritic porphyry center dated at 107+/- 2.5 Ma
(K/Ar) (Coolbaugh et al., 1995). El Arco lies at the southern end of the Cretaceous batholithic
belt which has local porphyry-type mineralization preserved along its trend northward into the
United States (Barton, 1996).
Gold bearing VMS deposits of Cretaceous age and oceanic affinity are documented in the
Guerrero terrane south of the Trans-Mexico Volcanic Belt. These are typically Kuroko type ZnPb-Cu deposits, with stratiform ore zones containing pyrite, sphalerite, galena, chalcopyrite and
barite. Zoning is from a Cu-rich stringer or stockwork zone (commonly altered to chlorite or
epidote assemblages) out to a peripheral Pb/Zn/Ag zone. VMS deposits of the Baja California,
Zacatecas, Guanajuato and Artega subterranes are Au-enriched and Ag-depleted relative to
deposits in the Teloloapan and Zihuatanejo terranes (Miranda Gasca, 1995).
Although there are parallels between Metates and the VMS deposits of southwest Mexico,
there are important differences. Ores at Metates are not stratiform, and Cu is present only in trace
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Figure 16. Grade and tonnage data from Metates compared with gold-rich VMS deposits
worldwide. Data from Poulsen and Hannington, 1996.
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quantities. No underlying stringer or stockwork zone has been recognized, nor chlorite or epidote
alteration. Barite, gypsum or anhydrite are not present in significant quantities.

6.5 Modem Backarc Basin Mineralization
Mineralization related to felsic submarine volcanism in a backarc setting has been directly
observed in the modem western Pacific Ocean. The abundance of Zn, Ba, Pb, As, Sb, and Au in
hydrothermal precipitates from young intraoceanic and intracontinental backarc environments is
consistently higher than in sulfides from midocean ridges (Herzig et al., 1993).
Polymetallic sulfides from the Valu Fa Ridge in the Lau Basin (southwest Pacific) have Au
contents up to 28.7 ppm, with an average of 3.1 ppm. Discrete gold grains (typically 1-5 pm, up
to 18 pm) were deposited as inclusions within massive sphalerite, associated with elevated As
(Herzig et al., 1993). Massive sulfide ores from vents, smokers, and mounds of the Jade
hydrothermal field in the central Okinawa trough (northwest Pacific) have erratic, but locally
high concentrations of gold (up to 24 ppm) and Ag (up to 1.1%), probably within sulfosalts.
Associated volcanic rocks include submarine extrusions and shallow intrusions of rhyolite and
dacite (Halbach et al., 1993). In the eastern Manus backarc basin, Papau New Guinea, Au values
up to 10 ppm are found in chalcopyrite-rich massive sulfide ores, and Au values up to 48 ppb are
found in sericite-altered dacite (Binns and Scott, 1993).

7. A ck n o w led g em en ts
Cambior USA staff and consulting geologists Eric Ramsay, Jean-Mark Lopez, Richard
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1. A p p en d ix A
This Appendix complements Figures 6 and 7 in the main text. It provides additional
photographic documentation of unusual rock textures in their spatial context.

2. D istrict G eology
At Metates a thick sequence of deformed Mesozoic marine clastic sedimentary rocks is
unconformably overlain by more than 1000 m of Cenozoic andesite and rhyolite. The latter are
typical of the middle Tertiary volcanic rocks of the Sierra Madre Occidental. Mesozoic igneous
and sedimentary rocks are exposed in an erosional window in the Tertiary volcanics (Fig. 3). A
lenticular body of porphyritic quartz latite is roughly concordant with bedding in the Mesozoic
sediments (Fig. 4). Hydrothermal alteration and sulfide veins are present in all Mesozoic rocks,
but not in the Tertiary rocks. Sericitic alteration is most pronounced in the quartz latite, whereas
veins and disseminations ofpyrite and accompanying base metal mineralization are abundant in
both igneous and sedimentary Mesozoic rocks (Ramsay et al., 1995)..

2.1 Sedimentary Rocks
Sedimentary rocks at Metates consist of interbedded and intergradational shales, siltstones,
greywackes and conglomerates (Fig. 5). The minimum stratigraphic thickness of this sequence is
500 m based on sections measured in core. The sedimentary rocks have not been dated directly,
however similar exposures in Durango and Baja California (Phillips, 1993) are considered
Cretaceous in age based on fossil evidence. Contact relationships, detailed below, suggest the
possibility that sedimentary units and the quartz latite body (107 Ma, U /Pb) are of a similar age.
Lower stratigraphic intervals tend to be finer grained and thinner bedded, with both grain size
and bed thickness broadly increasing up section (Fig. 5). Normal cross bedding in outcrop
indicates upright stratigraphy in the central project area. However, flute casts in outcrop in the
north project area indicate at least local overturned section in that area. Sandstones and siltstones
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are immature (grains typically subangular and moderately sorted) and quartz-rich, with minor Kfeldspar, detrital muscovite, chlorite and epidote. Clay matrix is generally altered to sericite;
carbonate is not present in the sedimentary matrix. Sedimentary rocks are divided into an upper
and lower section, separated by the Metates quartz latite. Field evidence is equivocal with regard
to the contact between the lower sedimentary sequence and the latite.

2.1.1 Stratigraphy o f Lower Sedimentary Package
The lower section is known from outcrop and drilling, although few drill holes have
penetrated more than 50 m of these units. The lower section is composed of black, carbonaceous,
interbedded shale and siltstone, and interbedded, intergradational thin-and thick-bedded silt-to
sand-sized, medium-to light-grey, variably carbonaceous shale-greywacke pairs.
Petrography and X-ray diffraction indicate that laminae are made up of mixtures of clay,
quartz, graphite, and rare detrital rutile and tourmaline. Original clastic components were chiefly
feldspar, quartz, muscovite and clays; feldspars are now altered to clays and minor epidote and
chlorite. Minor graphite is present in fine grained shales and in gouge zones. Coarser units are
colored gray by graphite and fine pyrite. Pyrite is present as 0.1 mm lamellar seams and
disseminations in fine, dark interbeds. This pyrite is overprinted by pyrite and other sulfides with
or without minor quartz and dolomite in the form of seams, veinlets and networks of sulfides
(Ramsay et al., 1995).

2.1.2 Stratigraphy o f Upper Sedimentary Package
The upper sedimentary unit (Fig. 5) is over 500 meters and is similar to the lower sequence.
The overall grading trend is coarsening upward, with siltstones and shales near the latite, and fine
and coarse greywackes and conglomerates up section. Bed thickness increases up section, and
sedimentary structures are rare. Massive bedding is common; graded bedding, when observed,
fines upward. One massive bed of fine grained greywacke exceeds 40 m in thickness. Up section,
conglomerates up to 100 m thick are moderately sorted, and contain rounded pebbles and cobbles
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of greywacke and lesser shale, chert, felsic volcanics, and fine grained silica in a matrix of sand to
shale. These conglomerates contain rare clasts with truncated pyrite veinlets with unknown minor
sulfide assemblages.

2.1.3 Stratigraphic Interpretation
The prevalence of massive bedding which broadly coarsens upward, coupled with the scacity
of sedimentary structures, and the presence of up section heterolithic conglomerates, supports a
tentative interpretation of these strata as high density marine turbidites (Busby and Ingersoll,
1995). In the context of Cretaceous western Mexico, the most likely depositional environment is
a back-arc or intra-arc basin. These are likely slope or deep water deposits sourced from mature
continental crust of the North American craton.

2.2 Igneous Rocks
The Metates quartz latite (Figs. 3 & 4) has been interpreted both as an intrusion and as a
submarine pyroclastic flow, and is the locus of most Main Zone mineralization. The latite is
lensoid in form, striking generally northwest, and measuring 1500 m along strike and at least 700
m downdip, to the northeast. Drilling shows that the latite pinches out to the northwest and at
depth, where it interfingers with enclosing sedimentary rocks. To the southeast and northwest, the
latite is intersected by high angle faults with uncertain displacement.
Thickness of the latite ranges from less than 100 m to greater than 300 m, and averages about
200 m. The lower contact generally strikes N35W and dips 30° NE. The upper contact with
overlying sedimentary rocks strikes west to northwest, and dips more steeply, 60° to 70°
northeast (Ramsay et al., 1995). The latite body consists of a lower massive unit and a brecciated
upper unit. Contact relationships between the quartz latite body and enclosing sedimentary rocks
are illustrated in Figure A l. Figures A2 through A6 display a range o f rock types and textures
from several contacts, with locations keyed to Figure A l.
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Figure A l. Unusual contact relationships between quartz latite body and enclosing sedimentary
rocks, known from detailed core logging, a. Highly schematic cross section showing locations of
Figures b. through f. b. Lower contact of latite body with underlying “lower sedimentary
package.” Hole CM 95-133 178-201m. c. Upper contact o f latite body with overlying “upper
sedimentary package.” Hole CM 94-36 290-311m. d. Upper contact of latite body with overlying
“upper sedimentary package.” Hole CM 94-96 393-416m. e. Latite “finger” within lower
sedimentary package, below main latite body. Hole CM 95-133 272-294m. f. Thin latite “fingers”
within greywackes. Hole CM 95-117 247-271m.

MASSIVE LATITE.
3% D isseminated Pyrite.
Pyrite veins 1 - 3 mm.

SHALE, slightly folded,
with apparent soft sedim ent
deformation features
Gradational Contact.

Fig. A2a

SILTSTONES.
Undeformed.

SILTSTONE AND SHALE, fractured and
brecciated . Matrix-supported breccia,
sh ale clasts and matrix,
unsorted and ungraded

BRECCIA, heterolithic, clast-supported.
Latite and shale clasts up to 40 mm.

VOLCANICLASTIC BRECCIA,
matrix- supported, 70-90% clasts
C lasts 70% latite/ 30% sedimentary.
Most clasts angular, 1-30 mm;
som e clasts >25 cm (see Fig. 22 e ).

SILTSTONES, irregularly folded
and contorted

Fig. A3a

GREYWACKES, fine grained.
Fractured in place.

Fault Gouge (?) Clay- rich, silty, white
SILTSTONES
Fractured in place.

SILTSTONE
Intact, undeformed

MASSIVE QUARTZ LATITE.
Up to 3% angular to rounded
sedim entary xenoliths, 1-2 cm, bleached
Disseminated pyrite up to 5% volume

Fig. A3b
Fig. A3c
Fig. A3d

MASSIVE QUART LATITE
Up to 3% angular to rounded
sedim entary xenoliths, <10 mm.
D issem inated pyrite up to 5% volume

SHALE.
Intact, undeformed

Fig A1 b Lower contact of latite body with underlying
"lower sedim entary package " Hole 95-133 178-201 m.

Fig A1 c Upper contact of latite body with overlying
"upper sedim entary p ackage " Hole 94-36 290-311 m

Fig A1 d. Upper contact of latite body with overlying
“upper sedim entary package." Hole 94-96 393-416 m.

Fig. A5a

SILTSTONE BRECCIA
Siltstone clasts (angular to
subrounded, 3-25 mm) in siltstone
matrix Jigsaw fit, unsorted,

ungraded. Veins not observed.

Fig. A4a

MASSIVE LATITE
Lowest 2 m eters contain up to 50%
xenoliths (rounded to subangular
pebbles of greywacke. 2 - 20 mm.
bleached) No veins in xenoliths

Fig. A5b
Fig. A4b
Fig. A4c

WHISPY INTERFINGERING of finely
brecciated shale ( jigsaw fit. bleached
clasts in dark grey matrix) with xenolithrich quartz latite
INTERPRETATION injection of steam heated wet sedim ent into sill.

Fig. A5c
Fig. A5d

Fig. A4d

SILTSTONES with folded, contorted
bedding and brecciation at lower contact.
Quartz veins may predate AND postdate
this local deformation.
BRECCIA, heterolithic, shale-matrixsupported breccia enclosed in
brecciated quartz latite

SHALES, fractured at upper and lower
contact Clean, white early quartz veins
cut, and are cut by pyrite veins.

Fig. A1 a. Highly schematic cross section
showing locations of Figs. A 1 . b through f.

Fig. A1. Unusual contact relationships between quartz latite
body and enclosing sedimentary rocks.
Fig. A1 e Schem atic log: Latite "finger" within lower sedim entary package,
below latite body. Hole 95-133 272-294 m.

SILTY SHALES (thin bedded,
with subtle folds) grade down into
angular heterolithic breccia, with
pyritized clasts (3 - 60 mm) in shale matrix
QUARTZ LATITE, locally brecciated
with jigsaw fit

Fig. A5e

SHALE with small, tight folds
Slightly bleached, extremely incompetenl
Breaks into irregular 1 cm chunks.
INTERPRETATION: Rapidly dew atered
shale at lower contact with sill.
LAMINATED SHALE.
Moderately fractured, slightly folded.
5 - 1 0 mm Qtz veins (and later py veins)
with sharp walls fill open spaces.

BRECCIA, heterolithic. coarser at top and
bottom Latite and sedim entary clasts,
angular to sub- rounded, up to 40 mm.
Matrix light grey sand Finer breccia
at middle of interval may be sorted.
C lasts contain pyrite veins truncated (?)
at clast boundaries

QUARTZ LATITE "Finger."
BRECCIA, matrix- supported,
sedim entary clasts and matrix.
QUARTZ LATITE finger."
BRECCIA, matrix- supported,
sedim entary clasts and matrix.
Fig A1 f. Thin latite "fingers" within greyw ackes
Hole 95-117 247-271 m.

Figure A2. See Figure A1 c. for locations. a.Matrix-supported breccia, shale clasts (subangular to
subrounded, 3-40 mm), b. Fine-grained greywacke, fractured; at bottom left, a pebble of fine
sandstone (rounded, 1.5 mm) is enclosed in a clay/silt matrix, c. Heterolithic breccia, clastsupported; quartz latite clasts (3-40 mm, angular) exhibit jigsaw fit, lack quenched margins;
matrix is light grey sand. d. Heterolithic breccia, clast-supported; one quartz latite clast (>25 cm,
angular), contains clasts of fine-grained greywacke (5-30 mm, subrounded); e. Heterolithic
breccia, matrix-supported; quartz latite clasts (rounded to subrounded, 1-10 cm) and fine
sandstone and shale clasts (angular to subangular, 4-30 mm) are completely enclosed in dark sand
matrix, f. Gradational contact: heterolithic breccia above, massive latite below, g. Massive quartz
latite with two sub-parallel 1mm pyrite veins.

Figure A3. See Figure A id for locations, a. Fine-grained greywacke with shaley partings,
fractured and deformed; 2mm pyrite veins follow bedding and cut bedding orthogonally; veins
may predate and post-date faulting, b. Heterolithic breccia; three quartz latite clasts and one
greywacke clast contain 1 mm pyrite veinlets truncated at clast boundaries, c. Heterolithic
breccia, matrix-supported, well-sorted; even the smallest (1 mm) clasts are subrounded to
subangular; light grey sandy matrix is porous and containd euhedral disseminated pyrite. d.
Contact of heterolithic breccia (above) with quartz latite (below); contact is sharp, but note
whispy interfingering o f breccia into quartz latite; 1 mm pyrite veins cut breccia, quartz latite and
foundered shale fragments 2 cm below contact.

Figure A4. Quartz latite “finger” within lower sedimentary package. See Fig. A1 e for locations,
a. Massive quartz latite with 2% quartz phenocrysts, 2% sericitized biotite, and 3% disseminated
pyrite. b. Latite with 25% xenoliths of fine-grained greywacke (3-30 mm, subrounded, bleached
white/gray). c. Contact: quartz latite (above) with brecciated shale (below); latite contains fine
grained sandstone xenoliths (subrounded to subangular, 8-30 mm, bleached and unbleached);
shale is fractured in place, with jigsaw fit and shaley matrix, d. Thin laminated siltstone;
fractured, folded, contorted; quartz veins (2-10 mm) fill open space and cut small fold; early
quartz veins reopened by later pyrite veins.

CM 95-133 2 8 2 .8 m .

CM 95-133 279.0m

Figure A5. Thin latite “fingers” within sedimentary units. See Fig. A1 f for locations, a.
Heterolithic breccia, matrix-supported; quartz latite clasts (angular, 3-60+ cm, jigsaw fit) contain
disseminated pyrite, lack quenched margins; fine-grained greywackeclasts (subangular to
subrounded, 3-20mm) are poorly sorted, ungraded; two 2 mm pyrite veins cut clasts and matrix,
b. Siltstone with folded, contorted bedding; quartz vein (partially folded) fills open space, c.
Fractured quartz latite with jigsaw fit; whispy shale interfingerings separate qlatite fragments;
these could be interpreted as sedimentary injection features, d. Fractured quartz latite with jigsaw
fit; two fragments of quartz latite (>6 cm) separated by 25 mm thick planar zone of shale
fragments (1-2 mm) in shale matrix; these could be interpreted as sedimentary injection features,
e. Siltstone, fractured; early quartz veins, sharp walled, are common beneath the latite; quartz
veins cut, and are cut by, pyrite veins.

Figure A6. Notable rocks and textures at Metates. a. Disseminated pyrite, typically 1-3% of rock
volume within the latite, is 20% in this sample, b. Sedimentary conglomerate, clast supported; this
sample from 125 m above the quartz latite contact marks the first appearance of igneous clasts;
above this stratigraphic level, latite pebbles are a common component in conglomerates, c. Three 12 mm pyrite veins with typical ambiguous timing relationships; apparent halos result from a lack of
fine disseminated pyrite within 4 mm of veins, d. Sample from contact zone with quartz latite
(above) and shales (below); whispy interfingering of shale into latite suggests dynamic
intermingling between quartz latite and steam- charged wet sediments, e. Fractured, contorted shale
interfingered with quartz latite; sample is immediately above (in contact with) A6 d. f. Breccia from
contact zone with siltstones (above) and quartz latite (below); Fluidally shaped fragments of both
quartz latite and siltstone have long ( 1 - 4 cm) wispy tails.

2.2.1 Massive Lower Latite Sequence
The lower unit is a light cream-colored felsic porphyritic quartz latite, containing about 50%
phenocrysts (Fig.A2 g; Fig. A4 a). Phenocrysts include rounded, embayed quartz (up to 5% of
rock volume), foliated muscovite pseudomorphs after igneous biotite (10%), sericite +/- pyrite
pseudomorphs after feldspars (35%), chlorite and sericite pseudomorphs after hornblende (<5%),
and relict K-feldspar phenocrysts with ragged margins (<l%). Broken quartz and feldspar
phenocrysts (now pseudomorphed by sericite) suggest a brecciated fabric throughout the massive
quartz latite, which may indicate eruption. Matrix consists of very fine grained sericite and
quartz. The relatively even, fine grained texture of the sericitic groundmass suggests that the
original matrix may have been glassy. The massive latite has a homogenous porphyrytic texture,
but typically includes 1% (locally, up to 5%) subangular to subrounded xenoliths of sedimentary
rock, typically 1-2 cm, locally up to 8 cm, with typical aspect ratios 1:2; some outcrop exposures
suggest a preferred orientation. Xenoliths are seen in thin section, in core and in outcrop (Fig.A4
b). Quartz latite clasts are found in drill core in the graded sedimentary breccias and
conglomerates in the upper sedimentary package (Fig.A6 b). In core, greywackes and shales
within 5 meters of the lower latite/ sediment contact have broken up and contorted bedding,
including angular, matrix-supported breccias, and tight folds at 5 cm scale (Fig.A2 a; Fig. A3 a;
Fig. A4 d; Fig. A5 b,e; Fig. A6 e).

2.2.2 Brecciated Upper Latite Sequence
The upper unit is a monolithic to heterolithic breccia containing subrounded to angular
pebble-sized, and occasional cobble-and boulder-sized clasts; matrix varies at meter scale or less,
from dark grey, clay and silt rich zones, to light grey, porous zones with sand-sized particles. The
latter may represent tuffaceous material or reworked sediment (Fig. A2 c,d,e; Fig. A5 a; Fig. A3
b,c). Commonly, clasts and matrix are entirely porphyritic quartz latite; clasts and matrix contain
disseminated pyrite (Fig. A2 c,d,e). More frequently, the fragments are a mixture of quartz latite
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and slightly bleached fragments of greywacke and shale (Fig A2 c,d,e; Fig. A3 b,c; Fig. A5 a;
Fig. A6 f)- Sedimentary clasts comprise up to 50% of rock volume (Fig.A2 a, Fig. A5 a, Fig. A6
f,e).
The breccias of the upper unit show multiple textures. Sedimentaiy fragments within the
quartz latite matrix may have originated from the surrounding rock. Some breccia horizons show
sedimentary character: they have a sandy matrix, and are clast-supported, moderately-sorted, and
possibly graded (Fig.A2 a, Fig. A5 a, Fig. A6 f,e). A few clasts contain truncated sulfide (mainly
pyrite) veinlets, indicating that at least some sulfide mineralization had begun prior to brecciation
(Fig.A5 a; Fig. A3 b). More commonly, sulfide veins cut clasts and matrix (Fig.A2 a,c,e; Fig. A3
b; Fig. A5 a). As with the lower contact, greywackes and shales within 5 meters of the upper
latite/ sediment contact have sheared and contorted bedding suggestive of wet sediment
deformation (A2 b; Fig. A3 a).
Unusual textures are observed at the contacts between the latite and sedimentary lithologies
(Fig. A l). These include fluidal, fine-grained, wispy interdigitations of dark sediment within
white latite (Fig. A3 d; Fig. A4 c; Fig. A5 c,d; Fig. A6 f)- These interdigitations are commonly
associated with jigsaw-fit textures (Fig. A5 c) and globular, fluidal (McPhie et al., 1993, p.64)
clast shapes (Fig. A6 f) in both sedimentary and igneous clasts.

2.2.3 In te rp re ta tio n of the M etates Q u a rtz L atite: Shallow ly In tru d e d SynS edim cntary Sill, w ith P eperite M argins
The upper and lower latite sequences are interpreted as a syn-sedimentary sill, intruded at
shallow levels into poorly consolidated sediments, with peperite margins at the upper contact.
Peperite is generated by interaction of coherent lava or magma with unconsolidated wet sediment
(Fisher, 1960; Williams and McBimey, 1979), and characterized by a clastic texture in which
either component may form the matrix (McPhie et al., 1993). Peperite occurs at the contacts
between intrusions and wet sediments (Hanson and Schweickert, 1982; Hanson and Wilson,
1993), and along basal contacts of lava flows that override or burrow into unconsolidated
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sediments (Bull and Cas, 1989; Schmincke, 1967). Contacts are commonly complex in detail,
involving intricate interpenetration between the intrusion or lava flow and the sediment, and
mixed contacts can occur together with sharp, planar, unmixed contacts.
The presence of pore water and the unconsolidated nature of the host sediment have
important effects on processes occurring at magma-wet sediment contacts. Expansion of intensely
heated pore fluid can initiate stationary fluidization of adjacent sediment, resulting in entrainment
of sediment particles away from the contact. If pore fluid is flashed to steam, it can expand
explosively. Both processes profoundly disrupt the coherence of the sediments adjacent to the
contact and promote rapid, unconfmed, and irregular penetration by magma (Kokelaar, 1982;
Kokelaar, 1986). Bedding in the sediments is commonly destroyed or else broken up and
contorted. Parts of the magma may founder into the sediment and be partially detached or
completely separated. The magma can also be disrupted by a combination of quench
fragmentation on contact with the wet sediments and shattering by steam explosions (Kokelaar,
1982; Wohletz, 1986).

2.2.4 Tertiary Volcanic Rocks
Continental volcanic rocks unconformably overlie the Mesozoic rocks. Up to 1000 m of
Tertiary volcanic rocks belong to a two-part (upper and lower) sequence. The lower portion is
100 to 150 m thick and includes massive, purple to green andesite flows, ash flow tuff, and
lahars. The andesite is overlain by several hundreds of meters of thick, cliff-forming light pink
rhyolites, mainly variably welded ash flow tuffs. Tertiary volcanic rocks strike northerly and dip
about 5° east. Sulfide veins of the type found in the Mesozoic sequence are not found in the
Tertiary section (Ramsay et al., 1995).
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2.3 Structural Geology
Two styles of folding and fracturing are observed in Mesozoic rocks. The oldest consists of
isoclinal folding and low-angle faulting which is overprinted by high angle normal faults. The
modest dips on the mid-Tertiary volcanic rocks indicate little Basin-and-Range extension.

2.3.1 Folding
Bedding geometries suggest two periods of folding prior to deposition of the Tertiary
volcanic sequence. The lower sedimentary sequence on average, strikes northwest and dips
northeast. The upper sedimentary sequence has two dominant bedding orientations (Fig. 3):
striking northwest, dipping northeast, and striking northwest, dipping southwest. This suggests a
NNW-SSE trending syncline in the North Zone. This fold is truncated by high-angle normal
faults in the southeast (Fig. 3).
The quartz latite appears not to be affected by folding, as veins in outcrop have been
observed perfectly planar and apparently undeformed over distances exceeding 3 m. If indeed
folding follows intrusion of the quartz latite body, as we suggest, this may reflect more competent
rheological properties in that unit compared to the enclosing sedimentary rocks. Alternatively,
strain in the latite may be accomodated by discrete faults, leaving zones between them apparently
undeformed. We have no data to resolve this.
The effect, if any, of folding on sulfide veins is unclear. In thin section veins typically have a
fractured appearance but lack visble offset. In outcrop, veins do not appear deformed. Cleavage
or metamorphic foliation has not been observed in sedimentary or igneous rocks.

2.3.2 Faults
Two faults cut the Mesozoic, only one of which cuts the ore zone (Fig. 3). The latter trends
northwest across Arroyo San Nicholas, dipping about 70° northeast, and disturbs bedding along
the road to Vascogil. Gouge, brecciation and small faults with obvious dislocations are common
in outcrop and drill core. Zones of strata-controlled gouge and breccia, mainly in thin-bedded to
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laminated graphite-rich interbeds, are interpreted as brittle deformation of weak interbeds during
folding (Ramsay et al., 1995).

2.3.3 Joints, Fractures and Stockworks
The sedimentary and volcanic rocks are strongly fractured and contain orthogonal fracture
patterns. These fractures have controlled sulfide mineralization, particularly in the Cretaceous
quartz latite, detailed below. In contrast, in the sedimentary units the strongest control on sulfide
veins is lamellar sedimentary bedding (e.g. Fig. A3 a).
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