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Chapter X

The La Pitarrilla Silver-Zinc-Lead Deposit, Sierra Madre Occidental, Mexico:
A Description of the Mineralization and a Reconstruction of
Its Volcano-Sedimentary Environment
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Abstract

The La Pitarrilla Ag-Zn-Pb deposit, Mexico, is hosted by Cretaceous, Eocene, and Oligocene strata that
record a complex volcano-sedimentary, structural, and hydrothermal history. Deformed Cretaceous rocks form
the basement to unconformably overlying Eocene and Oligocene volcanic strata. The Eocene volcaniclastic
strata were derived from arc volcanism and from the erosion of subaerial arc volcanoes, with the clastic mate-
rial transported by sedimentary gravity flows and deposited into a below storm wave base basin that developed
within a back-arc extensional setting. Uplift of the arc during the Eocene was accompanied by extension and
voluminous silicic pyroclastic volcanism, which is manifested by ignimbrite and pyroclastic surge deposits dated
at 49.8 + 1.0 Ma. Erosion during the Eocene and early Oligocene was accompanied or followed by northeast-
and north-northwest-trending faulting, the emplacement of rhyolitic and andesitic sills and dikes, and a 31.59
+ 0.52 Ma rhyolitic dome.

The La Pitarrilla Ag-Zn-Pb deposit is characterized by iron oxide- and sulfide-associated mineralization,
which defines a vertically stacked mineralized system centered on rhyolitic dikes and sills that constitute the
feeder system for an early Oligocene volcanic center manifest by a rhyolitic dome. The sulfide-associated min-
eralization is rooted in the basement Cretaceous sedimentary strata and is represented by an areally restricted
but vertically extensive zone of disseminated and vein-hosted Ag-Zn-Pb (-Cu-As-Sb) sulfide mineralization and
strata-bound replacement mineralization within conglomerates that occur at the Cretaceous-Eocene uncon-
formity. The sulfide mineralization extends upward into the overlying Eocene and Oligocene volcaniclastic
strata and rhyolitic sills, where it abruptly grades into a laterally more extensive, supergene zone of dissemi-
nated iron oxide-associated mineralization that replaced the sulfides. The main Ag-Zn-Pb mineralization event
is interpreted to have occurred during or after emplacement of the early Oligocene rhyolitic dome.

Introduction extensive soil, rock-chip, and stream-sediment sampling pro-
grams, and drilled 22 reverse-circulation boreholes to test
gold geochemical anomalies that had been identified. Be-
cause assay results were not encouraging, Monarch signed
over the concession titles to La Cuesta International in mid-
1998. As a result of the mining industry recession in 2000, La
Cuesta International abandoned the La Pitarrilla mineral
concessions in 2001. In May 2002, La Cuesta International

THE LA PITARRILLA Ag-Zn-Pb deposit, owned by Silver Stan-
dard Resources Inc., is located in the north-central Durango
State, Mexico, approximately 175 km north-northwest of the
city of Durango and within the eastern flank of the central
sector of the Sierra Madre Occidental mountain range (Fig.
1). The deposit is situated between the major silver mining

centers of San Francisco del Oro-Santa Barbara and Fres- ) ¢ )
nillo, which occur along the axis of the north-northwest- entered into an agreement with Silver Standard Resources
trending Mexican silver belt that extends from southern Chi-  11¢: to conduct generative silver exploration in Mexico. One
huahua State to Mexico State (Damon et al., 1981; Camprubf of the first recommendations of La Cuesta International was
et al., 2003; Camprubf and Albinson, 2007). Most epithermal to reclaim the La Pitarrilla property, which took place in June
precious and base metal deposits within the Mexican silver 2002, onal dth laimed

belt display characteristic features of both low- and interme- La Cuesta InterFatlona prospected the reclaimed conces-
diate-sulfidation epithermal deposits (Sillitoe and Heden- S0 ™M July 2002 to search for the source of Ag-Pb-Zn

quist, 2003) and are associated with calc-alkaline arc magma- s.trea.m-sediment agomalies that had previously been idgnti-
tism (Damon et al., 1981) and postsubduction extension fied in seasonal drainages on the slopes of the Cerro La Pitar-
(Camprubi and Albinson, 2007) rilla. New rock-chip samples collected from flow-banded rhy-

’ ) olite on the western flank of the peak yielded silver assay

October 1995 by La Cuesta International as part of a genera- valu.es as high as 220 g/t Ag together V.Vith al.lomalous concen-
tive gold exploration program for Monarch Resources Ltd. trations of Zn, Pb, Sb, and Hg. In the following months, an ex-

Between December 1995 and June 1998, Monarch completed ploration team lead by Guillermo Lozano carried out exten-
’ sive rock-chip sampling and geologic mapping, which was

f Corresponding author: e-mail, cm_somers@laurentian.ca followed by a program of reverse-circulation dI’lHlIlg In

The mineral potential at La Pitarrilla was first recognized in
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Fic. 1. Distribution of the Sierra Madre Occidental igneous complexes
(after Ferrari et al., 2007), showing the location of the central sector of the
Sierra Madre Occidental (dark square), the Durango State, the La Pitarrilla
Ag-Zn-Pb deposit (red star), and other important Mexican epithermal pre-
cious and base metal deposits (red and dark stars), which occur along the axis
of a north-northwest-trending Mexican silver belt (dashed line; after Cam-
prubi and Albinson, 2007).

October 2003, Silver Standard Resources Inc. announced the
discovery of the Cordon Colorado mineralized zone, where
one of the early drill holes had intersected 63 m of oxidized,
disseminated mineralization averaging 173 g/t Ag. In the six
years following the discovery, Silver Standard Resources Inc.
drilled 186 reverse-circulation and 365 diamond drill holes
for a total of 199,658 m to outline the five zones of Ag-Zn-Pb
mineralization that today constitute the La Pitarrilla deposit.
In August 2008, the company reported measured and indi-
cated mineral resources of 236 million metric tons (Mt).

The present study provides the first description of the ge-
ology and mineralization at the La Pitarrilla Ag-Zn-Pb deposit
and one of the first detailed and comprehensive descriptions
of the Eocene volcanic strata and their depositional environ-
ments within the Sierra Madre Occidental. The primary ob-
jectives of this research were to (1) describe the Ag-Zn-Pb
mineralization styles at La Pitarrilla; (2) reconstruct the vol-
cano-sedimentary and tectonic history of the Tertiary strata
that host the mineralization, thereby providing a new under-
standing of the timing and environment(s) of the mineraliza-
tion; and (3) describe the primary stratigraphic, structural,
and volcanic controls on mineralization. The results pre-
sented herein contribute to the understanding of the genesis
of the Mexican epithermal silver deposits and may aid future
exploration in the Mexican silver belt.

Regional Geology and Tectonics

The Sierra Madre Occidental volcanic province has a min-
imum estimated volume of 400,000 km3, varies in width from
250 to 600 km, and extends over 1,000 km from the United

States-Mexico border southward to its intersection with the
Trans-Mexican volcanic belt (Aguirre-Dfaz and Labarthe-
Herndndez, 2003; Aguirre-Diaz et al., 2008; Fig. 1). The
Sierra Madre Occidental is the erosional remnant of a north-
northwest-trending, calc-alkaline magmatic arc that formed
during the Eocene to early Miocene in response to subduc-
tion of the Farallon plate beneath North America (Ferrari et
al., 1999). During the early to middle Miocene, the southern
part of the arc was reoriented to an east-west direction, which
is represented by the Trans-Mexican volcanic belt (Ferrari et
al., 1999; Fig. 1).

The La Pitarrilla Ag-Zn-Pb deposit is located within the
eastern flank of the central sector of the Sierra Madre Occi-
dental, where the basement consists of Mesozoic marine sed-
imentary rocks that were deformed during the Laramide
orogeny and are interpreted to belong to the Mezcalera For-
mation (Munguia-Rojas et al., 2000; Dromundo-Arias and
Peral-Carranza, 2007); micro- and macro-fossils indicate ages
ranging from Neocomian to Cenomanian-Turonian (Araujo—
Mendieta and Arenas-Partida, 1986). The Mesozoic sedimen-
tary succession consists of argillaceous limestone, mudstone,
siltstone, sandstone, and heterolithic conglomerate composed
of volcanic and sedimentary rock clasts (Araujo-Mendieta and
Arenas-Partida, 1986; Dickinson and Lawton, 2001; Franco-
Rubio et al., 2007).

The lower volcanic complex, as originally defined by Mc-
Dowell and Clabaugh (1979), unconformably overlies the
Mesozoic sedimentary basement and consists of 52 to 40 Ma
dacitic-andesitic flows and domes, and lesser silicic domes and
ignimbrites, which were interpreted to be the products of con-
tinental arc volcanism (Aguirre-Diaz and McDowell, 1991;
Ferrari et al., 2007; Aguirre-Diaz et al., 2008). The Eocene
volcanic strata are commonly underlain and rarely overlain by
reddish conglomerates, sandstones, and mudstones (McDow-
ell and Clabaugh, 1979; Aranda-Gémez and McDowell, 1998;
Horner and Enriquez, 1999) that contain andesitic volcanic
and Mesozoic sedimentary rock clasts (Aguirre-Diaz and Mc-
Dowell, 1991; Nieto-Samaniego et al., 1999; De La Garza et
al., 2001). In this paper, the calc-alkaline volcanic strata and
clastic sedimentary rocks are grouped into one package of vol-
canic rocks, referred to as the Lower Volcanic Succession, as
it undoubtedly consists of more than one volcanic complex.

The upper volcanic supergroup of McDowell and Keizer
(1977), also referred to as the ignimbrite flare-up (Ferrari et
al., 2007; Aguirre-Diaz et al., 2008), unconformably overlies
the Lower Volcanic Succession and consists of a thick succes-
sion of voluminous silicic ignimbrite, rhyolitic domes, and
minor basaltic to andesitic lavas (Ferrari et al., 2002, 2007;
Aguirre-Diaz et al., 2008) that were extruded in the central
sector of the Sierra Madre Occidental from 32 to 29 Ma
(Aguirre-Diaz and Labarthe-Herndndez, 2003) and from 24
to 20 Ma (Ferrari et al., 2002, 2007). The term Upper Vol-
canic Succession is used here to be consistent with the strati-
graphic nomenclature introduced above. Basaltic-andesitic
volcanism appears to have followed each major ignimbritic
episode (Ferrari et al., 2007) and locally covers the Oligocene
Upper Volcanic Succession (Aguirre-Diaz and McDowell,
1993; Luhr et al., 2001).

From a structural perspective, the relatively unfaulted Sierra
Madre Occidental separates two north-northwest-trending
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regions, the Chihuahua and Mexican Altiplano region to the
east and the Gulf of California region to the west, which con-
tains extensional structures, such as grabens and half-grabens,
horsts, and tilted blocks (Henry and Aranda-Gémez, 1992;
Stewart, 1998). The eastern flank of the central sector of the
Sierra Madre Occidental, where the La Pitarrilla deposit is lo-
cated, has been interpreted to have undergone two major pe-
riods of extension. The first extension, directed east-north-
east—west-southwest, occurred from 32.3 to 30.6 Ma, at about
the same time as the main episode of ignimbritic volcanism
recorded by the Upper Volcanic Succession (Aguirre-Diaz
and McDowell, 1993; Luhr et al., 2001). The second exten-
sion, directed east-northeast, postdated Oligocene silicic vol-
canism (ca. 24 Ma) but coincided with a mafic, alkaline vol-
canic event (Aguirre-Diaz and McDowell, 1993; Luhr et al.,
2001).

Geology of the La Pitarrilla Deposit

Stratigraphy and lithofacies

Detailed mapping at a scale of 1:1000 and relogging of ap-
proximately 28,000 m of drill core allowed a subdivision of the
La Pitarrilla stratigraphy into informal formations, members,
and lithofacies in accordance with the North American Strati-
graphic Code (North American Commission on Stratigraphic
Nomenclature, 2005). Four informal formations were recog-
nized which, from oldest to youngest, are the Pefia Ranch,
Pitarrilla, Cardenas, and Casas Blancas formations (Figs.
2-5). A detailed description and interpretation of each mem-
ber, their contained lithofacies, as well as definitions regard-
ing nomenclature and terminology used herein are given in
the Appendix.

The Pefia Ranch formation forms the Cretaceous basement
to Eocene and Oligocene volcanic strata and was folded dur-
ing the Laramide orogeny (Figs. 2-5). This formation is dom-
inated by interbedded low-density turbidity current deposits
with lesser gravelly high-density turbidity current deposits
and micritic limestone that were deposited below storm wave
base and within a marine environment. The Pefia Ranch for-
mation is interpreted to be the stratigraphic equivalent of the
Cretaceous Mezcalera Formation (Fig. 2).

The Pitarrilla formation unconformably overlies the Pefia
Ranch formation and consists of the Manto Rico, Lower,
Middle, and Upper members that were emplaced in a below
storm wave base marine environment (Figs. 2-5). The Manto
Rico member, located at the Cretaceous-Eocene unconfor-
mity, consists of channelized, limestone clast-bearing con-
glomerates that also contain clasts of terrigenous sedimentary
rocks, and andesitic clasts identical to those of the overlying
Lower member. The Manto Rico member is the most eco-
nomically important ore host at the La Pitarrilla deposit. The
Lower to Upper members consist of multiple cohesive debris
flow deposits interbedded with low-and high-density turbid-
ity current deposits and a single andesitic flow that has an arc
affinity. The particulate gravity flows of the Lower to Upper
members are dominantly composed of dacitic and andesitic
clasts that were derived from unconsolidated subaerial or
subaqueous volcaniclastic deposits or flows with a calc-alka-
line arc signature, except for the limestone clasts and the
clasts of terrigenous sedimentary rocks that were derived

from the underlying Pefia Ranch formation or equivalent
units.

The Cardenas formation unconformably overlies the Pitar-
rilla formation and consists of the lithic-rich tuff and lapilli
tuff lithofacies, the crystal-rich pumice tuff lithofacies, the
stratified tuff lithofacies, and the lithic-rich tuff lithofacies
(Figs. 2-5). The lithic-rich tuff and lapilli tuff lithofacies and
the lithic-rich tuff lithofacies contain lithic sedimentary and
volcanic clasts and clay-altered, wispy clasts that define a pla-
nar fabric within depositional units. The wispy clasts resem-
ble pumice and these lithofacies may represent incipiently
welded or nonwelded ignimbrites. The crystal-rich pumice
tuff lithofacies consists of the crystal- and pumice-rich tuff fa-
cies and the stratified facies. The crystal- and pumice-rich tuff
facies contains clay-altered, flattened, and wispy quartz and
K-feldspar porphyritic, long-tube pumice clasts, and lesser
lithic volcanic and sedimentary clasts. The pumice clasts de-
fine a pronounced eutaxitic texture that is interpreted to have
formed during welding and compaction. The stratified facies
is a planar and cross-stratified tuff. Columnar joints within
both facies indicate hot deposition, and they are interpreted
as welded ignimbritic and pyroclastic surge deposits, respec-
tively, which were emplaced in a subaerial environment. The
overlying stratified tuff lithofacies consists of planar beds and
is interpreted as a high-density turbidity current deposit that
was emplaced within a subaqueous environment (lacustrine
or marine).

The Casas Blancas formation unconformably overlies tilted
strata of the Cardenas formation and consists of a lower and
upper volcaniclastic lithofacies, and an overlying coherent
rhyolitic lithofacies referred to as the Encino rhyolitic dome
(Figs. 2-5). Both the upper and lower volcaniclastic lithofa-
cies are dominantly composed of andesitic and dacitic clasts,
but the upper volcaniclastic lithofacies also contains clasts of
the Encino rhyolitic dome. The conformably overlying mas-
sive and flow-banded Encino rhyolitic dome contains hyalo-
clastite along its basal contact and is interpreted to have been
emplaced in whole or in part in a subaqueous environment
(lacustrine or marine) or onto wet and unconsolidated vol-
caniclastic rocks.

Two mafic sills occur within the volcaniclastic succession.
The lower mafic sill is located at the base of the Pitarrilla for-
mation and its emplacement is interpreted to be postfaulting
but pre-Encino rhyolitic dome emplacement (Figs. 2-5). The
upper malfic sill is located at the base of the Casas Blancas for-
mation and it was emplaced during or just after emplacement
and growth of the Encino rhyolitic dome (Figs. 2-5). The sills
are andesitic in composition and have an arc affinity. A local-
ized swarm of northeast-southwest and north-northwest—
south-southeast felsic dikes and sills crosscut all formations,
except for the Encino dome as the felsic intrusions are inter-
preted to be the feeders for the Encino dome (Figs. 2-5).
The felsic intrusions and Encino rhyolitic dome are identical
in composition, and, unlike the mafic sills, their compositions
are not typical of an arc affinity (App.).

Geochronology

To place the lithofacies and formations at La Pitarrilla in
the context of the stratigraphy of the Sierra Madre Occiden-
tal, two samples were collected for U-Pb age determination
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FIG. 2. Idealized stratigraphic section through the La Pitarrilla deposit, showing the informal formations, members, litho-
facies, their depositional environments, and their interpreted stratigraphic relationship to Sierra Madre Occidental stratig-
raphy (LVS = Lower Volcanic Succession; UVS = Upper Volcanic Succession).

on zircons. One sample is from the welded ignimbrite of the
Cardenas formation, i.e, crystal- and pumice-rich tuff facies,
and a second is from the Encino rhyolitic dome of the Casas
Blancas formation.

The U-Pb age determination on zircons were performed at
the Department of Earth Sciences, Laurentian University

(Sudbury, Ontario), using a laser ablation-inductively cou-
pled-plasma mass spectrometer (LA-ICP-MS), consisting of a
213-nm Nd:YAG laser (NewWave) connected to a quadru-
pole ICP-MS (Thermo X Series II). Zircon grains were sepa-
rated and cast in epoxy mounts or placed on double-sided
sticky tape. The grains were ablated following the analytical
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procedure of Benn and Kamber (2009) and Ulrich et al.
(2009). Geostandard zircon 91500 yielded an uncorrected
207Ph/206°Ph age of 1065.4 + 7.2 Ma, well within the estab-
lished age range (Wiedenbeck et al., 1995; Yuan et al., 2004).
Sample data were corrected for common Pb using the routine
of Andersen (2002). Concordia diagrams were calculated
using the Isoplot software of Ludwig (2003).

Zircon grains from the welded ignimbrite of the Cardenas
formation yielded many concordant analyses and a linear
array of apparent discordia toward an older upper intercept.
This yields a tightly constrained younger intercept U-Pb age
0f 49.8 + 1.0 Ma (MSWD = 0.78; Fig. 6A) and indicates that
the Cardenas formation is of Eocene age. This age suggests
that the Cardenas formation and the underlying Pitarrilla for-
mation belong to the Lower Volcanic Succession. The new
age is consistent with K/Ar ages of 51.5 Ma and 42.9 + 2 Ma
obtained from two ignimbrites, the Abasolo and Boquillas
Coloradas tuffs, located approximately 30 and 90 km SE of La
Pitarrilla (Aguirre-Diaz and McDowell, 1991).

Zircons from the Encino dome of the Casas Blancas forma-
tion yielded a concordia intercept U-Pb age of 31.59 + 0.52
Ma (MSWD = 0.88; Fig. 6B) that indicates an Oligocene age
for the Encino dome. The Casas Blancas formation, there-
fore, belongs to the Upper Volcanic Succession. This age is
consistent with K/Ar ages of 30.9 + 0.7 and 29.3 + 0.6 Ma pre-
viously obtained from two felsic domes, the R-7 and R-10
domes, located approximately 40 km southeast of La Pitarrilla
(Aguirre-Diaz and McDowell, 1991).

Structural history

A major erosional event is represented by a well-defined
angular unconformity between folded Cretaceous sedimen-
tary basement rocks, represented by the Pefia Ranch forma-
tion, and the shallowly dipping Eocene Pitarrilla formation
(Figs. 2, 4, 5). The unconformity is marked by conglomerates
of the Manto Rico member.

Steeply dipping listric faults define the main structural
event at La Pitarrilla. Two fault sets are recognized that

data-point error ellipses are 68.3% conf.

0.011 A
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0.006 } + + + +
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include northwest-dipping, northeast-trending faults, desig-
nated here as faults A to C, and east-dipping, north-north-
west-trending faults, denoted as faults D to H (Fig. 7). The
north-northwest-trending faults tilt the originally subhori-
zontal strata of the Pitarrilla and Cardenas formations by as
much as 35° to the southwest (Fig. 4), whereas the northeast-
trending faults tilt these same strata by as much as 28° to the
south-southeast (Fig. 5). The fault surfaces are generally not
exposed; however, offsets of 20 to 150 m of the shallowly dip-
ping strata of the Pitarrilla and Cardenas formations along the
inferred faults indicate normal and reverse dip-slip compo-
nents of displacement (Figs. 4, 5). Horizontal slip compo-
nents along the principle faults are generally minor or in-
significant (Figs. 3, 7), although such displacements are
observed along the northern end of fault E (sinistral) and
along the eastern end of faults B (sinistral) and C (dextral).
Minimal evidence of horizontal displacements between the
two fault sets suggests that these faults could be contempora-
neous; however, the lack of outcrops along the faults makes
this interpretation tentative.

The relatively flat-lying Casas Blancas formation overlies the
faulted and tilted Cardenas formation and its deposition ap-
pears to have postdated the faulting that tilted and displaced
the older formations (Figs. 4, 5). However, the two north-
northwest- and northeast-trending lobes of the overlying rhy-
olitic dome are laterally restricted by the vertically projected
continuation or trace of these early faults, and the lobes them-
selves have trends that are broadly parallel to the orientation
of the two fault sets (Figs. 3, 7). This suggests that fault-
bounded topographic basins may have confined the emplace-
ment or allowed parts of the rhyolitic dome, which filled these
paleotopographic depressions, to be preserved from erosion.
The felsic dikes, interpreted as feeders to the rhyolitic dome,
also define two trends, a north-northwest and a northeast
trend, which are parallel to the two fault sets described above
(Figs. 3, 7). The more abundant north-northwest-trending
dikes dip steeply to the northeast, similar to the north-north-
west-trending faults (Figs. 4, 5). The common trends of the
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FIc. 6. 206Pb/238Pb vs. 207Pb/2%Ph concordia diagrams for the crystal- and pumice-rich tuff facies of the Cardenas for-
mation (A) and the Encino rhyolitic dome of the Casas Blancas formation (B). Exrror bars are 1 .
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felsic dikes and the two fault sets suggest that these faults, or
ancillary parallel structures, were reactivated during volcan-
ism that deposited the Casas Blancas formation and served as
structural conduits for the felsic magma.

The protracted structural event is interpreted to corre-
spond to an early Oligocene east-northeast-west-southwest
extension that occurred along the eastern flank of the Sierra
Madre Occidental volcanic province. This regional exten-
sional event began about the same time as the Oligocene ign-
imbritic volcanism recorded in the Upper Volcanic Succes-
sion, and it faulted and tilted Eocene and early Oligocene

ignimbrites in the eastern flank of the central sector of the
Sierra Madre Occidental (Aguirre-Diaz and McDowell, 1991,
1993; Luhr et al., 2001). This structural event was followed by
a second erosional event that partially removed the Cardenas
and Pitarrilla formations (Figs. 4, 5, 7), and it is marked by a
well-defined angular unconformity between the Cardenas
and Casas Blancas formations (Fig. 5).

Mineralization of the La Pitarrilla Deposit

Using descriptive criteria, mineralization at the La Pitarrilla
deposit is subdivided into sulfide- and iron oxide-associated
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styles (Figs. 8, 9). The laterally extensive iron oxide-associated
and vertically extensive sulfide-associated mineralizations are
collectively centered on Breccia Ridge, an area that is coinci-
dent with the intersection of rhyolitic dikes and sills defining
the feeder system and vent area for the Encino rhyolitic dome
(Figs. 8, 9).

Sulfide-associated mineralization

The sulfide-associated mineralization is most strongly devel-
oped below Breccia Ridge, in strata underlying the inferred

104.570°W 104, 9655W

104.9607W

vent area for the Encino rhyolitic dome and within the core
of the felsic dike complex (Figs. 8, 9). Here, the sulfide-as-
sociated mineralization extends from about 160 m below
surface to vertical depths in excess of 930 m (using a 10 g/t
Ag cutoff; Fig. 9). The sulfide-associated mineralization,
having a maximum known lateral extent of 625 m in the
northeast— south-southwest direction and about 1,000 m in
the northeast-southwest direction, comes closest to surface
along its western margin, and dips moderately to steeply
eastward (Figs. 8, 9). The underground mineral resource of
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FI1G. 8. Surface projection of the different styles of Ag-Zn-Pb mineralization (using a 10 g/t Ag cutoff) and the five min-
eralized zones recognized at the La Pitarrilla deposit. Outcrops are removed for clarity (legend as in Fig. 3).
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sulfide-associated mineralization at Breccia Ridge (measured
and indicated categories) is estimated at 67 Mt based on a
cutoff grade of 65 g/t Ag and is characterized by an average
silver grade of 90 g/t Ag and a combined Zn + Pb content of
about 2.2 percent (Wayne Ewert, 2008, pers. commun.).

Three different forms of sulfide-associated mineralization
are recognized: (1) disseminated and veinlet mineralization
(sphalerite, pyrite/marcasite, galena, chalcopyrite, pyrrhotite,
arsenopyrite + tetrahedrite, boulangerite, ullmannite, gers-
dorffite, and freislebenite); (2) semimassive replacement
mineralization (sphalerite, pyrite/marcasite, pyrrhotite, chal-
copyrite, galena, arsenopyrite + tetrahedrite, stannite, and
ramdohrite); and (3) massive sulfide vein mineralization
(pyrite/marcasite, sphalerite, chalcopyrite, galena, arsenopy-
rite, pyrrhotite + tetrahedrite, and miargyrite; Figs. 8-10).

Disseminated and veinlet mineralization represents the
most voluminous form of sulfide-associated mineralization
(Figs. 8, 9). It constitutes the stem of the mushroom-shaped
La Pitarrilla deposit and is hosted by the Pefia Ranch and
Pitarrilla formations, the lower mafic sill, and the felsic dikes
(Figs. 9, 10A, B). The <1- to 1-cm quartz + calcite-sulfide
veins crosscut strata at variable angles, whereas the dissemi-
nated mineralization replaces the matrix and, to a lesser ex-
tent, clasts within beds and is best developed in proximity to
the veinlets. The silver-bearing minerals are tetrahedrite, and
less commonly, freislebenite. Typical alteration minerals asso-
ciated with this mineralization include chlorite, iron carbon-
ate, and kaolinite.

Semimassive replacement mineralization is restricted to
conglomerates of the Manto Rico member where it occurs
within an envelope of disseminated and veinlet mineraliza-
tion (Fig. 9). It is the most important form of mineralization
at La Pitarrilla as it contains an indicated mineral resource of
11 Mt with an average silver grade of 145 g/t Ag and a com-
bined Zn + Pb content of about 4 percent (Anna Spieka,
2009, pers. commun.). The semimassive replacement miner-
alization is a strata-bound and flat-lying replacement-style
mineralization in which sulfides and sulfosalts preferentially
replaced limestone clasts along with other terrigenous sedi-
mentary clasts and the matrix (Figs. 9, 10C, D). The semi-
massive replacement mineralization is divisible into four
mineralogical zones (Fig. 11). These include the pyrrhotite,
sphalerite, sphalerite-pyrite, and sphalerite-chalcopyrite
zones, in which each zone is dominated by one or two sulfide
minerals and may contain up to 10 percent of other sulfides

(Fig. 11). The distribution of mineralogical zones define a
pronounced lateral and, to a lesser degree, vertical zoning
where the sphalerite-chalcopyrite zone defines the core of
the replacement mineralization (Fig. 11). The sphalerite-
pyrite and sphalerite-chalcopyrite zones are economically
most important as they contain the highest values in Ag, Zn,
and Pb, especially where they are adjacent to felsic dikes.
The silver-bearing minerals are tetrahedrite, and less com-
monly, ramdohrite. Alteration minerals include iron carbon-
ate, chlorite, and sericite.

Massive sulfide vein mineralization is restricted to the
lower mafic sill and, to a lesser extent, by felsic dikes (Fig. 9).
It occurs above the semimassive replacement mineralization,
i.e., within the upper part of the zone of disseminated and
veinlet mineralization (Fig. 9). The massive sulfide veins oc-
curs as steeply dipping (40°-70°), decimeter- to meters-wide,
mineralogically zoned, sharp-walled, and lesser breccia veins
(Fig. 10E, F). The breccia veins contain jigsaw-fit to clast-ro-
tated angular blocks of wall rock filled by comb quartz, and
later sulfides (Fig. 10F). The sharp-walled veins occur sepa-
rately or are superimposed on breccia veins and consist of
massive sulfides with lesser quartz (often polyphase and collo-
form banded) and rare calcite (Fig. 10E). The massive sulfide
veins can be subdivided into four styles based on mineralogy.
These include marcasite-pyrite-sphalerite, chalcopyrite-galena,
arsenopyrite, and pyrrhotite-marcasite and/or pyrite veins.
The most economically important veins are the chalcopyrite-
galena and arsenopyrite veins as they contain the highest val-
ues in Ag (Fig. 10E). The silver-bearing minerals are tetra-
hedrite, and less commonly, miargyrite. Alteration minerals
for the massive sulfide vein mineralization are identical to the
semimassive replacement mineralization.

The sulfide-associated mineralization consists mainly of
disseminated and veinlet mineralization, which has been de-
scribed in other Mexican epithermal deposits such as the Real
de Angeles deposit (Pearson et al., 1988). However, the semi-
massive replacement and massive sulﬁde vein mineralizations
at La Pitarrilla are more common ore styles within the Mexi-
can silver belt where the former is often referred to as manto
style, and both styles occur together in some deposits such as
at the Fresnillo (McDonald et al., 1986; Ruvalcaba-Ruiz and
Thompson, 1988) and San Martin deposits (Rubin and Kyle,
1988). The sulfide-associated mineralization at La Pitarrilla,
especially the disseminated and veinlet mineralization is in-
terpreted to define the principal hydrothermal conduit for

FI16. 10. Mineralization styles at the La Pitarrilla deposit. A. Disseminated sphalerite interstitial to clasts within the het-
erolithic lithofacies of the Middle member, Pitarrilla formation (231 g/t Ag, 11,700 ppm Zn, and 3,380 ppm Pb). Note the
disseminated iron carbonate alteration of the clasts. B. Irregular quartz vein containing sphalerite cutting conglomerate of
the Pefia Ranch formation that also contains disseminated sphalerite within the matrix and in some clasts (102 g/t Ag, 33,000
ppm Zn, and 11,900 ppm Pb). Clasts and matrix show iron carbonate alteration. C. Replacement of the Manto Rico mem-
ber Longlomerdte by pyrrhotite. The clastic texture of the conglomerate is not apparent due to strong iron carbonate and
patchy chlorite alteration (40.6 g/t Ag, 12,000 ppm Zn, and 3,570 ppm Pb). D. Sphalerite and pyrite partially and preferen-
tially replacing tabular cdrbonate clasts of the Manto Rico member 114 g/t Ag, 20,400 ppm Zn, and 9,210 ppm Pb). The ma-
trix shows strong iron carbonate alteration. E. Massive sulfide vein cutting the lower mafic sill that contains chalcopyrite and
marcasite with disseminated sphalerite (1,200 g/t Ag, 39,000 ppm Cu, 67,000 ppm Zn, and 4,000 ppm Pb). F. Breccia vein
that contains jigsaw-fit angular blocks of the lower mafic sill filled by comb quartz, and later sulfides (230 g/t Ag, 100,500
ppm Zn, and 4,030 ppm Pb). G. Tron oxide-associated silver mineralization hosted by a hematite-altered felsic sill at Cordon
Colorado (6.9% Fe; 31.5 g/t Ag, 826 ppm Zn, and 1,270 ppm Pb; orange X = 1 ¢cm). H. Iron oxide-associated silver mineral-
ization hosted by a hematite-altered felsic sill at Cordon Colorado (8.% Fe; 1,600 g/t Ag, 1,410 ppm Zn, and 10,600 ppm Pb;

orange X = 1 cm).
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ascending hydrothermal fluids where the silver and base met-
als precipitated.

Iron oxide-associated mineralization

The iron oxide-associated mineralization represents the cap
of the mushroom-shaped La Pitarrilla deposit. It is the most
laterally extensive mineralization style and forms five partially
connected zones referred to as Cordon Colorado, Pefia Dike,
Javelina Ridge, South Ridge, and Breccia Ridge (Figs. 8, 9).
According to publicly released company resource estimates
(James McCrea, 2006, pers. commun.; Wayne Ewert, 2008,
pers. commun.), the five zones of iron oxide-associated min-
eralization contain a total of approximately 169 Mt of mineral
resources in the measured and indicated categories, using a
20 g/t Ag cutoff grade for the Breccia Ridge zone and a 40 g/t
Ag cutoff grade for the other zones. The silver grades for the
five near-surface zones average between 80 and 125 g/t Ag.
The areal extent of the mineralization as a whole is consider-
able, about 1.9 km in the north-northwest—south-southeast
direction and 2.3 km in the northeast-southwest direction
(Fig. 8). This style of mineralization is typically found within
100 m of surface; however, at Breccia Ridge it is encountered
at depths up to 450 m (Fig. 9).

Rhyolitic sills and dikes and the base of the Encino rhyolitic
dome are the main host rocks for the mineralization in the
Cordon Colorado, Pefia Dike, South Ridge, and Breccia
Ridge zones, while at Javelina Ridge and South Ridge the
crystal-rich pumice tuff and stratified tuff lithofacies of the
Cardenas formation are the principal host rocks (Figs. 8, 9).

Geochemically anomalous concentrations of Zn (>2,000
ppm) and Pb (>500 ppm) are commonly associated with the
iron oxide-associated mineralization with the highest concen-
trations of these metals occurring in rocks directly above the
sulfide-associated mineralization that constitutes the bulk of
the Breccia Ridge zone.

The iron oxide-associated mineralization is characterized
by disseminated and fracture-controlled hematite, limonite,
and lesser manganese and titanium oxides, the latter includ-
ing cesarolite, coronadite, hollandite, and rutile (Peter Le
Couteur, 2006, pers. commun.; Fig. 10G, H). The most
strongly hematite altered samples are characterized by the
highest values of Fe but are not necessarily associated with
the highest values in Ag, Zn, and Pb. This indicates that iron
staining or degree of oxidation is not a viable criterion for
identifying higher Ag or base metal grades (Fig. 10G, H).

The iron oxide-associated mineralization is composed of
base metal sulfide and silver minerals that are visible only at
the micron scale, except for pyrite. The base metal sulfides in-
clude pyrite, sphalerite, galena, chalcopyrite, as well as minor
cinnabar and covellite (Peter Le Couteur, 2006, pers. com-
mun.). The silver minerals occur as micron-sized grains (<30
um large) and include abundant acanthite and lesser silver
halides (iodargyrite, chlorargyrite, and bromargyrite) with
rare silver selenides and sulfo-selenides (naumannite and
aguilarite) and silver-mercury-iodide-sulfides (probable imi-
terite and Hg iodargyrite; Peter Le Couteur, 2006, pers. com-
mun.). The silver grains are scattered throughout the host
rock and do not show any preferential spatial relationship
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with the phenocrysts of the host rock (quartz, feldspar, and K-
feldspar) or the intensity of oxide alteration (Peter Le Cou-
teur, 2006, pers. commun.). The dominant alteration miner-
als associated with the iron oxide-associated mineralization
are nontronite, halloysite, montmorillonite, illite, tourmaline,
kaolinite, buddingtonite, muscovite, alunite, and anhydrite.

The iron oxide-associated mineralization is similar to oxide
mineralization described in some epithermal precious and
base metal deposits elsewhere in the Mexican silver belt
where it is intimately associated with sulfide-silver epithermal
veins and typically overprints sulfide mineralization (Lyons,
1988; Moller et al., 2001; Zawada et al., 2001). However, the
strong lithologic control on the iron oxide-associated mineral-
ization, which is mainly hosted by the felsic intrusions and the
rhyolitic dome, is either unique to La Pitarrilla or has not
been documented in other Mexican deposits. Although
sparsely documented, oxide mineralization in the Mexican sil-
ver belt is interpreted to have formed during supergene
weathering of the early hypogene sulfide mineralization
(Gemmell et al., 1988; Zawada et al., 2001).

At Pitarrilla, the downward gradation of iron oxide-associ-
ated mineralization into the sulfide-associated mineralization
and the common base metal content and sulfide minerals for
both mineralization styles suggest that the iron oxide-associ-
ated mineralization resulted from the supergene oxidation of
hypogene sulfide-associated mineralization. In this scenario,
silver would have been liberated from the original silver-
bearing minerals within the sulfide-associated mineralization
during oxidation and moved into new silver minerals that are
stable in the near-surface environment, i.e., acanthite, and
lesser silver halides with rare silver selenides and sulfo-se-
lenides, and silver-mercury-iodide-sulfide. The disseminated
and fracture-controlled hematite and limonite would be
products of oxidation of the associated hypogene sulfides.
The common association of the oxide-associated mineraliza-
tion with felsic intrusions suggests that the distribution and
concentration of the original hypogene sulfide-associated
mineralization was, in part, lithologically controlled. The
timing of the mineralization is uncertain, but given that the
base of the Encino rhyolitic dome is weakly mineralized by
the iron oxide-associated mineralization, it is interpreted to
have occurred during or after emplacement of the Encino
rhyolitic dome.

Tourmaline alteration

Jigsaw-fit to clast-rotated breccias that contain angular
clasts of their coherent and volcaniclastic host rocks occur
throughout the La Pitarrilla deposit area but are best devel-
oped within strata adjacent to and within the felsic dike com-
plex that defines the vent area for the Encino rhyolitic dome
at Breccia Ridge (Figs. 4, 5). The matrix of the breccias locally
consists of a fine-grained, black intergrowth of quartz, tour-
maline, potassium feldspar, and lesser pyrite, which appear to
replace a rock flour matrix or, in some examples, may repre-
sent an open-space infilling. Although sphalerite, pyrite, and
minor to trace amounts of galena, and Pb-Sb (-Ag) sulfosalts
occur locally in the breccias, they are not a common host rock
for mineralization at La Pitarrilla and their relationship, be-
sides spatial, to the silver and base metal mineralization as
well as their origin is presently uncertain.

The jigsaw-fit breccias possess features that are similar to
diatreme breccias described in association with magmatic-hy-
drothermal ore deposits in volcano-plutonic arcs (Sillitoe and
Bonham, 1984, Sillitoe, 1985, 1997; Lorenz, 1986); however,
as the breccias cannot be unequivocally linked to maar vol-
canism at La Pitarrilla, they are referred to as diatreme-like
breccias. Although the tourmaline (quartz) mineralized dia-
treme-like breccias are spatially associated with the silver and
base metal mineralization, tourmaline is not a typical mineral
associated with epithermal deposits, except for some epi-
thermal deposits such as the Sari Gunay epithermal gold de-
posit in Northwest Iran in which the tourmaline alteration is
hosted by hydrothermal breccias (Richards et al., 2006).
However, tourmaline is a common mineral within magmatic

breccias associated with porphyry deposits (Sillitoe, 2010).

Discussion and Conclusions

The present study shows that the sedimentary environment
prevailing during deposition of the middle Cretaceous Pefia
Ranch formation did not influence mineralization at La Pitar-
rilla. The Pefia Ranch formation is the stratigraphic equiva-
lent of the regional Mezcalera Formation and forms the base-
ment to Eocene and Oligocene volcanic edifices, which
unconformably overlie this formation. The Cretaceous-
Eocene unconformity is regional in extent and is marked by
heterolithic conglomerates, which at La Pitarrilla are repre-
sented by the Manto Rico member (Figs. 2-5).

In contrast to the Pefia Ranch formation, investigation of
the Eocene to Oligocene strata unraveled the geologic history
of the La Pitarrilla Ag-Zn-Pb deposit, which is summarized in
chronological order below, with the last event being the for-
mation of the mineralization (Fig. 12).

Volcaniclastic lithofacies of the Eocene Pitarrilla formation
are interpreted to have been derived from arc volcanoes (Fig.
12A); even the conglomerate lithofacies of the Manto Rico
member contains volcanic clasts of arc derivation. This is con-
sistent with the mineralogy (feldspar, amphibole, pyroxene,
and biotite porphyritic; App.) and the composition (negative
Nb, Ta, Ti anomalies, and steep REE pattern on primitive
mantle normalized plots; App.) of clasts within the volcani-
clastic strata. The heterolithologic character of clasts within
most of the volcaniclastic deposits along with the rounding of
the clasts suggest their derivation from primarily unconsoli-
dated arc pyroclastic deposits, their redeposited equivalents
and, to a lesser extent, through the weathering and erosion of
consolidated deposits. Monolithic volcaniclastic deposits that
are intercalated with heterolithic volcaniclastic deposits are
interpreted to be primary pyroclastic deposits derived from
submarine or subaerial arc eruptions. The latter interpreta-
tion implies proximity to the former arc, as does the occur-
rence of a thick, coherent andesitic flow that indicates the La
Pitarrilla depositional basin was also a localized eruptive cen-
ter during the Eocene (Fig. 12B).

Cohesive debris flows and low- and high-density turbidity
currents were the primary transport mechanisms for the vol-
caniclastic arc debris and primary pyroclastic ejecta. Based on
the tuff to tuff breccia clast size range of the particulate grav-
ity flow deposits, the Pitarrilla formation strata are inter-
preted to be part of a gravel-rich marine clastic system
(Richards and Bowman, 1998). The wide range of volcanic
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clast compositions suggests multiple volcanic sources, which
is consistent with a linear arc source that allowed the con-
struction of a gravel-rich slope-apron system off the flank of
the former arc and into a back-arc extensional basin (Richards
and Bowman, 1998; Richards et al., 1998). Here the volcani-
clastic deposits accumulated below storm wave base and
within marine basins. Pitarrilla formation strata are inter-
preted to represent the erosional remnants of one such basin
that was likely fault controlled and whose margins, in part,
may have exposed the older Cretaceous sedimentary strata
(Fig. 12A). The occurrence of siltstone and mudstone clasts
within heterolithic volcaniclastic deposits is consistent with
their derivation from identical lithofacies within the underly-
ing Cretaceous sedimentary strata either during transport of
debris from the arc or directly from the margins of a fault-
controlled depositional basin (Fig. 12A).

Eocene uplift, which has not been previously documented
within the eastern flank of the central sector of the Sierra
Madre Occidental, is interpreted to have uplifted Eocene vol-
caniclastic strata at La Pitarrilla to a subaerial environment
and to have resulted in the Plinian eruptions that formed the
ignimbrite deposits of the Lower Volcanic Succession. At La
Pitarrilla, pyroclastic deposits correlative with the silicic vol-
canism of Lower Volcanic Succession are represented by the
subaerial, crystal-rich, welded and nonwelded ignimbrites
and pyroclastic surge deposits of the Cardenas formation
(49.8 + 1.0 Ma; Fig. 12C, D). Following the eruption and em-
placement of the Lower Volcanic Succession ignimbrites, the
La Pitarrilla area experienced extensive erosion of the ign-
imbrite and pyroclastic surge deposits, and a return to a ma-
rine or lacustrine environment under which the stratified
lithofacies of the Cardenas formation were deposited. It is
unknown if this marine or lacustrine setting was regionally ex-
tensive along the eastern flank of the central sector of the
Sierra Madre Occidental or if it was localized to specific areas
such as at La Pitarrilla.

An early Oligocene east-northeast-west-southwest exten-
sional event manifest by the northeast- and north-north-
west-trending, steeply dipping listric faults resulted in tilting
of the Pitarrilla and Cardenas formations and erosion of the
Cardenas formation ignimbrite and pyroclastic surge de-
posits, the underlying Pitarrilla formation volcaniclastic rocks
(Fig. 7) along with the development of an angular unconfor-

mity between the Cardenas and Casas Blancas formations
(Fig. 12F, G).

Emplacement of the lower mafic sill into unconsolidated
volcaniclastic rocks of the La Pitarrilla formation may have
occurred during erosion of the Cardenas formation but fol-
lowed cessation of significant early Oligocene extension and
faulting at La Pitarrilla as the northeast- and north-north-
west-trending faults do not measurably displace the lower
mafic sill (Fig. 12F). The calc-alkaline, andesitic lower mafic
sill has arc-like affinities (App.).

Renewed silicic volcanism, initially marked by the em-
placement of rhyolitic sills and dikes, immediately followed
the emplacement of the lower mafic sill. This is interpreted to
have been accompanied by doming at La Pitarrilla and reac-
tivation of the northeast- and north-northwest-trending
faults due to the emplacement of felsic intrusions along these
planes of weakness, which induced the development of local-
ized basins at surface (Fig. 12H). The areally restricted, rela-
tively flat-lying, lower volcaniclastic lithofacies of the Casas
Blancas formation was deposited within the shallow marine or
lacustrine basin that occupied the La Pitarrilla area during
the Oligocene (Fig. 12H, I). Silicic volcanism continued with
the Encino rhyolitic dome (31.59 + 0.52 Ma) that was em-
placed within fault-controlled topographic depressions or
sub-basins that presumably developed as local extension con-
tinued and normal faulting progressed (Fig. 12I). Some of the
felsic dikes undoubtedly represent the feeders to the dome.
Mass wasting or mild volcanic explosions are believed to have
occurred during initial emplacement of the Encino dome and
contributed rhyolitic detritus to contemporaneously de-
posited volcaniclastic deposits of the upper volcaniclastic
lithofacies of the Casas Blancas formation, which eventually
were buried by the advancing dome. It is uncertain if the
hyaloclastite at the base of the dome formed through the in-
teraction with water-saturated volcaniclastic material during
emplacement in a localized marine or lacustrine environ-
ment. As the top of the Encino rhyolitic dome is not pre-
served, it is uncertain if the dome was emplaced in an entirely
subaqueous environment or if it was emergent. The occur-
rence of peperite within the upper mafic sill supports both in-
terpretations. The nearly contemporaneous timing of upper
mafic sill and Encino rhyolitic dome emplacement suggest
that La Pitarrilla is a bimodal volcanic center (Fig. 12]).

Fic. 12. Diagram depicting the evolution of volcano-sedimentary environments at La Pitarrilla. A. Volcaniclastic deposits
derived through arc volcanism and erosion of subaerial volcanoes, transport by particulate gravity flows, and deposition
within a back-arc extensional setting (dashed square denotes the La Pitarrilla deposit area). B. The La Pitarrilla basin with
deposition of volcaniclastic rocks in a below storm wave base marine environment. The andesitic flow indicates arc-like vol-
canism within the depositional basin. C. Eocene arc uplift, erosion, and extension associated with voluminous silicic pyro-
clastic volcanism that formed the voluminous ignimbrite deposits of the Lower Volcanic Succession (dashed square denotes
the La Pitarrilla deposit area). D. At La Pitarrilla, the voluminous silicic volcanism is manifested by nonwelded to welded ig-
nimbrite and pyroclastic surge deposits of the Cardenas formation. E. At the scale of the La Pitarrilla deposit, northeast- and
north-northwest-trending steeply dipping listric faults caused faulting and tilting of the Pitarrilla and Cardenas formations.
Faulting corresponds to regional early Oligocene east-northeast-west-southwest extension of the eastern flank of the Sierra
Madre Occidental volcanic province. F. Emplacement of the lower mafic sill. G. Eocene to early Oligocene erosion of the
faulted and tilted Pitarrilla and Cardenas formations. H. Initial emplacement of felsic intrusions that resulted in uplift and
doming of the overlying strata. I. Emplacement of the Casas Blancas formation, which consists of two flat-lying volcaniclas-
tic deposits overlain by a Encino rhyolitic dome complex that belongs to the Oligocene Upper Volcanic Succession that was
emplaced, in whole or in part, in a subaqueous environment. J. Emplacement of the upper mafic sill and the mineralization
during or just after emplacement and growth of the Encino rhyolitic dome complex.
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The sulfide- and iron oxide-associated silver and base metal
mineralization at La Pitarrilla are interpreted to be part of a
single, vertically stacked, mineralized deposit where the styles
of mineralization change with depth and, to a lesser extent,
with host-rock type and by supergene weathering processes
(Figs. 8, 9). Sulfide-associated mineralization occurs at depth
and forms an areally restricted but vertically extensive zone
that is rooted in the Cretaceous basement, and extends into
the overlying Eocene volcaniclastic strata (Fig. 9). Through-
out most of its vertical extent, the sulfide-associated mineral-
ization occurs as disseminated, fine-grained, sulfide aggre-
gates, and veinlets. Strata-bound, semimassive replacement
mineralization, which is found almost exclusively within the
Manto Rico member, is an example of where a composition-
ally receptive lithology, in this case abundant limestone clasts
and, perhaps, a more permeable rock type, in this case frame-
work-supported granule to cobble conglomerates, resulted in
replacement-style mineralization prevailing over the dissemi-
nated and vein style of mineralization. The decimeter- to me-
ters-wide, mineralogically zoned colloform banded quartz-
sulfide veins, typical of many other Mexican silver vein
deposits (e.g., Camprubi and Albinson, 2007), are best devel-
oped within lower mafic sill. The preferential development of
mineralogically zoned veins within the lower mafic sill may
reflect the lower permeability and more competent nature of
this sill where, and, as proposed by Sillitoe (1993) for epi-
thermal deposits, fluid overpressure below this coherent in-
trusion may have resulted in brittle failure of the lower mafic
sill and the development of breccia and sharp-walled veins.
The mainly discordant, sulfide-associated mineralized zone
continues upward through Eocene and Oligocene volcani-
clastic rocks where it abruptly changes into a laterally exten-
sive, but vertically limited zone of disseminated and, to a
lesser extent, fracture-controlled sulfide-silver mineralization
that was subsequently oxidized during supergene weathering
(Fig. 9). The horizontally extensive nature of this originally
disseminated sulfide zone is interpreted to reflect an abrupt
change in horizontal permeability afforded by the host strata,
primarily felsic sills and, to a lesser extent, unconsolidated
Eocene and Oligocene volcaniclastic strata.

The timing of the mineralization is uncertain, but given that
the base of the Encino rhyolitic dome is weakly mineralized
by the iron oxide-associated mineralization, it is interpreted
to have occurred during or after emplacement of the Encino
rhyolitic dome (<31.6 Ma). This suggests that the Ag-Zn-Pb
mineralization event occurred within a subaqueous or emer-
gent environment or within an emergent to subaerial envi-
ronment after Encino rhyolitic volcanism (Fig. 12]); a sub-
aqueous or emergent environment is not typical environment
in models for epithermal precious metal deposits. The vol-
canic structural control on the mineralization is evident.
Northeast- and north-northwest-trending faults that devel-
oped during the early Oligocene were reactivated just after
the extension as they not only controlled the location of the
Encino rhyolitic dome but also the Ag-Pb-Zn mineralization.

Features of the La Pitarrilla deposit that are typical of epi-
thermal precious and base metal deposits within the Mexican
silver belt include vein, manto, and oxide mineralization styles,
silver and base metal signatures (base metal sulfides and
Ag, Pb, Cu, Sb sulfosalts), and postsubduction extensional

tectonism. Camprubi and Albinson (2007) proposed a new
classification scheme for Mexican epithermal deposits (A, B,
and C) where type A deposits are defined exclusively by poly-
metallic intermediate-sulfidation mineralization. Type B de-
posits are those that exhibit predominantly low-sulfidation
mineralization but have polymetallic intermediate-sulfidation
roots (Zn-Pb-Cu). Type C deposits possess classic low-sulfi-
dation mineralization. The sulfide mineralogy at the La Pitar-
rilla deposit suggests that it is a type A deposit, although the
association of mineralization with extension and felsic domes
is characteristic of type B deposits.

Exploration Implications

The study of the La Pitarrilla Ag-Zn-Pb deposit highlighted
the role of structural controls on volcanism and deposit for-
mation. Early synvolcanic faults that controlled basin devel-
opment and volcaniclastic sedimentation during Eocene vol-
canism (andesitic flow) and extension were reactivated during
the Oligocene. At this time, these structures controlled the lo-
cation of the bimodal rhyolitic and andesitic volcanism and
the Ag-Zn-Pb mineralization. These observations and the vol-
canic reconstruction at La Pitarrilla suggest that reactivation
of older synvolcanic and extensional structures may be key to
the location of Mexican epithermal precious metal deposits.

Oligocene bimodal volcanic centers (Oligocene rhyolitic
domes and intrusions, and andesitic intrusions) may define
potentially favorable environments for epithermal precious
metal deposits in Mexico.

The La Pitarrilla Ag-Zn-Pb deposit may represent a com-
pletely preserved vertically stacked mineralized system in
which disseminated, replacement, vein, and supergene-al-
tered disseminated and fracture-controlled sulfide mineral-
ization occur within a single deposit. Thus, areas or prospects
that contain one or more of the mineralization styles, even if
subeconomic, may have the potential to host other economic
mineralization styles. This is particularly true for prospects
with oxidized mineralization that may have been overlooked
in exploration programs and have the potential to overly more
deeply seated vein- and/or replacement-style deposits.

The less recognized, iron oxide-associated mineralization
has the potential to add significant tonnage and, therefore, to
contribute to the economic potential of Mexican epithermal
precious and base metals deposits. The potential of this min-
eralization is further enhanced by its accessibility from sur-
face operations.

At La Pitarrilla, the silver- and base metal-rich replacement
mineralization preferentially developed within limestone
clast-bearing conglomerates that occur at the Cretaceous-
Eocene unconformity. The regional extent of the Cretaceous-
Eocene unconformity and the limestone clast-bearing con-
glomerates represent a potential target interval especially in
mineralized districts where silver and base metal mineraliza-
tion has been discovered above the unconformity.
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Chapter X

Appendix

The La Pitarrilla Silver-Zinc-Lead Deposit, Sierra Madre Occidental, Mexico:
A Description of the Mineralization and a Reconstruction of
Its Volcano-Sedimentary Environment

CLAIRE M. J. SOMERS," HAROLD L. GIBSON, AND RON BURK

The Appendix contains detailed descriptions of volcanic
and sedimentary lithofacies and intrusions that host the Ag-
7Zn-Pb mineralization at La Pitarrilla.

Terminology

Two, nongenetic granulometric-based nomenclatures are
used here to describe and classify clastic volcanic and sedi-
mentary rocks at La Pitarrilla. Herein, the term volcaniclastic
is used to describe a clastic rock composed entirely or domi-
nantly (>60%) of volcanic material and may include primary
autoclastic (including hyaloclastite), pyroclastic, and peperitic
deposits, and their redeposited, syneruptive equivalents
(White and Houghton, 2006). As many primary and resedi-
mented volcaniclastic deposits are difficult to distinguish,
these deposits are classified using the same nongenetic terms
that are based on the size and percentage of clasts (material
>2 mm in size) relative to matrix (material <2 mm) into tuff,
lapilli tuff, lapillistone, and tuff breccia as proposed by Fisher
(1961) and White and Houghton (2006). The term sedimen-
tary is used to describe epiclastic terrigenous and chemical
sedimentary rocks; the former refers to rocks composed ex-
clusively to dominantly (>60%) of material derived through
chemical or mechanical weathering. Sedimentary lithofacies
are classified according to the percentages of gravel, sand, silt,
and clay-sized particles, as defined by Wentworth (1922).
Bed-thickness terminology for both the volcaniclastic and
sedimentary lithofacies is in accordance with the nomencla-
ture proposed by Ingram (1954). Particulate gravity flows
refer to all mixtures, in varying proportions, of water and sed-
imentary and/or volcanic particles as proposed by Reading
(2002), and include low- and high-density turbidity currents
and cohesive debris flows, some of which may have been
eruption fed. The term ignimbrite is used to describe
pumiceous pyroclastic flows irrespective of the degree of
welding or volume, as defined by Sparks et al. (1973). Pyro-
clastic surge deposits refer to thin, fine-grained, well-sorted,
and cross-stratified deposits (Fisher and Schmincke, 1984;
Cas and Wright, 1987). Pyroclastic surge deposits are associ-
ated with ignimbrite eruptions and typically form by the col-
lapse of the eruption cloud above the pyroclastic flow (ash
cloud surge deposits) or through direct blasts from the ign-
imbrite flow front during explosive expansion of the flow head
due to ingestion of air at the front lobes and clefts of the flow
(ground surge deposits; Wilson and Walker, 1982).

f Corresponding author: e-mail, cm_somers@laurentian.ca

Lithofacies Description and Interpretation

In the following descriptive sections, lithofacies identified
within each informal formation and member are described in
stratigraphic order, i.e, from oldest to youngest, with refer-
ence to an idealized stratigraphic section in Figure 2. The dis-
tributions of the formations, members, and lithofacies are il-
lustrated in Figures 3, 4, and 5. Unless otherwise stated, the
composition of clasts, flows, and intrusions are based on rep-
resentative analyses of least altered samples and field and pet-
rographic observations of their mineralogy, textures, and
structures. For example, clasts with quartz and feldspar phe-
nocrysts or with only quartz phenocrysts are referred to as
rhyolite; those with only feldspar phenocrysts are referred to
as dacite; those with varying combinations of feldspar, amphi-
bole, biotite, and pyroxene phenocrysts are referred to as an-
desite. Matrix refers to components less than 2 mm in diam-
eter and estimates of matrix composition are based on color
and mineralogy. Details regarding strata thickness, internal
organization, clast composition and proportion, clast shape,
and matrix composition for each member and lithofacies are
contained in Table A1.

Peria Ranch formation

Strata of the Pefia Ranch formation form the Cretaceous
basement to the predominantly Tertiary volcaniclastic and py-
roclastic rocks and are best exposed in the low-lying area
northeast of La Pitarrilla (Figs. 2-5). The Pefia Ranch forma-
tion is dominated by folded and foliated lithofacies that were
folded during the Laramide orogeny. These lithofacies consist
of interbedded mudstone and siltstone with occasional beds
of sandstone and pebble conglomerate that contain micritic
limestone, vein quartz, heterolithic volcanic, and interbedded
mudstone and siltstone clasts supported in a silt- to sand-sized
matrix (Table Al; Fig. A1A, B). Beds of thinly to very thickly
bedded micritic limestone are restricted to the northwestern
corner of the map area (Figs. 3, A1C). Strontium isotopic
analyses of two samples collected from limestone beds
yielded 87Sr/%6Sr ratios of 0.70745 + 0.00001, which are simi-
lar to those obtained for late Albian limestones located in the
Coahuila block of northeastern Mexico (Lehmann et al.,
1999) and are consistent with late Albian seawater (Bralower
et al., 1997).

The absence of bed forms indicative of wave- or tide-
formed structures produced in shallow marine environments
suggests that the Pefia Ranch formation was deposited below
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Fic. Al. Lithofacies of the Pefia Ranch formation. A. Folded interbedded mudstone and siltstone beds. B. Clast-sup-

ported heterolithic pebble conglomerate bed with volcanic, quartz, and interbedded mudstone and siltstone clasts. C. In-
terbedded mudstone, siltstone, and carbonate beds (orange) that are located in the northwest corner of the map area.

storm wave base and within a marine environment. The close
association of sand to pebble conglomerate lithofacies with
mudstone and siltstone lithofacies as indicated by their inter-
calation and the occurrence of interbedded mudstone and
siltstone clasts, interpreted to be ripup clasts, suggests depo-
sitional processes characterized by rapid fluctuations in depo-
sitional rate and sedimentary grain size coupled with ero-
sional scour (e.g., Krapez and Hand, 2008). The sand to
pebble conglomerate lithofacies was most likely deposited
from gravelly high-density turbidity currents, whereas the in-
terbedded mudstone and siltstone lithofacies were deposited
from low-density turbidity currents (e.g., Lowe, 1982). The
Pefia Ranch formation is interpreted to be the stratigraphic
equivalent of the Cretaceous Mezcalera Formation. It hosts a
significant part of the sulfide-associated mineralization at La
Pitarrilla.

Pitarrilla formation

The Pitarrilla formation unconformably overlies the Pefia
Ranch formation and consists of four members which, from
oldest to youngest, are the Manto Rico, Lower, Middle, and
Upper members (Table Al; Figs. 2-5).

The Pitarrilla formation is interpreted to have been de-
posited below storm wave base and within a marine environ-
ment. This is based on the absence of cross stratification and

erosional scour indicative of an alluvial-fluvial environment,
the absence of bed forms indicative of wave- or tide-formed
structures produced in shallow marine environment, and the
occurrence of interbedded turbidites, which are characteris-
tic of deep-marine clastic environments.

Manto Rico member: The Manto Rico member uncon-
formably overlies the Pefia Ranch formation (Figs. 2-5) and
is characterized by abrupt lateral variations in thickness
(Table Al), which suggests channelized deposition. This
member consists of two lithofacies, a poorly sorted, pebble to
cobble conglomerate, and a crudely stratified, granule to cob-
ble conglomerate (Table Al; Fig. A2A). Both lithofacies con-
tain distinctive tabular clasts of micritic limestone, angular
clasts of terrigenous sedimentary rocks, and irregularly
shaped andesitic volcanic clasts in a sand-sized matrix (Table
Al; Fig. A2A). The micritic limestone clasts are petrographi-
cally similar to the limestone beds of the underlying Pefia
Ranch formation. The andesitic clasts are petrographically
identical to those within the overlying Lower member.

The poor sorting, the dominantly massive, the thickly bed-
ded character, and the presence of a sandy matrix suggest that
the pebble to cobble conglomerate lithofacies was deposited
from cohesive debris flows (Lowe, 1982), whereas the gran-
ule to cobble conglomerate is characteristic of deposits de-
rived from gravelly high-density turbidity currents (Lowe,
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F1c. A2. Members and lithofacies of the Pitarrilla formation. A. Very thickly bedded and clast-supported heterolithic peb-
ble conglomerate of the Manto Rico member composed of tabular carbonate clasts (C) and angular clasts of terrigenous sed-
imentary rocks. B. Well-stratified and clay-altered Lower member, which consists of interbedded lapillistone and tuff beds
that are thinly laminated to thinly bedded and are composed of irregularly shaped andesitic clasts. C. Very thickly bedded,
poorly sorted, clay-altered tuff-breccia of the heterolithic lithofacies within the Middle member that contains angular dacitic
and andesitic volcanic clasts in a tuff-sized matrix. D. Clay-altered autoclastic flow breccia of the flow lithofacies within the
Middle member that consists of monolithic, angular clasts with a jigsaw-fit texture that range from lapilli to block size within
a tuff-sized, hyaloclastic matrix. E. Lapilli tuff bed of the interbedded tuff and lapilli tuff facies of the Middle member that
contains subrounded to rounded dacitic and andesitic clasts supported by a tuff-sized matrix. F. Lapilli tuff bed of the Upper
member that contains subrounded to rounded dacitic and andesitic clasts, and gray-colored tabular carbonate clasts (C)
within a tuff-sized matrix.

1982). The clasts of siltstone and mudstone are interpreted to  volcanic clasts is uncertain; however, their irregular delicate
have been derived from identical lithofacies found in the un-  shape is suggestive of a pyroclastic origin. If so, then the ab-
derlying Pefia Ranch formation. The source of the andesitic ~sence of vesicles indicates fragmentation by hydrovolcanic
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eruptions (Fisher and Schmincke, 1984) and their derivation
from primary, unconsolidated pyroclastic deposits. Their oc-
currence with limestone and terrigenous sedimentary clasts
indicates transport and redeposition of the andesitic clasts
from their original source. The Manto Rico member is the
most economically important ore host at the La Pitarrilla de-
osit.

P Lower member: The Lower member conformably overlies
the Manto Rico member (Figs. 2-5) and is characterized by
irregularly shaped andesitic clasts, identical to those found in
the Manto Rico member, within a tuff-sized matrix (Table
Al). This member consists of interbedded lapillistone and
tuff beds (Table Al; Fig. A2B). The lapillistone beds are di-
visible into two facies that occur separately or are interbed-
ded. These facies include a heterolithic facies, where the
dominant andesitic clasts are mixed with a minor component
(5-25%) of subrounded to angular clasts of terrigenous sedi-
mentary rocks and rounded volcanic clasts, and a monolithic
facies containing only the andesitic clasts (Table Al).

Based on grain-size populations for low- and high-density
turbidity currents (Lowe, 1982), the lapillistone beds are in-
terpreted to have been deposited from high-density turbidity
currents, whereas the tuff beds were deposited from low-den-
sity turbidity currents. The intercalation of lapillistone and
tuff beds is consistent with deposition from multiple low- and
high-density turbidity currents, which could have resulted
from the initial deposition from a high-density turbidity cur-
rent followed by deposition from a residual low-density cur-
rent mainly composed of tuff-sized material (Lowe, 1982).
Sparse clasts of siltstone and mudstone are interpreted to be
derived from the underlying Pefia Ranch formation. The an-
desitic volcanic clasts are identical to those found in the
Manto Rico member and probably share the same or a simi-
lar pyroclastic provenance and subsequent transport and re-
deposition history. The only difference is that the monolithic
facies may be a product of direct redeposition from a primary
pyroclastic deposit without incorporation of components de-
rived from the Cretaceous sedimentary basement during
transport. Alternatively, the monolithic facies could be a pri-
mary pyroclastic deposit.

Middle member: The Middle member of the Pitarrilla for-
mation conformably overlies the Lower member and is com-
prised of three volcaniclastic lithofacies and one flow lithofa-
cies (Fig. 2). From oldest to youngest, these include the
heterolithic lithofacies, the tuff lithofacies, the flow lithofa-
cies, and the lapilli tuff lithofacies (Table Al; Figs. 2-5).

Heterolithic lithofacies: The heterolithic lithofacies consists
of tuff breccia, intercalated with tuff and lapillistone, and
overlain by interbedded lapilli tuff and lapillistone (Table A1,
Figs. 2, 4, 5). The tuff breccia contains subangular to angular
dacitic and andesitic clasts that are supported by a tuff-sized
matrix (Table Al; Fig. A2C). On a primitive mantle normal-
ized multielement plot, clasts of the tuff breccia show nega-
tive Nb, Ta, and Ti anomalies and have a steep rare earth
element (REE) pattern, all of which are indicative of calc-
alkaline, arc volcanism (Pearce and Peate, 1995; Fig. A3A).
The interbedded tuff and lapillistone is composed of irregu-
larly shaped andesitic clasts within a tuff-sized matrix and is
comparable to tuffs and lapilli tuffs of the Lower member
(Table Al). The overlying lapilli tuff and lapillistone contain

angular dacitic and andesitic clasts within a tuff-sized matrix
that is identical to the matrix of the underlying tuff breccia
(Table A1).

The poor sorting with respect to clast composition and size,
the massive nature, the matrix support, and the tuff-sized ma-
trix suggest that the tuff breccia was deposited from cohesive
debris flows (Lowe, 1982). The interbedded tuff and lapillis-
tone are very similar to tuffs and lapillistones of the Lower
member and represent deposits from multiple low- and high-
density turbidity currents, whereas each cohesive debris flow
deposit represents one event. The overlying lapilli tuff and
lapillistone, based on the common occurrence of normal
graded beds and the lapilli tuff and lapillistone grain size, are
interpreted to have been deposited from multiple high-den-
sity turbidity currents (Lowe, 1982). The angular shape of the
volcanic clasts, the lack of weathered rinds on the clasts, and
the preservation of feldspar and muscovite crystals in the ma-
trix are consistent with a proximal source of detritus derived
either from unconsolidated subaerial or subaqueous volcani-
clastic deposits or flows with a calk-alkaline arc signature.

Tuff lithofacies: The tulf lithofacies conformably overlies
the heterolithic lithofacies and consists of a very thickly bed-
ded tuff and a thinly laminated to thinly bedded tuff that
occur interbedded or separately and both contain submil-
limeter lithic clasts and crystals (Table A1).

The absence of grading and the poorly defined stratifica-
tion of the thickly bedded tuff are characteristic of a massive
deposit emplaced without laminar or turbulent flow, whereas
the well-stratified tuff is interpreted to be a product of low-
density turbidity currents. Possible provenances for the well-
stratified tuff include redeposition of primary pyroclastic de-
posits or a derivation through elutriation of fines during the
emplacement of particulate gravity flows.

Flow lithofacies: The flow lithofacies conformably overlies
and is locally overlain by the tuff lithofacies. It consists of two
facies, a coherent massive facies that is overlain and locally
underlain by a breccia facies that contains angular monolithic
clasts of the coherent massive facies supported within a
shard-rich, hyaloclastic matrix (Table A1; Fig. A2D). The con-
tacts between the two facies are gradational. The coherent
massive facies is andesitic in composition and has pronounced
negative Nb, Ta, and Ti anomalies, and a steep REE pattern
on primitive mantle normalized plots, which are typical of
calc-alkaline arc andesites (Fig. A3B).

The monolithic nature of the clasts within the breccia fa-
cies, their angularity, jigsaw-fit texture, their gradation into
the coherent massive facies, and their occurrence within a
hyaloclastic matrix indicate that the breccia facies is an auto-
clastic flow breccia. The hyaloclastic matrix is interpreted to
be a product of quench fragmentation of the magma during
interaction with water (Batiza and White, 2000), which indi-
cates emplacement of the flow within a subaqueous environ-
ment and is consistent with the interpreted subaqueous de-
positional environment for clastic lithofacies of the Pitarrilla
formation.

Lapilli tuff lithofacies: The lapilli tuff lithofacies con-
formably overlies the flow lithofacies and include a nonbed-
ded facies that is conformably overlain by a tuff and lapilli tuff
facies (Table Al). The nonbedded facies contains rounded
andesitic clasts with a minor component (5-10%) of irregu-
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larly shaped dacitic clasts and angular clasts of terrigenous
sedimentary rocks that are supported by a tuff-sized matrix
(Table Al). The interbedded tuff and lapilli tuff facies is com-
posed of subrounded to rounded dacitic and andesitic clasts
within a tuff-sized matrix containing subrounded crystals
(Table Al; Fig. A2E). On a primitive mantle normalized mul-
tielement plot, andesitic clasts of the interbedded tuff and
lapilli tuff facies display negative Nb, Ta, and Ti anomalies,
and a moderately steep REE pattern, typical of arc volcanic
rocks (Fig. A3C).

The poor size sorting, the massive nature, and the matrix-
supported character of the nonbedded facies are characteris-
tics of cohesive debris flows (Lowe, 1982). The local occur-
rence of an upper stratified facies may be the product of
localized turbulence within the upper part of a particulate
gravity flow during transport, which is typical of submarine
cohesive debris flows undergoing flow transformation

Th Ta Ce Nd Zr Eu Gd Dy Ho Tm Lu
Nb La Pr Sm Hf Ti Tb Y Er Yb

F1G. A3. Primitive mantle-normalized trace element plots for the volcanic
clasts and the flow lithofacies of the Pitarrilla formation (A-C), the lower and
upper mafic sills (D), and the felsic intrusions (E). The primitive mantle val-
ues are from Sun and McDonough (1989).

(Fisher, 1984; Mutti et al., 2003; Talling et al., 2007). The arc
affinity of the andesitic clasts suggests their derivation from
unconsolidated arc volcaniclastic deposits. The irregularly
shaped dacitic clasts share a similar morphology with an-
desitic clasts found in the Manto Rico and Lower members
that suggests they may also be primary pyroclasts produced
by hydrovolcanic eruptions that were redeposited. The sub-
rounded to rounded form of the andesitic volcanic clasts and
crystals within the interbedded tuff and lapilli tuff facies sug-
gest a more significant transport distance and/or reworking
for this facies than for the nonbedded facies. The stratified fa-
cies possesses a wider range of clast types than the nonbed-
ded facies, which suggests a larger and/or more diversified
provenance. The angular siltstone clasts are considered to be
derived from siltstones of the Pefia Ranch formation.

Upper member: The Upper member of the Pitarrilla for-
mation conformably overlies the Middle member (Table Al;
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Figs. 2-5) and consists of a well-stratified heterolithic lithofa-
cies, identical to the interbedded tuff and lapilli tuff facies of
the underlying lapilli tuff lithofacies, except for the presence
of subrounded to tabular limestone clasts in the former (Table
Al; Fig. A2F). The limestone clasts are identical in texture and
color to limestone clasts found in the underlying Manto Rico
member and to limestone beds in the Pefia Ranch formation.

The Upper member is interpreted to be the product of sed-
imentation from high-density turbidity currents. The angular
shape of the volcanic clasts and the preservation of feldspar
and muscovite crystals in the matrix are consistent with a de-
rivation from unconsolidated subaerial or subaqueous arc vol-
caniclastic deposits or flows.

Cardenas formation

The Cardenas formation unconformably overlies the Pitar-
rilla formation and consists of four distinctive lithofacies

Fic. A4. Lithofacies of the Cardenas formation. A. Matrix-supported lapilli tuff of the lithic-rich tuff and lapilli tuff litho-

which, from oldest to youngest, are the lithic-rich tuff and
lapilli tuff lithofacies, the crystal-rich pumice tuff lithofacies,
the stratified tuff lithofacies, and the lithic-rich tuff lithofacies
(Table Al; Figs. 2-5).

Lithic-rich tuff and lapilli tuff lithofacies: The lithic-rich
tuff and lapilli tuff lithofacies unconformably overlies the
Pitarrilla formation, but its extent is limited compared to the
overlying lithofacies of the Cardenas formation. The lithic-
rich tuff and lapilli tuff lithofacies consists of lithic tuff inter-
calated with 20 percent lithic lapilli tuff. The former contains
subangular to angular clasts of terrigenous sedimentary rocks
and rounded to subangular volcanic clasts with a minor com-
ponent (5%) of elongate, wispy, aphyric, clay-altered clasts;
whereas the latter is composed of abundant (30%) elongate,
wispy, aphyric clay-altered clasts and a similar abundance of
lithic clasts (Table Al; Fig. A4A). Both lithofacies are sup-
ported by a strongly clay altered groundmass (Table Al). The

facies that is characterized by abundant elongate, wispy, aphyric clay-altered pumice (?) clasts with a minor component of
rounded to subangular volcanic clasts in a strongly clay altered matrix. Note the wispy clasts that define a planar fabric. B.
Eutaxitic texture defined by flattened pumice clasts within clay- and limonite-altered crystal- and pumice-rich tuff facies of
the crystal-rich pumice tuff lithofacies. C. Columnar joints within the crystal- and pumice-rich tuff facies of the crystal-rich
pumice tuff lithofacies. E. Hematite-altered stratified tuff lithofacies containing well-sorted, thinly to thickly laminated tuff.
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mudstone and siltstone clasts are similar to lithofacies found
in the underlying Cretaceous sediments, and the dacitic and
andesitic clasts are similar to those described in the volcani-
clastics of the Pitarrilla formation. The wispy clasts define a
planar fabric within the lapilli tuff beds that ranges from al-
most bedding-parallel to inclined by as much as 50° to depo-
sitional surfaces (Fig. A4A).

The elongate and wispy shape of the altered, aphyric clasts
are characteristics of flattened vitric or pumice clasts, al-
though the high degree of clay alteration precludes a defini-
tive interpretation. If the wispy clasts are pumice, then the di-
rectional planar fabric could be a eutaxitic foliation that
typically develops in incipiently welded to welded ignimbrites
(Fisher and Schmincke, 1984), in which case the lithic-rich
tuff and lapilli tuff lithofacies may represent multiple ig-
nimbrites. Alternatively, the planar fabric, especially in al-
tered rocks such as these, could result from the alteration,
dissolution, and mechanical compaction of cold, pumice (vit-
ric) clasts during lithification and diagenesis of either primary
pyroclastic flows deposits or their redeposited equivalents
(Gifkins et al., 2005).

Crystal-rich pumice tuff lithofacies: The crystal-rich pumice
tuff lithofacies conformably overlies the lithic-rich tuff and
lapilli tuff lithofacies. It consists of two facies: the crystal- and
pumice-rich tuff facies that is locally and conformably over-
lain by the stratified facies (Table Al; Fig. A4B, C).

The crystal- and pumice-rich tuff facies is massive and con-
tains strongly clay altered, elongate and wispy quartz and K-
feldspar porphyritic, long-tube pumice clasts that are sup-
ported by a clay-altered groundmass containing crystals and
crystals shards (Fig. A4B). Overall, the crystal- and pumice-
rich tuff facies has a rhyolitic composition. The stratified fa-
cies is restricted to one outcrop and consists of well-stratified
and cross-stratified, crystal-rich tuff (Table Al). Columnar
joints, oriented perpendicular to bedding, occur throughout
the entire preserved thickness of the crystal-rich pumice tuff
lithofacies (Table Al; Fig. A4C).

The lenticular and wispy shape of the flattened pumice
clasts within the crystal- and pumice-rich tuff facies are char-
acteristics of fiamme, and their parallel orientation defines a
pronounced eutaxitic texture that is interpreted to have
formed during welding and compaction (Fisher and
Schmincke, 1984; Cas and Wright, 1987; McPhie et al., 1993;
Branney and Kokelaar, 2002). These features plus the devel-
opment of columnar joints are indicative of hot deposition and
along with the crystal-rich matrix are typical of Lower and
Upper Volcanic Succession ignimbrites (Aguirre-Diaz and
McDowell, 1991; Swanson et al., 2006; Ferrari et al., 2007).
The sedimentary and volcanic clasts within the crystal- and
pumice-rich welded facies are identical to clasts within the un-
derlying lithic-rich tuff and lapilli tuff lithofacies (Table Al).

The planar and cross-stratified crystal-rich beds of the
stratified facies are characteristic of pyroclastic surge deposits
(Fisher and Schmincke, 1984; Cas and Wright, 1987). The oc-
currence of columnar joints throughout the stratified facies
indicates incipient welding and the restriction of this facies to
one outcrop suggests significant erosion of the stratified facies
along with total removal of an overlying, coeval, hot pyroclas-
tic deposit(s); the latter is required to account for the incipi-
ent welding and development of columnar joints throughout

the entire exposure of the stratified facies. Thus, the crystal-
rich pumice tuff lithofacies and perhaps, the underlying
lithic-rich tuff and lapilli tuff lithofacies mark an abrupt
change from a below storm wave base marine environment
that existed during deposition of the Pitarrilla formation to a
subaerial environment at the time of ignimbritic volcanism
that was followed by a period of erosion. This change from a
submarine to a subaerial environment, followed by a period
or extensive erosion, required uplift within the eastern flank
of the central sector of the Sierra Madre Occidental.

Stratified tuff lithofacies: The stratified tuff lithofacies, in-
cluding a basal lapillistone facies that is divisible into a mono-
lithic and a heterolithic lapillistone, conformably overlies the
crystal-rich pumice tuff lithofacies (Table A1). The stratified
tuff lithofacies consists of well-sorted planar beds containing
angular, millimeter-sized clasts and crystal fragments (Table
Al; Fig. A4D).

The stratified tuff lithofacies displays features that are con-
sistent with deposits formed from the upper dilute part of
high-density turbidity currents characterized by suspension
and traction sedimentation (Lowe, 1982; Allen et al., 2007).
This interpretation implies that the La Pitarrilla area returned
to a subaqueous environment, either lacustrine or marine,
following erosion of the underlying crystal-rich pumice tuff
lithofacies.

Lithic-rich tuff lithofacies: The lithic-rich tuff lithofacies
conformably overlies and is locally interbedded with the strat-
ified tuff lithofacies. The lithic-rich tuff lithofacies contains
wispy, elongate, clay- and hematite-altered, aphyric clasts,
rounded to angular heterolithic volcanic clasts, and sparse
rounded clasts of terrigenous sedimentary rocks within a
strongly clay altered matrix (Table A1).

The pronounced similarity of this lithofacies to lithic tuff of
the underlying lithic-rich tuff and lapilli tuff lithofacies, which
also contains aphyric wispy clasts of possible pumiceous ori-
gin, suggests it may represent another ignimbrite deposit.
However, the absence of a planar fabric defined by the paral-
lel orientation of wispy (pumiceous) clasts indicates cool de-
position with no evidence of heat retention (i.e., incipient
welding). Alternatively, the wispy clasts could result from
compaction of cold pumice (vitric) clasts during lithification
and diagenesis of either primary pyroclastic flow deposits or
their redeposited equivalents. The depositional environment
is uncertain as characteristics of this lithofacies are consistent
with subaerial or subaqueous deposition.

Casas Blancas formation

The Casas Blancas formation unconformably overlies the
Cardenas formation and comprises a lower and upper vol-
caniclastic lithofacies and the overlying Encino rhyolitic
dome lithofacies (Table Al; Figs. 2-5).

Lower volcaniclastic lithofacies: The relatively flat-lying
lower volcaniclastic lithofacies unconformably overlies tilted
strata of the Cardenas formation (Table Al; Figs. 2-5). This
volcaniclastic lithofacies contains rounded to angular an-
desitic and dacitic clasts, with lesser irregularly shaped,
aphyric, clay-altered clasts in a fine tuff-sized matrix (Table
Al; Fig. A5A).

The depositional environment of this volcaniclastic facies is
uncertain as the poor size sorting, the massive nature, and the
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F1c. A5. Members and lithofacies of the Casas Blancas formation. A. Nonbedded and poorly sorted clay- and hematite-
altered lower volcaniclastic lithofacies containing rounded to subrounded dacitic and andesitic clasts within a tuff-sized ma-
trix containing abundant feldspar. B. Nonbedded tuff breccia of the upper volcaniclastic lithofacies containing rhyolitic clasts
of the overlying Encino rhyolitic dome lithofacies (pink clasts) and rounded to angular volcanic clasts within a tuff-sized ma-
trix. C. Hematite-altered, monomictic rhyolite breccia with a chalcedony matrix (Encino rhyolitic dome lithofacies). D.
Hematite-altered hyaloclastite at the basal contact of the Encino rhyolitic dome lithofacies.

matrix-supported character of the lower volcaniclastic lithofa-
cies are consistent with both subaerial and subaqueous deposits.

Upper volcaniclastic lithofacies: The upper volcaniclastic
lithofacies is restricted to the base of the overlying Encino
rhyolitic dome lithofacies where it conformably overlies the
lower volcaniclastic lithofacies (Table A1; Figs. 2-5). It is sim-
ilar to the latter but differs in that it contains abundant, sub-
rounded to angular, commonly flow-banded rhyolite clasts
that are identical to the overlying Encino rhyolitic dome litho-
facies (Table Al; Fig. A5B). The upper volcaniclastic lithofa-
cies is divisible into two facies, based on differences in bed
thickness and clast size: a medium to thickly bedded tuff and
lapillistone facies at the base overlain by a nonbedded lapilli-
stone to tuff breccia facies (Fig. A5B).

The poor sorting with respect to clast size and composition
and the dominantly massive nature of the upper volcaniclas-
tic lithofacies are characteristics of both subaerial and sub-
aqueous volcaniclastic deposits. The restriction of the upper
volcaniclastic lithofacies to the base of the Encino rhyolitic
dome suggests that it could be a product of mass wasting of
fault scarp walls. Alternatively, the andesitic and dacitic clasts
could be sourced from outside of La Pitarrilla and deposited

within localized basins. In either scenario, the rhyolitic clasts,
some more than a meter in size, are interpreted to have been
derived through mass wasting of a growing and advancing En-
cino rhyolitic dome.

Encino rhyolitic dome lithofacies: The Encino rhyolitic
dome lithofacies conformably overlies the upper volcaniclas-
tic lithofacies (Figs. 2-5). It has a rhyolitic composition and
contains K-feldspar and quartz phenocrysts within a coher-
ent, flow-banded, microcrystalline quartz groundmass (Table
Al; Fig. A5C). The basal 3 to 40 m of the Encino rhyolitic
dome is marked by perlitic fractures, lithophysae, and
spherulites; hyaloclastite occurs locally at the contact with un-
derlying strata (Fig. A5D). In the dome interior, monolithic
rhyolitic breccias locally occur over 15- to 40-cm intervals
(Fig. A5C). The upper contact of the Encino rhyolitic dome
lithofacies has been removed by erosion.

The base of the Encino rhyolitic dome displays hyalo-
clastite, which implies that at least the base of the dome was
emplaced in a subaqueous environment or onto wet and un-
consolidated volcaniclastic rocks. Therefore, the two underly-
ing volcaniclastic lithofacies of the Casas Blancas formation,
like the Encino rhyolitic dome, may have been emplaced into
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alocalized lacustrine or a marine environment. Flow banding,
spherulites, perlitic texture, columnar joints, and hyaloclastite
can occur in rhyolitic sills, cryptodomes, and domes. The only
evidence to support an extrusive emplacement is the occur-
rence of Encino rhyolitic dome clasts within the upper vol-
caniclastic lithofacies. However, the upper contact of the En-
cino rhyolitic dome is not preserved and the extrusive
interpretation is tentative. The restriction of the Encino rhy-
olitic dome to an area delimited by the vertically projected
traces of older faults and lobe orientations that broadly paral-
lel the orientation of the two main fault sets suggests em-
placement of the Encino dome within a fault-controlled,
topographic basin.

Intrusions

Mafic sills: A lower mafic sill occurs within the Lower and
Middle members of the Pitarrilla formation and is laterally
continuous in drill cores across La Pitarrilla (Figs. 2-5). An
upper mafic sill occurs within the upper volcaniclastic lithofa-
cies of the Casas Blancas formation. It is restricted in its areal
extent and is preferentially oriented in a north-northwest-
south-southeast direction that is parallel to the north-north-
west-trending fault set (Fig. 3).

The lower mafic sill is green or mauve in color due to chlo-
rite and hematite alteration. It consists of a coherent massive
facies that has at its lower and upper margins a peperite facies
(Fig. AGA, B). The coherent massive facies has an andesitic
composition and contains amphibole phenocrysts within a mi-
crocrystalline plagioclase groundmass (Table Al; Fig. AGA).
An in situ breccia occurs locally at the transition between the
coherent massive facies and the upper and lower peperite fa-
cies. The in situ breccia consists of angular clasts of the lower
mafic sill with jigsaw-fit texture that grades inward into the
coherent massive facies and outward into peperite; the latter
typically contains irregularly shaped clasts of the lower mafic
sill mixed within the enveloping volcaniclastic lithofacies (Fig.
A6B). The upper mafic sill also has an andesitic composition
and contains amphibole phenocrysts, replaced by opaque
minerals and epidote, within a microcrystalline groundmass
dominated by plagioclase (Table Al). The upper mafic sill,
like the lower malfic sill, varies in color between green and
mauve, depending on alteration. The upper mafic sill has
peperite within its interior, consisting of irregularly shaped
clasts of the upper mafic sill enclosed within the upper vol-
caniclastic lithofacies. On a primitive mantle normalized
multielement plot, the lower and upper mafic sills display

FIG. A6. Intrusions. A. Chlorite-altered, coherent facies of the lower mafic sill with chlorite altered mafic crystals. B.
Chlorite- and iron carbonate-altered peperite facies of the lower mafic sill that consists of irregularly shaped clasts of the
lower mafic sill mixed with volcaniclastics of the Pitarrilla formation. C. Quartz-porphyritic felsic dike. D. Peperite facies of
a felsic dike that is composed of irregularly shaped clasts of the felsic dike mixed with tourmaline-altered Pitarrilla formation
volcaniclastic rocks.
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negative Nb, Ta, and Ti anomalies, and moderately steep
REE patterns, which are indicative of arc volcanism (Fig.
A3D).

The occurrence of peperite along the contacts of the lower
mafic sill and within the upper mafic sill indicates that they
are intrusions (e.g., White et al., 2000) and that the volcani-
clastic deposits of the Pitarrilla and Casas Blancas formations
were still unconsolidated and wet at the time of sill emplace-
ment. This is consistent with the interpretation for a marine
environment during emplacement of the Pitarrilla and Casas
Blancas formations. As the lower mafic sill does not appear to
be significantly displaced by the two main fault sets that off-
set the Cardenas formation, its emplacement is interpreted to
be pre-Encino rhyolitic dome emplacement as the felsic dikes
that are the feeders for the Encino dome crosscut the lower
mafic sill (Figs. 3-5). The occurrence of the upper mafic sill
within the upper volcaniclastic lithofacies, which contains
blocks of the Encino rhyolitic dome, indicates that it was em-
placed during or just after emplacement and growth of the
Encino dome. This implies that the upper mafic sill is
younger than the lower mafic sill and that volcanism was bi-
modal (andesite-rhyolite).

Felsic intrusions: Felsic dikes crosscut all strata at La Pitar-
rilla except the Encino rhyolitic dome, whereas felsic sills
occur only within the Pitarrilla formation (Figs. 2, 4, 5). The
felsic dikes and sills are concentrated and converge at the
highest elevation of La Pitarrilla where the Encino rhyolitic
dome occurs (Figs. 3-5). The felsic dikes have two preferred
orientations, which are the northeast-southwest and north-
northwest-south-southeast orientations that parallel to the
orientation of the northeast- and north-northwest-trending
fault sets (Fig. 3). The felsic intrusions consist of a coherent
facies and locally a peperite facies (Table Al; Fig. AGC, D).

The dikes and sills are rhyolitic in composition and contain K-
feldspar and quartz phenocrysts within a microcrystalline
quartz groundmass (Fig. AGC). On primitive mantle normal-
ized diagrams, the felsic intrusions display negative Eu and Ti
anomalies, a LREE enrichment, and have a flat HREE pat-
tern that is not typical of arc rhyolites (Fig. A3E). Peperite oc-
curs locally for 10s of centimeters to 10s of meters along the
margins of the coherent facies, and especially where the dikes
cut volcaniclastic lithofacies of the Pitarrilla, Casas Blancas,
and more rarely, Pefia Ranch formations. Peperite consists of
irregular, delicate to fluidal-shaped clasts of quartz and
feldspar porphyritic rhyolite within a volcaniclastic matrix
(Fig. AGD).

The occurrence of peperite along the margins of felsic
dikes emplaced within the Pitarrilla and Casas Blancas for-
mations is consistent with their emplacement into wet, un-
consolidated volcaniclastic rocks (e.g., White et al., 2000), and
supports a subaqueous environment during the emplacement
of these formations. The jigsaw-fit texture and evidence of
clast rotation indicates that the breccia facies was mainly
formed in situ. The identical mineralogy, composition, tex-
tures, and structures of the felsic intrusions and the Encino
rhyolitic dome, as well as their gradation upward into the En-
cino dome, indicate that they are the feeders for the Encino
dome. Therefore, the area where the felsic dikes converge in
Figures 4 and 5 is interpreted to define the primary vent area
for the Encino rhyolitic dome, which is now preserved as two
flow lobes within eroded fault-bounded basins adjacent to its
feeding fissure. The parallel trend of the felsic dikes and the
two faults sets suggests that these early faults, or ancillary
parallel structures, were reactivated during Casas Blancas
volcanism where they acted as structural conduits for felsic
magmas.
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