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ABSTRACT

The million-ounce San Francisco gold deposit in the Llano district of northern
Sonora State is composed of arrays of 1-10 cm thick, quartz-tourmaline-pyrite veins
confined mainly to a stack of 1-10 m thick leucogranite sheets concordant with folia-
tion in retrogressively metamorphosed felsic gneiss and amphibolite. The felsic gneiss in
the mine area is unconformably overlain (at Cerro Gauna) by weakly metamorphosed
Mesozoic metasedimentary and metavolcanic rocks possessing a steeply dipping cleav-
age, but also is in local tectonic contact with these units along the northward-dipping
Llano Fault. Previous “’Ar/*’Ar dating studies of white mica from vein selvages at San
Francisco indicates a minimum age of 41 Ma for mineralization in the leucogranite.
Elsewhere in the Llano district, however, quartz veins containing gold and tourmaline
are hosted by the Mesozoic metasedimentary rocks (at La Vetatierra) and cut granitoid
rocks of the El Claro intrusion, suggesting a maximum age of 65 Ma for mineralization
at that location. U-Pb zircon dating results at San Francisco demonstrate that the host
leucogranite crystallized at approximately 1410 Ma (Mesoproterozoic) and overlying
felsic to intermediate meta-ignimbrite above the unconformity at Cerro Gauna formed
at approximately 180 Ma (Early Jurassic). Coupled with the previous data from San
Francisco and a consideration of field relationships, this suggests a late Laramide tim-
ing of the deposits and a possible three-way link between gold and Laramide deforma-
tion and plutonism. Depending on perspective and scale, gold in the Llano district can
be considered to be both “orogenic’ and “intrusion-related”.

INTRODUCTION west called La Chichara (Fig. 2). The combined heap-leach
operation yielded 300,834 ounces gold production from 13.5

The Llano gold district in the Santa Ana region, Sonora, million tonnes mined between 1995 and 2001; current mea-
Mexico (Fig. 1), includes the San Francisco open-pit mine sured and indicated resources of 27.6 million tonnes are esti-
(Araiza-Martinez, 1998) and the smaller adjacent mine to the mated to contain an additional 716,790 ounces gold (Timmins
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Figure 1. Simplified map of the Sonora-Mo-
jave region showing selected structural fea-
m| tures and porphyry copper and gold deposits.
\ Metamorphic core complexes are stippled and

the inferred position of the Mojave-Sonora
megashear has been approximated from sev-
eral published sources.
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Gold Corporation, March 31, 2008). Placer gold was
mined from the property by shafts through the over-
burden to the rock contact at least one hundred years
ago. These old mines were destroyed by the open pit.
Prior to open-pit mining, a minor amount of under-
ground testing was conducted to confirm an area of
abundant quartz veining that graded over 3 grams per
tonne. The underground workings were also mined
through by the pit. The majority of the gold mineral-
ization is associated with quartz-vein sets in a leuco-
granite and, to a lesser extent, pegmatitic phases. The
veins, up to 1 m thick, as well as the stringers and mi-
cro veins around them, contain dravite tourmaline and
pyrite and have sericitic selvages. Pyrite cubes up to
one centimeter on edge are common in the veins and
surrounding altered rocks. Visible gold is rare in the
veins and/or wall-rocks below the level of oxidation of
30 m. In the oxidation zone flakes of native gold were

Figure 2 (left). Geological map of the Llano gold district
showing the location of gold deposits (dots). The circular
outline near La Perdida marks a positive magnetic anomaly
thought to be related to a buried intrusion. Location of sam-
ples for U-Pb zircon geochronology are labeled and circled.
The line AB corresponds to the cross-section in Figure 3.
Pr — San Francisco Gneiss and leucogranite; Jsv — Juras-
sic volcanic and clastic sedimentary rocks; Ks — Cretaceous
limestone and clastic sedimentary rocks; Ki — Late Creta-
ceous intrusions. The red trend lines approximate the strike
of foliation in the San Francisco gneissic units.
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found near, on, and in oxidized pyrite cubes. Gold grades are
highest in the deposit where the veins are in greatest abun-
dance. Locally, grades can exceed 30 grams per tonne gold.
High grade areas are commonly indicated by the presence of
minor amounts of galena, sphalerite and rarely chalcopyrite.
Much of the gold is sited in micro veins that form large altera-
tion halos in wall-rock grading a gram or less. At Chichara,
the gold veins and disseminations were in part hosted by am-
phibolite, likely metagabbro.

The Llano district is part of a broader gold belt extend-
ing northwestward to Mesquite, southeastern California (Fig.
1), approximating the trend of the contentious Mojave-Sonora
megashear (Anderson and Silver, 1979, 2005; Molina-Garza
and Iriondo, 2007) and the California-Coahuila transform
(Dickinson and Lawton, 2001a). Gold deposits in this belt
are of diverse type (Silberman et al., 1988; Jacques-Ayala
and Clark, 1998) and more of them have been regarded to be
“mesothermal” than “epithermal” (Pérez-Segura et al., 1996).
Many different geological controls have been invoked for in-
dividual deposits in this gold belt, including reactivation of
the Jurassic Mojave-Sonora megashear, Laramide deforma-
tion and intrusions, early Tertiary extension and detachment
faults, Tertiary strike-slip faults, and emplacement of Early
Tertiary “two-mica” granitoid rocks. Many of these geologi-
cal elements are present in the Santa Ana region and have the
potential to have played a role in forming the deposits in the
Llano district (Fig. 2).

GEOLOGY

The Llano gold district occupies a northerly trending
series of ranges extending southward from the El Claro intru-
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sion to the Llano Fault (Figs. 2 and 3).

The main geological observations pertinent to the local-
ization of the gold deposits in the Llano district are as follows:

(1) Most of the known gold occurrences (Fig. 2) are
located in an extensive body of Precambrian rock, the San
Francisco gneiss. The gneiss was deformed under conditions
of medium to high-grade metamorphism and deformation. It
was derived in large part from Precambrian intrusive rocks
including granitoid (likely tonalitic) and gabbroic (local am-
phibolite) compositions. Local lenses of marble attest to the
fact that some gneiss may have formed from sedimentary or
volcanic protoliths. Augen gneiss (Fig. 4A) is locally present
and is likely derived from a pegmatitic granitic protolith. The
variation in composition and texture of the gneiss impart a
distinctive fabric to these Precambrian basement rocks. Apart
from local variations, compositional layering and coplanar
penetrative foliation strikes on average N30°W and dips mod-
erately to steeply to the ENE (Fig. 2). The age and origin of
the gneissic rocks has proven problematic. Salas (1968) re-
garded similar rocks north of Santa Ana in Cerro del Portera
as Precambrian but other workers (e.g., Changkuon, 1990;
Morales-Montafio, 1984) have interpreted them to be Juras-
sic in age. Pérez-Segura et al. (1996) used an *°Ar/*’Ar age of
911 Ma on hornblende to suggest the amphibolite was at least
metamorphosed in the Neoproterozoic time, and hence rep-
resents a minimum age of the protolith. Calmus et al. (1992),
however, suggested the Proterozoic rocks were also subjected
to a Jurassic “Nevadan” deformation, an interpretation also
favored by Anderson et al. (2005).

(2) The San Francisco gneiss is intruded by leucogran-
ite that locally possesses a distinctive graphic and pegmatitic
texture. The leucogranite does not appear to have been sub-
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Figure 3. Schematic north-south cross-section from La Barajita through Cerro Gauna and Cerro Santa Juliana to
Durazno. The section is accurate in horizontal scale but has been exaggerated vertically. Where uncertainties exist
concerning the dips of faults they are shown to be vertical and the section has not been balanced. Note that most
of the gold occurrences in this area occur in the wedge of gneiss bounded below by the Llano Fault and above by

an angular unconformity. Legend as in Figure 2.
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Figure 4. Key geological features in the Llano district: (A) Coarse
orthogneiss; (B) leucogranite sheet (light) cutting gneiss but in turn
cut by gold-quartz veins, San Francisco Mine; (C) bedded arenite cut
obliquely by spaced metamorphic cleavage, Cerro Gauna; (D) foli-
ated meta-rhyolite, Cerro Gauna; hammer head at left for scale.

jected to the same medium- to high-grade metamorphism as
the gneiss and only locally displays a greenschist-facies folia-
tion. Although the leucogranite is present in places as larger
irregular masses, it occurs most commonly as 1- to 10-meter-
thick sheets (Fig. 4B) concordant with gneissic layering in the
country rocks. These “sills” of leucogranite are only locally
weakly boudinaged in contrast to the high strain recorded in
their host gneiss. Their concordance with the gneiss, however,
indicates that a strong structural anisotropy was fully present
in the host rocks at the time the leucogranite was emplaced.
The leucogranite is a common host for gold-quartz veins (Fig.
4B) but its age was previously unknown, even though it has
been assumed to be either Tertiary (Calmus et al., 1992; Pérez-
Segura et. al., 1996) or Jurassic (Changkuon, 1990).

(3) The San Francisco gneiss and leucogranite are un-
conformably and non-conformably overlain in depositional
contact by conglomerate, sandstone and tuff belonging to the
Coyotillo Group (Salas, 1968). In the area of the San Fran-
cisco mine, the unconformity closely mimics the modern-day
erosional surface but to the south, folded rocks of the Coyo-
tillo Group are juxtaposed against the gneiss along the Llano
Fault (Figs. 2, 3). At Cerro Gauna, the rocks above the uncon-
formity include metaconglomerate and metasandstone (Fig.
4C), locally containing detrital magnetite, as well as abundant
meta-rhyolite units (Fig. 4D). Intercalation of the rhyolite and
sandstone points to their coeval deposition. A key aspect of the
sandstone and rhyolitic rocks is their greenschist-facies dyna-
mothermal metamorphic foliation (Figs. 4C, D). Comparisons
with regional descriptions suggest this stratigraphic package,
which is up to one km in total thickness in this area, is part of
the widespread Jurassic arc sequence and the overlying Glance
Conglomerate of Arizona (e.g., Dickinson and Lawton, 2001b).
Nonetheless some workers have assigned the section at Cerro
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Gauna to the Tertiary and have portrayed the unconformity as
a listric detachment fault (e.g., Anderson et al., 2005).

(4) In the northern half of the district, the Coyotillo
Group is overlain by varicolored shale and siltstone as well as
by distinctive fossiliferous limestone of the Represso (Bisbee
equivalent) Group (Jacques-Ayala, 1992, 1995). The age of
the shallow marine Mural limestone of the Represso Group
is placed in the range 100-115 Ma on the basis of fossil as-
semblage (Jacques-Ayala, 1995). The rocks of the Represso
Group have been folded and overprinted by a low-grade meta-
morphic foliation of similar orientation and style as observed
in the Coyotillo Group. Itis likely that the metamorphism cor-
responds to Late Cretaceous Laramide folding about NW-SE
(fold) axes due to NE-SW shortening (Jacques-Ayala, 1992).

(5) The Llano Fault is the most significant dislocative
structure in the San Francisco mine area. It is regarded as
a thrust mainly because it places Precambrian San Francisco
gneiss on Coyotillo Group rocks of presumed Jurassic age.
There is, however, independent structural evidence that the
Llano fault is a thrust. The first is that current mapping clearly
shows that gneissic layering is deflected in the vicinity of the
Llano fault (Fig. 2). Superficially, this might suggest a com-
ponent of sinistral shear along the fault but this is misleading
when one considers the geometry in three dimensions. The
gneissic layering is discordant to the fault plane in both plan
and section. Therefore reverse shear will result in the foliation
being bent downward toward the fault about an axis parallel to
the line of intersection of the fault and gneissic layering. The
resulting deflection is therefore evident in both plan and sec-
tion views. The corridor in the hanging wall of the Llano Fault
where gneissosity is deflected from its predominant NNW
strike corresponds to ductile deformation in the Llano Shear
Zone. The effects at the outcrop scale are undoubtedly the
observed low-grade shear zones nucleated along rheological
contrasts and in pre-existing high-strain zones in the gneiss.
It is also consistent with the fact that some competent units
such as the leucogranite sheets, which post-date the deforma-
tion recorded by the gneiss, are locally boudinaged along their
length. An additional line of evidence for the reverse move-
ment on the Llano Fault is the fact that low-grade cleavage in
folded Coyotillo Group rocks is consistently inclined to the
north at moderate angle. Inasmuch as the perpendicular to
cleavage is regarded to be an axis of finite shortening, in this
case it corresponds to the direction consistent with contrac-
tional reverse movement on the Llano Fault (Fig. 3).

(6) A prominent geological feature of the Llano district
is the El Claro granitoid intrusion (Fig. 2), which, along with
smaller satellite bodies and local dikes, represents Laramide
magmatism in the Llano district. Contact garnet-pyroxene
skarn assemblages are developed along the margin of this
body at El Durazno, where both the calc-silicate rocks are cut
by a biotite-granite dike. Local granitoid dikes elsewhere in
the district are likely of similar age. At Cerro La Barajita, one
such dike cuts discordantly across folded and metamorphosed
rocks of the Coyotillo Group. Near El Claro, the dynamother-
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mal metamorphic cleavages in pelitic rocks in the aureole of
the El Claro intrusion formed in the amphibolite facies; the
resulting porphyroblastic biotite schist contains a prominent
cleavage which in turn is crenulated. The overall impression
is that the Laramide intrusions are late-kinematic with respect
to dynamothermal metamorphism and deformation in the sur-
rounding rocks.

(7) Gold mineralization in the Llano district occurs in
several different structural sites (Fig. 5), the most common
of which are fault-fill quartz veins. These planar veins, com-
monly 10- to 100-cm thick, occupy steep faults discordant
to the gneissic layering. The most common strike of such
veins is WNW, which is essentially parallel to the strike of the
Llano Fault. The fault-fill veins were the sites of most his-
toric small-scale bedrock mining from open cuts. Their gold
content is likely erratic in distribution and, given that they
are few and widely spaced, these veins are of little interest as
bulk-mining targets except for the fact that they at least mark
locations where gold is known to occur. The more attractive
sites for large tonnage gold resources involve the formation
of extensional veins (Fig. 4b). These are dominant in all pro-
ductive zones identified thus far and occur mainly as arrays
localized in leucogranite sheets. The veins are observed to dip
moderately southward, perpendicular to the host leucogranite,

competent unit
e.g. leucogranite

layer-normal
extensional veins

dilational "kink"
Zones in gneiss

layer-oblique
llﬂatll

\ veins

gne\iss
1 L (retrograde) )
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(ret(og rade)

N7

through-going fault-fill veins

LOCAL STRUCTURAL SITES FOR GOLD

Figure 5. Schematic diagram showing relationships of quartz and
quartz-tourmaline veins to structural features in the host rocks in
both map and cross-sectional view.
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a reflection of stretching along the length of this body, or to
be nearly subhorizontal and oblique to the host, suggesting
shear along its margins. In some cases, vein spurs extend into
adjacent incompetent rocks where they are deflected in a man-
ner suggesting reverse shear after they formed. A third exten-
sional site is thought to locally involve “kinking” of gneissic
layering (Fig. 5). All of the sites for gold are therefore consis-
tent with vein formation in rocks undergoing brittle-ductile
deformation and kinematically consistent with reverse move-
ment in the Llano Shear Zone. The main control on the lo-
cation of gold, however, is not the Llano Fault directly, but
subsidiary structures initiated on inherently weak zones in the
gneiss. Gold quartz veins are also found locally in the Coyo-
tillo Group and within the El Claro intrusion at El Durazno.

(8) The main post-ore feature in the district is a swarm of
mafic to felsic dykes, which strike northwest and dip moderate-
ly northeast. Most of the dykes are composed of hornblende-
phyric diorite but they are cut by a least one lamprophyre
dyke dated at 27 Ma by the **Ar/*’Ar method (Pérez-Segura
et al., 1996). The dyke swarm is significant because, apart
from brittle offsets along N-S basin-and-range faults, they
record no deformation after their emplacement during a pe-
riod of NE-SW extension. Their extensive distribution in the
undeformed state precludes any significant effects in the San
Francisco area of the mid-Tertiary ductile deformation which
led to the formation of the Magdalena metamorphic core com-
plex to the north (Nourse, 1995; Anderson et al., 2005). This
further re-enforces the idea of the gold deposits in the Llano
area having likely formed during Laramide contraction rather
than Tertiary extension.

GEOCHRONOLOGY

Apart from the data reported herein, the only chrono-
logical constraints on the ages of host rocks and veins are the
“Ar/PAr data of Pérez-Segura et al. (1996), the K-Ar data
of Miranda-Gasca et al. (1998), and the paleontological data
contained in Salas (1968) and Jacques-Ayala (1995).

Nine rock samples potentially suitable for U-Pb zircon
dating were collected in 1999 from the Llano district (Fig.
2). Six of the samples yielded a significant amount of zir-
con, which was dated at the Pacific Centre for Isotopic and
Geochemical Research (PCIGR) facility at the University of
British Columbia, using both isotope dilution - thermal-ion-
ization mass spectrometry (ID-TIMS) as described in Pigage
and Mortensen (2004) and laser-ablation - inductively coupled
plasma - mass spectrometry (LA-ICP-MS) modified somewhat
from those described by Chang et al. (2006). Analytical data
for the six samples are given in Tables 2 and 3 (Appendix) and
shown graphically in Figures 6 and 7. Interpreted results are
summarized in Table 1. The results demonstrate three distinct
episodes of igneous activity in the district: Mesoproterozoic
emplacement of leucogranite into the Mesoproterozoic San
Francisco gneiss, Early Jurassic felsic volcanism above an
unconformity on the leucogranite and gneiss, and Late Creta-
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0.064 0.068 0.072 El Durazno; e) biotite granodiorite, El Durazno.

Table 1: Results of U-Pb zircon geochronology of rocks from the Llano gold district.

Sample No. | UTM Coordinates (m), NAD 27 | Rock Unit Age (ID-TIMS) Age (LA-ICP-MS)
99-SF-02 0487875E, 3360100N Metarhyolite, El Socorro 180.1 £ 1.5 Ma n/a
99-SF-06 0488300E, 3360400N Sericite schist, Cerro Gauna 186.3 £ 0.4 Ma n/a
99-SF-03 0487175E, 3356200N Quartz monzonite, La Barajita 68.3 + 3.2 Ma n/a
99-SF-04 0487250E, 3370400N Biotite granite, El Durazno 66.0 + 2.0 Ma n/a
99-SF-05 0487150E, 3370400N Biotite granodiorite, EI Durazno 65.5+ 0.5 Ma n/a
99-SF-08 0488700E, 3357325N Leucogranite, San Francisco Mine ~1427 Ma 1404.2 £ 5.8 Ma
99-SF-09 0488350E, 3357575N Gneiss (+ minor leucogranite), 1411.4 +3.2/-2.9 Ma 1416.2 £ 7.4 Ma
San Francisco Mine
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Figure 7. a) U-Pb concordia plots of ID-TIMS data for leucogranite sample 99-SF-08; b) corresponding LA-ICP-MS data for zircons
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responding LA-ICP-MS data for zircons from sample 9; f) Plot of Pb-Pb ages for sample 99-SF-09.

ceous intrusion of the El Claro granodiorite and related stocks
and dykes. A fourth episode corresponds to emplacement of
mafic dikes related to regional Mid-Tertiary volcanism (Pérez-
Segura et al., 1996; Miranda-Gasca et al., 1998).

99-SF-02 is a sample of quartz-sericite schist (metar-
hyolite) at El Socorro on the northwest side of Cerro Gauna.

It represents a felsic ignimbrite with metamorphic foliation
suggesting probable equivalence with the Coyotillo Group but
this unit has also been suggested to be Tertiary by some work-
ers. Four fractions of abraded zircon were analyzed (Fig. 6a).
Three are discordant, indicating the presence of minor inheri-
tance of older zircon cores in some of the grains. One fraction
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(B) gives a concordant analysis with a *’°Pb/>**U age of 180.1
+ 1.5 Ma, which we interpret as the crystallization age of the
sample. It also provides a minimum age of underlying magne-
tite-bearing sandstone, which forms the base of the Coyotillo
Group above an angular unconformity with basement gneiss
and granitoid rocks of the San Francisco complex.

99-SF-06 is a sample of sericite schist from the north-
east slope of Cerro Gauna. It is composed of welded vesicular
and amygdaloidal metatuff. Five zircon fractions were ana-
lyzed (Fig. 6b). Three cluster on or very near concordia with
fraction E giving a concordant analysis and a 2°°Pb/***U age
of 186.3 + 0.4 Ma, which we interpret as the crystallization
age of the sample. Fraction A gives a slightly older age, in-
dicating minor inheritance of older zircon. Fraction B yields
a much older age, and a regression line through the cluster of
nearly concordant analyses and this fraction gives a calculated
upper intercept age of 1.56 Ga, which is an average age for
the inherited zircon component in this fraction. The inherited
component is presumably derived from underlying Precam-
brian rock units.

99-SF-03 is a sample of hornblende-plagioclase-phyr-
ic quartz monzonite from the southwest corner of Cerro La
Barajita. The sample comes from a relatively undeformed
dyke that cuts across folded Coyotillo Group metasedimen-
tary rocks as well as the underlying San Francisco gneiss. The
sample only yielded a very small amount of zircon, which was
analyzed as two fractions. Both analyses are discordant (Fig.
6¢), and a regression line through them gives calculated lower
and upper intercept ages of 68.3 + 3.2 Ma and 1.75 Ga. We
interpret the lower intercept age to give the approximate crys-
tallization age for the body and the upper intercept as an aver-
age age for a substantial component of older inherited zircon
in the sample. The crystallization age indicates that this is a
Laramide dyke emplaced after much of the ductile deforma-
tion and metamorphism of the surrounding Mesozoic rocks.
The ~1.75 Ga inherited zircon component in this sample may
be derived from either the underlying San Francisco gneiss or
from detrital zircon components within the Coyotillo Group.

99-SF-04 is a sample of biotite granite from a dike in an
open stope at El Durazno. The granite clearly cuts the larg-
er mass of nearby biotite granodiorite and skarn developed
in limestone at its contact. The biotite granite is cut by Au-
quartz veins and by a porphyritic diorite dyke. Three fractions
of abraded zircon give overlapping concordant analyses (Fig.
6d) with a total range of “°Pb/***U ages of 66.0 + 2.0 Ma,
which gives the crystallization age of the unit, and provides
a confident maximum age of the Au quartz veins as well as
minimum age of skarn.

99-SF-05 is a sample of biotite granodiorite represent-
ing the main mass of the El Claro intrusion directly west of El
Durazno open stope. The biotite granodiorite cuts limestone
and appears to postdate most ductile deformation in this area.
At Durazno, the biotite granodiorite is cut by biotite granite
dikes (sample 99-SF-04) and by quartz-tourmaline veins. Five
zircon fractions were analyzed (Fig. 6¢). Four of these give
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overlapping concordant analyses (Fig. 6d) with a total range
of 2%Pb/**U ages of 65.5 = 0.5 Ma, which we interpret as
the crystallization age of the unit. One fraction (B) gives a
concordant but slightly older age, which we interpret to in-
dicate the presence of a minor inherited zircon component,
perhaps from the early Jurassic metavolcanic rocks in the vi-
cinity. This age is statistically identical to that obtained from
the younger (from field relationships) biotite granite dyke, and
therefore constrains the crystallization ages of both phases.
The 65.5 Ma age also suggests that this is the minimum age of
folds and cleavage as well as a maximum age of the contact
skarn. Crenulation cleavages overprinting schist in the con-
tact aureole of the intrusion on the southwest of the intrusion,
however, suggest that some penetrative deformation took
place after 65.5 Ma as well.

Samples of the leucogranite (99-SF-08) and quartz-
ofeldspathic gneiss (99-SF-09) were initially analyzed using
ID-TIMS methods on single grains (Figs. 7a and d). Analyti-
cal results showed some scatter, indicating the effects of both
inheritance of older zircon components in some grains, and
strong post-crystallization Pb-loss. In order to avoid these
complications LA-ICP-MS methods were subsequently ap-
plied to zircons from each of these samples.

99-SF-08 is a sample of host leucogranite from the east-
ern side of 620 bench, San Francisco open pit. The granitoid
rock is representative of the main host for the San Francisco
orebody and is here cut by quartz-tourmaline veins and con-
tains disseminated pyrite. The preferred age for this body is
given by the weighted **’Pb/**Pb age of 1404.2 + 5.8 Ma,
which is based on a weighted average of the 2*’Pb/**°Pb ages
of 21 of 24 grains that were analyzed (Fig. 7a and 7b). This
age obviously represents a redundant maximum for mineral-
ization, but more importantly provides a minimum age for the
metagabbro and gneiss which are clearly cut by the leucogran-
ite elsewhere in the pit.

99-SF-09 is a sample of quartzofeldspathic gneiss from
the 668 bench in the central ore zone on the western side of the
San Francisco open pit. The sample contains a narrow boudi-
naged granitoid dike which was sawed and separated from the
rest of the sample prior to analysis. Initial ID-TIMS analy-
ses on zircons separated from the gneiss suggested an age of
1411 Ma (Fig. 7d), although two of the five fractions analyzed
gave slightly older ages, suggesting the presence of older in-
herited zircon components in at least some of the grains. The
preferred U-Pb 2’Pb/*”Pb zircon age of 1416.2 + 7.4 Ma is
based on a weighted average of 18 of 20 analyses obtained
using LA-ICP-MS methods (Fig. 7f). This age may corre-
spond to the age of the protolith for this rock unit, if it is in-
deed meta-igneous in origin. The results from this sample are
somewhat problematic, however, mainly because the sample
has two identifiable components in hand sample, leucogranite
and gneiss. The gneissic component clearly was deformed and
metamorphosed prior to being cut by the lecucogranite. It is
possible therefore that the 1416 Ma age actually represents
the age of the leucogranite component (which would have to
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be a slightly older phase than that dated in sample 99-SF-08),
rather than the age of the gneiss itself. An attempt was made
during processing of the gneiss sample to avoid any of the
leucogranite layers, however, and we therefore consider it
probable that the age of 1416 Ma represents that crystalliza-
tion age for the igneous protolith of the gneiss. Collectively
the data for both samples leave no doubt about the Mesopro-
terozoic age of the leucogranite, although there remains some
uncertainty about the age of the rest of the gneiss in the San
Francisco complex, which may be reflected in the inherited
1750 Ma zircon component in sample 99-SF-03.

DISCUSSION

The geological and geochronological data from the Lla-
no district show that gold-quartz veins are constrained tem-
porally to the interval between 65 and 40 Ma (Fig. 8), but
spatially are related to faults and fractures in a variety of ages
of hosts, in particular small bodies of Mesoproterozoic leu-
cogranite. This observation is relevant to the local geologi-
cal controls on the deposits, their relationship to the Laramide
porphyry belt to the northeast, their relationship to the Mo-
jave-Sonora megashear, their comparison with other deposits
and districts in the Sonora-Mojave gold belt, and finally, their
classification with respect to gold deposits in general.

The gold deposits of San Francisco and La Chichara com-
prise Laramide-age quartz veins in Precambrian leucogranite
and gneiss. This refutes the earlier notion that the host leuco-
granite is Tertiary or Jurassic in age and that there is a genetic
connection between the leucogranite and the veins cutting it
(Calmus et al., 1992; Pérez-Segura et al., 1996; Jacques-Ayala
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and Clark, 1996). It also rules out a direct connection with the
mid-Tertiary detachment fault in the Magdalena core complex
to the north (Changkuan, 1990). Furthermore, the fact that de-
formation recorded in the circa 180 Ma rocks of the Coyotillo
Group affected Cretaceous strata as well largely rules out sig-
nificant involvement of Jurassic deformation (Calmus et al.,
1992; Anderson et al., 2005) in the history of this district. In
spite of its value in eliminating some of these possibilities, the
bracket on the age of mineralization, though much improved,
is not particularly tight and this allows some leeway in inter-
preting the exact local controls on the deposits.

The fact that the gold-quartz veins at Durazno cut 65
Ma granitoid rocks raises the question as to whether there is
an ultimate relationship between veining and the Laramide
El Claro intrusion. Certainly this intrusion fits well into the
range of ages for Cu-Mo deposits of the Laramide porphyry
cluster to the northeast (Fig. 1). In fact, the geological setting
of San Francisco, including the presence of leucocratic gneiss
formed at circa 1400 Ma and an abundance of tourmaline in
the hydrothermal products, is remarkably similar to that of the
Cananea porphyry system. If the Llano gold deposits formed
more or less contemporaneously with the porphyry deposits,
the fundamental distinction would be one of differing crustal
level. The evidence at San Francisco is for veins emplaced
into an actively deforming environment at an unspecified but
presumably moderate crustal depth.

The other permissible geological association for the
Llano veins is with orogenic deformation. Regional consid-
erations might suggest that this deformation is related to Ju-
rassic deformation along the Mojave-Sonora megashear in
some way (Anderson et al., 2005) but our data refutes this.

TIME CORRELATION CHART - SANTA ANA REGION basin and range
extension
@ U-Pb zircon data (this study) detachment faults
O ArlAr data (Perez et al., 1996) Tertary volcanics
Tertiary intrusions
—————
Llano gold
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Laramide intrusions
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Figure 8. Time correlation chart showing the inferred age bracket of gold deposits in the Llano gold district in relation to regional
geological events. The bracket is constrained by a maximum age for the El Claro intrusion and the minimum is based on the **Ar/*’Ar
studies of Pérez-Segura et al. (1996).
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The field evidence suggests that most of the folding and shear
zone development in the Llano district took place at green-
schist facies conditions, postdated Cretaceous sedimentation,
and pre-dated emplacement of the El Claro intrusion although
some ductile deformation accompanied and post-dated it (i.e.,
cleavage in the contact aureole and ductile shear zones in the
intrusion). Note, however, that the geological and geochro-
nological evidence also indicates pre-Laramide, mid-Protero-
zoic deformation accompanied by amphibolite facies meta-
morphism to account for the augen gneiss and amphibolite.
Furthermore, there is unequivocal evidence for gold-bearing
quartz veins having been locally involved in syn- or post-vein
ductile deformation as well and there is an inference that the
veins at San Francisco actually formed during ductile boudi-
nage of the host leucogranite. This Laramide deformation in
the Llano district appears to be consistent with NE-SW short-
ening on the basis of cleavage and fold attitudes and on the
interpretation of the Llano Fault as a steep thrust. The pre-
vailing orientations of fault-fill and extensional veins, though
not conclusive, can also be interpreted to be consistent with
NE-SW compressive stress. Thus the bulk of the evidence
at Llano points to a Laramide connection, either intrusive or
structural or both. Unfortunately, the absolute age brackets on
the veins are still relatively imprecise so that if they actually
formed toward the younger side of the bracket (i.e., between
45 and 41 Ma) there may be other acceptable interpretations
of local geological controls. These could include an unspeci-
fied early Tertiary transition from regional compression to
extension (Calmus et al., 1992) or reactivation of an older
structure such as the Mojave-Sonora megashear (Changkuon,
1990). Unlike Laramide deformation and magmatism, how-
ever, these geological events have not been independently es-
tablished for this area.

The veins of the Llano district are part of a larger group
of diverse Au deposits that occur throughout northern So-
nora and into southern California. The veins at Llano have
been specifically categorized as “structurally controlled” and
share some similarities with “gneiss-hosted” or “metamor-
phic-hosted” deposits in southeastern California (Silberman
et al., 1988). Our data accords well with the observations of
Iriondo et al. (2005) at Quitovac (Fig. 1), where the structur-
ally controlled gold-quartz vein deposits can also be shown
to be directly associated with regional thrusting related to the
Laramide orogeny between 65 and 48 Ma. East of the Llano
district, at Santa Gertrudis and Amelia, and at El Chanate to
the west, the gold deposits are sediment-hosted and in some
cases, similar to those of Carlin-type (Silberman et al. 1988).
The deposits at Tajitos are arguably epithermal vein deposits
related to Jurassic arc rocks (Silberman et al, 1988) and at
Mesquite, the deposit is thought to be composed of Tertiary
epithermal veins (Willis and Tosdal, 1992). Thus, although
Llano shares the distinction of being part of the Sonora-Mo-
jave gold belt, it is unlikely that it shares a common age or
origin with all of the other deposits defining the belt. The
geologically most comparable deposits in terms of geological
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setting in Precambrian metamorphic tectonites and the exten-
sional vein style of mineralization appear to be La Herradura
and Quitovac (Fig. 1).

Whether or not a Laramide age is accepted for the Llano
district, there remains the issue of suitable global comparisons
for the deposits found there. Perez et al. (1996) concluded the
veins are “mesothermal” and correctly pointed out similarities
of their characteristics compared to Archean analogues in the
Abitibi gold belt in Canada. It has recently become fashion-
able to term such deposits as “orogenic” (Groves et al., 1998)
rather than “mesothermal’; however, this has led to consid-
erable confusion in their distinction from “intrusion-related”
gold deposits (Sillitoe and Thompson, 1998). The veins at
Llano arguably are “intrusion-related orogenic” gold deposits
even though both aspects of this classification are of limited
practical use. The deposits at San Francisco are intrusion-
related in two different senses. First is the strong spatial cor-
relation in the San Francisco area between veins and (Precam-
brian) leucogranite and second is the arguable temporal, and
to a lesser degree spatial, association of the district as a whole
with Laramide plutonism. The first correlation has been pre-
viously interpreted to be a genetic one (Calmus et al., 1992;
Pérez-Segura et al, 1996); however, the Mesoproterozoic age
of the leucogranite precludes this and indicates the cause is
simply rheological. The second relationship is temporal but
the precise genetic connection with Laramide magmatism is
still unresolved. The deposits at Llano are also “orogenic” in
the sense the veins intervene paragenetically between pre-
mineral folding and cleavage development of regional extent
in the cover rocks and continued post-mineral ductile defor-
mation recorded in locally deformed veins. Thus to be more
precise, the veins at Llano are “syn-orogenic”, a preferable
designation since current usage of the orogenic classification
commonly, and regrettably, includes “post-orogenic” depos-
its as well. Note also distinction of the Llano veins as both
“intrusion-related” and “orogenic” provides no contradictions
because, in tectonic terms, orogeny and magmatism com-
monly are not mutually exclusive. From a broader perspec-
tive, the Llano deposits share similarities with counterparts
in the Tintina gold belt of Yukon and Eastern Alaska (Poulsen
et al., 1997) and the Yanshanian gold belts of northern China
(Poulsen and Mortensen, 1993). In all three cases there is a
dominance of gold-quartz vein deposits controlled by regional
stress fields in a continental crustal setting, in host rocks pre-
viously deformed in a ductile manner but approximately co-
incident with emplacement of Cretaceous intrusions of region
extent. The Llano district is further analogous to the North
China examples by the correlation with uplifts of Precambrian
basement and by a strong influence of basement structure on
the locations and orientations of younger veins.
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APPENDIX

Table 2. Data from zircon analyses by isotope-dilution, thermal-ionization mass spectrometry (ID-TIMS).*
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2

Sample . (Wt) ) U ) sz znﬁpb/zmp total 2“be zost/zzsUA 207Pb/235U4 Zme/z“ﬁPbA zoﬁPb/zsz age szb/szb age
Description mg ppm (ppm) (meas) CI‘,’;“(‘;‘;; (%) *%1o) *%1o) *%1o) (Ma; £ %2 o) (Ma; £ % 20 )
Sample 99-SF-02 (metarhyolite, Cerro Gauna)
A:N5,+134 0.009 530 15.4 779 11 10.8 0.02875(0.15) 0.2003(0.43) 0.05054(0.36) 182.7(0.5) 219.9(16.8)
B: N5,+134 0.013 164 5.0 392 10 16.1 0.02834(0.42) 0.1946(3.75) 0.04982(3.56) 180.1(1.5) 186.7(162.0)
C:N5,+134 0.005 344 11.5 323 11 17.5 0.03057(0.22) 0.2158(0.90) 0.05120(0.80) 194.1(0.8) 250.0(36.8)
D: N5,+134 0.011 340 11.1 986 7 18.3 0.02949(0.18) 0.2060(0.52) 0.05068(0.45) 187.3(0.7) 226.2(20.6)
Sample 99-SF-06 (metarhyolite)
A:N10,+134 0.054 262 8.6 1221 22 17.5 0.02996(0.14) 0.2074(0.28) 0.05021(0.19) 190.3(0.5) 204.9(8.9)
B: N10,+134 0.027 318 13.7 2509 9 12.1 0.04127(0.10) 0.3707(0.20) 0.06515(0.13) 260.7(0.5) 779.0(5.4)
C:N10,+134 0.036 305 9.8 2035 10 17.4 0.02920(0.12) 0.2011(0.24) 0.04994(0.16) 185.5(0.5) 192.2(7.3)
D: N10,+134 0.036 342 11.1 2868 8 18.0 0.02938(0.14) 0.2031(0.23) 0.05013(0.15) 186.7(0.5) 201.1(6.9)
E: N10,+134 0.027 316 10.2 2277 7 18.2 0.02931(0.10) 0.2013(0.42) 0.04981(0.38) 186.3(0.4) 186.4(17.5)
Sample 99-SF-03 (quartz monzonite, La Barajita)
A:N10,-74,u 0.021 436 11.0 1515 9 9.5 0.02455(0.11) 0.2788(0.22) 0.08238(0.15) 156.3(0.3) 1254.6(5.9)
B:N10,-74,u 0.008 446 5.6 65 53 16.7 0.01146(0.76) 0.0818(3.14) 0.05173(2.71) 73.5(1.1) 273.3(123)
Sample 99-SF-04 (biotite granite, E1 Durazno)
A:N2,+134 0.012 78 0.85 56 16 16.4 0.01023(1.11) 0.0668(13.6) 0.04739(13.17) 65.6(1.5) 68.8(640)
B: N2,+134 0.013 74 0.80 146 5 143 0.01019(0.50) 0.0665(7.72) 0.04736(7.5) 65.3(0.7) 67.2(385)
C:N2,+134 0.010 43 0.45 71 5 11.1 0.01038(1.05) 0.0696(5.4) 0.04863(4.88) 66.6(1.4) 130.2(229)
Sample 99-SF-05 (biotite granodiorite, El Durazno)
A:N2,+149 0.060 182 1.9 608 12 12.2 0.01028(0.18) 0.0670(1.46) 0.04728(1.40) 65.9(0.2) 63.4(66.2)
B: N2,+149 0.092 202 2.1 906 13 10.7 0.01043(0.16) 0.0684(1.14) 0.04758(1.08) 66.9(0.2) 78.4(51.2)
C: N2,+149 0.085 198 2.0 586 18 11.1 0.01018(0.15) 0.0664(1.49) 0.04733(1.41) 65.3(0.2) 65.9(67.2)
D: N2,+149 0.080 233 2.4 707 17 11.6 0.01025(0.26) 0.0669(1.45) 0.04735(1.37) 65.7(0.3) 66.9(65.1)
E: N2,+149 0.080 182 1.9 669 14 11.5 0.01023(0.13) 0.0668(0.99) 0.04732(0.94) 65.6(0.2) 65.6(44.9)
Sample 99-SF-08 (leucogranite, San Francisco Mine)
A:N2,134-149 0.046 652 160 73630 6 7.7 0.24204(0.09) 2.9960(0.16). 0.08977(0.08) 1397.3(2.2) 1420.7(2.9)
B: N2,134-149 0.056 800 186 4943 129 7.2 0.22955(0.18) 2.8231(0.25) 0.08920(0.14) 1332.2(4.3) 1408.3(5.3)
D: N2,134-149 0.043 52 1.2 67760 1 5.9 0.24117(0.25) 3.0308(0.28) 0.09115(0.08) 1392.8(6.2) 1449.6(2.8)
E: N2,134-149 0.066 859 199 89070 9 4.6 0.23600(0.11) 2.9166(0.17) 0.08963(0.08) 1365.9(2.8) 1417.7(2.9)
F:N2,134-149 0.058 816 193 101800 7 6.4 0.23570(0.12) 2.8993(0.18) 0.08921(0.08) 1364.3(2.9) 1408.7(2.9)
Sample 99-SF-09 (gneiss + minor leucogranite), San Franciso Mine

A:N2,134-149 0.006 1345 309 26360 4 2.5 0.23974(0.13) 2.9435(0.18) 0.08905(0.08) 1385.3(3.2) 1405.2(3.0)
B: N2,134-149 0.009 1498 323 12130 15 2.9 0.22393(0.11) 2.7215(0.17) 0.08814(0.08) 1302.6(2.5) 1385.7(3.2)
C:N2,134-149 0.014 1009 230 49180 4 2.0 0.23868(0.10) 2.9474(0.16) 0.08956(0.08) 1379.8(2.4) 1416.2(2.9)
D: N2,134-149 0.020 741 171 16110 13 2.8 0.23940(0.12) 2.9566(0.17) 0.08957(0.08) 1383.6(2.9) 1416.4(3.1)
E: N2,134-149 0.017 805 187 43520 5 3.9 0.24039(0.09) 2.9539(0.15) 0.08912(0.08) 1388.7(2.1) 1406.8(2.9)

N1, N2, N5 = non-magnetic at n degrees side slope on Frantz magnetic separator; grain size given in microns; u = abraded.

B radiogenic Pb; corrected for blank, initial common Pb, and spike
" corrected for spike and fractionation

corrected for blank Pb and U, and common Pb

* Isotopic analyses were performed at the Pacific Centre for Isotopic and Geochemical Research at the University of British Columbia.
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San Francisco gold deposit, Santa Ana region, Sonora, Mexico
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