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ABSTRACT

This work reports a petrologic study of the Colosa poplgpid deposit based on its petrographic,
geochemical, and isotopic features. The Colosa porphyry gold deposit is a large new discovery (Inferred
Mineral Resource of 470 Mtonnes @ ~0.9 g/t Au) and a new member of this relatively poorly known
class of porpyry deposits. This porphyry deposit (~8 Ma) is located in the Miocenabaltine
volcanaplutonic arc of the Central Cordillera of Colombia, and it consists of hypabyssal rocks of
intermediate composition (andesine + hornblende + quartz + orthodiastte) that intruded Paleozoic
low-grade metamorphic rocks of the Cajamarca Complex.

The early intrusions of the system are fitemediumgrained diorites and porphyry diorites with-46
54 percent phenocrysts, and variable amounts of potassic andtahilicalteration. The intermineral
units are fineto mediumgrained diorite porphyries with 346 percent phenocrysts, and intermediate
argillic, and propylitic alteration. The late intrusive bodies are fineoarsegrained diorite, quartz

diorite, arl dacite porphyries with 427 percent phenocrysts, and local propylitic and sericitic alteration.

Wholerock analysesonfirm amedium to highK calcalkaline tendencyor the rocks from Colosa.
These rock exhibit an enrichment of LILE and LREE relativelFSE and HREE, respectiveBtesent
isotopic compositions dfNd/**/Nd (0.512759.512870) and’Srf°Sr (0.704265.704510) from

different units of Colosandicate a source derived from the mantle

The model proposed for Colosa consists of flurdenfthe dehydration of the subducted Nazca plate
and fluids and melts from the subducted sediments that generated partial melting of the mantle wedge.
These basaltic melts ascended to the mamtlst boundary where they were retained due to density
differences and began to produce processes of melting, assimilation, storage, and homogenization
(MASH zone). At this depth (~350 km), differentiation processes began to produce more felsic magmas
that were able to ascend through the crust and be emplatedbatundary between the continental
basement and the Cajamarca Complex {2@p At this site, the basaltic andesite magma began to
produce more differentiated products (andesitic and dacitic magmas) that ascended across the Cajamarca

Complex and were ermguted at depths of ~8km



INTRODUCTION

Gold-rich porphyries have been described and studied since the 1970s (Kesler, 1973; Sillitoe, 1979),
being arbitrary defined by Sillitoe (1978%those porphyry copper deposits that contain over 0.4 g/t Au;
exampls such adBajo de la Alumbrera (Ulrich and Heinrich, 2002; Proffett, 2003), Bingham (Lanier et
al., 1978; Moore, 1978; Cunningham et al., 2004), and Grasberg (MacDonald and Arnold, 1994; Pollard
et al., 2005) are well known. On the other hand, porphyny sgdtemsverenot reported before the
1990s (Vila et al., 1991; Vila and Sillitoe, 199ahd have beeconsideredo bethe endmember in the
continuum of porphyry systems from @, through AuCu, totheAu-rich and Cupoor counterpart
(Sillitoe, 1979;Sillitoe, 2000; Seedorff et al., 2005). Porphyry gold systems are not a very common type
of gold depositDepositsassigned to this grotpcludea few porphyries in the Chilean Maricuniggit
(Vila and Sillitoe, 1991; Vila et al., 1991), and some pro&piethe western United States (Canby et al.,
1993; Fig. 1). These porphyries are mostly associaihdthe intermediate and mafemd ofthe broad
range of rock compositions (55 to 78 wt % giCharacteristiof all porphyry systems (Seedorff et al.,
2005).

The Colosa porphyry, located in the middle part of the Cordillera Central of Colombia (Fig. 1), is a
new member of the porphyry Au class of Seedorff et al. (2005). This porphyry is part of the Miocene calc
alkaline volcaneplutonic arc of Colombia (fiitoe, 2008), ancconsists ofliorites, quartz diorites, and
dacites. The Colosa system was built by early, intermineral, and late intrusions, each one carrying
different amounts of gold. The early intrusiangibit high-temperature potassic alteratiand high
grades of gold; the intermineral units have lower grades of gold than the early intrusions and a medium
temperature intermediate argillic alteration; and the late porphyries havetenhpsrature propylitic
alteration and are almost barmfigold. These intrusions formed a cluster of igneous bddetsntruded
into Paleozoic lowgrade metamorphic rocks of the Cajamarca Complex (Maya, 89823re surrounded

by narrow zones of hornfels and breccia.

All the porphyry gold systems discovered ie thorld show similar golgirades, rock compositios,
and alteration type(Sillitoe, 2000; Seedorff et al., 2005; Sillitoe, 200Bhe lateMiocene age (Sillitoe,
2008), metamorphic watbck type, pyrhotite mineralization, anisolatedlocation in the ndhern Andes,
makes the Colosa prospect distine from other existing porphyry gold systems. As a new discovery, the

geology of theColosa porphyrylepositis just beginning to be described and studied.

This work describepetrologicaspect®f the Coloa porphyrydeposit emphasingits petrographic,
geochemical, and isotopic characteristics. This stodigatesthat the magma th&brmed the Colosa
intrusionshad aarge mantlecontribution and less from the crust; the magma was formed by melting of

the mantle wedge above the subducted Nazca Plate and then asbhemagtthe South Americaplate,
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having a low crustal contamination, to be finally emplaced into the shallow crust in form of small

intrusions with different textures and compositions aatlytng anomalous contents of gold.

BACKGROUND

Previous Work

The Colosa prospect was discovered in 2006 by greenfields exploration programs &alahglo
Ashantiin Colombia (Fig. 1) Sillitoe (2008) was the first to mention the existence of this prospect,
including it in the Middle Cauca belt in the Central Cordillera of Colombim theses in preparation
also mention Colosa porphyryealMejia (in preparatior) and GarciéBernal {n preparatior); the first
relates Colosto the metallogenesis of Colomhbiand the second makes a comparison between Colosa
and the porphyry gold systems of the Maricubgh.

The Colosa porphyry shows similar characteristics to the Lobo, Marte, Verde, Pancho, and Cavancha
(La Pepa) porphyry gold deposits of the Maricubegiin Chile (Vila and Sillitoe, 1991; Vila et al., 1991,
Muntean and Einaudi, 2000, 2001; Table 1). These systems belong to thikakhe volcaneplutonic
arc of Miocene age in the And@sg. 1)and sharasimilarrock compositios (diorites, quartz diates,
and dacites) with porphyritic textures. The alteration is also very similar in the porphyries of both
locations, being mainly potassic with stockweok quartz veinlets but with strong overprinting of
intermediate argillic alteration (chlorieridte-clay) in some systems of the Maricunga belt (Vila and
Sillitoe, 1991, Vila et al., 1991; Muntean and Einaudi, 2000, 2001). The presence of a propylitic halo
surrounding the high and mtémperature alteration zones is also common for all these pgrphyr

systems

The Zule prospect in Sierra CounBalifornia(Fig. 1),also has rocks of intermediate composition
with a potassic (feldspar) alteration with quartz veinlets and magnetite. This potassic core is surrounded

by an argillic halo, and this one inrtuby a propylitic zone (Canby et al., 1993).

Although the Colosa porphyry shows similarities with the rest of the porphyry gold systems in the
world, italso exhibits certaidifferencegqTable 1) Colosa has EateMiocene age (8 Ma), compared
with theearly (2423 Ma) andmid-Miocene (1413 Ma) ages of the porphyries of the Maricubgh
(Sillitoe et al., 1991; Muntean and Einaudi, 2001), ancetinly Pliocene age (4.4 Ma) of Zule (Canby et
al., 1993) Another important feature is the wathck type;Colosa has metamorphiall rocks(schists
and quartzites) but the porphyries of the Maricubgjaand Zule have volcanic wathcks (Vila and
Sillitoe, 1991; Canby et al., 1993). Tiselatedlocation of Colosa in the Northern Andes and the
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presence ofyrrhotitein its mineralization assemblage are also disitne features of this porphyrgold

system (Table 1)

The tonnage and golgtadearevariable in the Maricunga bekuch as-80 Mt at 1.6 g/t for Lobo
(Vila and Sillitoe, 1991), 46 Mt at 1.43 ddr Marte (Vila et al., 1991)a mineable reserve of 101 Mt at
1.02 g/t for Verde (Brown and Rayment, 19%)jnferredmineralresource of 68 Mt at 0.96 g/t for
Pancho (Brown and Rayment, 1991), andineralresource of 187 Mt at 0.56 g/t for La Pejyarfana
Gold, 2009). The Colosa porphyry has inferred resources of 468.8 Mt at 0.86 g/t (AngloGold Ashanti,
2008)which makes it the porphyry gold systemith thebiggest tonnage of material and contained Au
discovered to daté-ig. 2).

Regional Geologic Siing

The Central Cordillera of Colombia has a comgiestory of collision, accretion, faulting,
magmatism and subduction (McCourt et al. 1984; Aspden et al., R@é8%gepo and Toussaint, 1988;
Taboada et al., 2008ennan and Pindell, 2009); its lithectonic and morphstructural expression &
result of the Mes&enozoic Northern Andean orogeny and of orogenic events that predate Northern
Andeanphase orogenic activity (Cediel et al., 20BR). 3. At present, the Central Cordillerabisund on
theeast by the Magdalena River valley, ammthe west by the Cauca River valley (CadRagtia graben;
Aspden et al., 1987aboada et al., 2000The Romerafault system, with highangle NNW to NNE-
trending reverse faultgith aright-lateral strikeslip component, divides the cordillera into two domains,
an eastern continental and a western oceanic doMai@durt et al., 1984vicDonald et al., 1996;
Taboada et al., 2000

The eastern flank of the cordillera, included in the Central ContinentaPlatd Ralm of Cediel &
Caceres (2000xonsistof preMesozoic polymetamorphic basement intruded by Mesozoic batholiths
and stocks related to subductidraboada et al., 200Muring the early Paleozqithe suprascrustal
sequences of the western margin of$loeith American plate underwent Cordilleftggpe orogenic
deformation and regional metamorphiszaevidenced by the fragments of ophiolite and accretionary
prism exposed in the Cajama#¢aldivia terrane (Cediel et al., 2003). This terrane was suturi to
Guiana Shield of South America along the trace of the gRddestina fault system (McCourt et al., 1984;
Cediel et al., 200Xennan and Pindell, 2009). The Bolivadacogen, from the Late Paleozoic to the
Early Cretaceous (Cediel and Caceres, 20f®)elopedasan intercontinental rift with deposition of
marine and continental strata and also was affected by the emplacement of many intrusions of the same
age (Aspden et al., 1987; Cediel et al., 2003). The opening of the Valle Attariifgthe Early
Cretaceous facilitated the invasion of the epicontinental seaway that resulted in the deposition of marine

and continental sequences of variable thicknesses over extensive areas of the Central Continental Sub
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Plate Realm; the extensional regime finshgy the AptiarAlbian, followed bya compressive

(transpressive) regime up to the Recent (Cediel et al., 2003).

The western part of the cordillera, included in the Western Tectonic Realm of Cediel et al. (2003),
was formed by the accretion of many ocedeicanesin the midCretaceous the Farallon and South
American plates reorganized and changed their drift direction and velocity. The resultinG &fesmic
oblique collisions, subduction and obduction, and the birth of new oceanic plates (Caribbsazend
Cocos system; Pindell and Kennan, 208009; Kennan and Pindell, 2009), are some of the features that
characterize the Northern Andean orogeny (Cediel et al., 2003). Accretional episodes of many oceanic
terranes have occurred since rilcktaceouslang the RomeraCauca (McCourt et al., 198¥cDonald
et al., 1996), Garrapatéizabeiba (Restrepo and Toussaint, 1988; Cediel et al., 2003), and Buenaventura
(Cediel et al., 2003) fault zones. These terranes formed the western part of the CentrataCandiltbe
Western Cordillera and have been affected by periods of uplift, erosion, and subdeletie cale

alkaline magmatism (Cediel et al., 2003).

An eastward migration of the magmatic focus to the Central Cordillera in the Miocene (Toussaint and
Restrepo, 1982; Restrepo et al., 1985; Restrepo and Toussaint, 1990; Ordéfiez and Pimentel, 2001; Cediel
et al., 2003) and theoatinued faulting of the late Miocene intrassand disruption of their associated
Cuw-Au-Ag-Zn (Mo, Pb) mineralization, are alsbserved Cediel et al., 2003)Ymportant stress relief

occurred in the late Miocerfeliocene transpressive pop of the Eastern Cordille(€ediel et al., 2003)
Local Geologic Setting

The Colosa porphyry system is located over the middle part of theaC€ntdillera of Colombia
(over 3000 m.a.s.l.), ati8n northwest of the town of Cajamarca and aki@0at the west of Ibaguéhe
capital of the Tolima Departme(fig. 3). Sillitoe (2008) included Colosa in the Middle Cauca belt of the
Central Cordillea of Colombia, and assigned itedeMiocene age. This porphyry system intruded the
metamorphic rocks of the Cajamarca Complex and, at present, is partially coveeaitioyyroclastic

material of the Cerro Machin volcano.

The Cajamarca Complex (MayacdaGonzalez, 1995) issuiteof low-grade metamorphic rocks that
formed the core of the Central Cordillera and that was initially named by Nelson (126@Cagamarca
Group. The unit crops out at the Cajamaiti® La Linea section and is compos&djuartzsericite
schists, green schists,yplites, quartzites, and marbles (Maya and Gonzéalez, 1995); a marine volcano
sedimentary protolith for the unit has been proposed by Nunez (2001). Different autlextatied the
unit by the KAr method (Restrepo Toussaint, 1978\ ufez et al., 1979; Millward et al., 1984cCourt

et al., 1984), obtaining ages from Paleozoic to Paleogene; yitbreoldest ages could correspond to
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the regional metamorphic event and yloeingest ages to superimposed dynamotherwahes (McCourt
et al., 1984).

The Cerro Machin volcano is located in the eastern part of the Central Cordikeranortheast of
Cajamarca. This volcano belongs to the Roima Massif (Thouret et al., 1995) or Complex (Nufez,
2001) and is characteed byhighly explosive eruptions; thick sequences (up to 400 m) of pyroclastic
material from this volcano cover many kilometers around it (Thouret et al., R888a et al., 2005). The
Holocere volcanic material is usually ash and lapilli of dacitic cosipon (Thouret et al., 1995; Rueda
et al., 2005Pominguez et al., 2() that belongs to the caldkaline trend (Dominguez et al., )0

Many subvolcanic bodies have baaapped near Cajamarca and in the entire Tolima Department,
grouped under the denamation of Hypabyssal Bodies and assigaéteogene age (Pulido, 1988). These
intrusions have a rounded to elliptic foormmap viewand an irregular distribution; they intrude
Precambrian to Jurassic units and are of intermediate composition (ardgsaréz+ hornblene +
biotite) with aphanitic and porphyritic textures. Some of these hypabyssal units are related to gold

occurrences (Pulido, 198Rufez, 2001).

The Colosa pphyry has been divided into early, intermineral, and late units based orttire #nd
composition of the rocks, type and intensity of the alteration, argtdde (Fig. 4)Each of the geologic
units is generally known by an acronym, e.g., NDE1, as defined bedaturesuch as chille¢ones and
displacement and density of vaitd hae been very useful to separate similar urstsg;h observations
have been made during core logging by geologists of AngloGold Ashanti and have been used to
distinguishbetween units. The presence of intrusive breccias (NBXE1, NBXE2, and NBXIpis als
important in the system; they occupgignificantvolume of the porphyry and also have important gold

contents.

The early units consist of sdioritic bodies withhighAu grades anda pervasive potassic alteration
(biotite + potassideldspar)and patby sodiccalcic alteratior{actinolite + albitg¢. The earliest unit
(NDEZ1) is a fine to mediurgrained diorite, followed by a finédo mediumgrained diorite breccia
(NBXE1), and two fineto coarsegrained diorite porphyries (NDE2 and NDE3). The intermahanits
are four dioritic bodies with moderate Au grades and weak intermediate gggitiicite + chlorite +
illite) and propylitic alteratiorfchlorite + epidote * calcitejvhich in certain casemre superimposed to
the hightemperature potassic al&ion. These diorites (NDI1, NDI2, NBXI, and NDI3) are fite
mediumgrained porphyries that differ slightly in grain size, wiasieBXI is an intrusive breccia. The
late units are almost barrefgold and include porphyries of quartz dioritic composifNDA and
NQD; NDA is mapped asd@acite porphyry), and dioritic to quartz dioritic dikes (NDQ and NDL; NDQ is
mapped as a quartz diorite dike); both groups have weak to moderate sericitic and propylitic alteration.
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The Colosdault is the main structarof the zone and has a N28°W trend withsteepdips to the
northeast (Pulido, 1988This fault is located southeast of the porphyry system its trace is followed
by Colosa Creek. Small faults with a N®E trend seem to be related to the Cofasdt and are cutting
some of the intrusions. Other small inferred faults with the same @tsadould be alsoffseting the

porphyry (Fig. 4).

After twelve months of exploratiadgrilling at Colosa, AngloGold Ashanti (2008) announced the
completion ofaninitial JORGcompliant resource estimate, defining a porphyry style mineralization at a
>0.3 g/t Augrade extending over a strike length in excess of 1,500 m {south) and a width of 600 m
(eastwest). The Inferred Resource estimanats468.8 Mtof mateial at a grade of 0.86 g/t Au, for a
total of 12.9 Mcontainedbz Au.

To date, 59 holes have bedrilled atthe prospect, totadg 18,000 m. This drilling program has been
developedn the western side of the prospedaterialremairs to betested matéal both along strike to

the north and soutlas well as the eagnpart of the project.

METHODS

About eightysix polished thin sections were studied for the petrographic characterization of the
different units that form the Colosa porphggstem Sectons that showed a very lamensity of
alteration were used for petrographic classification ofstelsed on the modal concentration of primary
minerals (Streckeisen, 1976); this process was developed by the counting 500 points per each thin section

andalteration minerals ereattributed to the primary mineral from which they formed.

Wholerock analyss were madef nineteen samples (witlhieakalteration) at the laboratories of
Actlabs in Canada using a Thermo Jarrell Ash Enviro Il simultaneous arehsiefjiCP with a detection
limit between 0.001 and 0.01% for joaelements0.002 and 0.05 ppm for REEBnd 0.01o 20 ppm for

other trace elements.

In the same laboratory, five samples were analyzed for isotopic compositi@n/5srand
13Nd/***Nd using a Triton multicollector MassSpectrometer (TIMS) in static mode. Rubidium and
strontium were separated using conventional catixchange techniques. During the period of wirk
weighted average of 15 SR887 Srstandard runs yielded 0.710257+28) for®’Srf°Sr. Samarium and
neodymium were separated by extractibmomatography on HDEHP covered teflon powder. The ratios of
1“INd Nd are reorted relativeto avalue of 0.511860 for the La Jolla standard.



A Cameca SX50 Electron Microprobe equai with fourwavelength dispersivepectrometers
capable of full quantitative analysis of all elements from Be totatedat the University of Arizona,
was used for the measurement of the chemical composition of selected amphiboles and feldspars in
different polished thin sections. Analyses were made at 15.0 kV accelerating voltage, using a beam
current of 20 nA and a s poturrentofA®0nAWwas Gsedsfan f or a mp h
feldspars. The detection limit is lower than 0.1% for all elés@malyzed

IGNEOUS PETROGRAPHY

The igneous petrography of the different units of the Colosa porphyry was based mainly on those
samples that showed weak alteration (Table 2). A total of twamythin sections (out of eighgjx) were
used for point conting. The modaknalysesvere classified according to the QAP triangle for plutonic
and silicasaturated rocks of Streckeisen (1976; Fig. 5). The composition of plagioclase was estimated
using the extinction angle of the albite twins on eight differgygtats of each thin section (Michel

Levyds met hod) .

Early Units

The early units consist of six dioritic bodigsat contairhighAu grades (NDE1, NBXE1, NDE2,
NBXEZ2, NDE3, and NDE4and that exhibipervasive potassilteration(biotite + potassic feldsppand
patchy sodiecalcicalteration(actinolite + albite). Ore minerals (pyritmagnetitechalcopyrite,
molybdenite, and pyhotite) are disseminated in the rock and in many types of veinlets, inclindisg
of theA, B, M, and EBtypes (e.g., Sillit@, 2000; Seedorff et al., 2005)

Theyoungesbody of the entire systeis theNDEL1 unit; this intrusive is a finedo mediumgrained
diorite (0.24.2mm) with hypidiomorphic texture formed by subhedral to euhedral crystals of plagioclase,
amphibole, anduprtz; nonethelessrthoclase is mainly anhedral (Fig. 6A). Very fine crystals of apatite,
zircon, sphene, biotit@nd ilmeniteare present as trace minerals in the rock. Locally a slightly
porphyritic texture is found as well as poikilitic textures kesw plagioclase and amphibdRiagioclase
is mainly andesin@Ans, to Ans,, averagng Ang,) and is slightly altered to kaolinite, sericite, and epidote.
The amphibole is moderately altered to chlorite, biotite, and locally to sphene. Quartz is mainly fine
grained, anhedral, and sometimes interstitial. Orthoclase igfaieed, interstitial, and is very weakly

altered to sericite.

The second unit of the systemNBXEL, an intrusive breccia with fragments of NDE1. The matrix of
this rock is a very fineto mediumgrained diorite (0.08.0mm) with anhedral to subhedral crystals of
9



plagioclase, amphibole, orthoclase, and quartz. Apatite, zircon, spimehdémeniteare found as trace
minerals. The plagioclase is andediAasz-Anyo, averagng Anzg); it is moderately altered to kaolinite,
biotite, chlorite after biotite, and epidote. Amphiboles are strongly altered to chlorite, actinolite, sphene,
and biotite.

TheNDE2 unit is a diorite porphyryith a very finegrained allotriomorphic matrix (0.6.1mm)
conposed by anhedral to subhedral crystals of plagioclase, amphibole, and quartz (Fig. 6B); euhedral
crystals of apatite and zircon are also present in the matrix. The phenocrys4844%6 the rock) are fine
to coarseggrained (0.57/mm) plagioclase, amphibemland quartz crystals with euhedral to subhedral
shape. The plagioclase is mainly andegi®e-Ans,, averagng Anyg), and is very weakly altered to
sericite, kaolinite, biotite, chlorite, and epidote. Amphiboles are strongly altered to biotite, ad less
chlorite (after biotite) and actinolite. Quartz crystals have rounded faces (resorbed). Poikilitic textures are
found between plagioclase and amphibole, and the rock presents seriate texture from matrix to

phenocrysts. Fine crystals of primary biotire also present in phenocrysts.

A second intrusive breccia unitiBXE2 that contains fragments of NDE2. The matrix of this unit is
a porphyry diorite with a very fingrained allotriomorphic matrix (0.6A.1mm) composedf anhedral
crystals of plagioclse, amphibole, and quartz. Apatite, zircon, and sphene are present in the matrix as
trace minerals. The phenocryst ptasempriseabout 47 percent of this rock and consist of fine to coarse
subhedral crystals of plagioclase and amphibole. The plagidslagdesine (Ag-Ansg, averagng Angs),
and is moderately altered to kaolinite, sericite, biotite, and epidote. Amphibole is strongly altered to

biotite, chlorite, and sphene. A seriate texture is observed in this rock from matrix to phenocrysts.

TheNDES3 unit is a diorite porphyryith a very finegrained allotriomorphic matrix (0.60.1mm)
formed by anhedral to subhedral crystals of plagioclase, amphibole, and quartz (Fig. 6C). Euhedral
crystals of apatite are found in the mates well as zircon angbene as trace minerals. Phenocrysts
occupy 46 to 53 percent of the rock and consist in fimenediumgrained (0.23.5mm) plagioclase and
amphibole with subhedral to euhedral shape. The plagioclase type is mainly a(degiias,,
averagng Any,) andis very weakly altered to sericite, biotite, and epidote. The amphibole phenocrysts
have been almost entirely destroyed by the alteration, and the amphibole of the matrix is replaced by

biotite and chlorite. This rock presents a seriate texture from natplxenocryst size.

The lastof theearlyunits of the system is thRDE4 diorite porphyry that has a very figgained and
allotriomorphic matrix (0.0D.1mm) composedf anhedral crystals of plagioclase, amphibole, and
quartz. Apatite, zircon, spherand ilmeniteare found as trace minesah the matrix. Phenocrysts form
50 percent of the rock and consi$fine- to mediumgrained (0.22.0mm) plagioclase and amphibole

with subhedral to euhedral shape. Plagioclase is mainly and@sineAng,, averagngAnyg), and is
10



moderately altered to biotite, kaolinite, and sericite. Amphibole is strongly altered to biotite, chlorite, and
calcite. A seriate texture from matrix to phenocryst size is observed, as well as a poikilitic texture locally

between plagiogse and amphibole.

Intermineral Units

The intermineral units are four dioritic bodies (NDI1, NDI2, NBXI, and NDI3) with medium Au
gradesand a weak intermediate argillic (sericite + chlorite + illite), and propylitic (chlorite + epidote +
calcite) alterapbnthat in certain placesverprint highertemperatureéypes ofalteration. The
mineralization is mainly pyrite + chalcopyritepyrrhotite occurring in veinlets analsdisseminabns

The youngest intermineral unitiMDI1, a diorite porphyryith a vey fine-grained and
allotriomorphic matrix (0.04D.1mm) composedf anhedral to subhedral crystals of plagioclase,
amphibole, and quartz (Fig. 6D). Apatite, zircepheneandilmeniteare present in the matrix as trace
minerals.The phenocryst phasé34-39% of the rockpreeuhedral to subhedral crystals of plagioclase,
amphibole, and quartd fine to medium grain size (320mm).The plagioclasef this unitis andesine
(Anz-Anso, averagng Angs) and is very weakly altered to sericite and epidote. Ribgde crystals are
moderately altered to actinolite, biotite, chlorite, and sphene. Quartz phenocrysts have rounded faces
(resorbed). A seriate texture is observed in this rock from matrix to phenocryst size; also a poikilitic

texture is observed localbetween plagioclase and amphibole.

TheNDI2 unit is a diorite porphyry with a very firgrained allotriomorphic matrix (0.6Q.1mm)
formed by anhedral to subhedral crystals of plagioclase, amphibole, and quartz (Fig. 6E); there are also
crystals of apatitezircon, and sphene in the matrix. Fit@ mediumgrained (0.24.5mm) phenocrysts of
plagioclase, amphibole, and quartz are present with subhedral to euhedral shapes; they occupy 38 to 39
percent of the rock. The plagioclasemainly andesine (Ag-Ans;, averagng Any,) and is very weakly
altered to kaolinite, sericite, biotite, and epidote. Amphibole is weakly altered to biotite, chlorite, epidote,
sphene, and calcitQuartz phenocrystsave rounded facégsesorbed). Poikilitic textures are found
localy between plagioclase and amphibole, and the roclka basate texture from matrix to phenocryst

size.

The intrusive breccidlBXI has fragments of NDI1. The matrix of this unit is a diorite porphyry with
a very fine to fine-grained allotriomorphic mat&ticomposeaf anhedral crystals of plagioclase,
amphibole, and quartz; apatite, sphemeonandilmeniteare also present in the matrix (Fig. 6F). The
phenocrysts (46 percent of the rock) are-fimecoarsegrained (0.26.0mm) plagioclase, amphiboleych
guartz crystals with subhedral to euhedral shape. Plagioclase is mainly af@egi#es,, averagng at

Any;) and is weakly altered to kaolinite, sericite, biotite, and epidote. Amphibole is weakly altered to
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chlorite, biotite, sphene, epidote, antdiradlite. The rock has a seriate texture, and locally, a poikilitic

texture between plagioclase and amphibole.

The last intermineral unit is tH¢DI3 diorite porphyry that has a very fhggained and
allotriomorphicmatrix (0.020.1mm) formed by anhedral subhedral crystals of plagioclase, amphibole,
quartz, and biotite. Apatite and zircon are found also in the matrix as trace minerals. The phenocryst phase
(41% of the rock) is composed plagioclase, amphibole, quartz, and biotite of fine to medium(8i2e
3mm) with subhedral to anhedral shapg#agioclase is mainly andesif&n,~An,;, averagng Anzg);
plagioclase is weakly altered to kaolinite, sericite, and epidote. Amphibole is entirely altered to chlorite
and sphene. Quartz phenatsyhave rouneld faces (resorbed). Biotite is moderately altered to chlorite

and sphene. The rock has a seriate texture from matrix to phenocryst size.
Late Units

The late units are almost barren in gold and include porphyry intrusions of quartz dioritic composition
(NDA and NQD) and dioritic to quartz dioritic dikes (NDQ and NDL); both groups have weak to
moderate sericitic and propylitic (chlorite + epidote + calcite) alteration. Pyrite is disseminated through

the rocks and also in veinlets.

TheNDA unit is the biggedbodyin the porphyry systerfdiameter of ~1.6 km)consisting of a
guartz diorite porphyry with a very firgrained allotriomorphic matrix (0.8.1mm) composed by
anhedral to subhedral crystals of plagioclase, amphibole, biotite, and quartz (Fig. l6&sraEarystals
of apatite are also present in the matrix as well as zisghreneandilmeniteas trace minerals. The
phenocrysts (567% of the rock) are plagioclase, quartz, biotite, and amphibole, fine to goairsed
(0.26mm) and with subhedrab euhedral shapeBlagioclase is andesir{@nz-Ango, averagng Anzg)
and is weakly altered to kaolinite, sericite, and epidote. Amphibole is strongly altered to chlorite, calcite,
sphene, epidote, and biotite. Quartz phenocrysts have rounded facdse(feoseriate texture is
present from matrix to phenocrysts, and poikilitic textures are common between plagioclase and
amphibole. This rock grades to tonalite with the increase of quartz content as observed macrosnopically

drill core; neverthelesthe rock has historically been termgakite porphyry.

TheNQD unit is located at the east of the porphyry systmd it is a quartz diorite porphyry with a
very finegrained (0.090.1mm) allotriomorphic matrix composeflanhedral crystals of plagioclase,
amphibole, and quartz. Subhedral crystals of sphene, zircon, apatitémeniteare also found in the
matrix as trace minerals. Phenocrysts of plagioclase, amphibole, and quartz are present (46% of the rock),
and have fine to coarse sizes (6rAm) andeuhedral to subhedral shapBtagioclase isradesing Anyg-

Angs, averagng Anzg), and is moderately altered to sericite and sphene. Amphibole is strongly altered to
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chlorite, sericite, and sphene. Quartz phenocrysts have rounded faces (resorbed® tesienia is
observed from matrix to phenocrysts, and locally, plagioclase phenocrysts enclose fine crystals of

amphibole poikilitic texture).

TheNDQ unit is a late northwesttrendingdike. This rock is a diorite porphyry with a very fine
grained and ltriomorphic matrix (0.020.1mm) composedf anhedral to subhedral crysts of
plagioclase, amphibole, quartz, and biotite (Fig. 61). Euhedral apatite crystals are also found in the matrix
as well as zirconspheneandilmeniteas trace minerals. Phemgsts of plagioclase, amphibole, quartz,
and biotite are present (42% of the rock), having fine to coarse sizes-@him) and euhedral to
subhedral shapeBlagioclase isradesinan compositiorthe type (AR-Ange, averagng Angg), and is very
weakly dtered to epidote. Amphibole is weakly altered to chlorite, epidote, sphene, and biotite. Quartz
phenocrysts have rounded faces (resorbed). A seriate texture is observed from matrix to phenocryst size,
and locally, plagioclase phenocrysts enclose finealysf amphibolefoikilitic texture; Fig. 6H). This
rock grades to quartz dioriteith theincreaseof quartz contenais seen macroscopically in many drill

cores;the project geologists refer tiois unit asa quartz diorite.

TheNDL dike is located ahie soutkrn endof the porphyry systergiFig 4). This unit is a diorite
porphyry with a very finggrained matrix (0.0:D.1mm), and is composed plagioclase, amphibole, and
guartz crystals of subhedral to anhedral shape (Fig. 6J). Apatite, Aptmmeandilmeniteare also
found in the matrix as trace minerals. The phenocryst pli45&o of the rockareformed by fine to
mediumgrained (0.22mm) plagioclase and amphibole crystals of subhedral to euhedral shape. The
plagioclase is mainly andesif®n,;-Ansg, averagng Angg), and is very weakly altered to epidote.
Amphibole is very weakly altered to epidote and sphene. The rock has a seriate texture from matrix to

phenocryst size.

GEOCHEMISTRY

The least altered rocks wereaghemicdy analyed to charderize the compositions of the various
igneous unit®f the Colosa porphyry system atoddistinguishgeochemical patterrierough time

Whole-Rock Analyses

Weakly altered rocks of the main lithologic units of the Colosa porphyry were selected for whole
rock analysesPrior to generating theiagrams, major elemenkides were normalized to 100% on an
anhydrous basjsindthe normative mineralgy wascalculated on an anhydrous basis using the GCDKkit
software (Janousek et al., 2006; Table 3).

13



Based on theontent of major elements, a geochemical classification of the samples wafsanade
the TAS diagram (Wilson, 1989; FigA) and the R-R; plot (De la Roche et al., 1980; FigB). In these
diagrams, the early and intermineral units are classified masrdyoaites {veakly differentiated rocks),
and the late porphyries and dikes are classified as quartz diorites, granodiorites, and tonalites; these
classifications are petrographically reflected in the higher content of quartz and biotite of the late units
(more stronglydifferentiated rocks). The TAS diagram is also useful to confirm the subalkaline tendency
of rocks atColosa (Fig.7A).

Harker \ariation diagramshat plotmajor element oxides against Si€how the evolution of different
elements within thenagmatic system of Colosa (F&). The distribution of the samples in the Harker
diagrams is generally scattered, especially fgbpand KO, but clear trends ambservedor the other
oxides. A negative correlation between s&0d BOs, MgO, CaO, TD,, and FeOt is clear. These oxides
are incorporated in the structure of mafic minerals (olivine, pyroxene, and calcic plagioclase) during the
first stages of crystallization; in the case of Colosa, these oxides are being incorporated in the structure of
early plagioclase (most calcic), amphibole, and apatite. For this reason, the highest concentrations of these
oxides are found in thedstdifferentiated rocks (early and intermineral units), and the lowest values in

the most differentiated rocks of thestgm (late units).

On the other hand, a clear positive correlation is observed betwegarGi®aO, and thoughnotas
clear perhaps alstor Al,Oz; and KO (Fig. 8) these oxides are incorporated in felsic mineralée(spar

and sodic plagioclase) therystallizeduring thelater magmatic stages.

Major and trace elements are used to establish the geotectonic se@imigsa. The AFM (Irvine and
Baragar, 1971) and Sj@s K,O (Peccerillo and Taylor, 1976) plots indicate the-cdkaline tendency
(medium- to high-K) of the porphyrysystemwithin the subalkaline trend (Fi§A and B).

The incompatible element diagram of Pearce et al. (1984) and Gorton and Shanda(@000)
consistent with the geologic observation tiet Colosa porphyrgystem formedh avolcanic arc at an
active continental margin (Fi@C and D). This information isonsistent withthe spider diagrams, where
the negative anomalies of Nb, Ta, and Ti are tygaatocksfrom active continental margins related to
subduction processég/ilson, 1989; Rollinson, 1993; Fig. 8A). All samples show a similar pattern
concerning the incompatible elements, relatively rich in mobile elements (LIL) and depleted in immobile
elements (HFS).

All samples also have the same REE pattern, relativelyimie REE and poor in HREE, where the
most differentiated rocks (late porphyries and late dikes) have the lowest valud9Bffig-he

fractionation degree for the different units can be estimated with the ratio of LREE/HREich the
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ratios ofLa/Yb and Ce/Yb areommonlyused(Table 3) The La/Yb ratio for all the units of Colosa
ranges between 5 and 20, and varies betwekhfer early units; 8.2 for intermineral units; 80 for
late porphyries; and 117 for late dikes. The Ce/Yb for Colosaaitsout 938, rangng between 1722 for
early units; 922 for intermineral units; 288 for late porphyries; and 20 for late dikes.

Another important ratio is the Ba/lratio, whichis used to measure the fractionation of LILE respect
to HFSE (including BE) and could indicate insighitsto the magma sourd@able 3) This ratio ranges
between 11 and8for all rocks of Colosa, and between-44 for early units, 2&8 for intermineral units,
37-77 for late porphyries, and /B for late dikes.

Isotopic Analyses

Isotopic analyses df*Nd/**Nd and®’Srf°Sr were made on some of the lithologic units of the Colosa
Porphyry (NDE1, NDI2, NDI3, NDA, and NQD). All samples have similar present values of both
neodymium (0.512750.512870) and strontium (0.70426504510) isotopic compositionall isotopic

ratiosare located in the mantle array field (Tabld-i. 11).
Microprobe Analyses

The electron neroprobewas usedo analyze silicateminerals especiallyfeldspars and amphiboles
to measure composition dfdse mineralas theporphyrysystem evolveTable 5 and Table 6). These
analyses alsmevealedhe presence of very fine orthoclase and quartz in the matrix of most units (Fig.
12A-B).

Reverse zoning is observedithin plagioclasegrairs of different urtis, such that calcic plagioclase

rims grew aroundtoresof more sodic composition (Fig2B).

Amphiboles were classified based on the 13eCNK normalization of Schumacher (1997) and the
amphibole classification diagrams of Leake et al. (1997). All ampdslerie calcic amphiboles aak
mostly ironrich respect to magnesium. They are classified mainly as ferropargasitegdienites, and
ferrotschermakites (Fig.3); only one amphibole of the NDI2 unit was classified as pargasite (relatively

magnesiunrich respect to iron).
Thermobarometry

The chemical compositions of amphiboles were also used to estimate the conditions of temperature
and pressure of crystallization following Ernst and Liu (1998). This process uses the contesds of Al

and TiG to estimate pressure and temperatuespectively (Fig. 4).
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The entire Colosaystem hagstimatedrystallization pressures that range between 0.1 and 2.1 GPa
and temperatures between 630 and 880 °C. Ranges of temperature and pressure were also established for
different units of the Colosa porphyry, where the early units vary betwedn3&Pa and 68840 °C;
intermineral units vary between €231 GPa and 63850 °C; late porphyries between @48 GPa and
660-760 °C; NDQ late dike between 0142 GPA and 68@20 °C; and NDL late dike between @5
GPa and 79@80 °C. Late units show very clear patterns of decreasing temperature with decreasing
pressure during crystallization (Figd)1

Three main stages of crystallization are inferred from pressure, ih@ad temperature differences
of groups of analyses (Fig. 148tage | has a pressure range of2L13GPa and temperatures of
°C, where an important episode of crystallization occurred at ~1.4 GP&(H40 deep). Stage Il has
pressures of 0:3.2 GPa, temperatures of 6860 °C, and important crystallization episode at ~0.5 GPa
(~1520 km deep). Stage Il has pressure of@A. GPa, temperatures of 7880 °C, and the shallowest
pressures of crystallization at ~0.1 GPa-4k& deep).

IGNEOUS PETROLOGY
Source of the magma

As indicated by the Nd and Sr isotopic compositions, the main source of the magma for the Colosa
porphyry is the mantle. The dehydration of the subducted Nazca plate and probably of the subducted
sediments produced fluids thegcended through the mantle wedge causing partial melting and formation
of a magma (Fig.3).

The primary mantle wedggerived magmas formed in subduction settings are commonly basaltic in
composition (Gill, 1981; Thorpe et al., 1984; Wilson, 1989; B&¥d3), although generation of more
siliceous magmas from the metasomatized mantle wedge remains a distinct possibility (Wilson, 1989).
Crustal rocks can, therefore, serve as an effedeévsity filterblocking ascent of denser mafic, mantle
derived magmagGreen, 1982; Best, 2003). Probably a zone of melting, assimilation, storage, and
homogenization (MASH) was formed in the lowermost crust or mantigt transition, where basaltic
magmas that ascended from the mantle wedge become neutrally buoyan¢ @tredrp1984; Hildreth
and Moorbath, 1988 rystal fractionation of such magmas, combined with crustal contamination at deep
levels, can then account for the spectrum of more evolved rock types observed at shallow depths (Wilson,
1989), as seen at Colns

The most and Estdifferentiated rocks of Colosa show a very narrow compositioand in isotope
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ratios and are always located in the mantle array {#)g.This argues that there has been just a small

degree of crustal contamination that could hslightly increased the Sr content and tf&r/f°Sr ratio

(Best, 2003)but not enough to relocate the rocks in the crust field. High ratios of Ba/La, as those of

Colosa (1178), could also suggest the presence of crustal contamination in the melitfHikolde

Moorbath, 1988), although some authors (Kay, 1980; McBirney, 2007) relate theseordgopresence

of subducteesediment melts in the magma. The high Rb/Csratiod(B30) fr om Col osads ro
could indicate contamination from crust ratheart from subducted sediments (Hildreth and Moorbath,

1988)

Some authors (Gill, 1981; Harmon et al., 1981; Thorpe et al., 1984) suggest some degree of influx of
components from the subducted oceanic crust and lack of a significant crustal componemjeioe site
of Andean andesites. The contribution of LIL elements is thought to come from dehydration of the

subducted slab that would also initiate the mantle partial melting process (Hawkesworth et al., 1979).

The negative anomalies of Nb, Ta, and Ti foimthe rocks of Colosa are typical of asdated rocks
and could be explained by retention of a refractory phase in the source in which these elements are highly
compatible and where LIL elements are incompatible (Wilson, 1@8&ce and Peate, 19%eg, 2003);
fractional crystallization of HFSE minerals could also occur within the lower crust causing the depletion
of such elements in the melt (Thorpe et al., 198M0lreth and Moorbath (1988) suggest that there are
large crustal HFSE contributions attdit their source is dominantly intracrustal rather than subduction

derived.

The highK content of some of the rocks of Colosa could be explained by crustal contamiaation,
process that occurs in volcanic arcs when continental crust tends to be thde&tfHand Moorbath,
1988). Nevertheless, Kay (1980) and Gill (1981) suggests that the K component of arc magmas

corresponds to recycling of altered oceanic crust and subducted sediments.

Crystal fractionation of phenocryst phases from basalt, usuallkagibplase + orthopyroxene/olivine
+ augite + magnetite (POAM), is by far the most common and extensive process, supplemented to an
unknown extent by magma mixing, selective interaction with the crust, and vapor fractionation (Gill,
1981). However,ite nomal contents of Sr and Eu as shown in the spider and REE diagrams of Colosa
(Fig. 10) could suggest a laak or low content of plagioclase in the source anadanimal fractionation
of this mineral in early crystallization stages (Best, 2003). The pres#i¢O in melts could decrease
the pressure and temperature conditions of formation of plagioclase and increase the crystallization field
of amphibole (Gill, 1981¢Green, 1982); this is supported by the important presence of amptilisle
37.7%)in all rocks fromColosa. The presence of plagioclase as the main phenocrysipatesa

indicates that the fractionation of this mineral is important at least in the latter crystallization stages of the
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system; this is also supported by the common presdnmmlkilitic textures where plagioclasgrains

enclose amphiboles crystadsd not the opposite.

Partial melts of most crustal rocks would be rhyolitic to dacitic in composition and would normally
raise LREE contents and Ce/Yb ratios of basaltic magsssdating them (Hildreth and Moorbath,
1988). In addition, samphibole has partition coefficients of ~B.B for HREE in melts of basaltic
andesite to andesite composition (Rollinson, 1993), amphitaagonation is seemingly a feasible
HREE suppresmt (Gill, 1981). The presence of amphibole phenocrysts as the main mafic phase through
all the units of Colosa, especially in late and intermineral units, could support this idea for explaining the
depletion of HREE in the rocks (FiggOB). Garnet is nobbserved in any of the samples, but its presence
in the early stages of crystallization could have been another important factor in the depletion of HREE
(Hildreth and Moorbath, 1988est, 2003).

Evolution of the system

Similar patterns of incompatibleeghents between dllolosaunits, as seen in the spider and REE
diagrams (Figl10), suggest that the same magma chamber generated them. Crystal fractionation and
differentiation processes controlled the final composition of the rocks, and different iatjeg
controlled the textures of each unit. The compositional trend observed in the Colosa suite is from older
mafic rocks (diorites of early and intermineral units) to young@mewhat morsilicic rocks (quartz

diorites to dacites of late porphyriesdadikes).

According to the data provided by the thermobarometry on amphiboles 4Fithd main magma
chamber or MASH zone (Hildreth and Moorbath, 1988) could have bee&0-8% deep, where an
important crystallization stage began within the magma. déysh correlates with the estimated depth
for the Moho under the Colombian Andes (Meissnar et al., 1976; Thorpe et al.Tab84da et al.,
2000;Cediel and Caceres, 2000; Cediel et al., 2003). The location of this chamber could suggest a crustal
contaninationatlower crusal, rather than upper crusf levels At this depth, fractionation and
differentiation of a probable basaltic magma occurred, where mafic phases could have crystallized
producing less mafic and less dense magdimasaltic andesijeThese fractionates could haascended
through the crust and accumulditg a new and shallower magmatic chamhmated at depths ef15-20
km according to the thermobarometric results and cdmgigith the boundary betwedhe Cajamarca
Complex and ta mntinental basement (Proterozoic rocks; Restfepee, 1992; Cediel and Caceres,
2000). At thisshallowerdepth, crystallization and fractionation processes continued, creatiggitic
magmas (early and intermineral porphyries) that where emplaesérahallower depths (~34 km
deep; Fig. 6A-B). The age of the earliest intrusion (NDEL1) is about 8.3+0.2 Ma (AngloGold Ashanti

database)whichthat gives an initial age for the evolution of the system.
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Early and intermineral units have similar minegadoand chemical compositions (Tabi 3), but
the textual features of each group are quite different. The first two early units are phaneritieqfine
mediumgrained) suggesting very stable conditions during their crystallization. The last eatdyavei
porphyritic, indicating two substages of crystallizatimmwhich both were equally important as inferred
from therelative volumes ophenocryst (46-54 vol%) andgroundmass.

All intermineral units have porphyritic textwesuggesting two substag of crystallization during
their formation. The substages of phenocryst crystallization were less important than thdéammagion
stagesas indicated by the lower volume of phenocrysts4840l%) with respect tgroundmass. The
higher content of lpenocrysts of the early porphyritic units respect to the intermineral units si@gest
long stage (probably deeper) of phenocryst formdtiothe early units and a long stage (probably

shallow) of groundmass formatidaor the intermineral units.

The coninuous fractionation of magma at ~28 km deep generatehcitic magmas anghore
differentiatedrocks (late porphyries and dikes) that were emplaced at the sides of the slightly older
dioritic bodies (Fig. &C). Differentiation procesgsof magmatic systas at these depths could last for a

few thousands of years according to Turner et al. (2000).

The late units have phenocryst cons@ft42-57 volumepercentandthe maost silicic compositioa of
all the units of Colosa. The phenocryst contents indicfitetdong-stage of crystallization (probably

deep) and a second shetage of crystallization (probably shallow) of a more differentiated magma.

The crystallization processes in all units were somehow continuous during the travel of the magma
from stagdo stageas suggested by the seriate texture (from matre to phenocrystize) observed in
all the porphyritic units. Disequilibrium among phenocrysts is common in wiamgrocks such as
reverse zoning in plagioclase (Fi¢Q) and resorption téures in quartz (Fig. 6A); these features could
indicate mixing between magmas of similar composition, local rise in tempettsatireay have been
caused by underplating and/or recharge of a chamber by a more mafic,raagfoathe ascent of an
anhydrousmagma (Gill, 1980).

The increase in the temperature of formation of amphiboles with decreasing pressure, as observed in
the thermobarometric plot (Fig4)l could be due to chaimg conditions during the crystallization
process. When magma is emplaced mtelatively cold rock, it is forced to crystallize very fast at high
temperatures; an extreme case is the crystallizafianineralsof volcanic rocks at surface temperatures
where highrtemperature minerals are formedthough generally only in the@indmassProbably some
mineral phasem rocks fromColosa, including amphiboles, crystallized very fast when they were

emplaced at shallower depths ant colder rocks.
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The age of the late dacite unit (NDA) is about 7.6+0.2 Ma and of a late dike7aBb012 Ma
(AngloGold Ashanti databasélaken at face value, these ages indiadifetime of approximately a
million years for the entire magmatic systdfmosionthen removedhe top of the system and any
evidence of possible volcanic and epithernyatams related tthe hypabyssal rocks now exposed at
Colosa (Fig. 6D).

DISCUSSION
Comparisons with Miocene-Recent igneous rocks in Colombia

The tectonemagmatic setting of the Central Cordillera of Colombiatteiate MiocenePliocene is
very similarto the present state, where the most outstanding feature is the magmeatisiyof andesitic
to daciticcompositionyelated to the subduction of the Nazca plate utfieBouth Americaplate
(Marriner and Millward, 1984; McCourt et al., 1984; Aspdenlgtl987; Restrepo and Toussaint, 1990;
Tistl and Salazar, 1994; Cediel and Caceres, 2000; Taboada et al.C2€@;et al. 2003; Pindell and
Kennan, 2001Ramos, 2009). According to some authors (Toussaint and Restrepo, 1990; Reatepo
1992; Cetkl and Cacere2000;Cediel et al., 2003; Vargas et al., 20aBgre is at present a thin wedge
of continental basement (Proterozoic rocks) beneath the Cajamarca Complex and associated rocks
(batholiths and stocks); this indicates that the probabl¢atmentamination that the Colosa magma
experienced could have been from old Precambrian rocks and/or from{kegozoic Cajamarca
Complex. In both scenarios, the contamination must have beenahihimto the low/’Srf°Sr ratiosof
rocks from Colos#0.7042650.704368) and the very hi§fsrf°Sr content®f metamorphic rocki
Colombia that are similar tihose of the Cajamarca Complex (0.735108 for the Arquia Complex;
Tassinari et al., 2008) and Proterozoic rocks of the Central Cordillera (0-0486192for El Vapor
mylonitic gneisses; Ordofiez et al., 2006).

Rocks fromColosa show similar patterns spider and REE diagrams Recent volcanic rocks of the
Northeastern and Southwesteonesof the Colombian volcanic arc. Rocks from volcanoes ef th
Northeastern zone, including Nevado del Ruiz, Nevado del Tolima, Cerro Machin, and Nevado del Huila,
belong to the catalkaline seriesrfiediumK to high-K) and ranging compositionally from basaltic
andesite to dacit@Marriner and Millward, 1984Thourd et al., 1995; Correa et al., 20@pminguez et
al., 2003;Borrero et al., 2009). Based on isotopic compositioi&Sef°Sr (0.70420.7044) *Nd/**Nd
(0.51270 . 5 1 2 9O, (+6 87 di%)j James (1982) and James and Murcia (198¢yest that the
andesites from the Nevado del Ruiz volcano have source contamination (subducted slab) and crustal

contamination during thlemagmatic asceniMarriner and Millward (1984dbtained similar ratios of
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87SrfoSr for Nevado del Riz (0.704320.70480) and alsobservedenrichment in LILE and LREE,
depletion in HFS and HREE, negative anomalies of Nb andbEanae of Eu anomalies, and high ratios
of Ce/Yb (917). Ordofiez and Pimentel (2001) obtained isotop ¢ 0 mp 0 {qi(+2.096-5008) amdf &
8’SrP°Sr (0.704310.70445) foNevado del Ruiz and Nevado del Tolima volcanoes, suggestinge
magmatism with crustal contaminatiorhe Cerro Machin volcano is located at 11 km to the ENE of
Colosa and is alsemplaced ito the Cajamarca Complex. The material of this volcano is mainly ash and
lapilli of dacitic composition (oligoclase + amphibole + biotite + quartz) andkigalc-alkaline affinity
(Dominguez et al., 2003).

Volcanoes from the Southwesterone including Puracé, Dofia Juana, Galeras, Azufral, Cumbal, and
Chiles, have rocks with cakdkaline affinity (mediurK to high-K) and compositions ranging from
basaltic andesite to dacite (Marriner and Millward, 198dpeda, 1983)ruox and Delaloye, 1996;
Calvache et al., 199.7Rocks from Galeras and Purace are enriched in LILE and LREE, depleted in HFS
and HREE, and haV&SrF°Srratiosof 0.704100.70448 and 0.70438.70445, repectively (Marriner and
Millward, 1984).Based of’Srf°Sr (0.70410.7048) ***Nd/***Nd (0.51270.5129) andi*®O (+6.5
+7.9%) isotopic compositions, James (1980; 1982) and James and Murcia $l§84¥t that the
andesites from the Galeras and Purace volcanoes have subducted slab and crustal contamination during
the magmatic ascerCepeda (1985) suggests ttta rocks of the Galeras volcano were formed by
crystal fractionation of magmas from the mantle wedge and oceanic crust (Nazca plate) without important
crustal contaminatiorBased on relative enrichment of LREE compared to HREE, the La/Yb ratio (8.9
13.7) andtheenrichmenin LILE, Calvache et al. (1997) suggest a source from the partial melting of a
hydrated mantle wedge with the addition of highly soluble elements from the subducted sediments, and
probably an important additional contribution from tdoatinental crust; these authors also suggest
crystal fractionation at depths of 36 km of a hydrated tholeiitic basalt melt thguilibrates at higher
levels (10 km deep). Druox and Delaloye (198Bjained on rocks from tHeurace, Doia Juana, Galeras
Azufral, Cumbal, and Chiles volcanoes, enrichment of LREE, depletion of HREE, and enrichment of
LILE, interpreting the genesis of the rock from melting of the mantle by fluids derived from the
dehydration and/or partial melting of the subducted oce#atic ®llowed by fractional crystallization of
the primitive magma, mixing with lower crust material and possibly crustal contamination during the
uprising of the magma through the crust. Ordofiez and Pimentel (@@ined isotopic compositions of
&g (+0.51-+4.68) and’SrFf°Sr (0.704070.70454) foDofia Juana, Galeras, and Azufral volcanoes, and

consider this magmatism derived from mantle with crustal contamination.

The REE abundances and patterns of andesites of the Andean northern volcanic zonkaare si
those in northrn Chile, but experienced less fractional crystallization and negligible crustal

contamination during their ascent (Thorpe and Francis, 19f8)pe et al. (1984uggest that the recent
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lavas from Colombia may be derived framantle enriched in radiogenic Sr derived from the subducted

slab but with minor contamination by continental crust

As seen above, recent rocks from different Colombian volcanoes have chemical characteristics
similar to those o€olosa (Fig. ). For these gung volcanic rockghe recurrent model proposed is a
source originated by partial melting of the mantle wedge by fluids and/or melts from the subducted slab
and/or sediment$ollowed by processes of crystal fractionation and crustal contamination, albicfits
with the model proposed for the Colosa porphyry. Although chemical compositions are similar between
rocks from Colosa and recent Colombian volcanoeggitent volcanoetend toshow more mafiphases
(olivine, clinopyroxene, and orthopyroxeriban rocks from Colosa&@lvache et al., 199 orrea et al.,
2000).

Other Miocene intrusions related to gold deposité #se case of Marmato (lowsulfidation system)
where andesitdacite porphyries of 6.7+0.1 Ma have measdf8d®Sr of 0.7044@. 7 0 4 6 Qqofand &
+2.2-+3.2 (Tassinari et al., 2008), share very similar compositions than those of Colosa and a comparable
genesis could also be inferred. These similar features between Colusmpararous rocks, and recent
volcanicrocks suggessimilar mechanismafor generating magmatism sinttee late Miocene in the

Colombian volcangplutonic arc of the Central Cordillera.
Petrological models for porphyry systems

The model proposed for the origin of the Colosa porphyryfitis recent petrogenetimodels
proposed for porphyry systems by Richards (2003) and Candela and Piccoli (2005). The petrological
model of Richards (2003) is basedtomrous, relatively oxidized, and sulftich mafic magmas
(predominantly basalts) that are generated in the prattized mantle wedge by soluteh fluids (rich
in LILE but not in Ti, Nb, and Ta) above a subducting oceanic slab. These magmas rise buoyantly to the
base of the overlying crystthere they stall due to density contrasts and mix with crustal melts (YJASH
generating evolved (andesitic to dacitic), volatitth, metalliferous, hybrid magmashe lattey are of
sufficiently low density to rise through the crust. Magma ascent is driven primarily by buoyancy forces
and is dominantly a fractweontrolled plenomenon where translithospheric, oroganallel, strikeslip
structuresmayserve as a primary control on magma emplacement in many volcanic arcs worldwide.
Having delivered a sufficient volume of evolved, fertile arc magma to a focused position ppére u
crust, magmatic fractionation, recharge, and volatile exsolution lead to the developme+rbohorg
magmatiehydrothermal system&ichards (2009&dds a new connotation to the MASH model for
postsubduction magmatissettings by calling onremeling of small amounts of residual sulfideft in

the deep lithosphere by arc magmatismexplain the high Au content.
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Candela and Piccoli (2005) consider tHateents such as B, Pb, As, and Sb, as well as Sr, LILE, and
other elements, appear to be ntiakd efficiently from the subducted slah;O, Cl, and S may be
sourced partially from sea water contained in the oceanic slab. They also suggest that ore metals in arc
magmas probably have diverse origins, including the mantle wedge, the lower cohtinestf@and the
subducted lithospher&eedorff et al. (2005) think that the varying proportions of these sources (also
including the upper crust) likely lead to the observed compositional diversity-&drangng magmas for
porphyry systems. Sillito@000) proposes for the origin of getcth porphyries a metddearing hydrous
melt derived from dehydration of the subducted slab that causes partial melting of the oxidized and
metasomatized mantle wedge where it produces a variety edl&alme magma @i transports the

volatiles and metals with varying amounts of crustal interaction and assimilation.
Comparison with porphyry gold systemsn the Maricunga belt

As mentioned earlier, porphyry gold depositser than Colosaremostlylocated in the Mariauga
beltin Chile, including theLobo, Marte, Verde, Pancho, and Cavancha depd&isy features from

these porphyries are similar to Colplat others are different (Table 1).

The porphyry gold systems of the Maricurigdt have an earito middle Miocene age(Sillitoe et
al., 1991)in contrast to the latbliocene age of Colosa, notwithstanding both are composed by diorite to
guartz diorite porphyries of the ceaddkaline trend (mediunto highK; Kay et al., 1994Muntean and
Einaudi, 2000)At the present levels of erosiofolosa is emplaced within lograde metamorphic rocks
but the Chilean porphyries are emplaced into coeval volcanic rocks of intermediate composition (Vila and
Sillitoe, 1991;Kay et al., 1994Muntean and Einaudi, 2000). The mase of late dacites and intrusive
breccias (diorite porphyry xenoliths in diorite matrix) is also a common featineth (Vila and Sillitoe,
1991;Muntean and Einaudi, 2000). The rocks of the Mariclubgdigare fine to coarsegrained with
phenocrysts foplagioclase (Agyss, zOned, and seriate), biotite, hornblende, quartz (rounded and
resorbed), and subordinate pyroxene; the aphanitic matrix (<0.05mm) is usually more abundant than
phenocrysts and is formed by microlites of plagioclase, maifierals quartz, kfeldspar, ilmenite,
magnetite, zircon, apatite, sphene, and rutile (Vila and Sillitoe, }Rdet al., 1991; Flores, 1993;
Muntean and Einaudi, 2000). The rocks of Colosa are very similhose described abouaut they lack
pyroxeneprimary magnetite, and rutile. Amphiboles from the Verde and Pancho porphyry gold deposits
(Muntean, 1998) have higher Mg contents than the amphiboles from Colosa and could be classified as
magnesiohastingsite, magnesiohornblende, and tschermakite. Usingsbiergemperature diagram of
Ernst and Liu (1998) for the same amphiboles, they show temperature/(J4m) and pressures (0.1
1.0 GPa) similar to those of stages Il and Il of Colosa; this indicates that both localities experimented the

same or similaconditions of temperature and pressure during their final episodes of crystallization.
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Porphyry gold deposits of the Maricungelt were generated only at 600 to 2,000 m beneath the early
or middle Miocene volcanic paleosurface and less than four intrusits are recognize@/ila and
Sillitoe, 1991;Muntean and Einaudi, 2000 tontrast, the rocks of Colosa could have been emplaced at
depths near to-8 km and are composed by over twelve different intrusions.

Rocks from the porphyry gold deposits bé tMaricungaelt haveSiO, contentf 59-64%
(Muntean and Einaudi, 20Pand trace element ratios 25-40 for Ba/La, 1318 for La/Yb, and 2635 for
Cel/Yb Kay et al., 1994 These values are contained within the values of Colosa for the same ratios and
SiO, contentg58-68% SiQ, 11-78 Ba/La, 520 La/Yb, and B8 Ce/Yb). Thé’Srf®Sr (0.704838
0. 706 1 g)-0.4a4.8) isdtopic compositions for other types of porphyry systems and volcanic
rocks within the Maricungbelt are mainly located in the gtinental crust fieldRobinson and McKee,
1993;Kay et al., 1994; McKee et al. 1994)hereas rocks frontolosa rocks are located in the mantle
array field (Fig. ¥).

The goldrich porphyry deposits in the Maricunga belt were emplaced at a continengah mar
characterized by thick (350 km) continental crust aridctonic changes that occurred as the subducting
Nazca plate changed shape and caused modifications in the overlying crust and lithospheric mantle (Vila
and Sillitoe, 1991; Kay et al., 1994). Lardepletions in the MREE and a decrease in the size of Eu
anomalies indicate an increasing role for amphibole and a decreasing importance of residual feldspar
(Kay et al., 1994)Mafic lower crustal magma sources are suggested from Sr isocRobisigon ad
McKee; McKee et al. 1994put Hildreth and Moorbath (1988) indicate a sowttr central Chilean
magmagelated to the partial melting of the mantle wedge by fluids from the dehydration of the
subducted slab and with crustal contamination at the WMA&e.At Colosa, the crust could have had
similar thickness butamphiboles rather than feldspars seem to have been important fractjonatin
minerals in the early stages of crystallization. The sourtieed@olosa magma correlates with the model
of Richads (2003) which in turn isbased on the model of Hildreth and Moorbath (1988) but more
complete and applicable to porphyry systems.

CONCLUSIONS

The Colosa porphyry was constructed by hypabyssal rocks of intermediate composition formed by
andesine + ampbole + quartz * biotite + orthoclase, and apatite + zircon + sphene as trace minerals. The
early units of the system are diorites and diorite porphyries wid4gercent phenocrysts; the
intermineral units are diorite porphyries with-8@ percent phermoysts; and the late units are dacite

porphyries and diorite to quartz diorite dikes with5#2percent phenocrysts. The amphiboles were
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classified as ferropargasites, fegdenites, and ferrotschermakites.

Probably all the units of Colosa were generdigthe same magma chamber as shown by the similar
patterns in spider and REE diagrams; fractional crystallization and differentiation processes controlled the
final composition of the rocks, and cooling stages determined the texture. The rocks of dolug#olae
medium to highK calc-alkalinesuiteand are related to thate Miocene volcaniglutonic arc of
Colombia, generated by the subduction of the Nazca plate under the South America plate.

All samplesexhibitan enrichment of LILE and LREE relatite HFSE and HREE, respectively.
These features are attributed to enrichment of LILE from the source and retention of HFSE (mainly Nb,
Ta, and Ti) by refractory phases within the same source. The depletion of HREE is explain by
fractionation of mineral ptss that have a high patrtition coefficients for these elements, especially

amphibolesthe major mafic phase in the rocks.

Isotopic compositions of Colosa indicate a source derived from the mantle, and high contents of LILE
and high ratios of Ba/La suggestntamination with melts from trmubducted sediments and probably
from the continental crust. The model proposed for Colosa consists of fluids from the dehydration of the
subducted slab (Nazca plate) and fluids and melts from the subducted sedimeyeisetaied partial
melting of the mantle wedge. These basaltic melts ascended to the-onasitleoundary where they
were retained due to density differences and began to produce processes of melting, assimilation, storage,
and homogenization (MASH zondt this depth (~35%0 km), fractional crystallization and
differentiation processes began to produce more felsic magmas that were able to ascend through the crust
and be emplaced at the boundary between the continental basement and the Cajamarca-damplex (
20). At this site, the basaltic andesite magma began to produce more differentiated products (andesitic and
dacitic magmas) that ascended across the Cajamarca Complex and were emplaced at deptks;af ~3
is here where the rocks completely cryistaland where all the hydrothermal activity took place.

Although Colosa shares common features with the porphyry gold deposits of the Mabeltygech
as similarrock composition (diorites, quartz diorites, and dacites), and alteration type (potassic,
intermediate argillic, and propylitic), there are some characteribtitare differentsuch aamphibole
composition (more magnesianChile), isotopic compositions (mantle array for Colosa and continental
crust array for Maricunga), walbck type €oeval volcanic rocks for the Maricungelt and lowgrade
metamorphic rocks for Colosa), mineralization assemblage (presence of pyrrhotite in Colosa), and age
(early tomiddle Miocene for Maricunga aniéiteMiocene for Colosa). These characteristang]its
enormous size (12.9 Mad contained A), make the Colosa porphyry unique within the porphyry gold

systems discoverdad date
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Fig. 6. Photomicrographs with crossed nicols of different units of the Colosa por#posit, all at the same scafe Early unit
NDEL. B. Early unit NDE2. C. Earlunit NDE3. D. Intermineral unit NDI1. E. Intermineral unit NDI2. F. Intermineral unit
NBXI. G. Late unit NDA. H. Late dike NDQ. I. Late dike NDQ. J. Late dike NDDL. Note the difference of texture and crystal
size in the various units. Amph = amphibol@a?= apatite, Bi = biotite, Orth = orthoclase, Pg = plagioclase, Qz = quartz, Sph =
sphene.
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Fig. 9. Geotectonic diagrams for Colosa samples. A. AFM diagram from Irvine and Baragar (1971) indicatingdheloadc
tendency of the Colosa porphyry. B. $¥3 K,O diagram from Peccerillo and Taylor (1976) showingrtieglium to high-K
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Fig. 12. Analyses of microprobe on feldspars of the Colosa porphyry. A. Microprobegpstiawing the mineralogic
composition of the matrix of the early unit NDE3. B. Microprobe picture showing the mineralogic composition of the matrix of
the intermineral unit NDI1. C. Photomicrograph with crossed nicols showing the reverse zoning ingdadiom unit NDE3.
Composition determined with microprobe analyses. Amph=amphibole, Apa=apatite, Orth=orthoclase, Pg=plagioclase,
Qz=quartz, Sph=sphene.
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Fig. 13. Classification diagram for amphiboles from different units of the Colosa porphyry. Ac @aiphiboles (GgO1 . 50)
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Fig. 14. Temperature vpressure diagram based on contents eDAbnd TiG, from amphiboles of the Colosa porphyry. The
polygons represent the ranges of tempeeatind pressure of early porphyries (red), intermineral porphyries (blue), late
porphyries (yellow), NDQ late dike (orange), and NDL late dike (dark yellow). All points are grouped in three broad stages of
crystallization [, I, andlll). Diagram modifiedrom Ernst and Liu (1998).
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