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ABSTRACT 

 

This work reports a petrologic study of the Colosa porphyry gold 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 porphyry deposits. This porphyry deposit (~8 Ma) is located in the Miocene calc-alkaline 

volcano-plutonic arc of the Central Cordillera of Colombia, and it consists of hypabyssal rocks of 

intermediate composition (andesine + hornblende + quartz ± orthoclase ± biotite) that intruded Paleozoic 

low-grade metamorphic rocks of the Cajamarca Complex. 

The early intrusions of the system are fine- to medium-grained diorites and porphyry diorites with 46-

54 percent phenocrysts, and variable amounts of potassic and sodic-calcic alteration. The intermineral 

units are fine- to medium-grained diorite porphyries with 34-46 percent phenocrysts, and intermediate 

argillic, and propylitic alteration. The late intrusive bodies are fine- to coarse-grained diorite, quartz 

diorite, and dacite porphyries with 42-57 percent phenocrysts, and local propylitic and sericitic alteration. 

Whole-rock analyses confirm a medium- to high-K calc-alkaline tendency for the rocks from Colosa. 

These rock exhibit an enrichment of LILE and LREE relative to HFSE and HREE, respectively. Present 

isotopic compositions of 
143

Nd/
144

Nd (0.512759-0.512870) and 
87

Sr/
86

Sr (0.704265-0.704510) from 

different units of Colosa indicate a source derived from the mantle.  

The model proposed for Colosa consists of fluids from the 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 mantle-crust 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 (~35-50 km), 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 Complex (~15-20). 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 depths of ~3-4 km. 
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INTRODUCTION  

 

Gold-rich porphyries have been described and studied since the 1970s (Kesler, 1973; Sillitoe, 1979), 

being arbitrary defined by Sillitoe (1979) as those porphyry copper deposits that contain over 0.4 g/t Au; 

examples such as Bajo 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, porphyry gold systems were not reported before the 

1990s (Vila et al., 1991; Vila and Sillitoe, 1991), and have been considered to be the end-member in the 

continuum of porphyry systems from Cu-Au, through Au-Cu, to the Au-rich and Cu-poor counterpart 

(Sillitoe, 1979; Sillitoe, 2000; Seedorff et al., 2005). Porphyry gold systems are not a very common type 

of gold deposit. Deposits assigned to this group include a few porphyries in the Chilean Maricunga belt 

(Vila and Sillitoe, 1991; Vila et al., 1991), and some prospects in the western United States (Canby et al., 

1993; Fig. 1). These porphyries are mostly associated with the intermediate and mafic end of the broad 

range of rock compositions (55 to 78 wt % SiO2) characteristic of 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 volcano-plutonic arc of Colombia (Sillitoe, 2008), and consists of diorites, quartz diorites, and 

dacites. The Colosa system was built by early, intermineral, and late intrusions, each one carrying 

different amounts of gold. The early intrusions exhibit high-temperature potassic alteration and 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 have a low-temperature propylitic 

alteration and are almost barren of gold. These intrusions formed a cluster of igneous bodies that intruded 

into Paleozoic low-grade metamorphic rocks of the Cajamarca Complex (Maya, 1992) and are surrounded 

by narrow zones of hornfels and breccia. 

All the porphyry gold systems discovered in the world show similar gold-grades, rock compositions, 

and alteration types (Sillitoe, 2000; Seedorff et al., 2005; Sillitoe, 2008). The late Miocene age (Sillitoe, 

2008), metamorphic wall-rock type, pyrrhotite mineralization, and isolated location in the northern Andes, 

makes the Colosa prospect distinctive from other existing porphyry gold systems. As a new discovery, the 

geology of the Colosa porphyry deposit is just beginning to be described and studied. 

This work describes petrologic aspects of the Colosa porphyry deposit, emphasizing its petrographic, 

geochemical, and isotopic characteristics. This study indicates that the magma that formed the Colosa 

intrusions had a large mantle contribution and less from the crust; the magma was formed by melting of 

the mantle wedge above the subducted Nazca Plate and then ascended through the South American plate, 
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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 and carrying anomalous contents of gold. 

 

BACKGROUND  

Previous Work 

The Colosa prospect was discovered in 2006 by greenfields exploration programs of AngloGold 

Ashanti in 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 Colombia. Two theses in preparation 

also mention Colosa porphyry: Leal-Mejía (in preparation) and García-Bernal (in preparation); the first 

relates Colosa to the metallogenesis of Colombia, and the second makes a comparison between Colosa 

and the porphyry gold systems of the Maricunga belt. 

The Colosa porphyry shows similar characteristics to the Lobo, Marte, Verde, Pancho, and Cavancha 

(La Pepa) porphyry gold deposits of the Maricunga belt in Chile (Vila and Sillitoe, 1991; Vila et al., 1991; 

Muntean and Einaudi, 2000, 2001; Table 1). These systems belong to the calc-alkaline volcano-plutonic 

arc of Miocene age in the Andes (Fig. 1) and share similar rock compositions (diorites, quartz diorites, 

and dacites) with porphyritic textures. The alteration is also very similar in the porphyries of both 

locations, being mainly potassic with stockworks of quartz veinlets but with strong overprinting of 

intermediate argillic alteration (chlorite-sericite-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 mid-temperature alteration zones is also common for all these porphyry 

systems. 

The Zule prospect in Sierra County, California (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 in turn by a propylitic zone (Canby et al., 1993). 

Although the Colosa porphyry shows similarities with the rest of the porphyry gold systems in the 

world, it also exhibits certain differences (Table 1). Colosa has a late Miocene age (8.3 Ma), compared 

with the early (24-23 Ma) and mid-Miocene (14-13 Ma) ages of the porphyries of the Maricunga belt 

(Sillitoe et al., 1991; Muntean and Einaudi, 2001), and the early Pliocene age (4.4 Ma) of Zule (Canby et 

al., 1993). Another important feature is the wall-rock type; Colosa has metamorphic wall rocks (schists 

and quartzites) but the porphyries of the Maricunga belt and Zule have volcanic wall rocks (Vila and 

Sillitoe, 1991; Canby et al., 1993). The isolated location of Colosa in the Northern Andes and the 
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presence of pyrrhotite in its mineralization assemblage are also distinctive features of this porphyry gold 

system (Table 1). 

The tonnage and gold grade are variable in the Maricunga belt, such as ~80 Mt at 1.6 g/t for Lobo 

(Vila and Sillitoe, 1991), 46 Mt at 1.43 g/t for Marte (Vila et al., 1991), a mineable reserve of 101 Mt at 

1.02 g/t for Verde (Brown and Rayment, 1991), an inferred mineral resource of 68 Mt at 0.96 g/t for 

Pancho (Brown and Rayment, 1991), and a mineral resource of 187 Mt at 0.56 g/t for La Pepa (Yamana 

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 system with the biggest tonnage of material and contained Au 

discovered to date (Fig. 2). 

Regional Geologic Setting 

The Central Cordillera of Colombia has a complex history of  collision, accretion, faulting, 

magmatism and subduction (McCourt et al. 1984; Aspden et al., 1987; Restrepo and Toussaint, 1988; 

Taboada et al., 2000; Kennan and Pindell, 2009); its litho-tectonic and morpho-structural expression is a 

result of the Meso-Cenozoic Northern Andean orogeny and of orogenic events that predate Northern 

Andean-phase orogenic activity (Cediel et al., 2003; Fig. 3). At present, the Central Cordillera is bound on 

the east by the Magdalena River valley, and on the west by the Cauca River valley (Cauca-Patía graben; 

Aspden et al., 1987; Taboada et al., 2000). The Romeral fault system, with high-angle NNW- to NNE-

trending reverse faults with a right-lateral strike-slip component, divides the cordillera into two domains, 

an eastern continental and a western oceanic domain (McCourt et al., 1984; McDonald et al., 1996; 

Taboada et al., 2000). 

The eastern flank of the cordillera, included in the Central Continental Sub-Plate Realm of Cediel & 

Caceres (2000), consists of pre-Mesozoic polymetamorphic basement intruded by Mesozoic batholiths 

and stocks related to subduction (Taboada et al., 2000). During the early Paleozoic, the suprascrustal 

sequences of the western margin of the South American plate underwent Cordilleran-type orogenic 

deformation and regional metamorphism, as evidenced by the fragments of ophiolite and accretionary 

prism exposed in the Cajamarca-Valdivia terrane (Cediel et al., 2003). This terrane was sutured to the 

Guiana Shield of South America along the trace of the paleo-Palestina fault system (McCourt et al., 1984; 

Cediel et al., 2003; Kennan and Pindell, 2009). The Bolivar aulacogen, from the Late Paleozoic to the 

Early Cretaceous (Cediel and Caceres, 2000), developed as an 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 Alto rift during the 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 finished by the Aptian-Albian, followed by a 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 oceanic terranes. In the mid-Cretaceous the Farallon and South 

American plates reorganized and changed their drift direction and velocity. The resulting Meso-Cenozoic 

oblique collisions, subduction and obduction, and the birth of new oceanic plates (Caribbean and Nazca-

Cocos system; Pindell and Kennan, 2001, 2009; 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 mid-Cretaceous along the Romeral-Cauca (McCourt et al., 1984; McDonald 

et al., 1996), Garrapatas-Dabeiba (Restrepo and Toussaint, 1988; Cediel et al., 2003), and Buenaventura 

(Cediel et al., 2003) fault zones. These terranes formed the western part of the Central Cordillera and the 

Western Cordillera and have been affected by periods of uplift, erosion, and subduction-related calc-

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; Ordóñez and Pimentel, 2001; Cediel 

et al., 2003) and the continued faulting of the late Miocene intrusions and disruption of their associated 

Cu-Au-Ag-Zn (Mo, Pb) mineralization, are also observed (Cediel et al., 2003). Important stress relief 

occurred in the late Miocene-Pliocene transpressive pop-up of the Eastern Cordillera (Cediel et al., 2003). 

Local Geologic Setting 

The Colosa porphyry system is located over the middle part of the Central Cordillera of Colombia 

(over 3000 m.a.s.l.), at 8 km northwest of the town of Cajamarca and at 30 km at the west of Ibagué, the 

capital of the Tolima Department (Fig. 3). Sillitoe (2008) included Colosa in the Middle Cauca belt of the 

Central Cordillera of Colombia, and assigned it a late Miocene age. This porphyry system intruded the 

metamorphic rocks of the Cajamarca Complex and, at present, is partially covered by dacitic pyroclastic 

material of the Cerro Machín volcano. 

The Cajamarca Complex (Maya and González, 1995) is a suite of low-grade metamorphic rocks that 

formed the core of the Central Cordillera and that was initially named by Nelson (1962) as the Cajamarca 

Group. The unit crops out at the Cajamarca-Alto La Línea section and is composed of quartz-sericite 

schists, green schists, phyllites, quartzites, and marbles (Maya and González, 1995); a marine volcano-

sedimentary protolith for the unit has been proposed by Nunez (2001). Different authors have dated the 

unit by the K-Ar method (Restrepo y Toussaint, 1978; Núñez et al., 1979; Millward et al., 1982; McCourt 

et al., 1984), obtaining ages from Paleozoic to Paleogene; whereby the oldest ages could correspond to 
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the regional metamorphic event and the youngest ages to superimposed dynamothermal events (McCourt 

et al., 1984).  

The Cerro Machín volcano is located in the eastern part of the Central Cordillera, 7 km northeast of 

Cajamarca. This volcano belongs to the Ruiz-Tolima Massif (Thouret et al., 1995) or Complex (Nuñez, 

2001) and is characterized by highly explosive eruptions; thick sequences (up to 400 m) of pyroclastic 

material from this volcano cover many kilometers around it (Thouret et al., 1995; Rueda et al., 2005). The 

Holocene volcanic material is usually ash and lapilli of dacitic composition (Thouret et al., 1995; Rueda 

et al., 2005; Dominguez et al., 2003) that belongs to the calc-alkaline trend (Dominguez et al., 2003). 

Many subvolcanic bodies have been mapped near Cajamarca and in the entire Tolima Department, 

grouped under the denomination of Hypabyssal Bodies and assigned a Neogene age (Pulido, 1988). These 

intrusions have a rounded to elliptic form in map view and an irregular distribution; they intrude 

Precambrian to Jurassic units and are of intermediate composition (andesine + quartz + hornblende ± 

biotite) with aphanitic and porphyritic textures. Some of these hypabyssal units are related to gold 

occurrences (Pulido, 1988; Núñez, 2001). 

The Colosa porphyry has been divided into early, intermineral, and late units based on the texture and 

composition of the rocks, type and intensity of the alteration, and Au grade (Fig. 4). Each of the geologic 

units is generally known by an acronym, e.g., NDE1, as defined below. Features such as chilled zones and 

displacement and density of veinlets have been very useful to separate similar units; such observations 

have been made during core logging by geologists of AngloGold Ashanti and have been used to 

distinguish between units. The presence of intrusive breccias (NBXE1, NBXE2, and NBXI) is also 

important in the system; they occupy a significant volume of the porphyry and also have important gold 

contents. 

The early units consist of six dioritic bodies with high Au grades and a pervasive potassic alteration 

(biotite ± potassic feldspar) and patchy sodic-calcic alteration (actinolite + albite). The earliest unit 

(NDE1) is a fine to medium-grained diorite, followed by a fine- to medium-grained diorite breccia 

(NBXE1), and two fine- to coarse-grained diorite porphyries (NDE2 and NDE3). The intermineral units 

are four dioritic bodies with moderate Au grades and weak intermediate argillic (sericite + chlorite + 

illite ) and propylitic alteration (chlorite + epidote ± calcite), which in certain cases are superimposed to 

the high-temperature potassic alteration. These diorites (NDI1, NDI2, NBXI, and NDI3) are fine- to 

medium-grained porphyries that differ slightly in grain size, whereas NBXI is an intrusive breccia. The 

late units are almost barren of gold and include porphyries of quartz dioritic composition (NDA and 

NQD; NDA is mapped as a dacite 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 Colosa fault is the main structure of the zone and has a N18-20°W trend with steep dips to the 

northeast (Pulido, 1988). This fault is located southeast of the porphyry system, and its trace is followed 

by Colosa Creek. Small faults with a NW-SE trend seem to be related to the Colosa fault and are cutting 

some of the intrusions. Other small inferred faults with the same trend also could be also offsetting the 

porphyry (Fig. 4). 

After twelve months of exploration drilling at Colosa, AngloGold Ashanti (2008) announced the 

completion of an initial JORC-compliant resource estimate, defining a porphyry style mineralization at a 

>0.3 g/t Au-grade extending over a strike length in excess of 1,500 m (north-south) and a width of 600 m 

(east-west). The Inferred Resource estimated was 468.8 Mt of material at a grade of 0.86 g/t Au, for a 

total of 12.9 M contained oz Au. 

To date, 59 holes have been drilled at the prospect, totaling 18,000 m. This drilling program has been 

developed on the western side of the prospect. Material remains to be tested material both along strike to 

the north and south, as well as the eastern part of the project. 

 

METHODS 

About eighty-six polished thin sections were studied for the petrographic characterization of the 

different units that form the Colosa porphyry system. Sections that showed a very low intensity of 

alteration were used for petrographic classification of rocks based on the modal concentration of primary 

minerals (Streckeisen, 1976); this process was developed by the counting 500 points per each thin section, 

and alteration minerals were attributed to the primary mineral from which they formed. 

Whole-rock analyses were made of nineteen samples (with weak alteration) at the laboratories of 

Actlabs in Canada using a Thermo Jarrell Ash Enviro II simultaneous and sequential ICP with a detection 

limit between 0.001 and 0.01% for major elements, 0.002 and 0.05 ppm for REE, and 0.01 to 20 ppm for 

other trace elements. 

In the same laboratory, five samples were analyzed for isotopic composition of 
87

Sr/
86

Sr
 
and 

143
Nd/

144
Nd using a Triton multi-collector Mass-Spectrometer (TIMS) in static mode. Rubidium and 

strontium were separated using conventional cation-exchange techniques. During the period of work, the 

weighted average of 15 SRM-987 Sr-standard runs yielded 0.710257±07 (2s) for 
87

Sr/
86

Sr. Samarium and 

neodymium were separated by extraction-chromatography on HDEHP covered teflon powder. The ratios of 

143
Nd/

144
Nd are reported relative to a value of 0.511860 for the La Jolla standard. 
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A Cameca SX50 Electron Microprobe equipped with four wavelength dispersive spectrometers 

capable of full quantitative analysis of all elements from Be to U, located at 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 spot size of 5 ɛm for amphiboles; a beam current of 15.0 nA was used for 

feldspars. The detection limit is lower than 0.1% for all elements analyzed. 

 

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 twenty-one thin sections (out of eighty-six) were 

used for point counting. The modal analyses were classified according to the QAP triangle for plutonic 

and silica-saturated rocks of Streckeisen (1976; Fig. 5). The composition of plagioclase was estimated 

using the extinction angle of the albite twins on eight different crystals of each thin section (Michel-

Levyôs method). 

Early Units 

The early units consist of six dioritic bodies that contain high Au grades (NDE1, NBXE1, NDE2, 

NBXE2, NDE3, and NDE4) and that exhibit pervasive potassic alteration (biotite ± potassic feldspar) and 

patchy sodic-calcic alteration (actinolite + albite). Ore minerals (pyrite, magnetite, chalcopyrite, 

molybdenite, and pyrrhotite) are disseminated in the rock and in many types of veinlets, including those 

of the A, B, M, and EB-types (e.g., Sillitoe, 2000; Seedorff et al., 2005). 

The youngest body of the entire system is the NDE1 unit; this intrusive is a fine- to medium-grained  

diorite (0.1-4.1mm) with hypidiomorphic texture formed by subhedral to euhedral crystals of plagioclase, 

amphibole, and quartz; nonetheless, orthoclase is mainly anhedral (Fig. 6A). Very fine crystals of apatite, 

zircon, sphene, biotite, and ilmenite are present as trace minerals in the rock. Locally a slightly 

porphyritic texture is found as well as poikilitic textures between plagioclase and amphibole. Plagioclase 

is mainly andesine (An30 to An52, averaging An42) 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 is fine-grained, interstitial, and is very weakly 

altered to sericite. 

The second unit of the system is NBXE1, an intrusive breccia with fragments of NDE1. The matrix of 

this rock is a very fine- to medium-grained diorite (0.05-4.0mm) with anhedral to subhedral crystals of 
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plagioclase, amphibole, orthoclase, and quartz. Apatite, zircon, sphene, and ilmenite are found as trace 

minerals. The plagioclase is andesine (An33-An40, averaging An35); it is moderately altered to kaolinite, 

biotite, chlorite after biotite, and epidote. Amphiboles are strongly altered to chlorite, actinolite, sphene, 

and biotite. 

The NDE2 unit is a diorite porphyry with a very fine-grained allotriomorphic matrix (0.01-0.1mm) 

composed 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 phenocrysts (46-54% of the rock) are fine 

to coarse-grained (0.5-7mm) plagioclase, amphibole, and quartz crystals with euhedral to subhedral 

shape. The plagioclase is mainly andesine (An26-An52, averaging An40), and is very weakly altered to 

sericite, kaolinite, biotite, chlorite, and epidote. Amphiboles are strongly altered to biotite, and less to 

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 biotite are also present in phenocrysts. 

A second intrusive breccia unit is NBXE2 that contains fragments of NDE2. The matrix of this unit is 

a porphyry diorite with a very fine-grained allotriomorphic matrix (0.01-0.1mm) composed of anhedral 

crystals of plagioclase, amphibole, and quartz. Apatite, zircon, and sphene are present in the matrix as 

trace minerals. The phenocryst phases comprise about 47 percent of this rock and consist of fine to coarse 

subhedral crystals of plagioclase and amphibole. The plagioclase is andesine (An38-An50, averaging An45), 

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. 

The NDE3 unit is a diorite porphyry with a very fine-grained allotriomorphic matrix (0.01-0.1mm) 

formed by anhedral to subhedral crystals of plagioclase, amphibole, and quartz (Fig. 6C). Euhedral 

crystals of apatite are found in the matrix, as well as zircon and sphene as trace minerals. Phenocrysts 

occupy 46 to 53 percent of the rock and consist in fine- to medium-grained (0.2-3.5mm) plagioclase and 

amphibole with subhedral to euhedral shape. The plagioclase type is mainly andesine (An35-An52, 

averaging An44) and is 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 matrix to phenocryst size. 

The last of the early units of the system is the NDE4 diorite porphyry that has a very fine-grained and 

allotriomorphic matrix (0.01-0.1mm) composed of anhedral crystals of plagioclase, amphibole, and 

quartz. Apatite, zircon, sphene, and ilmenite are found as trace minerals in the matrix. Phenocrysts form 

50 percent of the rock and consist of fine- to medium-grained (0.2-2.0mm) plagioclase and amphibole 

with subhedral to euhedral shape. Plagioclase is mainly andesine (An41-An60, averaging An48), and is 
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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 plagioclase and amphibole. 

Intermineral Units  

The intermineral units are four dioritic bodies (NDI1, NDI2, NBXI, and NDI3) with medium Au 

grades and a weak intermediate argillic (sericite + chlorite + illite), and propylitic (chlorite + epidote ± 

calcite) alteration that in certain places overprints higher temperature types of alteration. The 

mineralization is mainly pyrite ± chalcopyrite ± pyrrhotite, occurring in veinlets and as disseminations. 

The youngest intermineral unit is NDI1, a diorite porphyry with a very fine-grained and 

allotriomorphic matrix (0.01-0.1mm) composed of anhedral to subhedral crystals of plagioclase, 

amphibole, and quartz (Fig. 6D). Apatite, zircon, sphene, and ilmenite are present in the matrix as trace 

minerals. The phenocryst phases (34-39% of the rock) are euhedral to subhedral crystals of plagioclase, 

amphibole, and quartz of fine to medium grain size (0.2-5.0mm). The plagioclase of this unit is andesine 

(An37-An50, averaging An45) and is very weakly altered to sericite and epidote. Amphibole 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 locally between plagioclase and amphibole. 

The NDI2 unit is a diorite porphyry with a very fine-grained allotriomorphic matrix (0.01-0.1mm) 

formed by anhedral to subhedral crystals of plagioclase, amphibole, and quartz (Fig. 6E); there are also 

crystals of apatite, zircon, and sphene in the matrix. Fine- to medium-grained (0.2-4.5mm) phenocrysts of 

plagioclase, amphibole, and quartz are present with subhedral to euhedral shapes; they occupy 38 to 39 

percent of the rock. The plagioclase is mainly andesine (An32-An57, averaging An44) and is very weakly 

altered to kaolinite, sericite, biotite, and epidote. Amphibole is weakly altered to biotite, chlorite, epidote, 

sphene, and calcite. Quartz phenocrysts have rounded faces (resorbed). Poikilitic textures are found 

locally between plagioclase and amphibole, and the rock has a seriate texture from matrix to phenocryst 

size. 

The intrusive breccia NBXI  has fragments of NDI1. The matrix of this unit is a diorite porphyry with 

a very fine- to fine-grained allotriomorphic matrix composed of anhedral crystals of plagioclase, 

amphibole, and quartz; apatite, sphene, zircon and ilmenite are also present in the matrix (Fig. 6F). The 

phenocrysts (46 percent of the rock) are fine- to coarse-grained (0.2-6.0mm) plagioclase, amphibole, and 

quartz crystals with subhedral to euhedral shape. Plagioclase is mainly andesine (An40-An54, averaging at 

An47) and is weakly altered to kaolinite, sericite, biotite, and epidote. Amphibole is weakly altered to 



12 

 

chlorite, biotite, sphene, epidote, and actinolite. The rock has a seriate texture, and locally, a poikilitic 

texture between plagioclase and amphibole. 

The last intermineral unit is the NDI3 diorite porphyry that has a very fine-grained and 

allotriomorphic matrix (0.01-0.1mm) formed by anhedral to 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 of plagioclase, amphibole, quartz, and biotite of fine to medium size (0.2-

3mm) with subhedral to anhedral shapes. Plagioclase is mainly andesine (An27-An47, averaging An36); 

plagioclase is weakly altered to kaolinite, sericite, and epidote. Amphibole is entirely altered to chlorite 

and sphene. Quartz phenocrysts have rounded 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. 

The NDA unit is the biggest body in the porphyry system (diameter of ~1.6 km), consisting of a 

quartz diorite porphyry with a very fine-grained allotriomorphic matrix (0.01-0.1mm) composed by 

anhedral to subhedral crystals of plagioclase, amphibole, biotite, and quartz (Fig. 6G). Euhedral crystals 

of apatite are also present in the matrix as well as zircon, sphene, and ilmenite as trace minerals. The 

phenocrysts (54-57% of the rock) are plagioclase, quartz, biotite, and amphibole, fine to coarse grained 

(0.2-6mm) and with subhedral to euhedral shapes. Plagioclase is andesine (An30-An40, averaging An36) 

and is weakly altered to kaolinite, sericite, and epidote. Amphibole is strongly altered to chlorite, calcite, 

sphene, epidote, and biotite. Quartz phenocrysts have rounded faces (resorbed). A seriate 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 macroscopically in 

drill  core; nevertheless, the rock has historically been termed dacite porphyry. 

The NQD unit is located at the east of the porphyry system, and it is a quartz diorite porphyry with a 

very fine-grained (0.01-0.1mm) allotriomorphic matrix composed of anhedral crystals of plagioclase, 

amphibole, and quartz. Subhedral crystals of sphene, zircon, apatite, and ilmenite are 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 (0.2-6mm) and euhedral to subhedral shapes. Plagioclase is andesine (An29-

An43, averaging An34), 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). A seriate texture is 

observed from matrix to phenocrysts, and locally, plagioclase phenocrysts enclose fine crystals of 

amphibole (poikilitic  texture). 

The NDQ unit is a late, northwest-trending dike. This rock is a diorite porphyry with a very fine-

grained and allotriomorphic matrix (0.01-0.1mm) composed of anhedral to subhedral crysts of 

plagioclase, amphibole, quartz, and biotite (Fig. 6I). Euhedral apatite crystals are also found in the matrix, 

as well as zircons, sphene, and ilmenite as trace minerals. Phenocrysts of plagioclase, amphibole, quartz, 

and biotite are present (42-47% of the rock), having fine to coarse sizes (0.2-6mm) and euhedral to 

subhedral shapes. Plagioclase is andesine in composition the type (An30-An46, averaging An36), and is very 

weakly altered 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 fine crystals of amphibole (poikilitic  texture; Fig. 6H). This 

rock grades to quartz diorite with the increase of quartz content as seen macroscopically in many drill 

cores; the project geologists refer to this unit as a quartz diorite. 

The NDL  dike is located at the southern end of the porphyry system (Fig 4). This unit is a diorite 

porphyry with a very fine-grained matrix (0.01-0.1mm), and is composed of plagioclase, amphibole, and 

quartz crystals of subhedral to anhedral shape (Fig. 6J). Apatite, zircon, sphene, and ilmenite are also 

found in the matrix as trace minerals. The phenocryst phases (45% of the rock) are formed by fine to 

medium-grained (0.2-2mm) plagioclase and amphibole crystals of subhedral to euhedral shape. The 

plagioclase is mainly andesine (An41-An54, averaging An49), 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 were geochemically analyzed to characterize the compositions of the various 

igneous units of the Colosa porphyry system and to distinguish geochemical patterns through time. 

Whole-Rock Analyses 

Weakly altered rocks of the main lithologic units of the Colosa porphyry were selected for whole- 

rock analyses.  Prior to generating the diagrams, major element oxides were normalized to 100% on an 

anhydrous basis, and the normative mineralogy was calculated on an anhydrous basis using the GCDkit 

software (Janousek et al., 2006; Table 3). 
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Based on the content of major elements, a geochemical classification of the samples was made from 

the TAS diagram (Wilson, 1989; Fig. 7A) and the R1-R2 plot (De la Roche et al., 1980; Fig. 7B). In these 

diagrams, the early and intermineral units are classified mainly as diorites (weakly 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 strongly differentiated rocks). The TAS diagram is also useful to confirm the subalkaline tendency 

of rocks at Colosa (Fig. 7A). 

Harker variation diagrams that plot major element oxides against SiO2 show the evolution of different 

elements within the magmatic system of Colosa (Fig. 8). The distribution of the samples in the Harker 

diagrams is generally scattered, especially for Al2O3 and K2O, but clear trends are observed for the other 

oxides. A negative correlation between SiO2 and P2O5, MgO, CaO, TiO2, 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 the least differentiated rocks (early and intermineral units), and the lowest values in 

the most differentiated rocks of the system (late units). 

On the other hand, a clear positive correlation is observed between SiO2 and Na2O, and, though not as 

clear, perhaps also for Al2O3 and K2O (Fig. 8); these oxides are incorporated in felsic minerals (K-feldspar 

and sodic plagioclase) that crystallize during the later magmatic stages. 

Major and trace elements are used to establish the geotectonic setting of Colosa. The AFM (Irvine and 

Baragar, 1971) and SiO2 vs K2O (Peccerillo and Taylor, 1976) plots indicate the calc-alkaline tendency 

(medium- to high-K) of the porphyry system within the subalkaline trend (Fig. 9A and B). 

The incompatible element diagram of Pearce et al. (1984) and Gorton and Shandl (2000) are 

consistent with the geologic observation that the Colosa porphyry system formed in a volcanic arc at an 

active continental margin (Fig. 9C and D). This information is consistent with the spider diagrams, where 

the negative anomalies of Nb, Ta, and Ti are typical for rocks from active continental margins related to 

subduction processes (Wilson, 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, relatively rich in LREE and poor in HREE, where the 

most differentiated rocks (late porphyries and late dikes) have the lowest values (Fig. 10B). The 

fractionation degree for the different units can be estimated with the ratio of LREE/HREE, for which the 
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ratios of La/Yb and Ce/Yb are commonly used (Table 3). The La/Yb ratio for all the units of Colosa 

ranges between 5 and 20, and varies between 9-12 for early units; 5-12 for intermineral units; 16-20 for 

late porphyries; and 11-17 for late dikes. The Ce/Yb for Colosa is about 9-38, ranging between 17-22 for 

early units; 9-22 for intermineral units; 29-38 for late porphyries; and 22-30 for late dikes. 

Another important ratio is the Ba/La ratio, which is used to measure the fractionation of LILE respect 

to HFSE (including REE) and could indicate insights into the magma source (Table 3). This ratio ranges 

between 11 and 78 for all rocks of Colosa, and between 17-76 for early units, 28-58 for intermineral units, 

37-77 for late porphyries, and 11-78 for late dikes. 

Isotopic Analyses 

Isotopic analyses of 
143

Nd/
144

Nd and 
87

Sr/
86

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 (0.512759-0.512870) and strontium (0.704265-0.704510) isotopic compositions. All isotopic 

ratios are located in the mantle array field (Table 4; Fig. 11). 

Microprobe Analyses 

The electron microprobe was used to analyze silicate minerals, especially feldspars and amphiboles, 

to measure composition of these minerals as the porphyry system evolved (Table 5 and Table 6). These 

analyses also revealed the presence of very fine orthoclase and quartz in the matrix of most units (Fig. 

12A-B). 

Reverse zoning is observed within plagioclase grains of different units, such that a calcic plagioclase 

rims grew around cores of more sodic composition (Fig. 12B). 

Amphiboles were classified based on the 13eCNK normalization of Schumacher (1997) and the 

amphibole classification diagrams of Leake et al. (1997). All amphiboles are calcic amphiboles and are 

mostly iron-rich respect to magnesium. They are classified mainly as ferropargasites, ferro-edenites, and 

ferrotschermakites (Fig. 13); only one amphibole of the NDI2 unit was classified as pargasite (relatively 

magnesium-rich 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 contents of Al2O3 

and TiO2 to estimate pressure and temperature, respectively (Fig. 14). 
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The entire Colosa system has estimated crystallization 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 between 0.5-1.5 GPa and 680-840 °C; 

intermineral units vary between 0.3-2.1 GPa and 630-850 °C; late porphyries between 0.4-0.8 GPa and 

660-760 °C; NDQ late dike between 0.4-1.2 GPA and 680-820 °C; and NDL late dike between 0.1-0.5 

GPa and 790-880 °C. Late units show very clear patterns of decreasing temperature with decreasing 

pressure during crystallization (Fig. 14). 

Three main stages of crystallization are inferred from pressure, lithology, and temperature differences 

of groups of analyses (Fig. 14). Stage I has a pressure range of 1.3-2.1 GPa and temperatures of 630-780 

°C, where an important episode of crystallization occurred at ~1.4 GPa (~40-50 km deep). Stage II has 

pressures of 0.3-1.2 GPa, temperatures of 660-850 °C, and important crystallization episode at ~0.5 GPa 

(~15-20 km deep). Stage III has pressure of 0.1-0.5 GPa, temperatures of 790-880 °C, and the shallowest 

pressures of crystallization at ~0.1 GPa (~3-4km 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 that ascended through the mantle wedge causing partial melting and formation 

of a magma (Fig. 15). 

The primary mantle wedge-derived magmas formed in subduction settings are commonly basaltic in 

composition (Gill, 1981; Thorpe et al., 1984; Wilson, 1989; Best, 2003), although generation of more 

siliceous magmas from the metasomatized mantle wedge remains a distinct possibility (Wilson, 1989). 

Crustal rocks can, therefore, serve as an effective density filter blocking ascent of denser mafic, mantle-

derived magmas (Green, 1982; Best, 2003). Probably a zone of melting, assimilation, storage, and 

homogenization (MASH) was formed in the lowermost crust or mantle-crust transition, where basaltic 

magmas that ascended from the mantle wedge become neutrally buoyant (Thorpe et al., 1984; Hildreth 

and Moorbath, 1988). Crystal 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 Colosa. 

The most and least differentiated rocks of Colosa show a very narrow compositional trend in isotope 
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ratios and are always located in the mantle array (Fig. 11). This argues that there has been just a small 

degree of crustal contamination that could have slightly increased the Sr content and the 
87

Sr/
86

Sr ratio 

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

Colosa (11-78), could also suggest the presence of crustal contamination in the melt (Hildreth and 

Moorbath, 1988), although some authors (Kay, 1980; McBirney, 2007) relate these ratios to the presence 

of subducted-sediment melts in the magma. The high Rb/Cs ratios (23-160) from Colosaôs rocks also 

could indicate contamination from crust rather than 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 component for the genesis 

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 found in the rocks of Colosa are typical of arc-related 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, 1989; Pearce and Peate, 1995; Best, 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., 1980). Hildreth and Moorbath (1988) suggest that there are 

large crustal HFSE contributions and that their source is dominantly intracrustal rather than subduction-

derived. 

The high-K content of some of the rocks of Colosa could be explained by crustal contamination, a 

process that occurs in volcanic arcs when continental crust tends to be thick (Hildreth and 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, usually of plagioclase + 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, the normal contents of Sr and Eu as shown in the spider and REE diagrams of Colosa 

(Fig. 10) could suggest a lack of or low content of plagioclase in the source and/or minimal fractionation 

of this mineral in early crystallization stages (Best, 2003). The presence of H2O 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 amphibole (5.1-

37.7%) in all rocks from Colosa. The presence of plagioclase as the main phenocryst phase at Colosa 

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 presence of poikilitic textures, where plagioclase grains 

enclose amphiboles crystals, and 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 magmas assimilating them (Hildreth and Moorbath, 

1988). In addition, as amphibole has partition coefficients of ~1.5-3.0 for HREE in melts of basaltic 

andesite to andesite composition (Rollinson, 1993), amphibole fractionation is seemingly a feasible 

HREE suppressant (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 (Fig. 10B). Garnet is not observed 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, 1988; Best, 2003). 

Evolution of the system 

Similar patterns of incompatible elements between all Colosa units, as seen in the spider and REE 

diagrams (Fig. 10), suggest that the same magma chamber generated them. Crystal fractionation and 

differentiation processes controlled the final composition of the rocks, and different cooling stages 

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 younger, somewhat more silicic rocks (quartz 

diorites to dacites of late porphyries and dikes). 

According to the data provided by the thermobarometry on amphiboles (Fig. 14), the main magma 

chamber or MASH zone (Hildreth and Moorbath, 1988) could have been ~35-50 km deep, where an 

important crystallization stage began within the magma. This depth correlates with the estimated depth 

for the Moho under the Colombian Andes (Meissnar et al., 1976; Thorpe et al., 1984; Taboada et al., 

2000; Cediel and Cáceres, 2000; Cediel et al., 2003). The location of this chamber could suggest a crustal 

contamination at lower crustal, rather than upper crustal, 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 magmas (basaltic andesite). These fractionates could have ascended 

through the crust and accumulated at a new and shallower magmatic chamber, located at depths of ~15-20 

km according to the thermobarometric results and coinciding with the boundary between the Cajamarca 

Complex and the continental basement (Proterozoic rocks; Restrepo-Pace, 1992; Cediel and Cáceres, 

2000). At this shallower depth, crystallization and fractionation processes continued, creating andesitic 

magmas (early and intermineral porphyries) that where emplaced at even shallower depths (~3-4 km 

deep; Fig. 16A-B). The age of the earliest intrusion (NDE1) is about 8.3±0.2 Ma (AngloGold Ashanti 

database), which that gives an initial age for the evolution of the system. 
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Early and intermineral units have similar mineralogic and chemical compositions (Tables 2, 3), but 

the textural features of each group are quite different. The first two early units are phaneritic (fine- to 

medium-grained), suggesting very stable conditions during their crystallization. The last early units are 

porphyritic, indicating two substages of crystallization, in which both were equally important as inferred 

from the relative volumes of phenocrysts (46-54 vol%) and groundmass. 

All intermineral units have porphyritic textures, suggesting two substages of crystallization during 

their formation. The substages of phenocryst crystallization were less important than the matrix-formation 

stages, as indicated by the lower volume of phenocrysts (34-46 vol%) with respect to groundmass. The 

higher content of phenocrysts of the early porphyritic units respect to the intermineral units suggests a 

long stage (probably deeper) of phenocryst formation for the early units and a long stage (probably 

shallow) of groundmass formation for the intermineral units. 

The continuous fractionation of magma at ~15-20 km deep generated dacitic magmas and more 

differentiated rocks (late porphyries and dikes) that were emplaced at the sides of the slightly older 

dioritic bodies (Fig. 16C). Differentiation processes of magmatic systems at these depths could last for a 

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

The late units have phenocryst contents of 42-57 volume percent, and the most silicic compositions of 

all the units of Colosa. The phenocryst contents indicate a first long-stage of crystallization (probably 

deep) and a second short-stage 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 stage to stage, as suggested by the seriate texture (from matrix-size to phenocryst-size) observed in 

all the porphyritic units. Disequilibrium among phenocrysts is common in many of the rocks, such as 

reverse zoning in plagioclase (Fig. 12C) and resorption textures in quartz (Fig. 6A); these features could 

indicate mixing between magmas of similar composition, local rise in temperature that may have been 

caused by underplating and/or recharge of a chamber by a more mafic magma, and/or the ascent of an 

anhydrous magma (Gill, 1980). 

The increase in the temperature of formation of amphiboles with decreasing pressure, as observed in 

the thermobarometric plot (Fig. 14), could be due to changing conditions during the crystallization 

process. When magma is emplaced into a relatively cold rock, it is forced to crystallize very fast at high 

temperatures; an extreme case is the crystallization of minerals of volcanic rocks at surface temperatures, 

where high-temperature minerals are formed, although generally only in the groundmass. Probably some 

mineral phases in rocks from Colosa, including amphiboles, crystallized very fast when they were 

emplaced at shallower depths and into 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 dike about 7.3±0.2 Ma 

(AngloGold Ashanti database). Taken at face value, these ages indicate a lifetime of approximately a 

million years for the entire magmatic system. Erosion then removed the top of the system and any 

evidence of possible volcanic and epithermal systems related to the hypabyssal rocks now exposed at 

Colosa (Fig. 16D). 

 

DISCUSSION 

Comparisons with Miocene-Recent igneous rocks in Colombia  

The tectono-magmatic setting of the Central Cordillera of Colombia for the late Miocene-Pliocene is 

very similar to the present state, where the most outstanding feature is the magmatism, mainly of andesitic 

to dacitic composition, related to the subduction of the Nazca plate under the South America plate 

(Marriner and Millward, 1984; McCourt et al., 1984; Aspden et al., 1987; Restrepo and Toussaint, 1990; 

Tistl and Salazar, 1994; Cediel and Cáceres, 2000; Taboada et al., 2000; Cediel et al. 2003; Pindell and 

Kennan, 2001; Ramos, 2009). According to some authors (Toussaint and Restrepo, 1990; Restrepo-Pace, 

1992; Cediel and Caceres, 2000; Cediel et al., 2003; Vargas et al., 2005), there 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 probable crustal contamination that the Colosa magma 

experienced could have been from old Precambrian rocks and/or from the pre-Mesozoic Cajamarca 

Complex. In both scenarios, the contamination must have been minimal due to the low 
87

Sr/
86

Sr ratios of 

rocks from Colosa (0.704265-0.704368) and the very high 
87

Sr/
86

Sr contents of metamorphic rocks in 

Colombia that are similar to those of the Cajamarca Complex (0.735108 for the Arquía Complex; 

Tassinari et al., 2008) and Proterozoic rocks of the Central Cordillera (0.74861-0.77792 for El Vapor 

mylonitic gneisses; Ordoñez et al., 2006). 

Rocks from Colosa show similar patterns on spider and REE diagrams to Recent volcanic rocks of the 

Northeastern and Southwestern zones of the Colombian volcanic arc. Rocks from volcanoes of the 

Northeastern zone, including Nevado del Ruíz, Nevado del Tolima, Cerro Machín, and Nevado del Huila, 

belong to the calc-alkaline series (medium-K to high-K) and ranging compositionally from basaltic 

andesite to dacite (Marriner and Millward, 1984; Thouret et al., 1995; Correa et al., 2000; Dominguez et 

al., 2003; Borrero et al., 2009). Based on isotopic compositions of
 87

Sr/
86

Sr (0.7042-0.7044), 
144

Nd/
143

Nd 

(0.5127-0.5129), and ŭ
18

O (+6.8-+7.4%O), James (1982) and James and Murcia (1984) suggest that the 

andesites from the Nevado del Ruíz volcano have source contamination (subducted slab) and crustal 

contamination during their magmatic ascent. Marriner and Millward (1984) obtained similar ratios of 
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87
Sr/

86
Sr for Nevado del Ruíz (0.70432-0.70480) and also observed enrichment in LILE and LREE, 

depletion in HFS and HREE, negative anomalies of Nb and Ta, absence of Eu anomalies, and high ratios 

of Ce/Yb (9-17). Ordoñez and Pimentel (2001) obtained isotopic compositions of ắNd (+2.09-+4.08) and 

87
Sr/

86
Sr (0.70431-0.70445) for Nevado del Ruíz and Nevado del Tolima volcanoes, suggesting mantle 

magmatism with crustal contamination. The Cerro Machín volcano is located at 11 km to the ENE of 

Colosa and is also emplaced into the Cajamarca Complex. The material of this volcano is mainly ash and 

lapilli of dacitic composition (oligoclase + amphibole + biotite + quartz) and high-K calc-alkaline affinity 

(Dominguez et al., 2003). 

Volcanoes from the Southwestern zone, including Puracé, Doña Juana, Galeras, Azufral, Cumbal, and 

Chiles, have rocks with calc-alkaline affinity (medium-K to high-K) and compositions ranging from 

basaltic andesite to dacite (Marriner and Millward, 1984; Cepeda, 1985; Druox and Delaloye, 1996; 

Calvache et al., 1997). Rocks from Galeras and Purace are enriched in LILE and LREE, depleted in HFS 

and HREE, and have 
87

Sr/
86

Sr ratios of 0.70410-0.70448 and 0.70435-0.70445, respectively (Marriner and 

Millward, 1984). Based on 
87

Sr/
86

Sr (0.7041-0.7048), 
144

Nd/
143

Nd (0.5127-0.5129) and ŭ
18

O (+6.5-

+7.9%O) isotopic compositions, James (1980; 1982) and James and Murcia (1984) suggest that the 

andesites from the Galeras and Purace volcanoes have subducted slab and crustal contamination during 

the magmatic ascent. Cepeda (1985) suggests that the rocks of the Galeras volcano were formed by 

crystal fractionation of magmas from the mantle wedge and oceanic crust (Nazca plate) without important 

crustal contamination. Based on relative enrichment of LREE compared to HREE, the La/Yb ratio (8.9-

13.7), and the enrichment in 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 the continental crust; these authors also suggest 

crystal fractionation at depths of 36 km of a hydrated tholeiitic basalt melt that re-equilibrates at higher 

levels (10 km deep). Druox and Delaloye (1996) obtained on rocks from the Purace, Doña 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 oceanic slab, followed 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. Ordoñez and Pimentel (2001) obtained isotopic compositions of 

ắNd (+0.51-+4.68) and 
87

Sr/
86

Sr (0.70407-0.70454) for Doña 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 zone are similar to 

those in northern Chile, but experienced less fractional crystallization and negligible crustal 

contamination during their ascent (Thorpe and Francis, 1979). Thorpe et al. (1984) suggest that the recent 
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lavas from Colombia may be derived from a mantle 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 of Colosa (Fig. 17). For these young volcanic rocks, the 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 sediments, followed by processes of crystal fractionation and crustal contamination, which also fits 

with the model proposed for the Colosa porphyry. Although chemical compositions are similar between 

rocks from Colosa and recent Colombian volcanoes, the recent volcanoes tend to show more mafic phases 

(olivine, clinopyroxene, and orthopyroxene) than rocks from Colosa (Calvache et al., 1997; Correa et al., 

2000).  

Other Miocene intrusions related to gold deposits, as in the case of Marmato (low-sulfidation system) 

where andesite-dacite porphyries of 6.7±0.1 Ma have measured 
87

Sr/
86

Sr of 0.70440-0.70460 and ắNd of 

+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 Colosa, contemporaneous rocks, and recent 

volcanic rocks suggest similar mechanisms for generating magmatism since the late Miocene in the 

Colombian volcano-plutonic arc of the Central Cordillera. 

Petrological models for porphyry systems 

The model proposed for the origin of the Colosa porphyry fits with recent petrogenetic models 

proposed for porphyry systems by Richards (2003) and Candela and Piccoli (2005). The petrological 

model of Richards (2003) is based on hydrous, relatively oxidized, and sulfur-rich mafic magmas 

(predominantly basalts) that are generated in the metasomatized mantle wedge by solute-rich 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 crust, where they stall due to density contrasts and mix with crustal melts (MASH), 

generating evolved (andesitic to dacitic), volatile-rich, metalliferous, hybrid magmas. The latter, are of 

sufficiently low density to rise through the crust. Magma ascent is driven primarily by buoyancy forces 

and is dominantly a fracture-controlled phenomenon where translithospheric, orogen-parallel, strike-slip 

structures may serve 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 in the upper 

crust, magmatic fractionation, recharge, and volatile exsolution lead to the development of ore-forming 

magmatic-hydrothermal systems. Richards (2009) adds a new connotation to the MASH model for 

postsubduction magmatism settings, by calling on remelting of small amounts of residual sulfide, left in 

the deep lithosphere by arc magmatism, to explain the high Au content. 
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Candela and Piccoli (2005) consider that elements such as B, Pb, As, and Sb, as well as Sr, LILE, and 

other elements, appear to be mobilized efficiently from the subducted slab; H2O, 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 continental crust, and the 

subducted lithosphere. Seedorff et al. (2005) think that the varying proportions of these sources (also 

including the upper crust) likely lead to the observed compositional diversity of ore-forming magmas for 

porphyry systems. Sillitoe (2000) proposes for the origin of gold-rich porphyries a metal-bearing 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 of calc-alkaline magma that transports the 

volatiles and metals with varying amounts of crustal interaction and assimilation. 

Comparison with porphyry gold systems in the Maricunga belt 

As mentioned earlier, porphyry gold deposits other than Colosa are mostly located in the Maricunga 

belt in Chile, including the Lobo, Marte, Verde, Pancho, and Cavancha deposits. Many features from 

these porphyries are similar to Colosa, but others are different (Table 1). 

The porphyry gold systems of the Maricunga belt have an early- to middle Miocene ages (Sillitoe et 

al., 1991), in contrast to the late-Miocene age of Colosa, notwithstanding both are composed by diorite to 

quartz diorite porphyries of the calc-alkaline trend (medium- to high-K; Kay et al., 1994; Muntean and 

Einaudi, 2000). At the present levels of erosion, Colosa is emplaced within low-grade metamorphic rocks, 

but the Chilean porphyries are emplaced into coeval volcanic rocks of intermediate composition (Vila and 

Sillitoe, 1991; Kay et al., 1994; Muntean and Einaudi, 2000). The presence of late dacites and intrusive 

breccias (diorite porphyry xenoliths in diorite matrix) is also a common feature of both (Vila and Sillitoe, 

1991; Muntean and Einaudi, 2000). The rocks of the Maricunga belt are fine- to coarse-grained with 

phenocrysts of plagioclase (An20-56, 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, mafic minerals, quartz, K-feldspar, ilmenite, 

magnetite, zircon, apatite, sphene, and rutile (Vila and Sillitoe, 1991; Vila et al., 1991; Flores, 1993; 

Muntean and Einaudi, 2000). The rocks of Colosa are very similar to those described above, but they lack 

pyroxene, primary 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. Using the pressure-temperature diagram of 

Ernst and Liu (1998) for the same amphiboles, they show temperatures (740-870°C) and pressures (0.1-

1.0 GPa) similar to those of stages II and III of Colosa; this indicates that both localities experimented the 

same or similar conditions of temperature and pressure during their final episodes of crystallization. 
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Porphyry gold deposits of the Maricunga belt were generated only at 600 to 2,000 m beneath the early 

or middle Miocene volcanic paleosurface and less than four intrusive units are recognized (Vila and 

Sillitoe, 1991; Muntean and Einaudi, 2000). In contrast, the rocks of Colosa could have been emplaced at 

depths near to 3-4 km and are composed by over twelve different intrusions. 

Rocks from the porphyry gold deposits of the Maricunga belt have SiO2 contents of 59-64% 

(Muntean and Einaudi, 2000) and trace element ratios of 25-40 for Ba/La, 13-18 for La/Yb, and 26-35 for 

Ce/Yb (Kay et al., 1994). These values are contained within the values of Colosa for the same ratios and 

SiO2 contents (58-68% SiO2, 11-78 Ba/La, 5-20 La/Yb, and 9-38 Ce/Yb). The 
87

Sr/
86

Sr (0.704838-

0.70616) and ắNd (-0.4 - -4.3) isotopic compositions for other types of porphyry systems and volcanic 

rocks within the Maricunga belt are mainly located in the continental crust field (Robinson and McKee, 

1993; Kay et al., 1994; McKee et al. 1994), whereas rocks from Colosa rocks are located in the mantle 

array field (Fig. 17). 

The gold-rich porphyry deposits in the Maricunga belt were emplaced at a continental margin 

characterized by thick (35-50 km) continental crust and tectonic 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). Large depletions 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 isochrons (Robinson and 

McKee; McKee et al. 1994), but Hildreth and Moorbath (1988) indicate a source of for central Chilean 

magmas related to the partial melting of the mantle wedge by fluids from the dehydration of the 

subducted slab and with crustal contamination at the MASH zone. At Colosa, the crust could have had 

similar thickness, but amphiboles rather than feldspars seem to have been important fractionating 

minerals in the early stages of crystallization. The source of the Colosa magma correlates with the model 

of Richards (2003), which in turn is based 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 + amphibole + quartz ± biotite ± orthoclase, and apatite + zircon + sphene as trace minerals. The 

early units of the system are diorites and diorite porphyries with 46-54 percent phenocrysts; the 

intermineral units are diorite porphyries with 34-46 percent phenocrysts; and the late units are dacite 

porphyries and diorite to quartz diorite dikes with 42-57 percent phenocrysts. The amphiboles were 
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classified as ferropargasites, ferro-edenites, and ferrotschermakites. 

Probably all the units of Colosa were generated by the 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 Colosa belong to a 

medium- to high-K calc-alkaline suite and are related to the late Miocene volcanic-plutonic arc of 

Colombia, generated by the subduction of the Nazca plate under the South America plate. 

All samples exhibit an enrichment of LILE and LREE relative to 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 phases that have a high partition coefficients for these elements, especially 

amphiboles, the 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 suggest contamination with melts from the subducted 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 sediments that generated partial 

melting of the mantle wedge. These basaltic melts ascended to the mantle-crust 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 (~35-50 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 Complex (~15-

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 depths of ~3-4 km; it 

is here where the rocks completely crystallize and where all the hydrothermal activity took place. 

Although Colosa shares common features with the porphyry gold deposits of the Maricunga belt, such 

as similar rock composition (diorites, quartz diorites, and dacites), and alteration type (potassic, 

intermediate argillic, and propylitic), there are some characteristics that are different, such as amphibole 

composition (more magnesian in Chile), isotopic compositions (mantle array for Colosa and continental 

crust array for Maricunga), wall-rock type (coeval volcanic rocks for the Maricunga belt and low-grade 

metamorphic rocks for Colosa), mineralization assemblage (presence of pyrrhotite in Colosa), and age 

(early to middle Miocene for Maricunga and late Miocene for Colosa). These characteristics, and its 

enormous size (12.9 Moz of contained Au), make the Colosa porphyry unique within the porphyry gold 

systems discovered to date. 
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FIGURE CAPTIONS 

 

 
FIG. 1. Distribution of porphyry gold systems, including prospects. Worldwide occurrences are only in the western Americas. 

 

 

FIG. 2. Grade-tonnage diagram for gold in selected gold-rich porphyries worldwide. Porphyry gold systems are enclosed by the 

dashed line, where Colosa shows high tonnage and Au content respect to the other porphyry gold systems. Light circles stand for 

Au-Cu porphyries and dark circles for Cu-Au porphyries. The tonnage data is based on the sum of Inferred, Indicated, and 

Measured Resources, and Probable and Proven Reserves. See text for references for porphyry gold systems. Gold-rich porphyries 

names and references: 1 = Cadia Hill, Australia (Newcrest Mining, 2010); 2 = Didipio, Philippines (Oceana Gold, 2009); 3 = 

Kemess South, Canada (Northgate Exploration, 2004); 4 = Mount Milligan, Canada (Terrane Metals, 2009); 5 = Prospery, 

Canada (Taseko Mines, 2009); 6 = Conga, Peru (Newmont, 2009), 7 = Cerro Casale, Chile (Barrick Gold, 2009); 8 = Caspiche, 

Chile (Exeter Resource, 2009); 9 = Panguna, Papua New Guinea; 10 = Ok Tedi, Papua New Guinea; 11 = Grasberg, Indonesia; 

12 = Cadia, NSW, 13 = Lepanto, Philippines, 14 = Bingham, Utah; 15 = Bajo de la Alumbrera, Argentina; 16 = Kalômakyr, 

Uzbekistan; Cooke et al., (2005) from 9 to 16. Diagram based on Seedorff et al. (2005). 
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FIG. 3. Tectonic map of Colombia and regional location of the Colosa porphyry deposit. WC = Western Cordillera; CC = Central 

Cordillera; EC = Eastern Cordillera. Modified from Taboada et al. (2000) and Gómez et al. (2007). 
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FIG. 4. Geologic map of the Colosa porphyry. Mapping by geologists of AngloGold Ashanti Colombia S.A. Elevation as m.a.s.l. 

 

 
Fig. 5. Modal classification diagram of Streckeisen (1976) for plutonic silica-saturated and oversaturated rocks. The Colosa 

samples are classified as diorites and quartz diorites. 
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Fig. 6. Photomicrographs with crossed nicols of different units of the Colosa porphyry deposit, all at the same scale. A. Early unit 

NDE1. B. Early unit NDE2. C. Early unit 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 = amphibole, Apa = apatite, Bi = biotite, Orth = orthoclase, Pg = plagioclase, Qz = quartz, Sph = 

sphene. 
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Fig. 7. Geochemical classification of Colosa rocks based on major elements. A. TAS classification diagram of Wilson (1989). The 

Colosa samples are located in the diorite and quartz diorite fields of the subalkaline series. B. R1-R2 classification diagram of De 

la Roche et al. (1980). Colosa samples are located in the granodiorite, tonalite, diorite, and gabbro-diorite fields. Samples belong 

to the units indicated in Table 2. 

 

 
Fig. 8. Major elements variation diagrams. There is a clear inverse correlation between SiO2 and P2O5, MgO, CaO, TiO2, and 

FeOt; whereas Al 2O3, NaO2, and K2O have a more scattered pattern where a slightly positive correlation with SiO2 is observed. 

Symbols as in Fig. 7. 
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Fig. 9. Geotectonic diagrams for Colosa samples. A. AFM diagram from Irvine and Baragar (1971) indicating the calc-alkaline 

tendency of the Colosa porphyry. B. SiO2 vs K2O diagram from Peccerillo and Taylor (1976) showing the medium- to high-K 

location of Colosa within the calc-alkaline series, assuming no K metasomatism. C. Incompatible elements diagrams from Pearce 

et al. (1984), locating rocks from Colosa in the VAG field (VAG=Volcanic-Arc Granites, ORG=Ocean-Ridge Granites, 

WPG=Within-Plate Granite, and syn-COLG=syn-Collisional Granites). D. Incompatible elements diagrams from Gorton and 

Schandl (2000) with Colosa rocks in the field of Active Continental Margins. Symbols as in Fig. 7. 
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Fig. 10. Diagrams for incompatible elements of Colosaôs samples normalized to chondrite. A. Spider diagram normalized to 

chondritic values of Thompson (1982). Note the negative anomalies of Nb, Ta, and Ti. B. REE diagram normalized to chondritic 

values of Nakamura (1974). Symbols as in Fig. 7. 

 

 
Fig. 11. 143/Nd/144Nd vs 87Sr/86Sr isotope correlation diagram for the rocks of Colosa. Present values of all the samples are located 

in the mantle array field. 
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Fig. 12. Analyses of microprobe on feldspars of the Colosa porphyry. A. Microprobe picture showing 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 in plagioclase from 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. A. Calcic amphiboles (CaBÓ1.50) 

with (Na+K)AÓ0.50 and Ti<0.50. Most amphiboles are relatively iron-rich and classified as Ferropargasite and Ferro-endenite. B. 

Calcic amphiboles (CaBÓ1.50) with (Na+K)A<0.50 and CaA<0.50. All amphiboles are relatively iron-rich and classified as 

Ferrotschermakite. Classification diagrams from Leake et al. (1997). Symbols as in Fig. 14. 

 

 
Fig. 14. Temperature vs pressure diagram based on contents of Al2O3 and TiO2 from amphiboles of the Colosa porphyry. The 

polygons represent the ranges of temperature and 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, II , and III ). Diagram modified from Ernst and Liu (1998). 

 


