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ABSTRACT 

The Dinkidi Cu-Au porphyry deposit is located in northern Luzon, Philippines. The 110 
Mt deposit is characterised by high gold grades (ave. 1.2 g/i Au and 0.5% Cu) and is one 
of only a few alkaline porphyry deposits to have been discovered outside British 
Columbia. 

Alkaline magmatism in northern Luzon is related to the Late Oligocene rifting event that 
formed the Cagayan Valley Basin, and to the final stages of west-directed subduction 
along the East Luzon trench. Subalkaline andesitic and trachytic lavas and rninor 
volcaniclastic rocks of the Mamparang Formation were emplaced along the southwest 
margin of the Cagayan Valley Basin, and have.been intruded by a series of alkaline 
piu tons and stocks. The Dinkidi deposit is hosted within the multi phase Dinkidi Stock, 
which is in turn part of a larger alkaline intrusive body, the Didipio Igneous Complex. 

The Didipio Igneous Complex consists of: (I) an early composite clinopyroxene
gabbro-diorite-monzodiorite pluton; (2) the Surong clinopyroxene to biotite monzonite 
pluton; (3) the Cu-Au mineralised Dinkidi Stock, which comprises an early equigranular 
biotite-monzonite stock (Tunja Monzonite), a thin, variably-textured clinopyroxene
syenite (the Balut Dyke), and a monzosyenite porphyry (Quan Porphyry) that grades, in 
its core, into a crystal-crowded leucocratic quartz-syenite (Bufu Syenite); and (4) post
mineralisation andesite dykes. 

Whole-rock chemistry indicates that the volcanic formations in the Didipio region 
become progressively more alkaline up stratigraphy, indicating that Late Oligocene 
rifting intermittently tapped an LILE-enriched mantle source that became progressively 
more LILE-enriched over time. Whole rock and mineral compositions indicate that all 

. intrusions in the Didipio region were sourced from a common magma chamber, and 
were related by shallow level fractional crystallisation. 

Five main hydrothermal events are recognised in the Didipio region: (I) contact 
metamorphism and weak biotite-cordierite alteration is associated with ernplacement of 
the early diorite phase; (2) K-silicate rnagnetite-biotite alteration, and subeconomic Cu
Au mineralisation associated with the emplacement of the Surong monzonite pluton; (3) 
intensely developed porphyry-style alteration and ore-grade Cu-Au mineralisation which 
is spatially and temporally associated with emplacement of the Dinkidi Stock; (4) an 
advanced argillic alteration assemblage, which has overprinted the Didipio Igneous 
Complex and is associated with subeconornic high-sulphidation style Cu-Au 
mineralisation; (5) late-stage unmineralised zeolite-carbonate veins, which are 
associated with post-mineral strike-slip faulting. 

. . 
At Dinkidi, emplacement of the Tunja Monzonite was temporally and spatially 
associated with the formation of a pervasive biotite-magnetite K-silicate alteration 
assemblage in the pre-mineral diorites. Emplacement of the Balut Dyke was associated 
with a calc-potassic style diopside-actinolite-K-feldspar-bornite alteration assemblage 
and associated vein stockwork. This quartz-free mineral assemblage is associated with 
high gold grades (2-8 g/t Au) and is typical of alteration assemblages found in quartz
undersaturated alkaline porphyry systems. Intrusion of the Bufu Syenite led to the 
formation of a quartz-sericite-calcite-chalcopyrite stockwork vein. and alteration 
assemblage, which has overprinted the calc-potassic assemblage. The quartz stock work 



hosts the bulk of low grade mineralisation Cl c2g1t Au) at Dinkidi and is typicaJ of silica
saturated alkaline porphyry systems. A coarse-grained assemblage of quartz-actinolite
perthite (the 'Bugoy Pegmatite') formed as an apophysis on the Bufu Syenite, and was. 
subsequently brecciated by late-stage faulting. High-level argilJic and late-stage fault
related zeolite mineral assemblages have overprinted the porphyry-style hydrothermal 
assemblages. 

The calc-potassic assemblage is inferred to have formed at temperatures in excess of 
>600°C from a silica-undersaturated K-Ca-Fe brine. Fluid inclusion studies indicate that 
the quartz stockwork was emplaced at submagmatic temperatures (>600°C) from a 
quartz-saturated Na-K-Fe brine (>68 wt. % eq. NaCI) that contained up to 0.6 wt. % Cu 
and 4 wt. % Fe. Cooling to -420°C and neutralisation by wall rock interaction lead to 
the precipitation of sulphides within the quartz stockwork. The quartz-bearing 
assemblage was emplacement at 2.9 to 3.5 km paleodepth, and was associated periods 
of overpressurisation and quartz growth disrupted by episodic depressurisation to near 
hydrostatic pressure conditions. 

The hydrothermal mineral assemblages at Dinkidi reflect the composition and degree of 
fractionation of the associated intrusions. Extensive fractionation within a feldspathoid

. normative dioritic magma chamber is interpreted to have ultimately caused quartz 
saturation and the development of the late-stage syenite intrusions and related quartz 
stockwork inineralisation. The calcic, silica-undersaturated Balut Dyke (associated with 
the calc-potassic stockwork) does not fit this fractionation trend, and is interpreted to 
have formed by interaction between the late-stage syenitic melt and a co-magmatic 
mafic melt that underplated the siliceous magma chamber prior to formation of the 
Balut Dyke. A reversion to fractionation-dominated magmatic processes in the silicic 
magma chamber then lead to the intrusion of the quartz-saturated Quan Porphyry and 
Bufu Syenite. Ultimately, the residual mafic melt was emplaced as a series of late-stage 
andesite dykes. 

The Dinkidi porphyry Cu-Au deposit shows that it is possible for silica-undersaturated 
and silica-saturated styles of alkaline porphyry mineralisation to form in the same 
magmatic-hydrothermal system, given the right conjunction of geological processes. 
Exploration models for alkaline porphyry systems therefore need to be flexible enough 
to accommodate the possibility of silica-undersaturated and saturated mineralised zones 
forming in the same deposit. The strongly mineralised, variably textured Balut Dyke 
shares textural and genetic similarities with mineralised pegmatite dykes from mid
crustal granitic environments. Highly eu-Au mineralised 'pegmatitic' dykes should 
therefore also be considered as a viable exploration target in alkaline porphyry systems. 

ii 
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INTRODUCTION 

The Dinkidi Cu-Au Porphyry deposit is located in northern Luzon, Philippines (Figure 1.1) and 

is currently being developed by Australian company Climax Mining. The no Mt deposit is an 

alkaline, gold-rich Cu porphyry system, as is the nearby Marian Cu-Au porphyry deposit 

located nearby in Cordon (Figure 1.1; Baquiran, 1975; Alapan, 1981; Knittel, 1989). These 

deposits are two of the few known alkaline porphyry deposits that are located outside of British 

Columbia (eg., Jensen & Barton, 2000). Dinkidi, and the surrounding Didipio region, have not 

been the subject of any previous academic study and provide an ~xcellent opportunity to 

increase our understanding of the diversity of Au-Cu porphyry systems in the Philippines, and 

of characteristics and formation of alkaline porphyry systems in general. By investigating a 

newly discovered porphyry deposit in a region that has not previously been mapped, this 

doctorate study had three main aims: 

• Document the geology of the region and produce the first 

detailed geological map of the Didipio region. 

• Establish the geolog)i and paragenesis of the Dinkidi 

deposit, based on graphic drillcore logging. 

• Use the geological framework developed above to develop 

a genetic model for mineralisation at Dinkidi. 

Porphyry deposits may be subdivided into four broad classes based on the total alkali contents 

of the related intrusions: calc-alkaline, high-K calc alkaline, silica-saturated alkaline and silica

undersaturated alkaline (Barr et aI., 1976; Hollister 1978; Lang et aI., 1995a). The·geological 

and hydrothermal characteristics of porphyry deposits tend to vary systematically within this 

classification scheme (Table 1.1). As will be described within this thesis, although it is 

classified here as alkaline, the Dinkidi deposit has characteristics that are compatible with more 

than one of these classes of porphyry deposits. This makes the Dinkidi deposit an ideal case 

study in which to investigate the magmatic and hydrothermal processes that control the 

development of porphyry mineralisation across part of the igneous compositional spectrum 

associated with porphyry-style mineralised systems. 

LOCATION 

Northern Luzon can be subdivided into 4 main physiographic domains (Figure 1.1). The north

south trending Cagayan Valley Basin is flanked to the east, south and west by the Northern 

Sierra Madre Mountains, the Caraballo Mountains and the Central Cordillera respectively. 

Dinkidi is associated with Late Oligocene to Early Miocene alkaline rocks that are exposed 



INTRODUCTION 

along the southwestern margin of the Cagayan Valley Basin in the Mamparang Mountains, a 

northern extension of the <;araballo Mountains. The deposit is situated on the boundary of the 

Quirino and Neuva Vizcaya local government districts. Access to the deposit, and the Climax 

Mining Didipio base camp, is by logging road from Cabarroguis (Figure !.l; Plates !.l A & C). 

The Dinkidi deposit is located at an elevation of -700 m in the steep, partially cultivated land 

of the Didipio barangay (population -2000). Local inhabitants in the Didipio region are 

predominately lfugao migrants from the Central Cordillera region, who settled in the 

previously unpopulated Didipio valley in the 1970's. Rice and banana are cultivated on the 

valley floors while primary tropical rainforest remains on the surrounding peaks (Plate 1.2A & 

B). The area has a wet-dry climate with a July-November typhoon season. Streams, paths and 

IP survey lines provide access and outcrop throughout the densely vegetated map area. 

EXPLORATION HISTORY . 

The surface expression of the Dinkidi deposit is a distinct topographic and vegetation anomaly, 

forming a grass-covered ridge lOO meters high, 150 meters wide and 400 meters long (Plate 

!.lA). This ridge consists of strongly sericitised and argillically altered monzonite. Alluvial 

gold on the slopes of the ridge attracted the attention of lfugao gold prospectors in the 1970's, 

triggering a gold rush to the region and the settlement of the Didipio valley. Native gold was 

recovered from adits tunneled into the ridge and from the panning and sluicing of soft, 

argillically altered zones on the ridge and from the surrounding alluvial gravels. At the height 

of the gold rush in the late 1970's over one thousand prospectors worked in the Didipio region. 

Climax Mining acquired the Dinkidi prospect from Geophilippines and local claim owners in 

1989, with encouraging geochemical, IP and magnetic surveys over the deposit leading to the 

commencement of drilling in April 1989. The awarding of the first Philippine FTAA agreement 

to Climax Mining in 1994 allowed 100% foreign ownership of the venture. Climax Mining has 

since tested the Dinkidi orebody with 128 diamond drill holes, totaling 38,000 meters. 

Although initially planned to be an open pit mine, the downturn in metal prices that occurred in 

the mid-1990's lead to the reappraisal of the project, with the plan for an open pit replaced by 

an underground block caving operation designed to exploit the high grade core, producing a 

res?urce of 121 Mt at 1.49 g/t equivalent Au, containing 4 million ounces gold and 0.45 Mt 

copper and with a cut off grade at 0.5 g/t eqAu. This resource included a high-grade core of 

17.8 Mt at 2.37 g/t eqAu and 0.67% Cu with a 2 g/t eqAu cut off grade. The project was 

expected to cost $US 133 million (with most capital obtained from a syndicated US $90 

million loan). However recent political uncertainty in the Philippines, combined with further 

downturns in copper and gold prices, has precluded the raising of such a larg~ sum of capital, 
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and the capitalization process has been postponed until there are more favonible commodity 

prices. Climax Mining is also currently reappraising the project, with a smaller scale, staged 

development of the resource considered to be appropriate in the current economic conditions 

and political climate, aiming at the extraction of the high grade core by cut and fill methods 

with a small open pit. Under this model the high grade core has a resource of 1.8 Mt 

underground ore at 8.68 g/t Au and 1.28% Cu at cut off at 5 g/t Au, combined with 600,000 

tonnes from an open pit, at 1.92 g/t Au and 1.6% Cu, yielding 540,000 oz Au and 32,000 tonnes 

Cu. The estimated cost for development of this smaller scale operation is US$32 million. The 

company is currently seeking third parties to develop the Dinkidi deposit and the Didipio 

regIOn. 

PAST WORK 

There has been little work published on the Didipio region. Garret! (1996) outlined the geology 

of Dinkidi. Haggman (1997) provided a description of Climax Mining's tOxploration effort in 

the Didipio region. Wolfe et al. (1999) summarised the geology of the Didipio region-and the 

paragenesis of the Dinkidi deposit. Kamenetsky et al. (1999) described the results of a melt 

inclusion study on an intrusion from within the Dinkidi deposit. Several unpublished company 

reports have been compiled by Climax Mining on the Dinkidi prospect and the surrounding 

region. 

Several unpublished works address the geology of the Caraballo and Northern Sierra Madre 

. Mountains. The R.P. Japan project (1976) described the geology of Caraballo Mountains. 

Ringenbach (1992) and Billedo (1994) described the geology of the Northern Sierra Madre 

Mountains and sections of the Caraballo Mountains. Knittel (1987) and Knittel & Defant . 

(1990) described the potassic rocks of the Cordon Syenite Complex, located 30 km to the north 

of Dinkidi. Albrecht & Knittel (1990) described the potassic rocks of the Palali Batholith, 

located 15 Km to the northwest of Dinkidi. 

METHODS EMPLOYED 

Because the Didipio area had not been mapped previously, as part of this PhD study it has been 

necessary to describe the geology of the surrounding region in detail, in order to provide the 

geological context for the mineralised system. Chapter 2 is a synthesis of the regional geology, 

whereas Chapter 3 provides the first detailed description of the geology of the Didipio region. 

Chapter 4 provides a description of the geology of the Dinkidi orebody. Relationships between 

lithological units within the ore body and rock units exposed both within the Didipio area and 

regionally has been investigated using whole rock and mineral chemistry (Chapter 5). The 

hydrothermal vein and alteration assemblages within the Dinkidi orebody and in the region are 
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Figure 1.2: Copper-gold contents for the Dinkidi Cu-Au porphyry deposit and selected Au-rich porphyry Cu-Au deposits 
(from Sillitoe, 1990, modified with data for alkaline porphyry deposits from Stanleyet ai., 1995; Ross et al., 1995; 
Froser et al., 1995; Bishop et al" 1995; Bottomer & Leary, 1995), 

documented in Chapter 6, The physiochemical conditions for mineralisation at Dinkidi were 

investigated using both fluid inclusion and sulphur isotopes (Chapter 7), Chapter 8 provides a 

synthesis of the geological history of the Didipio region, with special emphasis on the link between . 

the magmatic evolution of the region and the styles of hydrothermal alteration that developed, 
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Plate 1.1 

Pial. 1. 1 A: View. looking south, of Dinkidi Ridge. The deposit forms a distinctive topographic and 
vegelation anoma ly The Climax Mining base camp is in the lower left hand corner. 

Did io 

A 

Pial. 1.2 B. Climax Mining's Didipio staff tee ofTat the Royal Oidip'o Golf Course From left to right : Sadik, 
Bong (geologist), Johny, Reggie (geologist), Bert, Paul Joyce (Exploration Manger, Climax Mining), John 
Haggman (Exploration Manager, Philippines), Fred, George (Manager, Cordon base), Jimmy (holding 
lIaditiona ll fugao steel golf club). and Carlos (liaison officer). 

Plale 1.3 C: The company vehicle on route between Didipio and Cordon (with several passengers from the 
local community) The daily trips between Cordon and Didipio provide the main form of transport for local 
Didipio villagers. Before the road was upgraded. the 30 km one·way trip could take up to 6 hours 10 complete . 
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Plate 1.2 Field area 

Plate 1.2 A: Typicallerrain in lhe Didipio region . Rice is grown in lhe valley floors. and rainforesl is 
preserved on lhe surrounding slopes . 

PI(Jte 1.2 B: Typical rock outcrops in lhe Didipio region . Iream beds provided the best outcrop within lhe 
densely vegelated and deeply wealhered envionmenl. 

Plale 1.2 C; Cordon drillcore storage facility. Conditions on the concrele slab commonly exceeded 35C and 
>90% humidity. 
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REGIONAL GEOLOGY 

TECTONIC SETTING 

The Philippine Archipelago has formed where the Philippine Sea Plate obliquely collides with 

the rifled margin of Eurasia. It is a north-south orientated mobile belt flanked on either side by 

convergent zones, indicating decoupling from the surrounding Eurasian and Philippine Sea 

plates (Figure 2.1; Gervasio, 1971; Rangin, 1991). The mobile belt is thought to have begun 

forming in the Cretaceous (de Boer et ai., 1980; Rangin, 1991) and consisted of a collage of 

terrains that include two or more Early to Middle Tertiary arcs (Hamilton, 1979; Cardwell et al., 

1980), old continental fragments sourced from the Eurasian Plate, and ophiolite slabs that have 

all been tectonically juxtaposed by strike-slip displacement. Oblique movement within this 

mobile belt is taken up by the Philippine Fault (Fitch, 1972), a left-lateral strike-slip fault that 

cuts the Philippine Mobile Belt lengthwise for over 1500 km from Mindanao in the south to 

North Luzon, where it forms a complex array of anastomosing faults (Ringenbach, 1992). 

The North Luzon Terrain is located at the northern end of the Philippine Mobile Belt, where it 

has been juxtaposed against terrains to the west and south by splays of the Philippine Fault 

(Figure 2.IA). The North Luzon Terrain can be subdivided into 4 main physiographic domains 

(Figure 2.lB). The north-south trending Cagayan Valley Basin is located in the centre of north 

Luzon and is filled by post-Oligocene sediments. To the east, south and west of the Cagayan 

Valley Basin are the Northern Sierra Madre Mountains, the Caraballo Mountains and the 

Central Cordillera respectively. All three ranges· consist of Eocene voleanics intruded by dioritic 

Oligocene to Miocene Batholiths, with the Central Cordillera overprinted by a second Late 

Miocene to Quaternary period of magmatistn .. The Didipio Igneous Complex is associated with 

Late Oligocene to Early Miocene alkaline rocks exposed along.the south-western margin of the 

Cagayan Valley Basin. The Didipio Igneous Complex crops out in the Mamparang Mountains, a 

northern extension of the Caraballo Mountains (Figure 2.1B; Knittel, 1987; Albrecht & Knittel, 

1990). 

REGIONAL GEOLOGY OF THE CARABALLO MOUNTAINS 

The geology of the Caraballo and Northern Sierra Madre ranges is shown in Figure 2.2. The 

oldest units preserved in the area are schists and. Cretaceous ophiolite that have been 

tectonically amalgamated, forming the basement to the Caraballo Mountains and Northern 

Sierra Madre. A thick pile of Eocene primitive island arc voleanics (Caraballo Group; MMAJ, 

1977; Sajona et ai., 1999) 'overlies the basement and has been intruded by an Eocene tonalite 

batholith (Coastal Batholith; MMAJ, 1977). The Eocene units have been intruded byOligocene 

tholeiitic tocale alkaline diorite batholiths (Dupax and Northern Sierra Madre Batholiths; 

MMAJ, 1977, 1987; Sajona et al., 1999). Along the southwestern margin of the Cagayan Valley 

Basin, the Eocene rocks are overlain by the voleanic units of the alkaline Late Oligocene 

Mamparang Formation (MMAJ, 1977). The Mamparang Formation have been intruded by three 
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main Late Oligocene to Early Miocene alkaline intrusive centres: the Didipio Igneou omplex 

(Wolfe et al. , 1999), the Cordon yenite Complex (Knittel, 1987) and the Palali Batholith 

(A lbrecht & Knittel, 1990). All of the above formation are unconfonnably overlain by 

Oligocene to Middle Miocene shallow water carbonates (Santa Fe, Aglipay, Ibulao, Ca llo and 

Columbus Formations; Corby, 1951; Durkee & Pederson, 1961 ; Christian, 1964; MMAJ, 1977; 

Caagusan, 1977), which are interdigitated with the younge t volcanic units preserved in the 

region. the alkaline Palali Fomlation (M MAJ. 1977). The Cagayan Valley Basin began to 

subside in the Late Oligocene and is filled by a thick sequence of Miocene to Plio-Plei tocene 

carbonates and clastic ediment (Maddela, Matuno and Pantabangan Fomlations; hristian, 

1964: Caagusan, 1977: MMAJ, 1977). 

Only limited work has been conducted on the geology of the Caraballo and orthem ierra 

Madre ranges . The fir t major study of the region wa provided by a three-year joint venture 

between the Metal Mining Agency of Japan and the Philippine Bureau of Mines (MMAJ. 

1977). with the aim of targeting minerali ed area . MMAJ (1977) e tablished the basic 

stratigraphy of the Caraballo Mountains and the outhem section of the Notthem Sierra Madre, 

and also provtded the first radiometric age detemlinations for the region, which were 
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Figure 2.3: Simplified stratigraphic sections for the Caraballo Mountains, Cagayan Valley Basin and the Central 
Cordillera. UMF-Upper Mamparaog Formation, DlC-Didipio Igneous Complex, CSC-Cordon Syenite Complex, PB
Palali Batholith, DB- Dupax Batholith, NSMB-Northem Sierra Madre Batholith, CB- Coastal Batholiths, BMP-Black 
Mountain Porphyry, CC- Cordilleran Batholiths (MMAJ, 1977; Billedo, 1994; Peno, 1994), 

subsequently reclassified by Wolfe (1981 ).' Hashimoto (1980) revised the MMAJ stratigraphy 

based largely on palaeontological ages for samples of Late Oligocene to Middle Miocene 

limestones (Hashimoto, 1980). MMAJ (1987) documented the stratigraphy for the northern 

section of the Northern Sierra Madre. Ringenbach (1992) clarified the stratigraphy of the 

Caraballo and Northern Sierra Madre Mountains, and provided new radiometric age 

deterrninations as part of his study on the evolution of the Philippine Fault. Billedo (1994) 

provided detailed descriptions of the regional geological units, and additional age 

deterrninations and mapping of key sections in the Northern Sierra Madre and Polillo Islands. 

The Cordon Syenite Complex was studied by Knittel (1983, 1987), and the Palali Batholith by 

Albrecht & Knittel (1990). Sajona et al. (1999) compiled the existing geochronological 

coverage of Luzon and provided new radiometric age deterrninations in their description of 

Luzon magmatism. 

The geology of the Central Cordillera range, especially the Baguio district, has received a great 

deal attention over the past 20 years due to the presence of Cu-Au mineralisation, but no 

consensus has yet been reached on the geological relationships of the region. Balce et al. (1980) 

and Pena (1994), among others, provide an overview on the stratigraphy for the region. In 

contrast the stratigraphy of the Cagayan Valley Basin is well developed, largely due to the work 

undertaken during oil and gas exploration (Durkee & Peterson, 1961; Christian, 1964; 

Caagusan, 1977, 1981). 
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REGIONAL UNITS 

Basement Complex 

The basement of the Caraballo and Northern Sierra Madre ranges consists of Cretaceous 

ophiolitic sequences, exposed along the east coast of Luzon (the Isabella Ophiolite) and 

Cretaceous (?) metamorphic units, such as the schists exposed in the Lubingan River, north of 

Gabaldon (Lubingan Schists; Rutland, 1968), and north of Santa Fe (Figure 2.2; MMAJ, 1979; 

Ringenbach, 1992). The metamorphic complexes have been tectonically amalgamated. with 

ultramafic units (Ringenbach, 1992) along subvertical shears (Billedo, 1994), forming a 

metamorphic and ophiolite belt that runs the full length of eastern Luzon (Karig, 1983; . 

Ringenbach, 1992; Billedo, 1994). 

The metamorphic units consist of highly schistose but only weakly greenschist metamorphosed 

chlorite-mica schists, grey to black phyllites, alternating black to red calcareous sandstones and 

siltstones, basalts with rare pillow structures, rare volcaniclastic breccias and pink to green 

coloured marble interbeds (Lubingan Schists; Rutland, 1968; Ringenbach, 1992; Billedo, 1994). 

The metamorphic units are considered to be Late Cretaceous to Paleogene in age (BMG, 1981). 

The ultramafic units of the Isabella Ophiolite consist of coarse-grained peridotites, gabbros, 

basalts (with a N-Morb geochemical signature; Sajona et aI., 1999) and a dyke complex 

(Aurelio & Billedo, 1987; MMAJ, 1987). Palaeontological and radiometric age determinations 

indicate an Early Cretaceous age for the ophiolite and a Late Cretaceous age for the overlying. 

series of basalts, limestones and c1aystones(MMAJ, 1987; Sajona et al. 1999). The ultramafic 

units are locally in strike-slip contact, or overthrust, by the Caraballo Group and other Eocene

Oligocene island arc sequences along the Divicalan Thrust (Figure 2.2; MMAJ, 1990), with 

ophiolite emplacement considered to have'occurred some time between the Late Oligocene and 

the Early Miocene (MMAJ, 1990; Sajona et al. 1999). 

Caraballo Formation 

The volcanic rocks of the Caraballo Formation (Ringenbach, 1992; Billedo, 1994; Caraballo 

Group of MMAJ, 1977) have the largest areal extent of any rock unit in Caraballo and Northern 

Sierra Madre mountains (Figure 2.2). The Caraballo Group has a maximum stratigraphic 

thickness of at least 6000 meters (MMAJ, 1977; Sajona et al. 1999). The Caraballo Formation 

consists of two main facies, a proximal lava-dominated facies and a distal pelagic volcaniclastic 

facies (BiIledo, 1994). The proximal facies is composed of dark green to grey or black, typically 

aphanitic basalts and andesites with associated coarse volcaniclastic deposits and sandstones 

(MMAJ, 1977; Ringenbach, 1992; Billedo, 1994). Most of the lavas appear to have been 

emplaced subaqueously (MMAJ, 1977; Billedo, 1994). Minorpelagic sedimentary horizons, 

including red and green mudstones, cherts and limestones are interbedded with the volcanic 

rocks (Billedo, 1994). The distal facies is composed of thinly bedded, hard, well stratified red 

and green mudstones, siltstones, rare cherts and volcaniclastic to siliceous sandstones with 

interbedded basalt flows and volcaniclastic conglomerates (BiIledo, 1994). The proximal 

volcanic facies is best exposed along the axis of theCaraballo Mountains and the Northern 
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Sierra Madre while the best exposures of the distal pelagic facies crop 'out along the eastern 

coastline of the Northern Sierra Madre. 

Both the proximal and distal facies of the Caraballo Formation have been weakly 

metamorphosed to pumpellyite-prehnite to greenschist facies. The formation is typically 

strongly faulted and contains open folds with NNW-trending fold axes (MMAJ. 1977; Billedo, 

1994). The Caraballo Fo~ation is based on Cretaceous to Late Eocene in age based on a KlAr 

age of 39 ± 2 Ma for a basalt, together with the presence of Middle Eocene fossils in inter

pillow pelagic sediments, and Late Eocene fauna in a limestone (Ringenbach, 1992). The 

Caraballo Formation is correlatable to the Eocene volcanics of the Abuan River Formation, 

which are exposed along the axis of the northern end of the Northern Sierra Madre (MMAJ, 

1987), and can also be tentatively correlated with the Cretacous to Eocene Pugo Formation of 

the Baguio region (Figure 2.3; MMAJ, 1977). The basalts of the proximal facies have a 

primitive island arc composition (Sajona et aI., 1999). 

Mamparang and Upper Mamparang Formation 

The volcanic and volcaniclastic rocks of the Marnparang Formation (MMAJ, 1977) 

unconformably overlie the Caraballo Formation in the Marnparang Mountains (Figure 2.2; 

MMAJ, 1977; Hashimoto et aI., 1980). In the Didipio region, the Mamparang Formation hosts 

the Didipio Intrusive Complex. Th~ Mamparang Formation has a maximum stratigraphic 

thickness of at least 4000 metres (MMAJ, 1977) and consists of greenish grey to dark grey 

subalkaline to alkaline andesitic lavas and conglomerates, alkaline to subalkaline basalt flows, 

alkaline dacite and trachyte lavas and minor volcaniclastic sandstones, mudstones, reworked 

pyroclastics and rare limestones (MMAJ, 1976, 1977). The Mamparang Formation is 

considered to be a stratigraphic equivalent of the Zigzag Formation in the Baguio district 

(Figure 2.3; MMAJ, 1977), and of the Dibuluan River Formation, which crops out along the 

western flank of the Northern Sierra Madre (Billedo, 1994). 

The Mamparang Formation is gently folded with NNW-trending fold axes (Hashimoto, 1980). 

Zeolite facies metamorphism has occurred, and intensely developed domains of hydrothermal 

alteration are common throughout the formation (MMAJ, 1977; Hashimoto et al., 1980). The 

Marnparang Formation has not been radiometrically dated. The formation is unconformably , 
over lain by the Late Oligocene Santa Fe Formation and other Late Oligocene to Middle 

Miocene limestones. It was originally considered to be Middle to Late Oligocene on the basis of 

the fauna in interbedded limestone lenses (MMAJ, 1977), although Hashimoto et al. (19.78) 

attributed a Late Eocene to Early Oligocene age to the formation. A basaltic dyke from the 

Dibuluan River Formation, a possible Mamparang Formation correlate, returned a KlAr age of , 
28.85 ± 1.99 Ma (middle Oligocene) 'and a basaltic flow returned an KlAr age of28.58 ± 1.06 

Ma (Billedo, 1994). The Dibuluan River and Mamparang.Formations could therefore be 

tentatively assigned an age of early Late Oligocene, or more strictly, pre-Ibulao limestone 

(Billedo, 1994). 
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In the Oidipio region, the Mamparang Formation consists of subalkaline andesite lavas and 

volcaniclastic conglomerates that are overlain conformably (?) by trachytic lavas and 

volcaniclastic units. These units are described in detail in the next chapter. The trachytic lavs 

are part of a belt of potassic, coarsely porphyritic dacites, trachytes, and feldspathoid-bearing 

trachytes (phonolites) that extends from Didipio to Cordon. These felsic units have been 

intruded by the co-magmatic Oidipio (23.2 ± 0.6 Ma; Wolfe, 1999), Palali (25 to 17 Ma; 

Albrecht & Knittel, 1990) and Cordon (25 to 23 Ma; Knittel, 1983) igneous complexes. The 

trachytes are considered to be an Early Miocene extension of the Mamparang Formation, and 

are informally termed the 'Upper Mamparang Formation' to distinguish them from the 

underlying andesitic units of the Mamparang Formation. 

Hashimoto et al. (1980) described a conglomeratic member of the Mamparang Formation that 

he considered, based on structural characteri~tics, to be a younger facies that was partially 

coeval with deposition of the Late Oligocene Columbus Formation limestone. The 

volcaniclastic sandstones. and conglomerates of this unit were informally designated the 

'Oidipio Formation' by Hashimoto et al. (1980) and were interpreted to be the uppermost, post 

volcanic part of the Mamparang Formation. However, despite its name, this unit does not crop 

out in Oidipio, but is exposed several kilometres to the east in a region mistakenly identified as 

Oidipio on old topographic maps. The unit is possibly a member of the Oibuluan River 

Formation, which crops out in the area. 

Late Oligocene to Middle Miocene limestones 

In the'Late Oligocene to Middle Miocene, a series of limestone formations with overlapping 

faunal assemblages were deposited throughout northem Luzon (Figures 2.2 & 2.3). These 

limestones unconformably overlie the Caraballo Formation, Mamparang Formation and the 

Oligocene Oupax Batholith, but are disrupted by Mid-Miocene (17 Ma)alkaline volcanism 

(Palali Formation) in the Mamparang Mountains (MMAJ, 1977; Ringenbach, 1992; Billedo, 

1994). The limestone packages have been given several local names (Figure 2.3). Aiong the 

south east edge of the Cagayan Valley Basin, the late Late Oligocene to Early Miocene lbulao 

Limestone (Christian, 1964) and Middle Miocene Callao Limestone (Ourkee & Peterson, 1961) 

are exposed. At the southern tip of the Cagayan Valley Basin, the Middle Miocene Aglipay 

Limestone (MMAJ, 1977) was deposited, which is inferred to be a correlate of the Callao 

Limestone. The late Early to early Middle Miocene Kennon Limestone formed in the Central 

. Cordillera (Balce et al., 1980; Maleterre, 1989). The Late Oligocene Columbus Formation 

(MMAJ, 1977) was deposited in the Mamparang Mountains. In the Caraballo Mountains and 

southern parts of the Northern Sierra Madre shallow marine sedimentation resulted in the 

deposition of the Late Oligocene to Early Miocene Santa Fe Formation (MMAJ, 1977). 

The limestones consist mostly of pure white to pale grey, massive to thickly bedded coralline 

limestones, typically a biosparite or biomicrite, with common interbedded calcarenites and 

calcirudite lenses .. The formations have a typical strati graphic thickness of approximately 300 

meters. They were deposited in a shallow marine environment, with the lbulao Limestone 
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containilig fore-reef, back reef, lagoon and main reef facies (Billedo 1994). The deposition of 

these limestones is probably related to the Binangoan inundation, a world-wide sea level rise 

that occurred during the Late Oligocene to Middle Miocene (Vail et aI., 1977). 

The Santa Fe Formation consists of massive pure white to pale grey limestones of different ages 

spanning Late Oligocene to Early Miocene that are distributed throughout the Caraballo 

Mountains (Hashimoto et al., 1980; Ringenbach, 1992). The stratigraphic thickness is at least 

300 meters (Hashimoto et al., 1980). The limestones unconformably overlie the Dupax 

Batholith, Caraballo Formation and the Mamparang Formation (Hashimoto et al., 1980; 

Billedo, 1994). Billedo (1994) considered the Santa Fe Formation to be at least in part 

intercalated with the late Oligocene Dibuluan River Formation. Ringenbach (1992) observed 

. andesitic to dacitic volcanics, assumed to belong to the Middle Miocene Palali Formation, 

overlying the Santa Fe Formation in the Dalton Pass region, Hashimoto et al. (1980) correlated 

the Late Oligocene Columbus Formation of the Caraballo Mountains to the Santa Fe Formation 

based on similarities in faunal assemblage. 

Mid-Miocene Palali Formation 

The Palali Formation consists of hornblende-bearing dacites and andesites, minor basalt lava, 

reworked pyroclastic deposits and interbedded mudstones and sandstones. It crops out around 

Mt. Palali and Santa Fe (Figure 2.2; MMAJ, 1977). The extrusive units have a high-K calc

alkaline to shoshonitic geochemical signature (MMAJ, 1977). Welded 'tuffs' within the 

formation suggest that volcanism was, in part, subaerial (MMAJ, 1977). The Palali Formation 

has a stratigraphic thickness of at least 300 meters (MMAJ, 1977), and unconformably overlies 

the Dupax Batholith and the Caraballo, Mamparang, Santa Fe and Columbus Formations 

(Figure 2.3). Syenite clasts sourced from the Palali Batholith have also been noted (MMAJ, 

1977; Ringenbach, 1992). This formation is in turn overlain by the Plio-Pleistocene 

conglomerates of the Pantabangan Formation, and by limestones considered to be part of the 

Santa Fe' Formation by MMAJ (1977) but more likely to be a Middle-Miocene correlate of the 

Aglipay Formation. 

MMAJ (1977) provided a single KI Ar age on the Palali Formation of 17.6 ± 1.0 Ma (late Early 

Miocene). This is consistent with, the 17.1 ± 0.5 Ma and 17.3 ± 0.4 Ma KlAr ages obtained from 

a b~alt dyke and a basalt cobble from the Pantabangan Formation respectively (Ringenbach, 

1992). 

Cagayan Valley Basin and other post-Palali Formation Sediments 

The Cagayan Valley Basin is filled by a thick sequence of post-Oligocene carbonate and clastic 

sediments that have a total stratigraphic thickness of at least 7 km (Caagusan, 1977). The 

sediments were deposited on a.basement of basaltic volcanics (Christian, 1964), and they onlap 

the flanks of the Northern Sierra Madre and Central Cordillera Ranges. The sediments 

progressed with time from marine (Late Oligocene ~bulao Formation, Late Oligocene to Middle 

Miocene Lubuagan Formation and the Middle Miocene Callao and Aglipay Formations; Corby 

et aI., 1951; Durkee & Pederson, 1961; Tamesis, 1976; Billedo, 1994; Figure 2.3), through 
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marine-brackish (Miocene-Pliocene Cabagan Fonnation; Billedo, 1994) to alluvial (Upper 

Pliocene-Pleistocene Iiagan Fonnation and Quaternary gravels; Corby et ai., 1951; Billedo, 

1994). The Iiagan Fonnation is a correlate of the Pliocene to early Pleistocene Pantabangan 

Fonnation that crops out in the Caraballo Mountains (Ringenbach, 1992; BilIedo, 1994; Figure 

2.3). The eastward migration of the Cagayan Valley depocentre in the Middle Miocene 

(Christian, 1964; Caagusan, 1977), and Pleistocene slumping of sediments along the western 

margin of the Cagayan Valley Basin, are attributed to uplift of the Central Cordillera range, 

which began in the Middle Miocene (Christian, 1964; Caagusan, 1980). Prior to the Middle 

Miocene, the Cagayan Valley Basin and Central Luzon Valley Basin are thought to have been 

connected (Ringenbach, 1992), whereas the Northern Sierra Madre and the axis of the Central 

Cordillera range were the main landmasses (Ringenbach, 1992). The Caraballo Mountains and 

Southern Sierra Madre ranges emerged after the Middle Miocene (Ringenbach, 1992). The sea 

retreated from the Cagayan Valley Basin and uplift of the Central Cordillera produced the 

present physiography in the Late Pleistocene (Ringenbach, 1992). 

Intrusive Units 

Geochemical and geochronological studies have defmed four main periods of magmatism in 

northern Luzon: Eocene, Oligocene, Late Oligocene to Early Miocene and Middle Miocene to 

Quaternary (MMAJ, 1977; Wolfe, 1981; Sajona et al., 1999). Primitive island arc Eocene 

magmatism (47 to 43 Ma) produced the tonalites that are exposed in the southern section of the 

Coastal Batholith, along the east coast of Luzon (Sajona et ai., 1999). 

Extensive tholeiitic to calc alkaline magmatism occurred during the Oligocene, with 

emplaceinent of the batholiths of the Caraballo Mountains (Dupax Batholith, 33-23 Ma), 

Northern Sierra Madre Range (Northern Sierra Madre Batholith, 31-22 Ma; the northern 

section of the Coastal Batholith, 32-27 Ma), and Central Cordillera range (32-17 Ma 

'Cordilleran Batholith'; Sajona et ai., 1999). The Oligocene intrusions are aligned north-south, 

parallel to the axis of the Sierra Madre arc. 

These was a distinct change in magmatic compositions from the Late Oligocene to Early 

Miocene, with emplacement of small alkaline to ultrapotassic intrusive centres at the tip of the 

Cagayan Rift Valley, and shoshonitic dykes intruded throughout the Caraballo Mountains and 

Northern Sierra Madre (Knittel, 1987; Billedo, 1994). No magmatism younger than 20 Ma for 

the Northern Sierra Madre or 17 Ma for the Caraballo Mountains has been identified. However, 

after a hiatus, magmatism resumed in the Central Cordillera, continuing intermittently from 

Middle Miocene to Quaternary times. Compositions varied from initial tholeiitic to dominantly 

calc-alkaline with time (Sajona et al., 1999). 

Eocene Intrusives (Coastal Batholith) 

The diorites and tonalites of the Coastal Batholith (MMAJ, 1977) have intruded the Caraballo . 

Fonnation (Billedo, 1994) and are exposed along the east coast of Luzon, north of Baler (Figure 

2.2). In the south, the batholith consists of dark greenish grey medium- to coarse-grained 
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tonalite (MMAJ; 1977; Billedo, I 994):The northern section of the batholith consists of diorite 

and gabbro (MMAJ, 1977; Billedo, 1994). Age dating by MMAJ (1977) was reinterpreted by 

Wolfe (1981) and when combined with the geochemistry of Sajona et al. (1999) shows that the 

northern and southern intrusions have different ages and geochemical compositions. The 

southern tonalite is Eocene (49-43 Ma; MMAJ, 1977; Wolfe, 1981) and has a primitive island 

arc composition (Sajona et al., \999). The northern diorite is related to Oligocene magmatism 

(32-27 Ma; MMAJ, 1977; Wolfe, 1981). Although Florendo (1994) suggested that the southern 

tonalite is a fault-bound allochthonous block, Ringenbach (1992) and Billedo (1994) found that 

the southern mass of the Coastal Batholith has intruded the surrounding Caraballo Formation. 

Oligocene Intrusives (Dupax and Northern Sierra Madre Batholiths) 

Oligocene tholeiitic to calc-alkaline magmatism produced the Dupax Batholith (MMAJ, 1977), 

which is exposed in the Caraballo Mountains south west of Didipio. At this time the northern 

section of the Coastal Batholith (MMAJ, 1977; Wolfe, 1981) and the Northern Sierra Madre 

Batholith (MMAJ, 1987), exposed along the axis of the Northern Sierra Madre mountain range, 

intruded to the north of the Coastal Batholith (Figure 2.2). 

The Dupax Batholith intruded the Eocene Caraballo Formation in the Dupax-Santa Fe region 

(Figure 2.2). The batholith consists of dark green-grey, fine- to medium-grained tonalites, 

diorites and gabbros with a mineralogy identical to the coastal and cordilleran bathoIiths 

(MMAJ, 1977). KlAr age dating of tonalites from the Dupax Batholith by MMAJ (1977) 

returned ages of 33 to 23 Ma (Early Oligocene lo early Early Miocene) while Ringenbach 

(1992) obtained a K-Ar date of 28.5 ± 1.2 Ma for a gabbro. 

The northern section of the Coastal Batholith (Figure 2.2) consists of dark-coloured fine to 

medium-grained diorite and minor dark green grey medium- to coarse-grained gabbro. The 

diorite has an Oligocene age (32-27 Ma; MMAJ, 1977; Wolfe, 1981) and a primitive island arc 

to tholeiitic geochemical composition (Sajona et al., 1999). These compositions and ages are 

similar to other Oligocene batholiths in the Caraballo Mountains and Northern Sierra Madre. 

The Northern Sierra Madre Batholith (MMAJ, 1987) crops out along the axis of the Northern 

Sierra Madre range, merging at its southern end with the Coastal BathoIith (Figure 2.2). The 

Northern Sierra Madre batholith consists of medium- to coarse-grained tonalites, quartz diorites 

and granodiorites (MMAJ, 1987; Billedo, 1994), which have intruded the Eocene volcanics of 

the Abuan River Formation, a correlate of the Caraballo Formation (MMAJ,.1987). The 

batholith has' been dated by MMAJ (1987), using K-Ar methods, at 31.1 ±·1.5 to 22.3 ± 1.1 Ma 

(late Early Oligoceneto early Early Miocene). Sajona et al. (1999) obtained a KlAr age.for a 

quartz-diorite of 25.3 ± 1.0 Ma: Art Ar ages of 21 to 25 Ma on amphibole separates from the 

same sample, and KI Ar age determinations of 28.8 ± 0.8 and 28.6 ± 1.0 Ma (late .Oligocene) for 

two dykes from opposing flanks of the Northern Sierra Madre range. Billedo (1994) reported a 

30.2,,: 0.7 KI Ar age for a diorite considered to be part of the Northern Sierra Madre Batholith. 
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Cordon Syenite Complex 

The Cordon Syenite Complex is located 30 km to the north of Didipio, along the faulted 

western margin of the Cagayan Valley Basin (Figure 2.2). The Cordon Syenite Complex 

consists of syenites and monzonites, with minor pseudoleucite-bearing syenite and cumulate 

pyroxenites that are preserved only as xenoliths within other phases (Knittel, 1987; Knittel & 

Cundari, 1990). The intrusive complex is hosted within co-magmatic analcite-bearing trachytic 

pyroclastics ('tephritic phonolites'). The typically equigranular medium- to coarse-grained 

syenites and commonly porphyritic monzonites consist of K-feldspar, plagioclase, 

clinopyroxene and biotite, with accessory apatite and magnetite (Knittel, 1987). Late stage 

medium- to coarse-grained alkali syenite pegmatites occur as dykes several tens of meters wide, 

and consist of perthitic tabular K-feldspar, clinopyroxene, biotite, apatite and rare muscovite, 

sphene and plagioclase (Knittel, 1987). The intrusions are hosted by a sequence of pre

Oligocene 'tuffs' (?Caraballo Formation; Knittel, 1987). These tuffs are overlain by analcite

bearing tephritic phonolite 'pyroclastic flows that are intercalated with subalkaline andesite to 

dacite conglomerates to the southwest (Knittel, 1987). The Cordon Syenite Complex hosts Au

Ag-Pb-Zn low sulphidation epithermal veins (Marian gold mine; Baquiran, 1975; Alapan, 1981; 

Knittel, 1982) and the Marian Porphyry, a small (8 Mt) Cu deposit associated with a syenite 

stock (Baquiran, 1975). 

Knittel (1983) obtained a Rb-Sr age of 25.1 ± 0.7 Ma on biotite, and a KlAr age of23.1 ± 3.0 Ma for 

amphibole. These are in agreement with the 23.3 ± 0.5 Ma KlAr age for a syenite porphyry recorded' 

by Billedo (1994). These ages are contemporaneous with the commencement of rifling along the 

Cagayan Valley Basin (Christian, 1964), and are also coeval with the Late Oligocene to early 

Miocene palaeontological ages for the Santa Fe and Columbus Limestones and with the youngest 

intrusions from the Dupax and Northern Sierra Madre batholiths. It is possible that there were two 

contemporaneous magmatic suites forming in northern Luzon during the Late Oligocene; one with 

tholeiitic affmities (the Dupax and Northern Sierra Madre Batholiths) and a second with high-K calc 

alkaline to shoshonitic affinities in the Palali-Cordon region. 

Palali Batholith 

The light pinkish grey, typically equigranular medium- to coarse-grained potassic syenites, 

nepheline syenite, and nepheline monzosyenites of the Palali Batholith intruded the subalkaline 

volcanics of the Mamparang Formation approximately 15 km to the northwest of Didipio 

(Figure 2.2; Albrecht & Knittel, 1990). Small syenite dykes have intruded diorites of the Dupax 

Batholith (MMAJ, 1977). KlAr age dating of the Palali Batholith by MMAJ (1977) returned 

ages from 25 to 17 Ma. It is possible that the youngest age relates to argon loss due to thermal 

resetting (Albrecht & Knittel, 1990). If so, then the Palali Batholith has an age comparable both 

to the Cordon Syenite Complex and to the age of porphyry Cu-Au mineralisation at Diilkidi 

(Albrecht & Knittel, 1990; Knittel, 1983; Wolfe et aI., 1999). 

The Palali Batholith consists of three main phases: a southern syeniie body, a northern 

nepheline syenite body, and a small central mass of nepheline monzosyenite (Albrecht & 
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Knittel. 1990). The batholith has intruded what is interpreted to be a small caldera structure 

(Albrecht & Knittel. 1990). The nepheline syenites and monzosyenites consist predominantly of 

alkali feldspar and plagioclase. with 8 to 12 % modal nepheline and accessory clinopyroxene. 

amphibole. magnetite. biotite. apatite and sphene. 

Alkaline trachyte lavas and pyroclastics of the Upper Mamparang Formation are associated 

with the intrusions. They are considered to be late stage caldera fill ignimbrites. Pseudoleucite

phyric trachyte dykes have intruded the Mamparang and Upper Mamparang Formations 

(Albrecht & Knittel. 1990). 

The Palali Batholith hosts the Runruno high-sulphidation epithermal gold deposit. which is 

currently worked by a multitude of small- and no-claim owners. 

Alkaline Dykes 

Early Miocene alkaline magmatism in the Northern Sierra Madre and Caraballo Mountains 

produced numerous alkaline basaltic to andesitic dykes. Billedo (1994) reported a 24.02 ± 0.87 Ma 

Kt Ar age for a basaltic dyke located south of Baler. which has intruded the Coastal Batholith. and 

20.45 ± 0.45 Ma Kt Ar whole rock and 21.9 ± 0.1 Ma Arl Ar amphibole ages for a shoshonitic 

hornblende andesite from north of Dinapique. which has intruded the peridotites of the Isabella 

Ophiolite (Figure 2.2). The dykes are the last magmatic event known in the Northern Sierra Madre. 

post-dating the main alkaline intrusive centres in the Mamparang Mountains. 

Central Cordilleran Magmatism 

Magmatism in the Central Cordillera range occurred in two distinct periods. The Eocene island 

arc tholeiitic volcanic and related volcaniclastic rocks of the Pugo Formation (Sajona et at.. 

1999). and Oligocene to Early'Miocene dioritic batholiths. have similar geochemistry to the 

contemporaneous magmatism of the Caraballo Mountains and Northern Sierra Madre (Sajona et 

al .• 1999). A hiatus in magmatism in the cordillera is marked by the deposition of the Kennon 

Limestone. during the late Early Miocene to early Middle Miocene (Maleterre. 1989). The 

second phase of magmatism occurred along the Central Cordillera intermittently from the 

Middle Miocene to Quaternary. The two periods of magmatism in the Central Cordillera are 

geochemically distinct. The early Oligocene to Early Miocene magmas are characterised by a 

great chemical variety. with primitive island arc. tholeiitic and calc-alkaline trends. an.d high Pb 

isotope ratios suggestive of continental crust affin!ties (Maleterre. 1989). In contrast. the post-. 

Kennon Middle Miocene to Quaternary magmatism is characterised by more homogeneous 

geochemistry with tholeiitic to calc alkaline trends. some K 0 and incompatible element 
. 2' . 

enrichment. and Pb isotope ratios more consistent with a mantle source regime (Maleterre. 

1989). Porphyry mineralisation in the Baguio district is associated with the second period of 

magmatism and the intrusion of the Black Mountain Porphyry (Balce et al .• 1980; Pen,a. 1994). 

Two diorite samples from this unit were radiometrically dated.at 5.9 Ma and 3.8 Ma using the 

KlArmethyd(pena. 1994). Alteration wit~in the Black Mountain Porphyry returned KtAr ages 

of 5.6 Ma to 3.6 Ma (Wolfe. 1988). One of the worlds largest low sulphidation epithermal gold 

districts formed in the Baguio region during the Pleistocene (Wolfe. 1988). 
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SUMMARY 

The oldest rock units exposed in northern Luzon are tectonically juxtaposed metamorphics and 

Middle to Late Cretaceous ophilolites. They form the basement to the voleanics of the Caraballo 

Mountains and Northern Sierra Madre, and crop out in a belt that extends along the east coast of 

Luzon (Ringenbach, 1992; Billedo, 1994). The schists and ultramafics were tectonically 

amalgamated and metamorphosed at some time between the Late Cretaceous and the Early 

Eocene (Karig, 1983; Ringenbach, 1992). 

During the Eocene, a voleanic arc formed above the structurally complex basement in northern 

Luzon (Figure 2.4). Primitive island arc basaltic to andesitic submarine voleanics o~ the Eocene 

Caraballo Formation were deposited synchronously with pelagic sediments deposited in 

adjacent basins (MMAJ, 1977; Ringenbach, 1992; Billedo, 1994). The Cretaceous (?) to Eocene 

voleaniclastics and lavas of the Pugo Formation in the Central Cordillera may be a distal facies 

of this arc (Sajona et aI., 1999). The Eocene volcanic pile, referred to as the 'Sierra Madre Arc' 

by Florendo (1994), was intruded by the Eocene (49-43 Ma) tonalite of the Coastal Batholith. 

The tonalite'may be part of the batholith that sourced the Caraballo Formation (Lewis & Hayes, 

1983). The termination of magmatic activity in the Late Eocene was marked by regional 

greenschist facies metamorphism and folding around NNW fold axes. 

Oligocene batholiths intruded parallel to the axis of the 'Sierra Madre Arc', with magmatism 

propagating northwards with time (Sajona et al., 1999). The diorites, tonalites and gabbros of 

the Dupax (33-23 Ma) and Northern Sierra Madre (32-22 Ma) batholiths and the northern 

dioritic mass of the Coastal Batholith (32-27 Ma) have island arc tholeiitic to calc-alkaline 

compositions, in contrast to the earlier (pre 30 Ma) primitive island arc magmatism (Sajona et 

al., 1999), while the Oligocene to Early Miocene quartz diorites of the Central Cordillera (32-17 

Ma) have primitive island arc, island arc tholeiite and calc alkaline compositions (Sajona et aI., 

1999). 

There is a similar magmatic history for pre-Miocene units in the Southern Sierra Madre, 

Northern Sierra Madre, Central Cordillera and Caraballo Mountains. It is possible that the 

volcanics and batholiths were components of an Eocene to Oligocene arc that was 'separated by 

rifting along the Cagayan Valley Basin in the Late Oligocene to Late Miocene (Florendo, 1994) . 

. The Eocene to Early Miocene magmatism is generally attributed to westward-subduction along 

the East Luzon Trough (Karig, 1983; Figures 2.1 & 2.4). Evidence for subduction off the east 

coast of Luzon at this time include the presence of a fossil subduction complex off the eastern 

coast of North Luzon (Lewis & Hayes, 1983), the presence of an ophilolite complex (the 

Isabella ophiolite) that was emplaced into the eastern flank of the North Luzon Terrain in the 

Late Oligocene or Early Miocene (Lewis & Hayes, 1983; MMAJ, 1990; Florendo, 1994; Sajona 

et aI., 1999), and the apparent lack of oceanic crust to the west of Luzon until the Late 

Oligocene (Wolfe, 1988, Rangin, 1991). 

As tholeiitic and cale-alkaline magrnatism waned in the Late Ordovician, the shallow marine to 

subaerial subalkaline and alkaline volcanics of the Mamparang Formation were deposited on 
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the eroded surface of the folded. greenschist metamorp~osed Caraballo Formation in the 

Caraballo and Northern Sierra Madre ranges. This marked the onset of alkaline magmatism in 

the location of the future Cagayan Valley Basin. 

Undersaturated alkaline to potassic magmatism developed at the end of the Oligocene in 

. association with the commencement of rifting along the Cagayan Valley Basin (Knittle. 1987). 

Extrusion of the potassic lavas of the Upper Mamparang Formation and the intrusion of alkaline 

intrusive centres occurred along the rifted western margin of the Cagayan Valley Basin. The 

alkaline intrusives were emplaced at 25-23 Ma, contemporaneous with the youngest diorites in 

the Caraballo Mountains and Northern Sierra Madre ranges. At this time. two contemporaneous 

magmatic suites were being emplaced into Northern Luzon: a waning arc-tholeiitic:ca1c alkaline 

suite (the Dupax and Northern Sierra Madre Batholiths) and the alkaline to potassic suite at the 

tip of the Cagayan Rift Valley (Figure 2.4). Despite the compositional differences. radiogenic 

isotope data suggests that both suites shared a similar mantle source (Knittel & Defant. 1988). 

Unlike the coeval tholeiitic-calc alkaline magmatic suite. each of three main alkaline intrusive 

centres in northern Luzon hosts economic mineralisation. The Cordon Syenite Complex hosts 

the Marian Cu-Au porphyry and epith~rmal Au-Ag-Pb-Zn vein systems. The Palali Batholith 

hosts the Runruno epithermal gold system. and the Didipio Igneous Complex hosts the Dinkidi 

Cu-Au Porphyry deposit. 

Gentle folding around NNW-trending fold axes occurred prior to the deposition of the Late 

Oligocene to Early Miocene Santa Fe and Columbus Limestones. The Late Oligocene sea level 

rise (the Binangoan Inundation. Vail et al .• 1977) resulted in widespread deposition of shallow 

water coralline limestones throughout the Northern Sierra Madre. the Central Cordillera. the 

Mamparang and Camballo Mountains and the base of the Cagayan Valley Basin. On the basis of 

overlapping palaeontological and radiometric ages the limestones may have been partially 

coeval with the deposition of the Cordon Vo1canics and the initial rifting of the Cagayan Valley 

Basin. This rifting is coeval with the rifting of the Eurasian margin (Figure 2.1). which is 

considered to have formed the South China and Sulu Seas in the Late Oligocene (Wolfe. 1988. 

Rangin. 199 I). 

The final period of magrnatism in the Mamparang Mountains is marked by the extrusion of the 

alkaline Palali Formation volcanics at 17 Ma. The reported occurrence of welded 'tuffs' and 

primary pyroclastic material suggests at least partial subaerial emplacement of the Palali 

Formation. These units were subsequently overlain by ?Middle Miocene Limestone. In the 

Northern Sierra Madre Range the youngest magmatic unit known is a 20 Ma shoshonitic dyke 

that has intruded the Isabella Ophiolite. The waning of rnagmatism throughout northern Luzon 

in the Early Miocene is attributed to the termination of subduction along the East Luzon Trough 

(Knittle & Defant. 1988; Wolfe. 1988). Subduction may have been halted by the collision·ofthe 

Benham Rise Seamounts into the East Luzon Trench in the late Oligocene to Early Miocene 

(Lewis & Hayes. 1983). contemporaneous with the emplacement of the Isabella Ophiolite 

(Figure 2.4). Since this time. the Northern Luzon Terrain has been coupled to the Philippine Sea 
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Plate. This collisional event may have been responsible for the weak folding of the Mamparang 

Formation that occurred prior to the deposition of the Santa Fe Limestone. 

No Middle to Late Miocene sediments are preserved in the Caraballo or Northern Sierra Madre 

ranges, however sediment deposition continued in the Cagayan Valley Basin from the late 

Oligocene to the Quaternary: The Cagayan Valley Basin fill is at least 7 km deep (Caagusan, 

1977), with the sediments progressing from marine in the Middle Miocene, through marine

brackish (Miocene-Pliocene) to alluvial facies in the Upper Pliocene-Pleistocene (Billedo, 

1994). The sea is thought to have retreated from the Cagayan Valley Basin in the late 

Pleistocene (Ringenbach, 1992). Slumping of sediments along the western flank of the valley 

and the eastward migration of the depocentre since the Middle Miocerie are considered to relate 

to the rapid uplift of the Central Cordillera Range from·Middle Miocene times (Christian, 1964; 

Caagusan, 1977). 

Early Tertiary magmatism in the Central Cordillera is contemporaneous with magmatism in the 

Caraballo Mountains and Northern Sierra Madre, continuing throughout the Oligocene and 

terminating in the Early Miocene at -17Ma (Maleterre, 1989). However, unlike the magmatism 

in the ranges to the east, magmatism in the Central Cordillera resumed in the Middle Miocene 

following a -5 My hiatus. Magmatic activity was restricted to the axis of the Central Cordillera 

and was contemporaneous with the rapid uplift of the mountain range. Central Cordilleran 

magmatism continued intermittently until Quaternary times, ranging from tholeiitic to calc

alkaline compositions (Sajona et aI., 1999). This second period of Central C·ordilleran 

magmatism is geochemically distinct from the Oligocene to Middle Miocene period, suggesting 

a different source to the magmas ·(Maleterre, 1989). It is associated with the formation of the 

Central Cordilleran metallogenic province, with emplacement of calc-alkaline porphyry Cu-Au 

and related high and low sulphidation epithermal and skarn deposits along the cordillera. This 

post Early-Miocene magmatism can be attributed to eastward-directed subduction along the 

Manila trench (Karig 1983, Lewis & Hayes 1983, Wolfe 1988, Maleterrel989; Figure 2.1 & 2.4), 

with subduction considered to have commenced at -25 Ma (Lewis & Hayes, 1983; Wolfe, 1988). 

The rifting of the Eurasian margin in the Late Oligocene may have been a response to the oblique 

collision of the Philippine Mobile Belt along the margin of Eurasia, with continued northern 

movement of the western margin of northern Luzon against Eurasia leading to the development of 

rift basins in the thinned continental margin and the formation of rifting in the centre of the north . . 
Luzon block. Following the coupling of the Philippine Sea Plate and the North Luzon Terrain in the 

late Oligocene, continued movement of the Philippine Sea Plate set up a compression regime in 

northern Luzon. This westward-directed compression prevented further rifling of the Cagayan 

Valley Basin and may have initiated subduction along the Manila Trench, converting the shear zones 

that separated the rifting margin of Eurasia and the northward moving North Luzon Terrain into a 

subduction zone. Any further northward movement of the mobile belt was taken up by the 

Philippine Fault, which first developed in the Middle Miocene and continues toaccommodate 

oblique convergence today (Fitch,.1972; Ringenbach, 1992). 
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This chapter describes the geology of the Didipio region, with the aim of determining the 

volcanic and intrusive history that led to the development of the Dinkidi porphyry deposit. This. 

study has provided the first detailed geological map of the Didipio region (Figure 3.1), which 

was derived from 10 weeks of mapping in 1995. The main geological feature of the Didipio 

region is the Didipio Igneous Complex. This igneous complex has intruded the andesitic 

volcanics of the Mamparang Formation and the trachytic volcanics of the Upper Mamparang . 

Formation (Figure 3.1). The Didipio Igneous Complex consists of 4 main intrusions: an early 

diorite to monzodiorite pluton; a weakly mineralised monzonite pluton (the 'Surong 

Monzonite'); a strongly mineralised composite monzonite-syenite stock (the 'Dinkidi Stock; . 

located at the southern margin of the Surong Monzonite), and late-stage andesite dykes ana 

sills. The Dinkidi Stock hosts the Dinkidi Cu-Au deposit and is described in detail in Chapter 5. 

VOLCANIC UNITS 

The Mamparang Formation consists of an andesitic sequence that crops out in the southeastern 

. corner of the map area (Figure 3.1). The overlying trachytic sequence (Upper Mamparang 

Formation) crops out on the eastern, northern and western edges of the map area (Figure 3.1). 

Both the andesitic and trachytic sequences have a similar stratigraphic thickness of at least 400 

meters each. Figure 3.2 provides a simplified strati graphic log through the volcanic package. 

Mamparang Formation 

Andesite lavas 

The andesites of the Mamparang Formation occur as 5 to 30 meter thick flows that range in 

composition from dark grey clinopyroxene-phyric andesites to less common light grey 

trachyandesites (plate 3.1A). They are separated by coarse volcaniclastic deposits. Individual 

andesite flows tend to be texturally inhomogeneous, with holocrystalline cores and glassy, 

porphyritic margins. The rubbly, commonly autobrecciated margins of the flows typically grade 

up into a monomict 'jigsaw fit' breccia and then into the overlying volcaniclastic breccias. The 

crystalline andesite and trachyandesite lavas in the Didipio region weather to pale green 

granular regolith whereas more glassy lavas invariably weather to a gritty reddish brown 

regolith that resembles a massive, fme-grained plagioclase-rich arkose, but with abundant small 

cream-coloured amygdales still distinguishable. Rare xenoliths include olivine-bearing gabbros, 

which are petrologically distinct from clinopyroxene-gabbros of the Didipio Igneous Complex, 

and small fragments of schist that are assumed to be sourced from a basement formation 

comparable to the Lubingan and Santa Fe Schists (Chapter 2). 
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Figure 3.2: Simpified stratigraphic sections through the Mamparang and Upper Mamparang Formations. Insert shows location 
of the sections on the map (Figure 3.1). Vertical dimensions are only approximate. The sequence is devided into the Upper 
Maparang Formation and Upper Mamparang Formation based on the apperance of either trachyte lavas or trachyte c1asts in 
volcaniclastic brecias in the Upper Mamparang Formation. The basal and distal volcahicaniclastic breccias of the Upper 
Marnparang Formation are dominated,by andesite clasts sourced from the pre-existing volcanic pile. 
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Schematic cross-sections through the 
Didipio Igneous Complex 
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Figure 3.3: Simplified cross section through the Didipio Igneous Complex. cc msert for location of sec lions 
on main map (Figure J. J). Individual phases within Ihe composite Sur'Ong Monzonite are nol shown. The cwnmulate 
gabbros are assumed to form thick lenses or beds withIn the dionlc intrusion. These cross-seclions are based on 
surface mapping and regional drillcore logging. 

The tine to medium-grained ande ite are mo !Iy weakly plagioclase-phyric, although 

uncommon coarsely cry tal-cro"ded ande ite are also present. The cores of individual andesite 

flows are darl-. blue-grey crysta ll ine andesite, and range from tine-grained eqlligranlllar to 

weakly plagiocla e-phyric, while the margins of the flows typicall} con ist of dark grey to black 

glassy plagioclase-phyric to rarely cry tal-crowded ande ite. The phenocryst include albite

rn-inned plagioclase (distinct from oscillatory-zoned plagioclase found in Didipio Igneous 

omplex phases) and unzoned clinopyroxene, both of which are typically fragmented (Plates 

3 I B & F). There are also uncommon c1inopyroxene glomerocrysts and rare, strongly 

iddingsite-altered olivine phenocrysts. In crystalline phase , these phenocry ts are set in a fine-
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Plate 3.1 Mamparang ormation: Andesites 

I 
trachyandesite (TA), vesicular glassy . (TAv) and andesite (A&) are hosted in matrix 

Plale 3. I B: Crystalline cpx-andesite: euhedral clinopyroxene and plagioclase phenocrysts are set in a fine-grained 
crystaline groundmass with abundant plagioclase microlites. XPL. ample 1420 
Plale 3_1 C: Partially glassy cpx-andesite: clinopyroxene (Cpx) and plagioclase (P) phenocrysts are hosted III a 
microlite-rich crystalline groundmass surrounded by glass-fi lled amygdales (G). PPL. Sample 44 .3 
Plate 3_ 1 D : Glassy vesicular andesite: plagioclase and clinopyroxene phenocrysts are hosted within a glassy 
reddish brown groundmass with irregular arnygdales that are rimmed by glass with the cores filled by zeolite (l). 
PPL. Sample 9.28 

Plait 3. 1 E: Highly vesicular glassy trachyandesite. Extremely clay-altered plagioclase phenocrysts are hosted in a 
glassy vesicu lar ground mass that has been extensively chlorite altered. Vesicles are filled by aggregate of ch lorite 
and chlorite-altered glass. PPL. Sample 28.3 

Plale 3. 1 F: Crystalline andesite: clinopyroxene and plagioclase phenocrysts are hosted in a fine-grained ground
mass with abundant plagioclase microlites. Many plagioclase crystals in Ule andesites are fragmented or broken 
Closeup of sample in Plate 8 
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grained crystalline to partially glassy groundmass. The groundmass contains abundant flow 

aligned plagioclase microlites, interstitial glass, accessory magnetite, rare apatite and common 

vesicles or calcite-zeolite-epidote filled amygdales (Plates 3.IB & C). In more glassy units, the 

phenocryst phases are set in a glassy vesicular groundmass with abundant flow aligned 

plagioclase microlites, vesicles and small glass, carbonate, epidote and chlorite (after glass) 

filled amygdales (Plate 3.ID). These amygdales and vesicles typically comprise -10-20% ofa 

glassy lava and are typically elongate, or, in crystal crowded units, blocky. Glassy fine-grained 

andesites are uncommonly flow banded. 

Light-pinkish grey to dark grey trachyandesites are less common than the andesites, and are 

always more deeply weathered. They are typically crystal crowded with medium- to coarse

grained plagioclase phenocrysts set in a partially to fully glassy groundmass (plate 3.1E). 

Vesicles in the glassy units can comprise up to 60% of the rock volume and are typically filled 

by calcite, chlorite (after glass) or epidote. 

The andesites and trachyandesites have been altered to a carbonate-c1ay-sericite assemblage. 

Typically, there has been strong calcite, illite or sericite replacement of plagioclase cores and 

clay-carbonate replacement of the groundmass. Clinopyroxene phenocrysts have undergone 

selectively pervasive biotite and epidote-chlorite alteration in many samples, especially where 

the unit is adjacent to the contact with the Didipio Igneous Complex. Glassy groundmasses have 

been altered to chlorite, calcite, zeolite, epidote or quartz, which have in turn been weathered to 

c1ay±hematite-rutile-spinel. Carbonate-glass filled vesicles have been replaced by zeolite, 

chlorite or epidote. 

Volcaniclastic breccias 

3 to 20 meter thick beds or lenses of volcaniclastic breccia are interbedded with the andesite 

lavas. The breccias range from pale greenish-grey pebbly arkoses to boulder beds with c1asts " 

several meters wide". Individual units are typically between 2 and 8 meters thick. The thinner 

beds have lensoidal to lobate morphologies. Grading is weak to absent in the poorly-sorted 

matrix-supported breccias (plate 3.2B). The top of the breccia lenses, which are rarely 

" preserved, grade into a dark grey to pale green volcaniclastic arenite to arkose with common 

large fragments or pebbles (plate 3.2E). The angular to subangular breccia c1asts range in size 

from 0.5 to 150 cm (typically 3 to 15 cm). The breccias are polymictic, containing a range of" 

coherent fragments, including: 

• Uncommon cream-coloured coarsely porphyritic dacite 

• Grey to reddish brown fine-grained to coarsely plagioclase-phyric or cry"stal--{;rowded 

andesite and trachyandesite (plates 3.2C & D) 
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PIal. 3.1 A: Matri.x-supporled volcaniclastic breccia within the Mamparang Fonnation: subangular andesite (A) and 
trachyandesite (TA) clasts are suppor1ed in a gritty arkose maoix. The folded mudstone in the lower hair of the photo (Mst) was 
probably only partly indurated when incorporated into the breccia. 
Plate 3.1 8 Weak grading ,,;min a Mamparang FOI1113tion volcanlClastic breccla The unit ranges from a basal coorse breccia at 
left in this river bed exposure to overlying pebbly arkose on the righl 
Plale 3.1 C: Photomicrograph ofMamparang Fonnation coorse volcaniclastic breccia: crystalline andesite c1ast (at left) is hosted 
within an immature arkose PPL. Sample F'>..3191 
Plale3.1 D XPL photomIcrograph of the sample in Plat C. Fresh c1inopyroxene fragments in the matrix and the 
compositional similarities between matrix and c1ast highlights the immaturity of the sediments. 
PllIle3.1 E.' Volcaniclastic arkose. Plagioclase fragment are supported within an aphanetic clay-altered cement. 
XPL. Sample F 13/91 

Plute 3.1 F: I-Iomblende-phyric andesite lava clast wiihin a volcananic breccia that overlies, but is indistinguishable from, the 
trachyte-lithic breccias of the Upper Mamparang Fonmation. 1= from the andesite porphyry suggest that at least some of the 
late stage andesite porphyry dykes vented and were incorparated into sedimenlS. PPL. Sample 44.5 
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o Highly vesicular glassy andesite to trachyandesite 

o Chilled, black, sparsely porphyritic glassy andesites, 

o Rare dark grey olivine-bearing basaltic andesites, 

o Rare siltstone and mudstone fragments (Plates 3.1 A &.. 3.2A). 

The andesite clasts are identical to the surrounding lavas, The presence of fresh angular 

clinopyroxene fragments in the matrix, and the textural similarity between the matrix and the 

andesite clasts that they support (eg Plate 3.2D), indicates that very little transport has occurred 

for these immature clastics. The clasts are supported within a dark grey to pale green gritty 

greywacke to volcaniclastic arkose, typically clay-altered, that contains abundant angular 

andesite, plagioclase and clinopyroxene fragments (Plate 3.2C &.. D). 

Volcaniclastic sandstones 

Overlying and interbedded with the coarse vo1caniclastic breccias are 10 cm to 2 meter thick 

beds of massive to diffusely bedded volcaniclastic arkose. These dark grey (fresh) to dull green 

(when weathered) arkoses are typically moderately sorted and fine- to medium-grained. They 

locally include well-sorted lenses of granule-sized gravels to coarse arkoses. The arkoses 

consist of broken plagioclase crystals, detrital magnetite and rare clinopyroxene set in a clay

altered silt or mud matrix (Plate 3.2E). The andesite clasts are monomictic, and are identical to 

the underlying coherent andesite. In many locations sedimentary rocks have been sericite-clay

carbonate altered, and close to the Didipio Igneous Complex they are typically recrystallised to 

a crystalline equigranular homfels with patchy to strongly developed epidote alteration. 

Upper Mamparang Formation 

The Mamparang Formation andesites are overlain by a sequence of pale-coloured, coarsely 

porphyritic trachytes and related trachytic volcaniclastic rocks (Plate 3.3A). The trachytes crop 

out on the eastern, northern and western flanks of the Didipio Igneous Complex and, occupy the 

topographic highs of the Didipio region. All observed contacts between the trachytes and the 

main body of the Didipio Igueous Complex are faulted. Timing relationships can be determined 

from: 1) rare cross-cutting dykes of diorite in the trachytic volcanics; 2) widespread biotite 

alteration and 3) metamorphism of trachyte- and andesite-bearing volcanidastic breccias close 

to the contact with the igneous complex and 4) the presence of trachyte clasts in a monzodiorite 

igneous breccia. All of these features indicate that the trachytes were emplaced prior to the 

intrusive complex. Although the contact with the underlying andesitic volcanics of the 

Mamparang Formation has not 'been observed directly, it appears to be conformable. The 

abundance of trachyte dasts increases upwards in the basal, andesite-dominated 

volcaniClastic units of the Upper Mamparang Formation, and both packages have similar 
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little displacement Oones, 1985). Faults at E26, typically showing minor displacements, 

trend preferentially towards the northwest (Harris, 1997). At E48, the host sequence is 

stmcturally intact and late-stage faults show only minor displacements, with one 

exception. The post-mineralisation, low angle Altona Fault has truncated the top of the 

ore body at depths of -lOOm below surface (Wolfe, 1994; this study). 

An oriented core analysis conducted by Harris (1997) demonstrated that the stockwork 

and sheeted veins associated with the main stages of mineralisation at all four of t1je 

Endeavour deposits have a preferred orientation of -140 _170°, which was show~ to 

indicate dilation in the direction of -10 - 265°. The implication of similar preferred vein 

orientations for the four deposits was interpreted by Harris (1997) to indicate a regional 

structural control on vein emplacement (cf.Jones, 1985) . 

• 

3.3 Intrusions of the Endeavour deposits 

3.3.1 Intrusion classification 

Sillitoe (2000) listed a number of criteria that alone, or in combination, should be 

satisfied before different intrusions can be distinguished from one another in porphyry 

environments. They are 1) truncation of veins in older phases at contacts with younger 

phases; 2) narrow «lcm) chilled margins in younger phases; 3) narrow «2cm) zones of 

flow-aligned phenocrysts in younger phases along contacts with older phases; 4) xenoliths 

of older phases and/or quartz vein material in younger phases within a few 10's of 

centimetres of the contact with older phases; 5) better textural preservation and lower vein 

density in younger phases and 6) abrupt decrease in metal grade in younger intrusions. 

Once different intrusions were established on the basis of these criteria at E22, E26, 

E27 and E48, they were described according to five textural characteristics as follows: 

1. phenocryst abundance (porphyritic rocks) - uncrowded (20 - 50%) or crowded (50 - 70%); 

2. nature of the ground mass - aphanitic, very fine-grained granular (microcrystalline with 

grains ranging in size from 20 - 50fUIl) or fine-grained granular (grains ranging in 

size from 50 - lOOfUIl); 

3. majic phenocrysts- total proportion «2 to -15%) ofbiotite, magnetite, augite and/or 

hornblende phenocrysts population; 
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bedding orientations. The trachytes and volcaniclastics are overlain to the east of the map 

area by an interbedded sequence of finely-bedded feldspathic siltstones and coarsely 

bedded trachyte-volcaniclastic pebbly arkoses. The Upper Mamparang Formation is 

strongly weathered and intensely altered to argillic alteration (local) and intermediate 

argillic alteration assemblages (widespread). This strong weathering and alteration has 

obscured contacts between individual trachyte flows. Where observed, the trachyte lavas 

are overlain and onlapped by, a thick sequence of poorly-sorted light-coloured trachytic 

. and andesitic matrix-supported volcaniclastic breccias (debris flows) and green-grey 

volcaniclastic arkoses. The trachytes are commonly interbedded with thinner 2· to 5 meter 

thick pale grey coarsely clinopyroxene-phyric trachyandesites. 

Trachyte and trachyandesites 

Trachytes crop out as 5 to 20 meter thick, light grey to cream coloured units that range 

from coarsely porphyritic to medium-grained crystal-crowded trachyte. The flow margins 

are typically autobrecciated, with fine-grained angular porphyritic trachytic·textured 

fragments supported in a coarse-grained porphyritic groundmass. The trachytes consist of 

approximately equal amounts of euhedral 5 to 15 mm long pinkish sanidine phenocrysts 

and subordinate 5 to 10 mm long cream coloured, typically carbonate altered, plagioclase 

phenocrysts, with uncommon clinopyroxene, biotite and amphibole phenocrysts that 

account for less than 10% of the phenocryst population (Plate 3.3A). The phenocrysts are 

set in a fine-grained groundmass that comprises up to 80% of individual flows. The 

groundmass consists of a mosaic of light grey to white euhedral secondary orthoclase and 

quartz with abundant sanidine microlites and rare domains ofrelic glass and accessory 
, 

rutile, zircon and sphene (Plate 3.2B). Rare devitrified spherulitic patches have replaced 

primary glass and probably formed by high temperature devitrification of an originally 

glassy groundmass. The replacement of a glassy groundmass by orthoclase and quartz is 

also typical of high temperature devitrification. Rare glassy trachytes (Plate 3.3C) are 

typically flow banded, and microlite-rich bands alternating with glassy bands. The 

phenocrysts are aligned parallel to the flow bands. The lavas can be classified as 

trachyandesites based on phenocryst populations or as trachytes if the partially secondary 

glass-orthoclase.quartz ground mass is also taken into account. Whole-rock geochemical 

analyses are consistent with the classification as trachytes (Chapter 5). 

Unlike the underlying Mamparang Formation andesites, many of the andesites and 

trachyandesites interbedded with the trachytes of the Upper Mamparang Formation are 

clinopyroxene-phyric· (Plate 3.3E & F). Large oscillatory-zoned clinopyroxenes, together 

with plagioclase, sanidine, hornblende and biotite phenocrysts occur in an aphanitic 

32 



LOCAL GEOLOGY 

crystalline groundmass ",ith l!bundant plagioclase microlites. The clinopyroxenes are 

texturally distinct from the unzoned clinopyroxenes that occur in the underlying 

Mamparang Formation andesites (Plate 3.IB). The plagioclase phenocrysts are 

characterised by fine oscillatory zoning, identical to that of phases in the Didipio Igneous 

Complex. 

Trachytic volcaniclastic breccias 

Pale-coloured coarse volcaniclastic' breccias are intercalated with the trachytes. The 

breccias consist of 5-10 meter thick beds that contain poorly-sorted angular trachyte, 

trachyandesite and andesite clasts (generally I to 20 cm diameter) 'supported in a fine

grained feldspathic, typically strongly clay-altered' and weathered matrix. At the base of 

the Upper Mamparang Formation the breccias are dominated by andesite clasts sourced 

from the pre-existing Mamparang Formation. The base of the 'Upper Mamparang 

Formation is defined by the appearance of trachyte clasts. 

The coarsely porphyritic trachyte clasts are texturally and composition ally identical to the 

surrounding trachyte lavas, consisting of large euhedral untwinned or simply twinned 

sanidine phenocrysts and albite-twinned plagioclase phenocrysts (locally rimmed by K

feldspar). No pumice or pyroclastic material has been observed within 'the volcaniclastic 

rocks. Within the clasts, feldspar phenocrysts are typically flow aligned and hosted in a 

granular mosaic of quartz-orthoclase with abundant flow aligned sanidine microlites. The 

quartz-orthoclase mosaic has replaced a glassy groundmass. The presence of strongly clay

sericite-carbonate altered chists within an unaltered feldspathic groundmass suggests that 

advanced argillic alteration of the trachyte lavas has occurred, at least in part, during 

emplacement of the lavas and breccias, and hence predates the intrusion of the Didipio 

Intrusive Complex. Intense selectively pervasive biotite alteration of the trachytes is 

considered to be a contact metamorphic product associated with the emplacement of the 

Didipio Igneous Complex. 

DIDIPIO IGNEOUS COMPLEX 

The Didipio Igneous Complex comprises an early dioritic series of clinopyroxenites, 

clinopyroxene-gabbros, clinopyroxene-diorites and clinopyroxene-monzodiorites that have 

been intruded regionally by a weakly-mineralised mUltiphase monzonite piu ton (the 

Surong Monzonite), and by a series of strongly mineralised monzonite stocks at Dinkidi 

(Figures 3.1 & 3.3). All of these units, and the surrounding volcanics, are cut by thin, 

pyrite-bearing andesite dykes. 
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Early dioritic units 

Clinopyroxenites and anorthosite 

Although no clinopyroxenites or anorthosites crop out in the Didipio region, or were intersected 

by drilling, all dioritic phases of the Didipio Igneous Complex contain common clinopyroxenite 

xenoliths, while diorite and monzodiorite phases contain rare anorthosite xenoliths. Also, the 

c1inopyroxenites consist of a medium to coarse grained equigranular anhedral to subhedral 

mosaic of pale green, weakly pleochroic c1inopyroxene with interstices filled by minor 

anorthite and magnetite. The alignment of subhedral c1inopyroxene crystals is interpreted to 

indicate a cumulate origin for the c1inopyroxenites, and it is likely that clinopyroxene 

fractionation was occurring within the diorites during their formation. The clinopyroxene is 

commonly biotite-magnetite and chlorite altered. 

Large, angular, cream-coloured anorthosite xenoliths are rare, and only occur in the diorite and 

monzodiorite phases. The anorthosite xenoliths consist of single large anorthite fragments (up to 

10 cm wide) or coarse-grained anhedral mosaics of albite-twinned anorthite with minor 

interstitial anhedral clinopyroxene and accessory magnetite. The anorthosite xenoliths have 

been albitised, sericitised and clay-carbonate altered, with the interstitial clinopyroxene altered 

to biotite and later chlorite. 

Clinopyroxene gabbro 

Black, fine- to medium-grained equigranular clinopyroxene-gabbro is exposed along the flanks 

of the Didipio Igneous Complex, apparently hosted within diorite units. All phases of the 

Didipio Igneous Complex contain xenoliths of medium- to coarse-grained clinopyroxene-gabbro 

(grainsizes of up to 1 cm; Plate 3.4A). The gabbros consist of a granular mosaic of anhedral to 

subhedrallight green weakly pleochroic c1inopyroxene and plagioc1ase with abundant magnetite 

(5-10%) andrare olivin~ (Plates 3.4B, C & D). Some gabbros have. a strongly developed fabric 

defined by elongate subhedral clinopyroxene and anhedral to subhedral plagioc\ase crystals 

(Plates 3.4C, E & F). Others have diffuse compositionallayering of clinopyroxene- and 

plagioclase-rich zones. The gabbros are strongly biotite-magnetite±orthoc1ase altered close to 

the contact with the neighbouring monzonites. 

The preferred orientation of the plagioclase and clinopyroxene, partial alignment of 

clinopyroxene, high magnetite content (up to 10%) and rare weak cOl}lpositionallayering are 

interpreted to indicate that most, if not all, of the gabbros formed as plagioc\ase-C\inopyroxene 

cumulates. The gabbros are interpreted, on the basis of a probable cumulate-origin, to have a 

bed-like morphology, occurring as pockets within the clinopyroxene-diorite host, as illustrated 

schematicallyin Figure 3.3. 
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Plate 3.4 

A 

Plole 3.4 A: Part ofa 20 cm wide coarse-grained cpx-gabbro xenolith hosted within a weakly plagioclase-phyric 
monzodiorite. Large elongate clinopyroxene phenocrysLS within the gabbro reach up to I cm in length and are 
supported by an interstitial mosaic of anorthite and magnetite. DDH 34/455 . 

Plole 3.4 B: Clinopyroxene-dominated cpx-gabbro. ubhedral mosaic of clinopyroxene and anorthite with acces
sory magnetite (Mag). Clinopyroxene in top left of photograph has been biotite-altered, then subsequently chlorite
altered. PPL. Sample G I. 

Plole 3.4 C: Anorthite-dominated cpx-gabbro. XPL. Sample 39/ 129 . 

Plale 3.4 D PPL photomicrograph of gabbro in Plate C. Like all gabbros in the Didipio Igenous Complex. this unit 
contains abundant magnetite. which can comprise up to 10 vol%. Such enrichment suggests a cumulate origin for 
the gabbros. 

Plale 3.4 E: Weak preferred orientation in a cpx-gabbro. Anorthite optical orientation and the elongation of both 
clinopyroxene and anorthite delineate a left to right originally horizontal fabric. XPL. Sample 39/ 129. 

Plale 3.4 F: Close up of of gabbro In plate E. Anorthite optical alignment and clinopyroxene orientation display a 
subhorizontal alignment. XPL. 
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Clinopyroxene diorite 

The intrusion with the most primitive non-cumulate composition within the Didipio Igneous 

Complex is a fine- to medium-grained (rarely coarse-grained) dark grey c1inopyroxene diorite 

(Plate 3.5A). This equigranular to weakly plagioclase-phyric diorite is the peripheral phase of 

the Didipio Igneous Complex (Figure 3.1). Dykes of medium-grained c1inopyroxene and 

plagioclase-phyric diorite porphyry, and fine- to medium-grained equigranular diorite, have 

crosscut the andesites and trachytes of the surrounding Mamparang Formation. Adjacent to the 

diorite, there has been widespread recrystallisation, thermal metamorphism and epidote-chlorite 

alteration of the surrounding volcanic pile. The diorite contains abundant dark green-grey 

coloured medium- to coarse-grained gabbro xenoliths, and rare medium- to coarse-grained 

c1inopyroxenite xenoliths. The fine-grained margins of the diorite are particularly xenolith-rich. 

The presence of uncommon diorite xenoliths indicates several phases of diorite intrusion or 

some degree of autobrecciation. The diorites weather from a dark blue-grey to a green-grey 

colour with small cream coloured plagioclase laths in a fine grained dull green groundmass. 

The diorites consist of a random' to weakly orientated framework of euhedral zoned plagioclase 

laths, rarely strongly aligned to crystal crowded. Interstices are filled by subhedral to euhedral 

pale green c1inopyroxene crystals (which can occur as glomercrysts), 'and accessory magnetite, 

orthoclase, apatite, biotite and rare olivine (Plates 3.5B, C, D, E & F). Individual diorite phases 

observed range in composition from clinopyroxene-gabrodiorites (olivine- and clinopyroxene

rich) to borderline c1inopyroxene-monzodiorite (biotite-, orthoclase- and apatite-rich). The 

Mamparang Formation adjacent to the diorites has been intruded by diorite porphyry dykes that 

range in width from 2 to 20 meters. These diorite porphyry dykes are plagioclase- and 

c1inopyroxene-phyric. The phenocrysts are set in a fine-grained groundmass that contains small 

carbonate-filled miarolitic cavities. Carbonate, sericite, zeolites and clay minerals have 

selectively replaced plagioclase cores throughout the diorites. Mafic minerals in the diorites are 

typically replaced by epidote and chlorite. 

Clinopyroxene-monzodiorite 

Fine- to medium-grained equigranular to plagioclase-phyric c1inopyroxene-monzodiorite (Plates 

3.4A, 3.5A & 3.6A) has the largest areal extent of any of the early dioritic intriIsives in the 

Didipio Intrusive Complex (Figure 3.1). The monzodiorite has intruded the gabbros and 

diorites, and is in turn cut by clinopyroxene-monzonite and andesite porphyry dykes. The 

margins of the monzodiorite plutons is xenolith-rich, containing abundant c1inopyroxene

diorite, c1inopyroxene-gabbro and rare clinopyroxenite xenoliths. Compositional and textural 

variations and the presence of rare monzodiorite xenoliths provide evidence that the 

monzodiorite pluton consists of several discrete phases. The most mafic phase, a borderline 
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Plale 3.5 A: Magnelite-biolile altered diorile intruded by a light pinkish grey monzodiorile. Sample 371302. 

Pit/le 3.5 8 : Inlerstilial subhedral clinopyroxene sel within a framework of weakly albitised plagioclase lalhs 
XPL. Sample 02 

PIt"e 3.5 C: Typical clinopyroxene-diorite wilh a weakly orienled framework of plagioclase laths that hosl 
subhedrallo euhedr.1 clinopyroxene phenocrysls. XPL. Sample DD I. 

Plale 3.5 D: PPL photomicrograph of Pia le . Like most diorites within the Oidipio Igenous omplex Ihe mafie 
sites of this sample has been weakly biotite-magnelite altered due to Ihe intnlsion oflhe urong Monzonite. 

Plale 3.5 E. Clinopyroxene in a weakly oriented framework of plagioclase lalhs with minor apatite (Ap). XPL. 
Sample 001 . 

Plale 3.5 F: Clinopyroxene diorit • . The diorile phases of the Oidipio Igneous Complex span the full eompostional 
range frolll gabbrodiorites to epx-Illonzodiorites. XPL. Sample 02. 
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dark grey diorite, consists of albite-twinned plagioclase crystals witb thin rims of orthoclase, 

interstitial clinopyroxene and rare olivine phenocrysts (Plates 3.6C, D & F). The most felsic 

monzodiorite has thick atolls of orthoclase that contain oscillatory zoned plagioclase prisms 

with interstitial clinopyroxene and primary biotite (Plates 3.6B & E). 

Petrographically, the main monzodiorite phase consists of euhedral plagioclase crystals, with 

albite twinning or oscillatory zones, typically enclosed by anhedral orthoclase grains (Plate 

3.6E). The monzodiorites are generally crystal-crowded, the feldspar crystals have a preferred 

orientation and have wrapped around subhedral to euhedral green-yellow clinopyroxene crystals 

and rare glomerocrysts. Interstitial spaces have been filled by accessory primary biotite, 

magnetite, apatite and rare relic olivine, which has strong iddingsite reaction rims. Plagioclase 

is typically albitised and/or clay-sericite-carbonate altered whereas mafic minerals have been 

affected by patchy, intense epidote-carbonate alteration. The monzodiorites have undergone 

intense K-metasomatisin adjacent to the Surong Monzonite, with selective replacement of mafic 

minerals by magnetite and biotite with accessory secondary orthoclase and fluid inclusion-rich 

apatite. 

Porphyritic monzodiorites have intruded the diorites and tbe Mamparang Formation (Plate 

3.6A). Monzodiorite porphyry dykes have a light grey colour and consist of strongly albitised 

flow-aligned twinned or zoned plagioclase phenocrysts, which typically have a thin rind of 

orthoclase. The groundmass consists of a fine-grained 'granular' mosaic of K-feldspar with 

abundant subhedral clinopyroxene, accessory magnetite and minor flow-aligned plagioclase 

microlites. The monzodiorite dykes have been strongly clay altered in most observed examples. 

Surong Monzonite 

Diorites and monzodiorites of tbe Didipio Igneous Complex have been intruded by a weakly 

mineralised monzonite pluton, tbe Surong Monzonite. The monzonite occupies the core of the 

igneous cOll)plex (Figure 3.1). Erosion has exposed the monzonite roof zone. The diorite contact 

is characterised by a widespread jigsaw-fit igneous groundmass breccia (tbe most common' 

breccia type in tbe Didipio region). Isolated rafts of diorite up to 200 meters long occur within 

tbe monzonite. The breccias are associated with a broad zone of intense biotite-magnetite 

alteration, with associated weak eu-Au mineralisation tbat extends at least 200 meters into the 

surrounding diorites. 

The Surong Monzonite is a composite pluton that contains several monzonite phases. Fine- to 

medium-grained equigranular clinopyroxene-monzonites are the most abundant. Individual 

clinopyroxene-monzonites can have fine-grained crystal-crowded margins, suggesting chilling, 

while others have gradational contacts, suggesting slow cooling. In tbe northern and soutbern 
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Plate 3.6 

A 

Plate 3.6A: A black fine-grained gabbro xenolitb (G) hosted within a plagioclase-phyric monzodiorite porphyry. 
The porphyritic monzodiorites are rich in xenoliths compared to the equigranular monzodiorites. DDDH49/393. 

Plate 3.6 B: Typical monzodiorite with oscillatory zoned plagiocJase, rimmed by orthoclase (0) with intersti
tial clinopyroAene and primary biotite (Bio). Clinopyroxenes are weakly biotite- (B2) and magnetite-altered. 
XPL. Sample MD I. 
Plate 3.6 C: Clinopyroxene-monzodiorite. This sample i less evolved than the sample illustrated in Plate B. Tbere 
is no oscillatory plagioclase or primary biotite and only minor interstitial orthoclase. XPL. ample MD 3 

Plate 3.6 D: PPL photomicrograph of sample in Plate C. Note deep red strongly pleochroic biotite (B2) and 
ma!,'Tletite alteration of former malic sites. ample MD 3. 

Plate 3.6 E: Oscillatory zoned plagioclase surrounded by a rim of orthoclase in a clinopyroxene-l11onzodiorite. 
Oscillatory zoning becomes 1110re complex in later phases of the Didipio Igneous Complex (compare to Plate 
3.7E or F). XPL. Sample D3 . 

Plate 3.6 F: Biotite-magnetite altered clinopyroxene-monzodiorite. XPL. Sample MD 3. 
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sections of the pluton, pale pinkish-red to orange red coloured crystal-crowded biotite

monzonites have intruded the clinopyroxene-monzonites. These are in turn cut by thin (30-500 

cm wide) late-stage weakly-mineralised quartz-monzonite and equigranular micromonzonite 

dykes. All monzonite phases contain angular gabbro and diorite xenoliths which are typically 

biotite-magnetite altered (Plate 3.7 A). Although the Surong Monzonite is a multiphase pluton, 

the small irregular surface expression of individual phases (due in part to only the roof of the 

pluton being exposed), deep weathering, lack of outcrop and structural complexity of the area 

has prevented individual phases being mapped in the field. Consequently, in both the map and 

cross-sections (Figures 3.1 & 3.2), the Surong Monzonite is treated as One composite pluton. 

The monzonites are characterised by distinct oscillatory-zoning of euhedral plagioclase crystals. 

These occur together with subhedral to euhedral clinopyroxene in a coarse-grained mosaic of 

primary anhedral orthoclase, with accessory apatite and magnetite. Primary biotite, minor 

quartz and sphene occur in the more evolved phases. Monzonite textures include (1) a crystal

crowded framework of oscillatory-zoned plagioclase, which has produced a mutually impinging 

or trachytic texture, with only minor interstitial orthoclase (Plates 3.7C & D), and (2) 

plagioclase in a mosaic of K-feldspar and rare perthite (Plate 3.7B). 

Diorites adjacent to the Surong Monzonite have been cut by fine- to medium-grained light grey 

to pinkish-orange plagioclase-phyric rnonzonite porphyry dykes that range in width from 1-2 cm 

to lO's of meters. The dykes contain euhedral to broken oscillatory and normal zoned 

plagioclase phenocrysts, and rare clinopyroxene phenocrysts. Both phenocryst phases typically 

occur as glomerocrysts, and in rare cases are rimmed by orthoclase (Plates 3.7E & F). The 

phenocrysts are set in fine-grained granular mosaic of anhedral orthoclase and euhedral 

clinopyroxene, with minor antiperthite replacement of plagioclase. In more evolved monzonites, 

such as the thin quartz monzonite dykes and the Dinkidi stock, plagioclase is partially to fully 

replaced by antiperthite. Equigranular micromonzonite dykes, and the chilled margins of more 

felsic phases of the Surong Monzonite, are leucocratic fine-grained and equigranular. These 

consist of a mesh of small plagioclase laths rimmed by K-feldspar with minor clinopyroxene 

and accessory magnetite, apatite and secondary biotite. 

The margin of the composite Surong Monzonite pluton has undergone intense orthoclase-biotite 

alteration. Secondary magnetite and biotite have selectively replaced primary mafic minerals. 

Epidote, chlorite and actinolite have selectively replaced primary clinopyroxene and secondary 

biotite in some areas. 
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Plale 3. 7 A: Biotite·.hered diorite xenoliths (right) hosted within. typical pinkish-grey equigranular urong 
ciinopyroxene-monzonite. These igneous-matr;'. breccias form a 20 to lOO m wide zone along the margins of the 
Surong Monzonite. SDDH 46/-226. 
PIOIe 3. 7 B: Typical clinopyroxene-monzonite. Euhedral oscillatory- and nonn.l-zoned plagioclase laths are hosted 
within a coarse-grained mosaic of orthoclase (0) with minor interstital clinopyroxene. XPL. Sample M9. 
Plale 3. 7 C: Clinopyroxene-monzonite/monzodiorite. Plagioclase laths are surrounded by interstitial orthoclase and 
uncommon clinopyroxene. Oscillatory zoning ofplagioclase is scarce in these less evolved samples. XPL. Sample M6. 
Plale 3. 7 D: PPL photomicrograph of sample in Plate C. Clinopyroxene at rar right has been strongly biotite 
and chlorite altered . 
Plale 3. 7 E: Fine oscillatory zoning in plagioclase from an evolved cpx-monzonite porphyry. Oscillatory zoning in 
plagioclases increases with the evolution of magma composition in the Didipio Igenous Complex. Plagioclase in this 
sample is rimmed by optically continuous orthoclase (0), and is hosted within a granular mosaic oforthoclase. Albitised 
plagioclase, clinopyroxene, minor magnetite and secondary biotite are also present. XPL. Sample M I 0 
Plale 3. 7 F: Monzonite porphyry: strongly oscillatory-zoned plagioclase phenocrysts are hosted within a granular orthoclase 
groundmass, with accessory clinopyroxene, biotite, apatite, and secondary biotite<h lorite. XPL. Sample M I O. 
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Dinkidi Stock 

The Dinkidi Cu-Au porphyry deposit is associated with a multiphase intrusive stock located at 

the southern margin of the Surong Monzonite (Figure 3.1). This multiphase stock consists of 

four phases, each of which has a distinct hydrothermal assemblage described in Chapter 6. The 

oldest phase of the Dinkidi stock is an elongate equigranular biotite monzonite stock named the 

'Tunja Monzonite' (Fig. 3.1 & 3.3). It has been intruded by a small thin clinopyroxene-syenite 

dyke (the 'Balut Dyke'), and late-stage monzosyenite porphyry (the 'Quan Porphyry') to 

crystal-crowded syenite (the 'Bufu Syenite'). These intrusives are petrologically distinct from 

the Surong Monzonite. These units are described in detail in Chapter 4. 

Andesite Dykes 

The final stage of magmatic activity in the Didipio Region produced dark green-grey 

hornblende-bearing andesite porphyry dykes (Plate 3.8A), which have cross-cut the Didipio 

Igneous Complex and the surrounding volcanic pile. The fine- to medium-grained dykes are 

generally 1-5 meters wide. Locally extensive andesite sills and uncommon irregular intrusive 

bodies up to 200 meters wide have also been observed that appear to be related to the late stage 

dykes. 

Petrographically, the dykes contain approximately equal amounts of euhedral, typically 0.1 to 

..' 0 mm long, weak to strongly oscillatory-zoned clinopyroxene, weakly-zoned hornblende, and 

albite-twinned plagioclase phenocrysts. These are hosted within an aphanitic holocrystalline 

ground mass that contains abundant fiow:aligned plagioclase micro lites, fragments of 

clinopyroxene and plagioclase, and rare miarolitic cavities (Plates 3.8B, C & D). Abundant 

magnetite (uncommonly pyrite) and minor apatite are ubiquitous accessory minerals. 

Hornblende crystals locally have an acicular morphology, up to 2 mm wide and 15 mm long 

(Plates 3.8E & F). Many hornblendes crystals have nucleated onto, or partially replaced, 

clinopyroxene (Plate 3.8B), and are enclosed by the microlite-rich groundmass. This 

replacement is interpreted to have occurred as a late-stage magmatic event prior to quenching of 

the groundmass. Clinopyroxene and hornblende glo~ercrysts are common, and rare 

clinopyroxene-gabbro, clinopyroxenite, hornblendite, trachyte and monzodiorite xenoliths have 

been observed. The fine-grained groundmass contains rare miarolitic cavities and abundant 

microlites, and is identical to that of andesite lavas, suggesting shallow subsurface 

emplacement. 

STRUCTURE 

The bedded volcaniclastic units that crop out in the Didipio region have shallow dips, with no 

preferred strike. These may be primary depositional dips, tilt blocks associated with the faults or 
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Plate 3.8 

A 

Plale 3.8 A: Typical andesite porphyry dyke: dark grey hornblende and clinopyroxene phenocrysts set in a dark 
grey line-grained groundmass. These unaltered dykes cut argillic altered trachytes, indicating that the dykes, which 
are co-magmatic wilh the Didipio Igneous Complex, post-dale argillic alteration . 
Plale 3.8 B: Andesile dyke: Plagioclase, clinopyroxene and hornblende (H) phenocrysts hosted in an aphanitic. 
plagioclase microlite-rich groundmass. The hornblende has nucleated onto, and partially replaced, clinopyroxene. 
Plagioclase microliles are wrapped around each phenocryst. XPL. Close up of sample in Plate C. 

Plale 3.8 Cc Andesite porphyry dyke with hornblende (top right). clinopyroxene and plagioclase phenocrysts set in 
a line-grained crystalline grouncImass. XPL. Sample AP3. 

Plau 3.8 D. PPL photomicrograph of sample in plate C. 

Plale 3.8 £: Acicular hornblende laths in a porphyritic andesite sill Hornblende cryslals are up to I cm in length, 
and are hosted in a crystalline aphanitic groundmass with abundant clinopyroxene and plagioclase fragments . XPL. 
Sample 44.9. 

Plale 3.8 F PPL photomicrograph of sample in plate E. Note partially glassy miarolitic (M) cavity just to the right 
of the large hornblende phenocryst. 

43 



LOCAL GEOLOGY 

products of open folding. Shallow dips are characteristic of the Mamparang Formation 

andesites, whereas the underlying andesites of the Eocene Caraballo Formation have steep dips 

as a result of strong open folding (MMAJ, 1977; Billedo, 1994). No cleavage has been observed 

in any units of the map area. 

The Didipio Igneous Complex and surrounding volcanics have been affected by at least three 

generations of faulting. Based on observed field relationships, an early period of NW-trending 

normal faulting, a second period of west-trending sinistral strike-slip faulting and a final period 

of dextral N to NE strike slip faulting affected the area (Figure 3.1). 

Early NW-trending normal faults are parallel to the trend of the Cagayan Valley rift basin and 

appear to predate the Didipio Igneous Complex. The Palali-Didipio intrusions are elongated 

parallel to this trend (Figure 2.2). Syn-rnagmatic reactivation of these faults may have 

controlled the emplacement of the Surong Monzonite, because it displays a vague north-west 

orientation when the offsets of later faults has been removed. NW-trending faults should also 

appear to have controlled the emplacement of the NW-trending Dinkidi Stock. The 

crystallisation of the Surong Monzonite pluton may have 'plugged' this feeder structure, forCing 

the Dinkidi Stock to be emplaced on its margin. 

All intrusive phases of the Didipio Igneous Complex have been disrupted by west-trending 

sinistral strike-slip faults. The F2 faults are cut by late stage north- to later northeast-trending 

dextral strike-slip faults at Didipio (F3 faults) that are found throughout the region. The Didipio 

Valley Fault isa late stage F3 northeast trending dextral fault with a displacement of at least 700 

meters (Figure 3.1). It has displaced the northern section of the Dinkidi deposit 700 meters to 

the east. The northern section of Dinkidi is known as the True Blue prospect (Figure 3.1). The 

shear zone that connects the Dinkidi and True Blue mineralisation is a 50-100 wide zone of 

fault-bound blocks, with minor brecciation, weak clay alteration and abundant en-echelon 

zeolite-carbonate veins. Individual late stage strike-slip faults occur as 1-10 meter wide 

cataclastites infilled by rock flour (commonly clay altered) and abundant pyrite which locally 

has filled small 1-2 m wide fault zones. No major fault zone in the area is known to host 

significant mineralisation, although several of the 'high-sulphidation' (pyrite-quartz) epithermal 

prospects in the Didipio region have been controlled by west-trending F2 and north-east 

trending F3 structures. 

All of the intrusives in the Didipio region are strongly jointed. Ignoring shallow angle 

exfoliation joints, most of the subvertical joint sets'in the Didipio Igneous Complex are aligned 

parallel to, and are found only in the vicinity of, the major F2 and F3 fault sets. The steeply 

dipping quartz-stockwork vein sets exposed on Dinkidi Ridge display two weakly preferred 

orientations: (1) NNW, parallel to the Dinkidi stock and to the early normal faults, and (2) a less 
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well developed ENE-trending set: There is no obvious relationship between the joint sets in the 

neighbouring units and the orientation of the Dinkidi vein sets. 

Environment of Deposition 

The volcanic facies of the Mamparang formation in the Didipio region consists of alternating 

andesitic lavas and volcaniclastic breccias. Non-volcanic clastic or carbonate rocks have not 

been observed. Background sedimentation, rarely preserved on the top of the breccia beds, 

consists of volcaniclastic arkose. The immaturity of the breccias, indicated by the large, angular 

c1asts and the close compositional and textural similarity between the breccia matrix and the 

andesite c1asts that they support (eg Plate 3.2D), is iriterpreted to mdicate local derivation. The 

matrix supported clasts, very rare grading and lack of stratification in these volcanic1astic 

breccias are characteristic of debris flows, such as the lahars found on the flanks of many 

stratovolcanoes (Cas & Wright 1988, McPhie et al., 1993). A subaerial setting is suggested by 

the lack of background sedimentation and of any quenched textures on the lava surfaces (eg 

pillows, hydroclastite or peperite). The andesite lavas and volcaniclastic breccias of the 

Mamparang Formation, in the Didipio region, are identical to the proximal interbedded 

volcanic1astic breccia-lava flow facies found in most andesitic strat"ovolcanios (Cas & Wright, 

1988). The abundance of lavas, relative to breccias, suggests that the Mamparang Formation in 

the Didipio Region was close to a 'volcanic vent. The proximal facies of most stratovolcanoes 

are typically intruded by abundant dykes, and are flanked by various types of pyroc1astic and 

epic1astic rocks (Cas & Wright, 1988), suggesting that a similar distal assemblage may be 

preserved in the region. As individual stratovo1canoes rarely have basal diameters in excess of 

50 km (Pike & Clow,1981),the extent of the Mamparang Formation (at least 60 by 40 Km, 

. with the northern border covered by Miocene sediments; Figure 2.2) suggests that the formation 

was sourced from a series of andesitic volcanic edifices, that ranged from Didipio in the south 

to at least Cordon in the north, along the western edge of the Cagayan Valley Basin. 

, 

Stratovolcanoes typically display major lithological and compositional changes in their vertical 

succession (Cas & Wright 1988), and many andesitic stratovolcanoes contain interbedded dacite 

to rhyodacite flows, commonly as late stage products (eg Santorini: Picliler & Kussmaul, 1980; 

Druitt & Sparks, 1982). However the trachytic magmatism of the Upper Mamparang Formation 

extends northward for over 60 km to Palali and 'Cordon, uniformly overlying the andesites of 

the Mamparang Formation. Due to its large regional extent, the Upper Mamparang Formation is 

interpreted to have formed from a separate volcanic event, above the andesitic volcanic pile, and 

erupted from multiple vents parallel to the Cagayan Valley Basin. Such felsic lavas are 

typically associated with pyroc1astic eruptions (Cas & Wright, 1988), and the Upper 

Mamparang Formation in the Palali region (30km to the northwest; Figure 2.2) consists 
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predominantly of ignimbrite (Albrecht and Knittel, 1990). However, in the Didipio region the 

abundance of trachyte lavas and the lack of pyrocIastic material (eg pumice) in the interbedded 

volcanicIastic breccias suggest a proximal setting at an effusive volcanic centre. 

The estimated late Oligocene age of the Mamparang Formation (Billedo 1994), and the 25 to 23 . 

Ma radiometric age determinations for the Cordon Syenite Complex and Palali Batholith 

(Knittel, 1983; Albrecht & Knittel, 1990) and 23.2±O.6 Ma for biotite alteration at Dinkidi 

(Climax-Arimco pers comm., 1998), are coeval with the palaeontological ages of regionally 

extensive shallow water late Oligocene to early Miocene limestone sequences (eg the Santa Fe 

and Columbus Formations of the Caballo Mountains; MMAJ 1977; the Ibulao Fom;ation of the 

Cagayan Valley Basin; Christian, 1964; Figure 2.3). This series of limestones were deposited 

both prior to, and after, formation of the Cagayan Valley Basin (MMAJ 1977; Billedo 1994). 

This suggests that the volcanic pile of the Mamparang and Upper Mamparang Formations were 

adjacent to, or emerged from, a shallow sea. 

Synthesis 

The geological history of the pidipio region is shown schematically in Figure 3.4. The 

interbedded andesites lavas and debris flows of the Mamparang Formation (Figure 3.4: I) in the 

Didipio region are interpreted to be the proximal facies of a terrestrial andesitic stratovolcano 

that formed in the Late Oligocene (MMAJ, 1977; BiJledo, 1994), and that may have been 

adjacent io a shallow sea (the Late-OJigocene to Early Miocene limestones of Christian, 1964, 

MMAJ, 1977 and Billedo, 1994). 

This andesitic volcanic pile provided the foundation for, and was covered by, the trachyte lavas 

and widespread trachytic volcaniclastics of the Upper Mamparang Formation (Figure 3.4: 2). 

Although only a stratigraphic thickness of only -400 meters is preserved in the Didipio region, 

this volcanic pile must have attained sufficient thickness (1.5-2 km?) to confine and host the 

Didipio Igneous Complex. The 25-23 Ma alkaline intrusives of the region (Albrecht & Knittel 

1990; Knittel 1987) are synchronous with the commencement of rifling along the Cagayan 

VaIJey Basin (Christian, 1964; Caagusan, 1977). 

The emplacement of the initial dioritic phases of the Didipio Igneous Complex into the 

Mamparang and Upper Mamparang Formations was associated with weak thermal 

metamorphism of the surrounding volcanics (Figure 3.4: 3) and the emplacement of diorite 

dikes throughout the surrounding volcanic units. The initial cIinopyroxene-diorite melt appears 

to have evolved, folJowing a series of intermediate intrusives, into a series of monzodiorites, 

possibly by fractionation of clinopyroxene and plagiocJase, as suggested by the presence of 

cumulate gabbros and cJinopyroxenites within the diorite pluton. 
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The diorites were intruded by the Snrong N!onzonite, a composite plnton composed of a series 

of clinopyroxene- to biotite-monzonites. Widespread igneons breccia and rafts of diorite and 

gabbro indicate that only the top of the plnton has been exposed, and that the plnton was 

emplaced, at least in part, by stoping of the diorites. The Surong Monzonite appears to have 

been ~mplaced at a greater relative depth than the diorites, because it has intruded the cumulate

rich base of the dioritic intrusives (Figure 3.4: 4). Economic porphyry Cu-Au mineralisation in 

the Didipio Region formed during the emplacement of the multiphase Dinkidi Stock (Figure 

3.4: 5). The stock consists of late-stage highly evolved syenite intrusions and is described in the 

following chapter. 

The common spatial and temporal association between a mineralised porphyry intrusion and a. 

surrounding, or overlying, co-magmatic volcanic pile led Sillitoe (1973) to suggest that 

porphyry deposits were emplaced as apophyses of late-stage melt sourced from high-level 

magma chambers underneath andesitic-dacitic stratovolcanoes. The volcanic facies and 

intrusive history of the Didipio region supports a subvolcanic emplacement of the Didipio 

Igneous Complex, and a paleodepth for porphyry mineralisation of 1.5-3 km is inferred because 

this is the average height of andesitic stratovolcanoes (Pike & Clow, 1981). Despite being 

emplaced into a shallow volcanic setting, the width of the diorite and monzoilite plutons within 

the Didipio Igneous Complex (estimated to be I - 1.5 km wide, after allowing for dilation by 

later intrusions) are considered to be too wide to be volcanic feeder dykes, and suggest 

emplacement at a relatively deep setting, possibly as a cupola above an underlying magma 

chamber. The proximal setting of the Mamparang and Upper Mamparang Formations in the 

Didipio region suggest that the intrusions of the Didipio Intrusive Complex may have utilised 

the same feeder structure as the surrounding volcanic units. 

The final period of magmatism in the Didipio region resulted in the intrusion of abundant 

andesite dykes (Fignre 3.4: 6). Late stage andesite porphyry dykes are a common feature of 

many Philippine porphyry systems (Sillitoe & Gappe, 1984). The emplacement of small 

quantities of rnafic to intermediate melt, following a period of prolonged felsic magmatism, is 

typically attributed to the reinjection of residual mafic melt that underplates the felsic melt 

within a stratified magma chamber (Whitney et a11988, Whiteney, 1989). 
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DEPOSIT GEOLOGY 

INTRODUCTION 

This chapter documents the geology of the Dinkidi deposit. The Dinkidi Cu-Au porphyry 

deposit is hosted within a composite monzonite stock. The intrusions of this stock are the last 

felsic intrusives of the Didipio Igneous Complex, and were emplaced at the southem margin of 

the Surong Monzonite (Figure 3.1). There are four main intrusions (Figure 4.1) that are, in order 

of emplacement: 

• The Tunja Monzonite, an equigranular monzonite stock (Plate 4.1B) 

• The Balut Dyke, a texturally variable clinopyroxene-syenite dyke (Plates 4.1C & D) 

• The Quan Porphyry, a monzonite to syenite porphyry stock (Plate 4.IE) 

• The Bufu Syenite, a leucocratic, crystal-crowded syenite body (Plate 4.1 F) 

The margins of the Bufu Syenite, which is typically gradational with the Quan Porphyry, hosts a 

zone of coarse-grained quartz and K-feldspar (the Bugoy 'pegmatite'; Plate 4.1F) that has been 

extensively brecciated, forming a quartz fragment breccia. Each of these intrusions has their 

own distinct hydrothermal assemblages, which are described in Chapter 6. The northern and 

southern ends of the Dinkidi stock have been truncated by shear zones (Figures 3.1 & 4.1) and 

the core of the stock has been brecciated extensively by late-stage faulting. The diorite and 

monzodiorite intrusions, which host the Dinkidi Stock (Figure 4.1; Plate 4.IA), were described 

in Chapter 3. 

METHOD 

The geology of Dinkidi was determined by detailed geological logging of 29 drill holes, 

totalling 9900 meters, in March-June 1996 and August-September 1998. Logging was 

complemented by the detailed mapping of Dinkidi Ridge and the immediate surrounds at a scale 

of I: 1000 in March-May 1995 (Figure 3.1). Drillhole examined as part of this study are listed in 

Appendix A. 

INTRUSIVE UNITS 

Thnja Monzonite 

The oldest and largest intrusion within the Dinkidi composite stock is the Tunja Monzonite. 

This monzonite hosts most of the mineralisation in the Dinkidi system. The Tunja Monzonite 

forms an elongated body 150 to 200 meters wide, 600 meters long and at least 800 meters deep. 

The stock cross-cuts, and contains xenoliths of, clinopyroxene-diorites and monzodiorites and a 

xenolith-rich monzodiorite breccia (Plate 4.IA; Figure 4.1). Small dykes of the Tunja 

Monzonite extend at least lOO metres laterally into the surrounding diorites and monzodiorites. 
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The northern and southern ends of the Tunja Monzonite have been truncated by east-trending 

faults (Figure 3.1). 

The Tunja Monzonite is a medium-grained white to pale pink-grey biotite-amphibole monzonite 

that is typically equigranular to weakly plagioclase-phyric (plate 4.1B). The monzonite has a 

crystal-crowded semi-orientated framework (Plate 4.2A & B) of subhedral strongly albitised 

plagioclase prisms (An 3-30), with relic oscillatory zoning. Plagioclase crystals are typically 

surrounded by a rind of K-feldspar (orthoclase or rarely perthite), and have in many cases been 

replaced by orthoclase, forming an irregular antiperthite rim. The plagioclase prisms are 

supported within a coarse mosaic of interstitial primary anhedral K-feldspar (orthoclase

perthite). Interstitial sites that once held primary biotite and amphibole (now typically chlorite 

or ca1cite-rutile) account for approximately 10% of the volume, with accessory apatite, 

magnetite and rare clinopyroxene. 

BalutDyke 

The Tunja Stock has been intruded by the Balut Dyke, a thin, texturally variable clinopyroxene

phyric syenite (Plate 4.IC & D). The Balut Dyke is approximately 10-30 meters wide and 

extends at least 600 meters vertically (Figure 4.1). Rare 10-20 cm wide dykes of the Balut Dyke 

cross-cut the Tunja Monzonite and the diorites on both flanks of the Dinkidi Stock. I first 

described the geology of the Balut Dyke in Kamenetsky et al. (1999), in combination witti the 

melt inclusion study of Balut Dyke clinopyroxene conducted by D. Kamenetsky. 

The Balut Dyke displays extreme textural variation over distances of only 1-2 meters. Three 

main textural styles are recognised: I) fine-grained equigranular; 2) layered (Plates 4.ID) and 

coarsely porphyritic (Plate 4.1 C). Drillcore intersections of the Balut Dyke display any or all of 

these textural styles, and/or associated hybrid textures. The Balut Dyke consists predominately 

of perthite and clinopyroxene (diopside) with accessory magnetite, sphene, apatite and 

plagioclase. The relative abundance of each mineral varies greatly between and within the three 

different textural domains. 

The equigranular domains of the Balut Dyke typically consist of euhedral 0.5 to 5 mm long 

euhedral clinopyroxene phenocrysts (plate 4.2C) that are hosted within a medium-grained 

mosaic of perthite, with accessory apatite, magnetite and sphene. The clinopyroxene is 

compositionally and optically identical to diopside found in hydrothermal veins associated with 

the Balut Dyke (described in Chapter 6). The euhedral nature of the clinopyroxene indicates 

that they crystallised before, rather than coeval with, the subhedral to anhedral perthite 

groundmass (plate 4.2C). The equigranular Balut Dyke is locally a leucocratic clinopyroxene

poor syenite, consisting of a mosaic of perthite with accessory plagioclase, magnetite, apatite 

and sphene., 

The coarsely porphyritic domains of the Balut Dyke consist of I to 30 cm long c1inopyroxene 

phenocrysts (diopside; Plate 4,1C), or 0.2 to I cm long plagioc1ase phenocrysts (plate 4.2D) that 

are set in a granular mosaic of perthite ± albitised plagioclase-apatite-magnetite and, rarely, 
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Plate 4. 1 A: Dark eq uigranular diorite (bottom) and grey xenoli th-rich monzodiorite porphyry (right), the two main 
country rocks that host the Dinkidi composite stock, are cross-cut by a small pale orange dyke ofTunja Monzonite 
(left). Monzonite dykes extend at least 200 m out from the main Dinkidi tock. Sample 34/272. 

Plate 4.18: Typical medium-grained equigranularTunja Monzonite. Dark malic sites are comprised ofbiolite and 
amphibole. This 150 wide and 600 long slock hosts most of the mineralisation al Dinkidi 

Plate 4.1 C: Coarsely-porphyrilic Balut Dyke. Clinopyroxene phenocryslS are up to 30 cm in length and are hosted 
in a K-feld par (penhite) matrix (see Plale 4.2E). Small porphyrilic zones are found I.hroughoutthe Balul Dyke. 
ample 53/805 . ample 3.6 cm wide. 

Plate 4.1 D Finely laminated Balul Dyke. Ocillalory layers are comprised of alternating clinopyroxene-apatile
magnetite and perthile-dominated layers (see Plale 4.3E). These vertical layers run parallel to the walls of the dyke, range 
from I mm to 1-2 cm in thickness and can be traced for al least 10 melers along strike. Layered zones in the Balut Dyke 
can be up to 10 melers thick and occur on the flanks of the dyke at its deepest exposures (below 2100 RL). ample 491 
647 Drillcore 4.7 cm wide. 

Plltte 4.1 £: The Quan Porphyry, a plagioclase- and K-feldspar-phyric monlOsyenile. The dark xcnolith is a flagmenl of 
the Balut Dyke. Plagioclase cores have been altered 10 clay and chlorite (green centres) while Ihe cream-colored perthite 
rims are unaltered. PhenocryslS are hosted in a perthite-<juanz groundmass. Location DDI-118/475m 

Plait 4.1 F: Typlcalleucocratic and vuggy Bufu Syenite. Although the unit resembles the product of extreme leachmg 
and alteralion. the penhile crystals in this sample are prisline (also see Plales 4.4 C & D). Miarolitic cavities comprise 
belween 5 and 20% by volume. and in cases occur as partially interconnected trails. Sample 53/676. 

Plate 4.1 G: mall coarse-grained quanz-penhile dyke oflhe Bugoy ' pegmalile' , which has cross-cullhe Quan 
Porphyry (lOp). The Bugoy ' pegmalile ' is preserved as mall dykes (a in Ihis case and also in Plate 4.5A), and as 
small zones of massive quartz on the margins of the Bufu yenile Sample 69/247. Drillcore 6.2 cm wide 
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sphene (Plate 4.2E). In many cases, coarse-grained clinopyroxene has nucleated on the margins 

of clasts in an igneous-matrix breccia, forming small pockets of coarse-grained clinopyroxene

phyric porphyry in otherwise fine-grained equigranular Balut Dy ke. Plagioclase-phyric sections 

of the Balut Dyke are distinguished from the Quan Porphyry by their lighter cream colour, 

presence of abundant clinopyroxene phenocrysts and an intimate association with the layered or· 

coarsely clinopyroxene-phyric domains (intimate in that they always occur within 1-10 meters 

. of each other). 

The layered domains of the Balut Dyke occur as I to 15 meter thick zones of alternating mafic 

and felsic layers that have a vertical orientation and occur parallel to the dyke walls (Plate 

4.ID). These layered zones are found in the deepest exposures of the Balut Dyke, below 2100 

RL. Individual layers are 0.1 to 5 cm thick and consist of alternating bands of fine-grained 

clinopyroxene-magnetite-apatite-perthite±sphene and perthite±clinopyroxene-magnetite-sphene 

(Plate 4.3E), both with rare plagioclase. Individual clinopyroxene phenocrysts are euhedral and 

are generally orientated parallel to individual layers (Plates 4.3E & F). Perthite crystals also 

display a preferred layer-parallel orientation (plate 4.3F). Areas of layering range from mafic to 

felsic, with only rare mafic layers (eg Plates 4.3A & C). Individual layers display a range of 

textures, including erosion (Plate 4.1D), brecciation (Plate 4.3B), folding (Plate 4.3D) and 

draping Over protuberances (Plate 4.3A). Crystal-crowded plagioclase layers are common in 

areas dominated by felsic layers (Plates 4.30 & H). Layers alternate locally from fine- to 

medium-grained, but within a single layer, individual crystals grain sizes are uniform. 

Quan Porphyry 

Dykes of Quan Porphyry have intruded the Tunja Monzonite and the Balut Dyke. The Quan 

Porphyry grades, at depth, into a crystal-crowded syenite to quartz syenite core, the Bufu 

Syenite (Plate 4.IE; Figure 4.1). The Quan Porphyry is a light grey plagioclase-phyric 

monzonite- to syenite-porphyry that is distinguished by flow-aligned cream'coloured 

plagioclase phenocrysts up to 7 mm in length (Plate 4.ID). The Quan Porphyry consists oflarge 

albitised plagioclase laths (An 5-26) and uncomrrion biotite, amphibole and K-feldspar 

(orthoclase) phenocrysts that are hosted within a crystal-crowded groundmass of medium

grained euhedral plagioclase and medium to fine-grained subhedral perthite, quartz and 

euhedral apatite (Plates 4.4A & B). The sodic rims of the plagioclase phenocrysts have been 

typically replaced by orthoclase, forming antiperthite patches, and are generally enclosed within 

a 50-100 J.1m thick rim of euhedral orthoclase or perthite. Small miarolitic cavities (up to 1-2 

mm) are common, ani:! are filled by coarse-grained anhedral quartz (phite 4.4B). 

Bufu Syenite 

The leucocratic crystal-crowded Bufu Syenite occupies the core of the Dinkidi Stock (Figure 

4.1), and is distinguished by its distinctive miarolitic cavities and bleached white colour (Plate 

4.IE). Dykes of the Bufu Syenite have cross-cut the Quan Porphyry, Balut Dyke and Tunja 

Monzonite. The Bufu Syenite has both sharp and gradational contacts with the Quan Porphyry. 

54 



Plate 4.2 Dinkidi tock: Photomicrograph (funja & Balut Dyke) 

.. 
Plllte 4.2 A: Tunja Monzonite. Albilised plagioelase laths (Pig) are rimed by K·feldspar (orthocla e (Or) .± 
perthite (Per» with minor interstital amphibole (Amp). XPL. Sample 41 .3. 

Plate 4.2 B. Tunja Monzonite. A semi-aligned framework of albitised plagiociase laths (with relict oscillatory 
zoning) hosted in interstitial onhoclase with accessory biotite (Bio) and apatite (Ap). XPL. ample 41.3 

Plate 4. 2 C Equigranular Balut Dyke. Euhedral clinopyroxene (Cpx ; diopside (sali te» crystals are hosted 
within a coarse-grained mosaic of perthite XPL. Sample 49/644 . 

Plate 4.2 D: Plaglociase-phyric Balut Dyke. Albitised plagiociase laths are hosted in a granular perthite .± 
orthoelase groundmas with accessory clinopyroxene. XPL. Sample 49/644 . 

Plate 4.2 E .· Clinopyroxene-phyric Balut Dyke. Large euhedral clinopyroxene phenocry ts (diop ide) are 
hosted in a K-feldspar ground mass (perthite .± orthoclase) with accessory albi tised plagiociase and apatite. 
XPL ample3 1/334 

Plate 4.2 F: PPL photomicrograph of Balut Dyke in Plate E:. . 
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The gradational contacts are marked by an increase in the size and abundance of miarolitic 

cavities (from < 0.2 to up to 2 cm wide) and a gradual change from coarse-grained porphyritic 

syenite to medium-grained crystal-crowded syenite. The gradational contact is interpreted to 

indicate that the Bufu Syenite was emplaced at the same time as, and may have been sourced 

from the same melt that formed the Quan Porphyry. The cross-cutting relationships are 

interpreted to indicate that emplacement of the Bufu Syenite continued after final consolidation 

of the Quan Porphyry. Because of its vuggy arid bleached appearance (Plate 4.1F), the texture of 

the Bufu Syenite superficially resembles a zone of intense leaching or vuggy silica, as observed 

in high sulphidation epithermal deposits. However, most of the Bufu Syenite is either only 

weakly sericite-carbonate altered or completely unaltered. 

The Bufu Syenite ranges from syenite on the margins to quartz syenite (,Bufu quartz syenite') 

in the core. The abundance and size of miarolitic cavities increases towards"the centre of the 

intrusion. The syenite consists of a meciium- to fme-grained crystal-crowded mosaic of euhedral 

plagioclase, with 100-SOO !lm thick subhedral K-feldspar rims (perthite±orthoclase; Plate 4.4D), 

subhedral to euhedral perthite crystals, common subhedral quartz and rare relic biotite and 

amphibole sites (altered to chlorite). The perthite rims and plagioclase phenocrysts form an 

interlocking mosaic with common fine-grained interstitial perthite, orthoclase and quartz, with 

accessory apatite and magnetite (Plate 4.4D). In the quartz syenite, perthite and perthite-rimmed 

plagioclase phenocrysts display a cumulate fabric and are poikilitically enclosed in a coarse

grained mosaic of quartz (plates 4.4C&D). The perthite and quartz-rich mirreniiogy of the Bufu 

Syenite is similar to the groundmass assemblage of the Quan Porphyry. 

Miarolitic cavities in the Bufu Syenite are abundant, typically elongate, 0.2 to 10 mm wide," 

commonly occur as partially-interconnected trails with adjacent cavities and comprise between 

S and 20% of the rock by volume. In cases where otherwise anhedral interstitial quartz abuts a 

miarolitic cavity, the crystals have euhedral quartz faces that project into the cavity, indicating 

the primary nature of these voids. Many of the cavities have been subsequently infilled with 

secondary carbonates, sulphides and zeolites (plate 4.4F). 

The Bugoy 'pegmatite' and Bugoy breccia 

The margin of the Bufu Syenite, within the Quan Porphyry, is marked by a small, irregular zone 

of coarse-grained quartz and quartz-perthite dykes that crosscut the Quan Porphyry (the Bugoy 

'pegmatite'; Plate 4.1F). The Bugoy 'pegmatite' occurs as an apophysis above the Bufu Syenite 

and also along its walls. The Bugoy 'pegmatite' is not a discrete geological unit, but a small 

irregular zone that ranges from medium-grained quartz phenocrysts hosted within the Bufu" 

Syenite, to a coarse-grained quartz-perthite assemblage that has been emplaced along the 

margin of the Bufu Syenite ('massive quartz'; Plate 4.S B & C) and neighbouring 'rare, small 

quartz-K-feldspar dykes ('pegmatites'; Plates 4.IF & 4.SA). Very little of the original massive 

quartz assemblage remains, as the unit has been almost completely brecciated (plate 4.SD), 

forming the Bugoy quartz fragment breccia above the Bufu Syenite (Figure 4.1). The 
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Plate 4.3 

Plale 4.3 A: Thin, originally venica l osci llatory zoning of clinopyroxene- and perthite-dominated layers. Earlier 
layers on the right have been truncated (T) with clinopyroxene nucleating on the erosional surface. A I mm thin 
clinopyoxene-dominanted layer has draped over a bump in the thick perthite layer (B) with the curvalUre smoothed 
out by successive layer . ample DDH49/647. Drillcore 4.7 cm wide. 

Plale 4.3 B. Autobrecclation in the Balut Dyke. A elast of layered Balut Dyke (L) is hosted within, and cross-cut by, 
equ.igranular Balut Dyke (E). Location DDH 68/575m. Drillcore 4.7 cm wide. 

PIal. 4.3 C: Thick perthite-plagioclase layers interbedded with thin clinopyroxene-dominated layers. Sample 54'635m. 

Plale 4.3 D Folding and truncation in !he layered Balut Dyke. The foiding is considered analogous to soft-sediment defonnation. 
Truncated layers appear to have formed crossbed-like textures. Both textures are interpreted to indicate magma flow during 
crystallisation. Location DH49/648 

PIIII. 4.3 E. PPL photomicrograph of layered Balut Dyke. Mafic layer on the right is comprised ofclinopyroxene
magnetite-apatite-perthite and minor sphene (Spn). Felsic layer On the left is comprised ofpenhite and albitised plagioclase 
with accessory clinopyroxene, phene and apatite. The contact between the layers occurs over 100 flm. Saonple 28/50 I 

Plale 4.3 F: XPL photomicrograph of Plate C. Euhedral clinopyroxene phenocry IS and subhedral penhite grains are 
aligned parallel to the layering. 

Plale 4.3 G. XPL photomicrograph ofplaglocla e layering in the Balut Dyke. Plagloclase phenocrysts and small 
clinopyroxene phenocrysts are aligned parallel to a vertical crystal-crowded plagioelase layer Sample 53/776. 

PIIII. <1.3 H: PPL photomicrograph of Plate E. Large plagioclase phenocrysts and smaller. more dense elinopyroxene 
phenocryslS hare similar size/density ratios. 57 
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emplacement of the coarse-grained quartz-perthite igneous mineral assemblage was associated 

with strong quartz-orthoclase flooding and quartz veining (Chapter 6). Widespread brecciation 

and intense hydrothermal alteration have prevented the author from mapping the Bugoy 

'Pegmatite' as a discrete unit. The following description of the Bugoy 'Pegmatite' is based on 

fragments preserved within the Bugoy breccia, and from small dykes of Bugoy 'pegmatite' that 

'are preserved along the margins of the Bufu Syenite. 

The massive quartz assemblage is located along a 1 to 5 meter wide belt on the 

gradational contact between the Quan Porphyry and Bufu Syenite. This zone locally 

contains large euhedral quartz 'phenocrysts' (eg Plate 4.SB & 4.SC), zones of massive 

quartz-perthite (0.5 to 3-4 m wide) or intense zones of silicification. The silicified 

zones are rarely preserved, being strongly masked by later alteration or being 

incorporated into the Bugoy Breccia. The outer margin of the siIicified zone is marked 

by intense quartz veining and rare Scm to SO cm wide dykes of the Bugoy 'Pegmatite' 

that have intruded the Tunja Monzonite, Balut Dyke and Quan Porphyry. The dykes 

consist of massive, coarse-grained grey to milky white quartz and cream-coloured 

perthite with accessory, typically euhedral, coarse-grained actinolite (typically 

intergrown with quartz), orthoclase and magnetite (Plates 4.1 F & 4.5 A). Although the 

dykes consist of a coarse-grained quartz-K-feldspar assemblage, they lack the 

megacrysts (>30 cm), muscovite alteration, REE-enrichment and genetic association 

with a granite to be called a pegmatite sensu stricto. In the case of the Bugoy body, the 

term 'pegmatite' is used in a textural sense to signify a coarse-grained dyke. 

The Bugoy Breccia is a quartz-fragment breccia that overlies the Bufu Syenite and has cross-cut 

the Quan Porphyry and Tunja Monzonite (Figure 4.1). The clasts are predominately angular 

quartz fragments (with rare euhedral actinolite crystals and anhedral orthoclase), together with 

minor fragments of Tunja Monzonite, Quan Porphyry, Bufu Syenite and rare perthite. The clasts 

are up to 8 cm in diameter, angular and are hosted in a carbonate±sericite-chlorite altered matrix 

interpreted to have originally been rock flour. The breccia has sharp contacts with the Quan 

Porphyry, Bufu Syenite and Tunja Monzonite. Lithic clast abundances in the breccia increase 

close to the contact with the surrounding rock types. The Bufu Syenite is typically strongly 

silicified at its margin. The abundance of quartz fragments (typically 70 to 100% of all clasts) 

and paucity of wallrock fragments in the Bugoy Breccia is difficult to explain by brecciation of 

only the moderately quartz veined host rock. The Bugoy Breccia appears to have formed by the 

brecciation of a large zone of massive quartz at the apex of the Bufu Syenite. Mechanisms of 

formation for this breccia are discussed in Chapter 6. 

STRUCTURE 

All intrusions of the composite Dinkidi Stock are elongated northwest, suggesting a structural 

control on their emplacement. There are a series of normal faults orientated northwest, parallel 

to the Cagayan Valley Basin (Figure 2.2), that predate the Didipio Igneous Complex, but may 
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Plate 4,4 A: Quan Porphyry. Albitised plagioc l. e phenocrysts, rimmed by K-feldspar (perthite and orihoclase), and 
hosted in a granular mosaic ofperthite and quartz. Note the chlorite-altered mafic minerals (primary biotite and 
amphibole. XPL. Sample 28/475. 

PltJte 4.48: Quan Porphyry. Interstitial spaces contain common quartz-filled voids in the granular K-feldspargroundmass. 
These miarolitic cavities are interpreted to be evidence for high volatile contents in the Quan Porphyry. XPL. Sample 3/66. 

Plafe 4.4 C: Cumulate texture in the Buru quartz-syenite. Euhedral perthite crystals (most with plagtOclase cores) 
are poikiJitically enclosed within a coarse-grained mosiac of quartz ± perthite. The unit is typical of the quartz-rich 
core orthe Buru Syenite. The presence of melt inclusions within the quartz indicates a magmatic. rather than 
hydrothem131. origin for the quartz. The texture suggests that the perthite crystals settled in a late stage, quartz- (and 
nuid- 1) rich melt. The quanz-rich core orlhe Bufu intrusion shares a similar composition to the Bugoy Pegmatite 
(Plate 4.5A) and early quartz veining (described in Chapter 6). XPL. Sample 49/587. 

Plate 4.4 D: Bufu Syenite. Plagioclase prisms are rimmed by, and supported within, a coar e-grained perihite 
groundmass. Such units are generally located on the margins of the Bun. Syenite and are a transitional phase between 
the Quan Porphyry (eg PlateA) and the quartz-syenite core orthe Buru (eg Plate C). XPL. 

Plate 4.4 £: lYPical plagioclase phenocryst in the quartz syenite core or the Bun. yenite . Acaroonate-aJtered core is 
surrounded by a thick rim ofperthite with interstitial quartz The dominance ofpenhite. rather than orthoclase. as the main K
feldspar in the Dinkidi Stock, suggests prolonged cooling below the coherent one-feldspar solvus and high nu id contents. 
XPL. Sample 49/555. 

Plate 4,4 F: Miarolitic cavity within the Bufu Syenite. Euhedral quartz crystals project into an epidote- and 
carbonate-filled cavity. XPL. Sample 49/555 . 
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have been reactivated following crystallisation of the host diorite. It appears that northwest

trending faults controlled emplacement of monzodiorite porphyry (Figure 4.4) and the Surong 

Monzonite (Figure 3.1), based on the weak northwestern elongation, when offsets due to late

stage faulting have been removed (Figure 3.1). 

The northern and southern margins of the Dinkidi Stock have between truncated by northeast

trending dextral strike-slip faults (F3). The northern fault, the sinistral Biak Shear Zone (Figure 

3.1; also referred to as the Didipio Valley Fault), has sheared off the northern end of the Dinkidi 

Stock. The northern end of the Dinkidi deposit is interpreted to have been offset 700 meters to 

the east, forming the True Blue prospect. This fault is marked by a 30 to 80 meter wide zone 

containing I to IS meter wide blocks of unmineralised but strongly carbonate-zeolite veined and 

brecciated diorite and Tunja Monzonite blocks (Plate 4.5F) that are separated by strongly clay

carbonate-chlorite altered fault zones. 

F3, and possibly north to northwest-trending F2 faults, have also disrupted the core of Dinkidi, 

forming 2 to 15 meter wide cross-cutting fault zones that contain abundant fragments of clay

altered Tunja Monzonite and Quan Porphyry (Plate 4.5E), hosted in a zeolite- and clay-altered 

rock-flour matrix (see Plate 6.17B). These breccias cannot be correlated between sections. 

Unlike the Bugoy Breccia, the fault-zone breccia is dominated by lithic clasts that reflect the 

composition of the surrounding host rock, and shares a gradational boundary with the 

surrounding units. The fault zone breccia merges with the Bugoy Breccia in the core of the 

system, forming a breccia with both abundant host rock clasts and quartz fragments. These 

breccias, and the hydrothermal mineral assemblages at Dinkidi, are described in more detail in 

Chapter 6. 

SUMMARY AND DISCUSSION 

The Dinkidi Deposit is hosted within an elongate multiphase stock that was emplaced into a 

series of diorites and monzodiorites. The stock consists of four main intrusions, and represents 

the last period of felsic magmatism within the Didipio Igneous Complex. The oldest and iargest 

intrusion, the Tunja Monzonite, is an equigranular monzonite that predates mineralisation and is 

compositionally similar to the biotite~monzonite phases of the Surong Monzonite. The Tunja 

Monzonite has been intruded by a series of mineralised syenite intrusives: the unusually 

textured clinopyroxene-syenite of the Balut Dyke, followed by a syenite porphyry (the Quan 

Porphyry) that grades, in its core, into a crystal-crowded leucocratic quartz-syenite (the Bufu 

Syenite). These three intrusions share a similar perthite-dominated composition. The Balut 

Dyke is distinguished by its clinopyroxene-phyric nature, whereas while the Quan Porphyry and 

Bufu Syenite are quartz-bearing. 

The clinopyroxene-phyric nature of the Balut Dyke is unusual for a late-stage, highly evolved 

syenite melt. Nucleation textures within the porphyritic domains, within thin dykes arid on 

uncommon truncated layers on the walls of the layered Balut Dyke indicate that some 

clinopyroxene grew in situ in these domains during crystallisation, rather than being 
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' Pegmatite' and late-stage breccias 

Plllle -1.5 A: Dyke of the Bugoy . Pegmatite' (left) cro s-cuning magnetite- nooded equigranular Balut Dyke (bottom 
right). The Bugoy dyke consists of coarse-grained quartz and K-feldspar (perthite ± orthoclase) wi th accessory 
actinolite. Location DDH53/825m . Drilleore 4.7 cm wide 

Plllle 4.5 8: Coarse-grained massive quartz at the gradational boundary between the Quan Porphyry and Bufu 
yenite. Patches of massive quartz up to 1-3 m wide have developed along this contact at the top of the Bufu 
yenite Location DDH49/628m. Drillcore 6.2 cm wide . 

Plale -I. C: Large (1-10 cm) euhedral quartz crystals in the marginal phase of the Buru yenite. ample 491613 

Plale 4.5 D: The Bugoy 'breccia'. a quartz-fragment breccia that overlies the Bufu yenite. Angular quartz 
fragments are supported in a carbonate-, chlorite- and sericite-altered (originally rock flour?) matrix. I lost rock 
lithic clasts are conspicously rare to absent. The coarse-grained Bugoy 'pegmatite' quartz is interpreted to have 
been incorporated into the Bugoy breccia. Location DH341394m 

Plale 4.5 E: fectonic brecciation within the core ofDinkidi. A serate range of angular iIIite-altered fragments of the 
Tunja Monzonite are hosted within a rock flour matrix The core of the Dinkidi Stock. especially most ofthe Quan-Tunja 
margin and the Bugoy breec;'I, have been extensively disrupted by 5 to 20 meter wide breccia zones. ample 821286 

Plale -1.5 F: Sample from the Biak Shear Zone (Figure 4. I). The northern end of the Dinkidi tock has been truncated b) a 
regional-scale fault zone (Figures 3.1 & 4.1). The shear zone is marked by abundant zeolite-calcite altered fault, with 
strong breceiation with caicite (Cal) and zeolite (Z) veining of the Tunja Monzonite and diorite blocks. ample 341239 
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phenocrysts sourced from a deeper magma chamber. The euhedral clinopyroxene in the 

equigranular and layered domains probably grew in the melt prior to emplacement. The size of 

the phenocrysts and extreme textural variability suggests high volatile contents. This is 

supported by melt inclusion evidence (Kamenetsky et al., 1999) that indicates that the Balut 

Dyke clinopyroxenes grew in an volatile- and salt-rich melt, probably in the presence of an 

immiscible phase, at magmatic temperatures of> 600°C. 

The unusual vertical layering in the Balut Dyke may have formed by flow segregation, where 

magmatic currents segregated crystals of different size and density, or by compositional 

variations in the magma during crystallisation, either by injection (or escape) of new magma! 

volatiles in the magma body or by a diffusion-controlled processes at a stagnant crystallisation 

interface (Webber et aI., 1997). The alignment ofphenocrysts parallel to the layers (eg Plates 

4.3 D & E), combined with similar size-density ratios between different crystals in the same 

layer (eg Plate 4.3E), suggests that layering resulted from flow segregation. This is supported 

by evidence for current deposition in the Balut Dyke, including erosion of previous layers, cross 

bedding and autobrecciation (plates 4.3A & B). Achieving strong, oscillating magma flow rates 

in a presumably viscous syenite melt, especially when confmed to a dyke as thin as the Balut 

Dyke, probably required high volatile contents to lower the viscosity. Altematively, oscillations 

in the volatile content of the Balut Dyke melt may have lead to cyclic changes in melt viscosity, 

leading to varying flow rates'and development of the layering. Diffusion-controlled 

crystallization at a stagnant crystallisation interface (eg Webber et al., 1997) can produce 

alternating layers of felsic and mafic minerals that grow towards the centre of the intrusion. 

Whereas such nucleation layers are not common in the Balut Dyke (eg the coarse band in 4.3A), 

their presence indicates periods of stagnation in the Balut Dyke and indicates that at least two 

processes were at work in forming the compositionallayers. 

Emplacement of the Quan and Bufu intrusions appears to have occurred along the same 

structure utilised by the Balut Dyke. The Balut Dyke is preserved on the western margin of the 

Quan Porphyry, but small, localised Balut dykes also occur on the eastern flank of the Quan 

Porphyry, \00 meters away, suggesting dilation during Quan Porphyry emplacement. It is 

interpreted that the Quan Porphyry is the early phase of the one Quan Porphyry-Bufu Syenite 

melt, which crystallised due to cooling when it came into contact with the surrounding country 

rock. The Bufu Syenite then crystallised from the residual K-feldspar-quartz dominated melt. 

Abundant iniarolitic cavities (especially as interconnected trails), such as those observed in the 

Bufu Syenite, are one of the rare forms of textural evidence for volatile migration in a magma 

(Candela, 1997). This suggests that the Bufu Syenite was a major conduit for volatiles, 

connecting an underlying volatile-exsolving magma chamber to the site of ore deposition at 

Dinkidi.A high volatile content for the Bufu melt is supported by the accumulation of coarse- . 

grained quartz and perthite in the Bugoy Pegmatite. This coarse-grained accumulation of quartz 

and perthite is located at the interface between the quartz-syenite core of the Bufu and the 

overlying quartz stockwork (see Chapter 6), a location similar to the position of quartz-K-
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Figure 4.1: Magmatic evolution of the Dinkidj composile slock Legend for all symbols provided in Figure 4.1. 
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feldspar unidirectional solidification textures found in many other porphyry deposits (Kirkham 

& Sinclair, 1988; Barton et aI., 2000). Crystallisation of the quartz-syenite core of the Bufu 

Syenite may have been triggered by volatile loss, with the perthite phenocrysts of the Bufu melt 

settling into a cumulate-textured felsic 'mush' (eg Plate 4.4C), supported by interstitial quartz, 

and freezing into place the miarolitic cavities. 

A northwest-trending feeder structure, which predates the monzodiorites of the Didipio 

Intrusive Complex, appears to have controlled emplacement of the Dinkidi Stock and possibly 

the Surong Monzonite. Emplacement of the Surong Monzonite may have 'plugged' this feeder 

structure, forcing the Dinkidi stock to be emplaced on the margin of the Surong pluton. 

Dilational emplacement for all intrusives of the Dinkidi composite stock is supported by a 

scarcity of xenoliths in any of the intrusions. This is in contrast to the xenolith-rich contacts of 

earlier Didipio Igneous Complex intrusions, such as the Surong Monzonite or the xenolith-rich 

diorites and monzodiorites. Emplacement up a structure could also have facilitated volatile 

transport to, and concentration at, the depositional area. The emplacement of the porphyry 

stocks would have been aided by the high volatile content of the melt that would be expected to 

lower viscosity, increase buoyancy and, at shallow crustallevels, increase the hydrostatic 

pressure via two-phase volatile exsolution. Repetitive 'crack-sealing' on the deposit scale could 

lead to the development of a multiphase porphyry stock such as Dinkidi. 

Several compositional, textural and genetic features of the Dinkidi Stock are similar to features. 

found in pegmatites from mid-crustal granitic intrusions. The Balut Dyke is similar to a 

pegmatite, is a mineralised, coarse-grained, texturally-variable dyke that has crystallised from a 

volatile-rich late-stage siliceous melt sourced originally from an evolved felsic magma chamber. 

The perthite-quartz assemblage 'of the Bufu Syenite i~ compositionally and texturally identical 

to a common intermediate zone assemblage found in many heterogeneous granitic pegmatites 

(Cameron et. aI., 1949; Cemy, 1991), and the massive quartz-perthite of the Bugoy 'pegmatite' 

is similar to the inner quartz zone of most granitic pegmatites. It appears that high magmatic 

volatile contents in shallow (1-5 km) crustal melts at Didipio produced an intrusion with 

composition ai, textural and possibly genetic similarities with pegmatites developed in the mid 

crust (Figure 4.3). 

Based on the Balut Dyke, shallow crustal pegmatite-like bodies that are emplaced into a 

porphyry environment are predicted to display significant textural and mineralogical differences 

from granitic pegmatites, due in part to the lower pressures and greater undercooling in the 

shallow sub-volcanic environment, which causes an overall finer grain size. Differences also 

arise due to the more mafic dioritic-syenite melt composition, causing compositional differences 

in both the primary and seconct,ary mineral assemblages relative to granitic pegmatites. For 

example, the Balut Dyke, and the associated vein system, have a 'mafic' K-feldspar

clinopyroxene-magnetite composition, with associated Cu-Au enrichment, while pegmatites, 

and related alteration, have a bulk composition close to that of granites with a K-feldspar

albite±quartz-muscovite mineralogy, with rare element mineralisation such as Li, Ta, Be, Li, 
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Balut-style dykes 
eu-Au mineralisation as late-stage 
sulphides associated with an 
evolved, variably textured dyke: 

Pegmatites 
REE mineralisation as late
stage oxides & silicates 
associated with an evolved, 
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Figure 4.3: Comparison of mineralised intrusions in shallow and mid-crustal environments. Co-Au porphyry quartz 
stockworks share similarities to W-Sn greisens in deeper granitic systems, in that both are zones of quartz veining. 
with disseminated mineralisation, that are sourced from, and centred around.late.stage evolved melts (although no 
genetic links between the two are implied), It therefore could be possible that the pegmatites found associated with 
granites in the mid--crustal environment will be represented by an analogous mineralisation style in the shallow crustal 
environment. It is proposed that the Balut Dyke can be considered such an analogy in that both are mineralised variably
textured dykes that are sourced from volatile-rich late-stage melt. 

REE, Sn, Nb and Ga as late-stage silicates and oxides (Cemy, 1991). 

Although the relationship between epithermal and porphyry environments has been extensively 

documented (eg Sillitoe 1973, 1995; Hedenquist et al., 1998), a relationship between porphyry 

and pegmatite systems has only been rarely acknowledged in the literature, despite many 

textural, compositional and genetic similarities. Despite this, many descriptions of porphyry 

deposits refer, usually in passing, to 'pegmatite bodies', although this term is used to describe 

compositional and texturally different features at each deposit (eg the hydrothermal 'pegmatite

textured veins' at Copper Mountain, Stanley et aI., 1995; the igneous 'mineralised pegmatite 

dykes' at Aitik, Bergman et al., 2001). It is likely that with recognition of the link between 

pegmatite and porphyry deposits, and the development of a consistent nomenclature for such .. 

bodies, that further pegmatite-like bodies will be recognised and described from porphyry Cu

Au deposits. 
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GEOCHEMISTRY 

INTRODUCTION 

In this chapter, whole-rock and mineral compositions are used to: 

I) Geochemically classify the units present at Didipio; 

2) Determine the relationships between individual intrusions of the 

Didipio Igneous Complex, and also the surrounding volcanic units; 

3) Identify relationships between the units that crop out in the Didipio 

region and the regional formations and intrusions, 

4) Determine the tectonic association of local and regional units, and the 

implications for magma sources. 

The rock units of the Didipio region are classified here on the basis of alkali contents (Fignre 

5.\). Variation diagrams are used to determine the relationships between rock units (Figures 5.2 

& 5.3) and determine fractionation processes. Rare-earth element compositions are used to 

determine the relationship between the Didipio units and the regional packages. The 

composition of mineral phases is used to provide insights into the relationships between local 

units, and has been used to model the fractionation history of the Didipio Intrusive Complex. 

METHOD 

Fifty-two representative samples were collected from surface exposures and drill core. These 

samples include all major phases of the Didipio Igneous Complex and the lavas from the 

surrounding formations. Any oxidised rinds on these 0.5 to 2 kg samples were sawn off. The 

samples were then crushed in a hydraulic steel-plate 'crusher, and the -0.5 cm' chips were sorted 

to remove any remaining weathered or altered fragments and any chips that had been in contact 

with a saw blade. The samples were then split and pulverised in a ceramic mill (potential weak 

AlP, contamination), which was cleared with 1-2 passes of high purity quartz sand between 

each sample (potential weak SiO, contamination). A total of 30 to 40g of sample was milled in 

order to obtain a representative assay, with larger samples (60-80g) used for coarse-grained 

units. Major and trace elements were analysed on a Phillips PW1480 XRF spectrometer at the 

University of Tasmania, following the method of Norrish and Hutton (1969). Standard XRF 

samples and blanks were run once every 6-10 samples to ensure analytical precision. Loss on 

ignition was estimated by heating each sample to 1000°C forl6 hours and measuring the 

change in mass. A subset of 29 samples were analysed for rare earth elements (REE), following 

the ionic exchange-XRF analytical procedure of Robinson et al. (1986). Mineral compositions 

were determined with a Cameca SX50 electron microprobe at the Unive~sity of Tasmania. 
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Andcsite T~yte 

4 ,6 

60,0] 66.65 

0.36 0.27 
17.95 16.89 
5.19 1.97 

0.08 
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4.69 
4.50 
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9·26 
0.10 
,OS 
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I.. 
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6.2 

"I 
13 
19 

7 
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28 

0." 
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1.32 
4.37 

6.45 

0.116 
0.03 
1.20 

99.76 

4.7 
223 
3" 
2.2 
3.0 

I' . 
109 
7.6 
11 
30 
22 
1.0 

21 

Table .5.1. Representive'anaIYs~ from the Didipio 1genous Complex 'and loc,a1 volcanic units. Upper M.F.: Upper Mnmparang Ponnntion.· 

Representative analyses are provided in Table 5.1, with the full assay results provided in 

Appendix B. The Didipio data set was complemented by 120 whole-rock analyses of 

surrounding regional units compiled from the few analyses available in published work (Knittel, 

1981, 1987; Knittel & Defant, 1988; Knittel and Cundari, 1990; Albrecht and Knittel, 1990) and 

the large number of analyses contained within unpublished works or theses (MMAJ, 1977; 

Knittel, 1982; Clooth, 1984; Oles, 1984; Albrecht, 1986; Ringenbach, 1992; Billedo, 1994). 

These regional whole-rock analyses are compiled in Appendix B. The assistance of Ulrich 

Knittel from the University RWTHcAachen in Gennany is gratefully acknowledged in 

providing the majority of these regional analyses from his own database (,Knittel, pers corn. 

1999' in Appendix B) and for providing many of the unpublished reports and theses. 

Several acronyms are used throughout this chapter. 'HFSE' elements are the high field strength 

elements (eg Nb, Ti, Zr, Th, Hf & Ta). The HFSE includes the rare earth elements, 'REE', 

which can be subdivided into the light rare earths ('LREE'; eg La, Ce & Nd), the heavy rare 

earths ('HREE'; eg Lu, Yb, Tm & Er), and infonnally, the middle rare earths ('MREE'; eg Srn, 

Eu, Gd, Tb, Dy and Ho). 'LILE' elements are the large ion lithophile elements (eg: Ba, Sr, Rb, 

K). LOI refers to loss on ignition. 

Effect of alteration on analyses 

All care has been taken to assure that the analyses used in this chapter represent primary whole 

rock values . .over 100 samples (from the least altered exposures of all units studied) were 

screened for alteration and weathering by both hand sample and thin section examination. Of 
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these samples, only 52 were selected for analysis. 

Despite careful sample selection, samples collected from the Dinkidi Stock have been affected 

by weak sericite alteration and display high Cu and LOI values (eg 100-441 ppm Cu, 0.97-2.47 

% LOI; Table 5.1). Thin sections of samples from other intrusions in the Didipio Igneous 

Complex indicate that they are not appreciably altered (eg 120 to 180 ppm Cu; Table 5.1) and 

have moderate LO! (0.3 to 2 % LOI; Table 5.1). Samples from the volcanic units display 

moderate LOI values (2 % LO! for the slightly weathered Mamparang Formation Samples; 

1.2% LO! for the Upper Mamparang Formation; Table 5.1). Where necessary, the possible 

effects of hydrothermal alteration will be mentioned in the text, however, the discussion 

necessarily assumes, caveat emptor, that alteration has had a minimal effect on the whole rock 

composition .. 

The monzonite and syenite intrusions of the Didipio Igneous Complex are associated with' 

extensively developed hydrothermal alteration assemblages (described in the following 

chapter). The high temperature secondary assemblages are interpreted to indicate that late-stage 

'magmatic volatiles were present within the melt during crystallisation. The trends and 

discussions of this geochemical study are based on whole rock geochemistry and does not take 

into account the sequestering effects of any magmatic volatile phases that may have been 

present within the melt. 

TOTAL ALKALINE CLASSIFICATIONS 

Analysis of whole-rock geochemical compositions allows a precise classification of both 

aphanitic and porphyritic rock units (Figure 5.1). Based on total alkali and silica (TAS) 

contents, the 'andesites' of the Mamparang Formation are classified as basaltic trachyandesites 

to trachyandesites and.the 'Iatites' and 'dacites' of the Upper Mamparang Formation are 

classified chemically as trachytes (Figure 5.IB). Although TAS classifications were designed 

for volcanic units, the phases of the Didipio Intrusive Complex have also been plotted for 

reference, ranging in composition from gabbros to syenites (Figure 5.1C). The late stage Quan 

Porphyry is classified as a syenite (although the TAS scheme lacks a monzonite field) and the 

Bufu Syenite is classified as an alkali granite. 

The trachytes of the Upper Mamparang Formation and all of the intrusive phases of the Didipio 

Intrusive Complex plot in the alkaline field of Irvine & Baragar (1971, Figure 5.IB & C) and 

plot in the shoshonite field ofPeccerillo & Taylor (1976; Figure 5.IA). As Nap> K,O for all 

phases of the Didipio Intrusive Complex, with the exception of the highly evolved Bufu 

Syenite, the Didipio Intrusive Complex is defined as an alkaline intrusive complex rather than 

potassic or shoshonitic. The Mamparang Formation in the Didipio region appears to become 

progressively more alkaline upward through the stratigraphy. For example, the 'three most 

silicious subalkaline trachyandesites were collected from adjacent flows considerably lower in 

the stratigraphy than the alkaline basaltic trachyandesite sample, which was collected at the top . 

. of stratigraphy. -All these andesitic units plot within the high-Kfield of Peccerillci & Taylor 
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(1976; Figure 5.1A) and just inside the border of the sub-alkaline field of Irvine & Baragar 

(1971; Figure 5.1B). They are considerably less alkaline than the overlying Upper Mamparang 

Formation (Figure 5.1B). 

The Late Oligocene intrusions of North Luzon displays a bimodal distribution with respect to 

their K,0 contents (Figure 5.1A). The Didipio Igneous Complex. Palali Batholith. Cordon 

Syenite Complex and the Upper Mamparang Formation are considerably more potassic than the 

tholeiitic Dupax or Northern Coastal Batholiths and the Dibulan River Formation (Figure 5.1 A 

& C). The Mamparang Formation appears to be intermediate between tliese two series. The 

Middle Miocene dacites of the Palali Formation are also intermediate between these two 

groups; plotting as calc-alkaline dacites and rhyolites. with the two ultrapotassic samples 

probably representing misidentified Upper Mamparang Formation lavas. The Upper 

Mamparang Formation in the Didipio Region is more siliceous. but less potassic than. the 

trachytes and phonolites of the Upper Mamparang Formation in the Cordon and Palali regions. 

reflecting a similar trend between the three intrusive centres. 

BIVARIATE VARIATION DIAGRAMS 

Bivariate variation diagrams. where elemental abundances are plotted against an index of 

fractionation. such as SiO,. can be used to interpret co-genetic relationships between rock units 

in the same area and allow the fractionation trends for one igneous suite to be determined. The 

smooth linear trend in the variation diagrams (Figures 5.2 & 5.3) suggests that all the phases of 

the Didipio Intrusive Complex are related by simple fractional crystallisation. with all major 

elements except Nap and K,0 decreasing in abundance with increasing SiO,. These 'co

magmatic' trends are also developed when plotted with other indexes of fractionation. such as 

wt % MgO or Mg number. The depletion of MgO and CaO; TiO, and Fe",,,,.; and Pp, with 

increasing SiO, contents (Figure 5.2) indicates fractionation of ciinopyroxene. Fe-Ti oxides 

(predominantly magnetite) and apatite. respectively. The depletion of AI,O, and Sr. (which 

substitutes for Ca in plagioclase) when of SiO, is greater than 54% suggest the onset of 

plagioclase fractionation. K,0. Nap. Zr. Ba and Rb (which substitutes for K in K-silicates) 

behave incompatibly for most of the evolution of the Didipio Igneous Complex. The low Pb . 

concentration shows no correlation with increasing silica. however. the Zn contents decrease 

steadily with increasing SiO,. suggesting fractionation of a zinc-bearing mineral. possibly 

magnetite. The low Ni. Cr and MgO concentrations of the initial diorite melt (Ni < 25ppm; Cr < 

50 ppm; MgO < 5%) and the low magriesium-iron ratios (lOOMgOlMgO+Fe ..... < 38) indicate 

that the diorites had already undergone extensive fractionation prior to emplacement. Ni and Cr 

concentrations decrease to sub-detectable levels in later phases of the Didipio Intrusive 

Complex. The late ·stage andesite porphyry dykes lie on the Didipio Igneous Complex 

fractionation trend. suggesting a co-magmatic relationship. The Surong Monzonite phases that 

have higher SiO, contents that the later Tunja Monzonite are considered to represent in situ 

fractionation products within the Surong Monzonite pluton. 
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The Balut Dyke has anomalously high MgO and CaO and low AlP, concentrations relative to 

all other igneous phases of the Didipio Igneous Complex (Figure 5.2), reflecting the unusual 

diopside-phyric nature of the dyke. The concentrations of Na, Mg and Ca in this dyke are 

similar to the concentrations within the late-stage andesite dykes, and suggests that the Balut 

Dyke was not derived from the same melt as the earlier Tunja Monzonite or later Quan 

Porphyry. The composition of the other intrusions of the Dinkidi Stock define two trends: a K,O 

enrichment trend for the Bufu Syenite, and a Na,O enrichment trend for the Tunja and Quan 

Porphyry (Figure 5.2). The potassic nature of the Bufu Syenite reflects its perthite-quartz 

'composition, and is interpreted to be due to it being a late-stage 'exotic' residual melt fraCtion 

that followed crystallisation of the Quan Porphyry. Plagioclase fracti6nation is interpreted to 

have lead to increase in Na, and decrease in Ca and Sr, in the Tunja Monzonite and Quan 

Porphyry. The low 1(,0 and Rb concentrations of the Quan Porphyry is attributed to the in situ 

fractionation of K into the late-stage, residual Bufu Syenite. The Tunja Monzonite, and to a 

lesser extent the Quan Porphyry, are anomalously enriched in Ba (Figure 5.3). Electron 

microprobe analysis (Appendix B) has indicated .that Ba is concentrated within the K-feldspar 

(0.1-0.3%) and biotite (0.2-0.32%) phases within the Tunja Monzonite. Mineral grains within 

earlier clinopyroxene-monzonites contain similar concentrations of Ba, with the exception of 

biotite, which is relatively depleted in Ba (0.08-0.15%). The elevated concentration of Ba in the 

Tunja Monzonite is interpreted to reflect the higher modal abundances of Ba-enriched biotite 

within this intrusion, relative to the earlier clinopyroxene monzonites and later syenites. 

The andesites and trachyandesites of the Mamparang Formation share similar 'co-genetic' 

trends with the Didipio Igneous Complex on the variation diagrams (Figures 5.2 & 5.3), with 

the exception that the three most siliceous trachyandesites are considerably less potassic than 

the Didipio Igneous Complex or the overlying trachytes. The extremely low Ni and er contents 

and low magnesium-iron ratios of the Mamparang Formation andesites (Ni 4 ppm & Cr 6.ppm) 

and the Upper Mamparang Formation trachytes (\ ppm Ni & 2 ppm Cu) indicate that they were 

both sourced from melts that have undergone extensive fraction~tion. The trachytes of the 

Upper Mamparang Formation display similar elevated 1(,0 and low Nap concentrations as the 

Bufu Syenite, suggesting an origin from a similar highly evolved potassic melt. 

Tectonic Discrimination Diagrams 

. The Didipio Intrusive Complex occupies an ambiguous tectonic setting, being apparently 

related to rifling but set in a.n oceanic island arc setting. The complex was -emplaced after the -. 

cessation of westward-directed subduction along the East Luzon Trench (Figure 2.1). 

Because alkaline magmas from different tectonic settings have distinct compositional 

characteristics, discrimination diagrams may be used to clarify the tectonic association of the 
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Didipio magmas (Figure 5.4 & 5.5). Very few tectonic discrimination diagrams are available for 

alkaline or potassic rocks. The large number of discrimination diagrams developed for primary 

basaltic melts, and several developed for granitic rocks, are considered unsuitable for 

discriminating the tectonic setting of evolved alkaline intrusives. Muller et al. (1992) and 

Muller & Groves (2000) proposed a series of discrimination diagrams for potassic igneous 

rocks (Figure 5.4), based on melts from within-plate settings having higherTiO, and Zr relative 

to AI,O, and initial oceanic arc melts having lower P, La and greater Ti concentrations than late 

oceanic arc units. The intrusions from the alkaline Didipio Igneous Complex and potassic 

Cordon Syenite Complex belong to the late oceanic arc series of this classification scheme 

(Figure 5.4). The intrusives of the Palali Batholith are enriched in Zr and plot within the 

continental arc or post-collisional series of the scheme. Pearce et al. (1984) proposed a 

discrimination diagram developed for granitic rocks, based on the high Rb concentration of syn

collisional and within-plate granitoids and the low HFSE (Y +Nb) concentrations of volcanic arc 

granitoids (Figure 5.5). The intrusives of the Didipio Igneous Complex, Cordon Syenite 

Complex and Palali Batholith plot in the 'volcanic arc' field of this scheme. 

Multi-element variation diagrams 

Twenty-nine samples of the Didipio Igneous Complex and surrounding volcanics have been 

plotted on a MORB-normalised multi-element variation diagram ('spidergram'; Figure 5.6) 

using the normalisation values ofPearce (1983). The elements are plotted in order of decreasing 

compatibility with an aqueous fluid, with the most immobile elements (typically HFSE 

elements, including REE) plotted on the right side of the diagram, and mobile elements 

(generally LILE) plotted on the left. When normalised to MORB values, this diagram provides. 

insights into the degree of enrichment of a subduction-zone magma compared to a source 

region, a source that was probably as depleted as a MORB, and that may have been 

metasomatically enriched by LILE-bearing aqueous fluids. 

MORB-normalised spidergrams, such as Figure 5.6, were developed for primitive basaltic melts 

. that have undergone little fractionation. Despite the highly fractionated alkaline Didipio 

Igneous Complex spanning a wide range of SiO, values, spidergrams for the Didipio Igneous 

Complex,and other regional complexes, display well-defined patterns that allow insight into the 

magma sources and the relationships between intrusive complexes. Although the spidergram 

pattern for the most and least fractionated intrusives of the Didipio Igneous Complex (Figure 

5.6) share a similar, well-constrained pattern (with the-e~ception of Cr· and Ni conrents): 

fractionation is still expected to have contributed to the LILE enrichment for the alkaline 

intrusives and volcanic units. 
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Relative to MORB values, the units of the Didipio Intrusive Complex are strongly enriched in 

incompatible elements (the LILE Ba, Sr, Rb, K; the LREE La, Ce and in P), consistent with 

their alkaline nature. The intrusive rocks also display strong depletion in Cr and Ni, probably 

due to prior fractionation of oH vine, clinopyroxene and/or magnetite. AIJ units of the Didipio 

Igneous Complex are distinctly depleted in HFSE (eg: Th, Nb and Ti) relative to both the REE 

and the LILE. Depletion in HFSE is a typical feature of most oceanic arc rocks. The gabbros of 

the Didipio Igneous Complex are anomalously low in LILE, LREE and Zr, probably caused by 

their cumulate nature, with these elements partitioned into the remaining melt. Samples 001, 

M02, APl, AP3 and MJO display anomalously low concentrations ofTh (subdetectable <0.1 

ppm) relative to other phases of the Didipio Igneous Complex. 

The andesites of the Mamparang Formations display a similar LILE enrichment pattern to the 

Didipio Igneous Complex (Figure 5.6), but with depletion in K and Rb. The ,trachytes of the 

Upper Mamparang Formation are more strongly enriched in LILE and Zr and depleted in Ni 

relative to the Didipio Igneous Complex, and lack a negative Th and Nb anomaly, possibly 

reflecting a more enriched melt source (caused by a srnaIJer degree of partial melting?) or a 

greater degree of fractionation. The andesites of the Eocene Caraballo Formation display a flat 

MORB-like pattern, indicating a depleted source. The basalts of the Oligocene Dibuluan River 

Formation range from unenriched to moderately LILE enriched, spanning the compositional gap 

between the underlying Caraballo Formation and the more enriched Mamparang Formation. 

This range of values suggests a progressive enrichment in the source region for the Dibuluan 

River Formation, and that the Dibuluan River Formation may be a precursor to the Mamparang 

Formation. 

The Palali Batholith and the Cordon Igneous Complex have LILE-enriched spidergram patterns 

similar to the Didipio Igneous Complex (Figure 5.6). Higher Cr and Ni contents of the Cordon 

Syenite Complex indicates comparatively less fractionation. The Palali Batholith is more 

enriched in LILE and Zr and lacks a Nb-Th anomaly relative to the Didipio Igneous Complex. 

This is possibly due to stronger fractionation within the Palali Batholith (Albrecht & Knittel, 

1990), crustal contamination, or a more enriched source, even though the two have similar low 

MgO, Cr and Ni contents. The Dupax and Coastal Batholiths defme typical arc-tholeiitic trends 

on Figure 5.6, with no LILE enrichment and moderate Nb depletion, indicating a primitive 

source. 

REE Patterns 

The REE patterns of both the Didipio units and regional formations are displayed in Figu~ 5.7~ 

The REE values have been normalised to the MORB values of Pearce (1983). Despite the 
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fractionated nature of the Didipio Igneous Complex, all the main diorite, monzodiorite and 

monzonite phases show a tightly constrained REE pattern, suggesting a common magmatic 

source. The intrusions of the Didipio Igneous Complex are strongly enriched in LREE (La, Ce, 

Pr, Nd) and moderately depleted in HREE (Yb, Tm, Lu, Er) relative to MORB values, with La! 

Yb ratios ranging from 6 to 8. Younger intrusions in the Didipio Igneous Complex typically 

have slightly lower concentrations of REE than earlier units, probably due to the partitioning of 

REE into crystallising apatite. The lack of an Eu anomaly in the REE pattern of the Didipio 

Igneous Complex phases indicates that either plagioclase was not an important fractionation 

phase or that Eu was present as Eu·) rather than Eu·', due to oxidising conditions. This later 

conclusion is supported by both modal (anorthosite in cumulate gabbros) and compositional 

(Ca, Al & Sr depletion with increasing fractionation) evidence for plagioclase fractionation in 

the Didipio Igneous Complex .. 

Both the cumulate gabbros and late-stage intrusives of the Dinkidi Stock display atypical REE 

patterns when compared to the rest of the Didipio Igneous Complex (Figure 5.7). The gabbros 

have similar MREE and HREE abundances to the diorites and monzonites, but are strongly 

LREE (La, Ce & Nd) depleted relative to the other intrusions. As clinopyroxene has lower 

partition coefficients for LREE relative to MREE and HREE (Fujimaki et aI., 1984) this 

depletion may reflect the partitioning of LREE preferentially into the remaining melt rather than 
, 

being incorporated into the cumulate gabbros, The intrusions of the Dinkidi Stock are depleted 

in all REE relative to the remainder of the Didipio Igneous Complex, but especially in the 

MREE and HREE. The overall depletion in REE may reflect the fractionation of REE-bearing 

phases, especially apatite and possiblysphene, both of which scavenge MREE preferentially 

(Fujimaki, 1986; Green & Pearson, 1986). The bowed, extremely-depleted middle HREE 

pattern of the Quan Porphyry is unlikely to have been caused by prior sphene fractionation in 

this sphene-bearing phase. The pattern is identical to that reported for strongly silicified 

rhyolites that have been altered by acidic fluids (Hoft, 1993), suggesting that the Quan Porphyry 

REE anomaly has been caused by leaching during alteration or, as the samples are not strongly 

altered, by volatiles present during crystallisation. 

The trachytes and andesites of the Mamparang and Upper Marnparang Formations have a 

similar LREE-enriched and HREE-depleted pattern as the Didipio Intrusive Complex (Figure. 

5.7). The trachytes of the Upper Marnparang Formation have similar concentrations of REE as 

theDidipio Igneous Complex, consistent with a siI!!ilar melt s~urce. The trac~y.tes also di~p!ay a 

strong negative Eu anomaly, indicating the uptake of Eu·' by fractionating plagioclase. The 

andesites of th~ underlying Maqtparang Forma,tion are more dt!pleted in all REE relative t() ,the, _ 

Didipio Igneous Complex, especially in the MREE and HREE, suggesting a less enriched melt 
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source. The andesites display no Eu anomaly, consistent with no plagioclase fractionation. The 

elevated LREE of the Mamparang Formation and the Upper Mamparang Formation contrasts 

with the primitive MORE-like values of the Caraballo Formation andesites (Fignre 5.7) and the" 

weak REE enrichment of the Dibuluan River Formation, which is intermediate between the 

Didipio Igneous Complex and the Caraballo Formation. The REE pattern of the Dibuluan River 

Formation is intermediate between the pattern for the Marnparang Formation and MORE 

values, with weak enrichment in LREE. This suggests that the Dibuluan Formation is not a 

distal correlate of the Mamparang Formation, as suggested by Billedo (1994). 

The Cordon Syenite Complex has a similar LREE enriched pattern (LalYb ratios of 8 to 12) as 

the Didipio Igneous Complex (Figure 5.7), highlighting the similarities in the melt source for 

the two intrusive centres. This contrasts with the flat (LalYb=0.67-1.92) MORE-like pattern of 

the Dupax, Coastal and Northern Sierra Madre Batholiths, reflecting their tholeiitic to calc

alkaline nature (LalYb = 0.67 to 1.92). The Cordon and Didipio REE patterns are also identical 

to the LREE-enriched patterns for middle Early Miocene shoshonitic andesite dykes (Billedo, 

1994) that cross-cut the Isabella Ophiolite, on the eastern coastline of Luzon. This suggests that 

mantle enrichment in LREE spread trench ward throughout the Caraballo and Northern Sierra 

Madre Mountains (eg Ringenbach, 1992; Billedo, 1994), following the initial alkaline intrusive 

activity that was constrained to the margins of the Cagayan Valley Basin. 

Mineral Chemistry 

Mineral phases for all units that crop out in the Didipio region were analysed using the Cameca 

electron microprobe at the University of Tasmania. These analyses were undertaken to confirm 

mineral identifications and to test possible genetic links between units exposed in the Didipio 

region, by characterising similarities in mineral chemistry. 

Clinopyroxene 

There are two populations of clinopyroxene within the rock units of the Didipio region. Type 1 

clinopyroxene phenocrysts occur in the dioritic to monzonitic phases of the Didipio Igneous 

Complex and in the andesites of the surrounding Mamparang Formation lavas. Type 1 

clinopyroxenes are pale- to mid-green, weakly pleochroic and optically homogenous (eg Plate 

3.5 C & D). Type 2 clinopyroxene phenocrysts are found in the Balut Dyke and the late-stage 

andesite dykes of the Didipio Igneous Complex and in the trachyandesites of the Upper 

Mamparang Formation. Typ"e 2 clinopyroxenes are pale green; weakly pleochroic; and have 

weak to strong oscillatory zoning (eg Plate 3.3 E & F; Plate 3.8C). 

The type 1 clinopyroxenes of the Didipio Igneous Co~plex plot as salites (Fignre 5.8) &id have· 

magnesium-iron ratios of 60 to 70. The phases of the Didipio Igneous Complex share similar 
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magnesium-iron ratio for type I clinopyroxenes (Figure 5.9) from t~e slightly higher values of 

the early gabbros (76-63) to the diorites (70-62) and monzonites (70-62), suggesting a shared 

melt source that had not become strongly depleted in Mg or Fe by fractionation. The andesites 

of the Mamparang Formation have a similar clinojJyroxene chemistry to the dioritic units of the 

Didipio Igueous Complex. 

The type 2 clinopyroxenes also plot as salites (Figure 5.8), but are more calcic, and less Mg 

rich, than the type I clinopyroxene. The type 2 c1inopyroxenes have lower Mg numbers (Balut 

Dyke 69-57; andesite Dykes 53-67; Upper Mamparang Formation, 66-58; Figure 5.9) than the 

Type 1 clinopyroxene. The Mg depletion in type two inclusions rimy reflect scavenging of Mg 

by early crystallizing intrusions. The low Mg of the andesite dykes suggests that the dykes were 

not sourced from a 'fresh' mafic melt source, but were rather sourced from residual melt from 

within the Didipio Igneous Complex, with the melt losing Mg by prior crystallisation of 

clinopyroxene in the dioritic phases. Both types of clinopyroxene have sufficient Si and Al to 

fill the tetrahedral sites to the stoichiometric value of T=2, unlike clinopyroxenes from the 

metaluminous Cordon Igneous Complex (Knittel & Cundari, 1990). 

FeJdspars 

Plagioclase in the early dioritic phases of the Didipio Igneous Complex and in the andesite 

dykes occur as a framework of euhedral normal-, to rarely oscillatory-zoned phenocrysts (eg 

Plate 3.5E). Oscillatory zoning in plagioclase becomes increasingly complex with continued 

fractionation during the evolution of the Didipio Igneous Complex (eg Plate 3.7E). Plagioclase 

within the evolved phases of the Dinkidi Stock are typically set in a broad mosaic of perthite, 

contain orthoc1ase laminae and are partially to completely albitised. In all of the volcanic units, 

plagioclase occurs as normally-twinned euhedral phenocrysts. 

Plagioclase crystals within the Didipio Igneous Complex evolved to progressively more sodic 

compositions with continued fractionation. Plagioc1ase compositions within the .early gabbros 

range from An 87-89, compared with An 86-54 ii1 the diorites (with rims as low as An 48), and 

An 52-45 in the monzodiorites (Figure 5.10). The composition of plagioclases within the 

monzonites span a wide range (81-32) with individual crystals ranging from An 71 cores to An 

38 rims (Figure 5.10). Plagioclase in the late stage intrusives of the Dinkidi stock are now 

predominantly albite (An 0-7) with rare relic phenocrysts reaching An 28 compositions. The 

. sh~ed.An-dePle~o~~~nd from the diorites_t~ ~e~a~e-stage mOlizonites is interpreted to relate 

to all phases of the Didipio Igneous Complex being sourced from the same melt, which 

underwent plagioclase fractionation~ 
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Parent 
Dau'ghter 
% of cryst::ds removed 

Diorite (001) 
Monzodiorite (MD I) 

% diorite melt crystallised 
26.36% 

26.36% 
% of minerals re11llJVed: 
Clinopyroxene 
Biotite 
Plngioclase 
Orthadase 
Albite 
Magnetite 
Apatite 
Sum of least squares 
Distance apart 

8.01% 
4.66% 

10.25% (An 78) 

3.29% 
0.13% 
0.08 
0.29 

Monzodiorite (MD I) 
Monzonite (M9) 

51.77% 
64.48% 

13.86% 
3.45% 

26.60% (An 52) 
4.23% (Or 61) 

3.80% 
-0.19% 

0.22 
0.47 

Monzonite (M9) 
Tunin Monz. (2512.54) 

52.07% 
82.97% 

8.92% 
1.11% 

20.66% (An 52) 
16.67% (Or61) 

3.49% 
1.20% 
0.16 
0.4 
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Tunja Manz. (25/254) 
Quan Porph. (221210) 

39.69% 
89.73% 

0.90% 
10.29% 

24.42% (An 52) . 
1.28% (Oc 87) 

1.89% 
0.90% 
0.23 
0.48 

Quan Porph. (22fl1O) 
Bufu Felsite (541565) 

80.07% 
97.95% 

4.90% 
2.34% 

10.15% (Or 87) 
59.25% (An 12) 

2.37% 
1.06% 
0.51 
0.71 

Table 5.2: Major element modeling of fractionation using the least-squares model of Le Maitre (1981). Whole rock 
analyses and full calculations are provided in Appendix B. 

PETROGENETIC MODELLING· 

The petrographic characteristics of the Didipio Igneous Complex, trends in the variation 

diagrams (Figures 5.3 & 5.4), shared REE and spidergram patterns (Figure 5.5 & 5.7) and 

similar mineral compositions (Figures 5.9 ancl. 5.10) are interpreted to indicate that all intrusive 

phases that crop out in the Didipio region are sourced from the same melt that has undergone 

crystal fractionation. To test this hypothesis, mass-balance calculations using the least-squar~s 

model of Le Maitre (l981)'were applied to each phase of the Didipio Igneous Complex. Mass 

balance modelling of fractionation can be used to test hypothesised fractionation assemblages, 

and can calculate the 'best fit' fractionation assemblage for given whole rock and mineral 

compositions (Table 5.2). The degree of fractional crystallisation calculated by this method 

should only be used as an approximate estimate. 

Representative mineral analyses for each whole-rock sample were acquired to allow calculation. 

The composition of plagioclase, which varies with fractionation, was estimated by testing the 

range of compositions in the parent melt, and the composition with the best fit used. 

The modelling indicates that the monzodiorites could be produced from a clinopyroxene-diorite 

precursor by approximately 26% fractional crystallisation of plagioclase and clinopyroxene 

(Table 5.2). The Surong Monzonite could be produced from a clinopyroxene diorite precursor 

with approximately 64% fractional crystallisation, by removal of clinopyroxene and plagioclase 

phases (Table 5.2). 

Calculations for the fractionation required to produce the intrusions of the Dinkidi Stock 

suggest that -80% fractional crystallisation of the initial dioritic melt was required to produce 

the Tunja Monzonite, and at least 90% fractionation of a clinopyroxene-diorite was required to 

produce the highly mineralised Quan Porphyry (Table 5.2). Despite a close fit (0.16-0.23 sum of 

least squares), this modelling requires fractionation of plagioclase, orthoclase and minor 

clinopyroxene to produce the Tunja Monzonite, and fractionation of plagioclase, biotite and" 

minor clinopyroxene for the production of the Quan Porphyry melt. Orthoclase and biotite 
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within the Didipio Igneous Complex are not present as phenocryst phases, and are considered 

unlikely to have been easily fractionated. The requirement to fractionate orthoclase or biotite, 

and the large degree of fractionation involved, suggest that a process other than simple 

fractional crystallisation of observed mineral phases was required to produce the late stage 

intrusions of the Dinkidi Stock. This may suggest that the Dinkidi Stock intrusions were sourced 

from differentiates within a larger fractionating magma body. In such a case the degrees of 

fractionation that have been calculated can only be considered as a measurement of the 

.enrichment of the late stage melt (,equivalent fractionation'). The high degree of fractionation 

required to produce the Bufu Syenite (over 97% of a diorite melt), and the need for albite 

removal, reflects the quartz-perthite. composition of the Bufu Syenite and suggests that the Bufu 

Syenite formed from a late-stage quartz-K-feldspar differentiate, probably as a residual melt 

after crystallisation of the Quan Porphyry. 

These mass balance calculations indicate that fractionation of plagioclase and c1inopyroxene 

can produce the observed igneous compositions within the Didipio Igneous Complex, up to the 

composition of the Surong Monzonite. The production of the late stage melts of the Dinkidi 

Stock appears to require a process other than, or in conjunction with, crystal fractionation. 

CONCLUSIONS 

Because of the alkaline nature of the Didipio Igneous Complex, the Dinkidi porphyry Cu-Au 

deposit classified as alkaline porphyry system, similar to the Marian alkaline Cu-Au porphyry 

deposit located in Cordon (Baquiran, 1975; A1apan, 1981; Knittel, 1982). 

Coherent trends in whole rock major, trace and REE element chemistry and similarities in 

mineral chemistry are interpreted to indicate that the Didipio Igneous Complex intrusions were 

sourced from a single melt that underwent fractional crystallisation. The initial dioritic melt was 

already depleted in Mg, Cr, and Ni, indicating that substantial fractionation had already 

occurred prior to the emplacement of the diorite body in the shallow sub-volcanic environment. 

In situ c1inopyroxene-plagioclase±biotite-magnetite fractionation of the emplaced dioritic melt 

is interpreted to have formed the monzodiorite phases (as a residual 73% fraction of the diorite 

melt), with the gabbros considered to be clinopyroxene- and plagioclase-cumulates formed from. 

the fractionated phases. Further fractionation of c1inopyroxene and plagiochise within the 

magma chamber formed a residual monzonite melt, which is equivalent to a 35% fraction of the 

original diorite melt, and which was emplaced into the diorites, forming the Surong Monzonite 

pluton. Continued fractional crystallisation within the magma chamber may have produced the 

late stage Quan Porphyry, which represents a residual 10% of the initial diorite melt or a 28% 

frac~ion of the Surong MoIlzonite, following c1inopyroxene-plagioclase-biotite fractionation. 
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Alternatively, the Quan Porphyry may represent a late-stage differentiate within a larger magma 

body. The. extreme SiO, and 1(,0 enrichment of the Bufu Syenite suggests that it is an 'exotic' 

residual late-stage melt, which, as the strong REE depletion suggests, has been metasomatised 

by late stage magmatic-hydrothermal fluids. In total, modelling suggests that the equivalent to 

89% fractional crystallisation would have to be required to produce the highly mineralised Quan 

melt from the unmineralised diorites. Fractional crystallisation is considered to have been the 

main process in volatile build up (2" boiling),.as indicated by the development of stronger 

alteration halos with successive intrusions (Chapter 6). 

The calcic Balut Dyke does not fit on the whole-rock or mineral chemlstry fractionation trends 

for the other intrusives of the Dinkidi Stock. This suggests the dyke was sourced from a , 
different but genetically related melt. The late stage andesite dykes show similar whole rock 

trends to the Didipio Igneous Complex, indicating a co-genetic origin. The emplacement of 

smail quantities of mafic melt following this felsic magmatism, may represent the escape of 

residual mafic magma from the base of a stratified magma reservoir (eg the underplating model 

of Whitney et al., 1988, Whitney, 1989). Clinopyroxene phenocrysts in the andesite dykes are 

depleted in Mg, suggesting that this magma reservoir had already been depleted in Mg, possibly 

by prior emplacement of the Didipio Igneous Complex intrusions. The origin of the Balut Dyke 

and andesite dykes is discussed in Chapter 8. 

The Mamparang Formation andesites in the Didipio region have a similar LILE and LREE 

enriched composition to the Didipio Igneous Complex, but are less enriched overall in REE and 

are significantly less potassic. In contrast, the Mamparang Formation is significantly more 

LREE enriched than the neighbouring Dupax Batholith or Dibuluan River Formation (Fignre 

5.7). Consequently, the Mamparang Formation is concluded to be a subalkaline precursor to the 

alkaline intrusive centres and the Upper Mamparang Formation. Late Oligocene regional units 

become gradually LREE- and LILE-enriched over time, from the flat MORB-like vales of the 

Dupax Batholith, through the weak LREE & LILE enriched values of the Dibuluan River 

Formation to the strong LREE & LILE enrichment of the Mamparang Formation (Figures 5.6 & 

5.7). This indicates a source region that became progressively more LILE & LREE enriched 

over time. 

The trachytes of the Upper Mamparang Formation have similar LILE and LREE enrichment 

trends to the Didipio Igneous Complex, and are significantly more REE- and LILE-enriched 

than the Mamparang Formation: This suggests that the Upper Mamparang Formation trachytes 

shared the same HFSE-depleted and LILE-enriched source as the Didipio Igneous Complex, and 

are not related to the Mamparang Formation by fractionation. The trachytes that crop out in the 

Didipio·region are best correlated with the feldspathoid-bearing trachytes that host, and are co-
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genetic with, the Cordon and Palali intrusive centres. 

Similarities in major, trace and REE element abundances (Figures 5.1, 5.6 & 5.7) indicate that 

the Didipio Igneous Complex was sourced from a similar LILE enriched source to the potassic 

Palali Batholith and Cordon Syenite Complex, rather than being a more evolved member of the 

nearby calc-alkaline Dupax Batholith. The close spatial and temporal association with rifting for 

these intrusive centres suggests that some of the processes that form potassic melts in 

continental rift settings (eg Bailey, 1974; Lloyd & Bailey 1975; the Group IT potassic rocks of 

Foley et al., 1987; the African Rift province of Barton, 1979) may have been active in northern 

Luzon (Knitte1, 1983). However, the alkaline intrusive centres have island arc geochemical 

characteristics (low TiO, (<1 %), high Al,0,(17-18%) and very low HFSE) and Sr/Nd isotope 

values (Knittel & Defant, 1988) indicate that the Cordon Syenite Complex shared the same 

mantle source to that for the Oligocene calc-alkaline batholiths, such as the Dupax and Northern 

Sierra Madre Batholiths (Knittel & Defant, 1988). Rift-related melts from continental settings, 

or those with a crustal component would be expected to have higher TiO" Zr, Nb, and Ta,. and 

lower AI,0, (Foley et al., 1987; Muller & Groves, 2000). 

The North Luzon alkaline-potassic suite is considered here to represent the potassic end 

members of island arc magmatism. They have geological and geochemical similarities with the 

Roman Province Melts of Barton (\ 979) and the Group ill island arc potassic rocks of Foley et, 

al.(l987; Knittel & Cundari, 1990), although the sodic Didipio Igneous Complex, and to a 

much smaller extent the potassic Palali and Cordon suites, have a lower KlNa ratio than .Group 

ill ultrapotassic rocks (Albrecht & Knittel, 1990). Small volumes of these island arc potassic 

rocks are emplaced late in arc formation, commonly during the mature back-arc forination stage 

(Foley et aI., 1987). Similar potassic magmatism, associated with the initial stages of back arc 

basin formation, have been documented in the Izu-Bonin-Mariana arc (Stem et al., 1984, 1993; 

Bloomer et aI., 1989), New Hebrides arc (Monjaret et al., 1991) and Fiji island group (Gill &' 

Whelan, 1989). Rather than causing decompression and melting, the rifting that formed the 

Cagayan Valley Basin appears to have tapped arc-related LILE-enriched mantle, with extension 

ceasing. before maturation of the Cagayan Valley into a back arc basin . 

. Several models exist to explain the LILE-enrichment and HFSE-depletion of island arc potassic 

melts. The shared melt source for the Oligocene calc-alkaline and potassic intrusives (Knittel & 

. Defant, 1988) indicates that models for potassic magmatism that rely on an exotic component 

for the LILE-enrichment, such as subducted marine sediment (Rogers et aI., 1985), crustal 

melting or old enriched mantle (Vame, 1985) are not applicable to Northern Luzon. The melt 

source, which becomes progressively more LILE and LREE enriched during the Late 

Oligocene, is likely to have been related to the westward-directed subduction along the 
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Philippine Sea Plate, the only subduction zone considered to have been active in Northern 

Luzon at this time (Karig, 1983). This subduction is considered to have stalled in the late 

Oligocene (Lewis & Hayes, 1983; Wolfe, 1988; Aorendo I 994). The enrichment in LILE and 

LREE in island arc potassic melts is generally attributed to low degrees of partial melting in 

areas of the mantle wedge that have been previously enriched in LILE by slab-derived fluids or 

melt. Studies of mantle xenoliths (Bailey, 1982; Menzies & Hawkesworth, 1987) indicate that 

the LILE and LREE are preferentially sited in veins an~ disseminations of hydrous minerals 

such as phlogopite, amphibole and apatite that crosscut and replace mantle peridotite. This 

metasomatic enrichment may be achieved by overprinting the mantle wedge by either LILE 

enriched fluids or LILE-enric~ed partial melts, both· derived during dehydration of the 

subducted oceanic slab (Menzies & Hawkesworth, 1987; Peccerillo, I 992). Partial melting of 

these enriched areas, under hydrous conditions, would yield potassic melts, with partial melting 

of normal mantle peridotite considered unable to produce extensive LILE-enrichment (eg Kay 

and Gast, 1973). Retention of the HFSE in titanite phases residual after the partial melting event 

is considered to have caused the depletion ofHFSE in arc rocks (Foley & Wheller, 199\). In the 

case of North Luzon, the period of LILE enrichment is concurrent with cessation of subduction 

and trenchward migration in alkaline magmatism during the Late Oligocene to middle Early 

Miocene, with alkaline dykes cross-cutting the collisional ophiolite at -20 Ma (Billedo, 1994). 

The migration of alkaline magrnatism trench ward could be explained by rising thermal 

gradients in the stalled slab, leading to enrichment and melting of progressively shallower areas 

of the mantle wedge. 
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ALTERATION AND MINERALISATION 

INTRODUCTION 

This chapter describes the hydrothermal alteration and mineralisation assemblages present in the 

Didipio region, in particular the porphyry-style mineralisation hosted within the Dinkidi Stock. 

Detailed mapping of the Didipio region and logging of both Dinkidi and regional drill holes has 

revealed four main regional alteration events that are, in order of formation: 

• A unmineralised contact metamorphic aureole that is located around the 
margins of the early diorites 

• A weakly Cu-Au mineralised halo of K-silicate alteration that 
surrounds the Surong Monzonite 

• Well developed porphyry Cu-Au mineralisation, and associated 
hydrothermal assemblages, hosted within the Dinkidi Stock 

• A blanket of late-stage argillic alteration that has overprinted the 
Didipio Igneous Complex, with associated weak silica-pyrite Au 
mineralisation. 

The hydrothermal alteration and mineralisation assemblages at the Dinkidi porphyry deposit 

have been divided into five main stages: 

I) Early, weakly mineralised K-silicate alteration associated with the 
intrusion of the Thnja Monzonite. 

2) Cale-potassic alteration and Au-Cu mineralisation associated with the 
intrusion of the Balut Dyke. 

3) Emplacement of a quartz-stockwork associated with the intrusion of the 
Quan Porphyry and Bufu Syenite with associated sericite-carbonate
sulphide Cu-Au mineralisation 

4) Unmineralised selectively pervasive argillic alteration (synchronous 
with the regional argillic alteration assemblage). 

5) Unmineralised zeolite veins associated with extensive brecciation, 
(related to regional faulting). 

The Stage 2 calc-potassic assemblage contains minor high-grade gold mineralisation (2-15 glt 

Au). Widespread lower grade Cu-Au mineralisation (0.5-3 glt Au; 0.5-1 % Cu) is associated with 

the Stage 3 quartz stockwork. Figure 6.1 outlines the spatial and temporal distribution of 

veining and alteration at Dinkidi, based predominately on drillcore logging, and Figure 6.2 

outlines the mineral paragenesis of Dinkidi based on thin section descriptions. 

METHOD 

Regional alteration assemblages were documented initially described during 10 weeks of 

mapping in May 1995 in conjunction with logging of regional drill holes. The alteration 

assemblages at the Dinkidi deposit were examined by the detailed graphical logging of 29 drill 

holes (totalling 9600 meters) in March-July 1996 and August-September 1998. Logging focused 

initially onthe 5800N, 5750N and 5700N cross-sections (Figure 4.1), the core of the Dinkidi 

system, with follow up reconnaissance logging of other sections. Drill holes logged as part of 

this study are listed in Appendix A. The paragenesis of Dinkidi was refined by examination of over -
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Figure 6.2: Mineral paragenesis in the core of the Dinkidi deposit, based on thin-section petrology. 

200 thin sections, with mineral identification assisted by microprobe and Portable Infra-red Mineral 

Analyser (pIMA) analysis at the University of Tasmania and X-ray diffraction (XRD) analysis 

Mineral Resources Tasmania in Hobart. All named clay minerals described within this chapter were 

identified using PIMA and whole rock XRD. All named zeolite minerals described within this 

chapter were identified XRD analysis of powdered whole rock samples and mineral separates. 

ACfERATION AND MINERALISATION AT DINKIDI 

Figures 6.1 and 6.2 describe the five main stages of hydrothermal activity recognized at Dinkidi. 

Figures 6.4, 6.5, 6.6 and 6.7 display the interpreted distribution of the main alteration 

assemblages for each stage, based on logged drill holes. The distribution of mineralisation at 

Dinkidi is shown in Figure 6.3. Mineralisation at Dinkidi is focused around the barren Bufu 

Syenite intrusion, with strong Cu-Aumineralisation spatially associated with the Balut Dyke 

and the now-brecciated Bugoy Pegmatite (Figure 6.3). Unpublished metal zonation studies by 
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Climax-Arimco indicate that Au is focu ed in the core of the orebody and Pb. Zn, Ag and Mo 

are focussed on the margins of the Cu halo. a di tribution typical of zonation observed at other 

porphyry deposits (eg Jone , 1992). Restrictions on acce to the assay database. combined with 

the limited number of assay for Mo and other non-ore grade element has prevented any 

detailed study of metal zonation at Didipio. 
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The Tunja Monzonite is spatially a sociated with a biolile-magnetite-K·feldspar (orthoclase and 

perthite) a lteration assemblage that has been intensely developed within the adjacent diorites 

(Figure 6,4). Strong selectively pervasive biotite·magnel ite±or!hocla e a lteration extends at 

least 200 to 500 meters into the diorites adjacent to the Dinkidi tock (Figure 6,4 & Plate 6.1 C 
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& E), forming an alteration halo that is far more extensive than later vein sets or alteration 

assemblages. The biotite-magnetite alteration assemblage grades distally (-500 meters from the 

Dinkidi stockwork) into a broad zone of well developed secondary epidote-pyrite (propylitic) 

alteration, except for along the western margin, where the biotite alteration halo associated with 

the Tunja Monzonite merges with the biotite alteration halo surrounding the neighbouring 

Surong Monzonite (Figure 6.8). The selectively pervasive biotite-magnetite alteration 

assemblage has replaced clinopyroxene within the diorites (Plate 6.1 E), and contains apatite, 

anhydrite, chalcopyrite and pyrite as accessory alteration minerals. This alteration is commonly 

domainal, forming dark clots of biotite and magnetite within xenolith-nch monzodiorites, 

Within 20 meters of the Tunja Monzonite, local pervasive orthoclase alteration of the diorite has .'." 

occurred, with fine- to coarse-grained orthoc1ase replacing the matrix of the diorites (Plate 

6.1F). 

Although no vein stockwork is associated with the Stage 1 alteration assemblage, diorites 

close to the margins of the Tunja Monzonite contain monzonite dykes and regions of 

igneous breccia. These igneous dykes and breccias commonly grade, over a distance of a 

few centimetres, into coarse-grained biotite-K feldspar 'vein-dykes' (eg Plates 6.IA, B & 

C). These hybrid vein-dykes consist of medium- to coarse-grained biotite, plagioclase and 

magnetite (and rare diopside or amphibole) that are enclosed in a mosaic of K-feldspar 

(Plate 6.1 D). Small interstitial cavities are filled by apatite, anhydrite, gypsum, rare 

sphene and secondary (Stage ?5) chlorite, calcite, stilbite and chabazite. The vein-dykes 

are an illustration of the difficulty that can be encountered when attempting to classify 

early, high temperature porphyry assemblages as purely m~gmatic or hydrothermal. The 

Stage I biotite-magnetite alteration halo also contains common, irregular biotite and 

magnetite veinlets. 

The Tunja Monzonite is spatially associated with, and contains, an extensively developed 

sodic alteration assemblage. This has resulted in the ubiquitous albitisation of plagioclase 

laths within the Tunja Monzonite. Albitisation is widespread, occurring throughout the 

unaltered and altered sections of the stock, regardless of distance to the core of the 

hydrothermal system, and is apparently unrelated to any veins or later intrusives. It is 

therefore interpreted to be a late-stage magmatic alteration assemblage. 

Stage J Propylitic alteration 

~-The Stage-I-biotite-magnetite alteration assemblage hasbeenoverprinted.by, and. grades __ 

distally into, a selectively pervasive chlorite:epidote-pynte propylitic alteration' 
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Plate 6.1 A: Pink K-fe ldspar rind concenlrated along the contact between the Tunja Monzonite and a biotite-altered 
diorite. The small dyke on the left is a transitional magmatic-hydrothermal reature. consisting ofa K-fe ldspar-biotite 
vein and a K-feldspar-nooded monzonite dyke. Location DDH60/309m. Drillcore 4 .7 cm wide. 

Plate 6.1 8 : Thnja Monzonite-diorite igneous breeeia. The mid-grey coloured ' magmatic' monzonite groundmass grades 
imo a ' Iare-stage' medium- to coarse-grained light orange K-reldspar+biolite 'hydrothermal' groundmass. Sample 33/394. 

Plate 6. 1 C: Igneous breccia on the margin orthe Tunja Monzoni te. This hybrid 'magmatic-hydrothemlal' breccia 
grades from ' magmatic ' Tunja Monzonite on the far left orthe picture to 'hydrolhermal' coarse-grained biotite-K
reldspar-magnetite to the right. The assemblage represents the high-temperature hydrothennal depositon or B 
monzonite-composition assemblage. Note the typically spotty biotite alleration. Biotite has nucleated from primary 
clinopyroxene s ites, in an orthoclase-altered diorite. Sample 251273 . 

Plate 6. ID: XPL photomicrograph ora coarse-grained ' magmatic-hydrothermal' breccia matrix similar to that in 
Plate 6.1C. The hybrid hydrothennal-magmatic assemblage consists orcoarse-grained biotite, plagioclase and 
magneti te, with rare diopside and amphibole. that are enclosed in a subhedral mosaic ofK-feldspar (weakly to 
strongly perthitic onhoclase andlor strongly twinned albite). Sample 53 /894 

Plate 6. 1 £: PPL photomicrograph orStage I selectively pervasive biotite alteration within a clinopyroxene-diorite. 
Within the biotite alteration halo, fine-to coarse-grained orange-red strongly pleochroic biotite has nucleated from , 
and replaced. clinopyroxene and has poikilitically enclosed plagioclase and clinopyroxene. Fine-grained magnetite 
grains are disseminated within the clinopyroxene phenocrysts, and commonly have biotite rims. Sample 60/571 

Plate 6. 1 F: linopyroxene-diorite (right) panially assimilated by Stage I secondary coarse-grained onhoclase (Or) 
nooding ( left). Orthoclase textures in the alteration zone range from fine-grained granular to, as shown. coarse
grained mosaics. In this example a coarse-grained subhedral mosaic or orthoc lase poikilitically encloses plagioclase 
and clinopyroxene (which is corroded and biotite-altered). 
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assemblage. This propylitic alteration is intensely-developed within the diorites on the 

margins of the Dinkidi System. Within this propylitic alteration halo, clinopyroxene is 

selectively replaced by chlorite-calcite-rutile-epidote-pyrite and patches of diorite are 

commonly pervasively replaced by epidote-pyrite domains. The propylitic hydrothermal 

alteration zone also contains rare epidote-chlorite-pyrite vein lets. Within the monzonites of 

the Dinkidi Stock, propylitic alteration consists of the selectively pervasive alteration of 

primary and secondary biotite, actinolite and diopside by chlorite-calcite (and rare 

epidote). Intrusion-related propylitic alteration can be distinguished from weal\.background 

regional greenschist metamorphism by the presence of abundant epidote-pyrite, which is 

absent in the green schist assemblage. 

The propylitic assemblage had a protracted history of formation, given that it overprinted 

potassic alteration in the core of the system, but also appears to have formed synchronous 

with potassic alteration on the fringes of the system. This distribution in time and space is 

consistent with (but does not prove) that the propylitic assemblageformed at lower 

temperatures than the biotite assemblage, and the collapse of the thermal anomaly over 

time allowed for the formation of propylitic alteration minerals in the core of the system. 

Stage 2 Ca\c-potassic assemblage 

The first episode of high-grade Cu-Au mineralisation at Dinkidi was associated with the 

intrusion of the Balut Dyke and the emplacement of the Stage 2 K-feldspar

actinolite±sulphide-apatite-diopside hydrothermal assemblage (Figure 6.5). The first Stage 

2 veins are coarse-grained diopside-perthite veins (Stage 2A; Plates 6.2A to E), which are 

cross-cut by pink-coloured perthite±actinolite veins (Stage 2B; Plates 6.3A & C) that grade 

into an extensive stockwork of green-coloured actinolite dominated actinolite±perthite

bornite-apatite veins (Stage 2C; Plates 6.3A, B, C & D). High-grade Stage 2 mineralisation 

is associated with irregular 'dykes' of massive bornite-orthoclase (Plate 6.4A to F). All of 

these Stage 2 vein and dyke assemblages have crosscut the Tunja Monzonite, but not the 

Quan Porphyry, and are in turn overprinted by Stage 3 quartz veins. 

Stage 2A 'Pegmatitic' veins 

Constrained spatially to within the Balut Dyke and or within 30 meters of its margins, are 

'pegmatitic' Stage 2A veins (Figure 6.5; Plates 6.2A to E). These distinctively coarse

grained veins range in thickness from 2 to 10 cm and consist of medium- to coarse-grained . 
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perthite and diopside. Coarse-grained apatite, bomite (Plate 6.2F), and magnetite occur 

interstitial to the perthite. The bomite-rich Stage 2A veins are commonly associated with 

high-grade gold mineralisation, with vein intersections reaching up to 2-15 g/t Au. 

Surrounding the 2A veins are halos of diopside alteration (Figure 6.2D & E) or, within the 

Tunja Monzonite, K-feldspar alteration: Associated with this stage are irregular,S cm to 30 

cm wide Balut Dyke 'igneous breccia' zones. These zones comprise Tunja Monzonite and 

diorite clasts hosted within a matrix of unmineralised coarse-grained diopside and perthite 

(Plate 6.2B). The.euhedral clinopyroxene has typically nucleated from the walls of the 

breccia, and locally crystals are up to 10 centimetres long, closely resembling the 

porphyritic phases of the Balut Dyke (compare plates 6.2B and Plate 4.1C). 

Stnge 2B & 2e actinolite-pertkite veins 

Based on cross-cutting relationships, the Stage 2 vein stockwork can be subdivided into 

early perthite±actinolite 2B veins (Plate 6.3A) and late actinolite±perthite 2C veins (Plates 

6.3A to D). Although the Stage 2B veins are typically cross-cut by the more extensively 

developed 2C veins they are both characterised by perthite-actinolite and an absence of 

quartz, and are interpreted to have formed during the same period of stockwork formation. 

Both vein sets occur within the Tunja Monzonite, terminate within the Balut Dyke and do 

not cross-cut the Quan Monzonite or Bufu Syenite. Stage 2C veins extend at least 200 

meters out from the centre of the Dinkidi Stock and are the mosrextensive vein set at the 

Dinkidi deposit (compared to approximately 150 meters for the Stage 3 quartz veining). 2B 

veins are typically barren or weakly mineralised, whereas 2C veins are typically weakly to 

moderately mineralised. Local Stage 2C stockwork zones are associated with· elevated, but 

commonly subeconomic, Cu-Au mineralisation. 

Stage 2B veins consist of subhedral to euhedral perthite-actinolite with interstitial apatite, 

magnetite, bomite, chalcopyrite, pyrite and rare sphene (Plate 6.3G). The bomite 

commonly contains native Au. Voids in the centre of Stage 2 veins are filled by calcite and 

Stage 5 chabazite-laumontite-stilbite (Plate 6.3G). The Stage 2B veins are surrounded by a 

halo of orthoclase or actinolite, and rarely, biotite-magnetite alteration. 

Stage 2C veins consist of euhedral to subhedral actinolite±perthite, with the perthite 

occurring commonly as an outer euhedral rind. Also present are interstitial apatite, sphene, 

calcite, bomite, chalcopyrite and pyrite (Plates 6.3B, D & F). Rare native Au and 

tennantite inclusions occur in the chalcopyrite and bomite (Plate 6.3E). A few interstitial 

96 



Plate 6.2 

Plate 6.2 A: Representalive veins from lhe three main slockwork slages at Dinkidi lhal have cross-cut the Tunja 
Monzonite. A coaIlle-grained Stage 2A perthile-actinolite vein (Stage 2A) is cross-cut by a slage 3B quanz-chal
copyrite vein (Stage 3C) which, in lum, has been cross-cut by a Stage 5 stilbite± laumonite vein. Sample 28/83 . 

Plate 6.2 B: Stage 2A diop ide-penhite-magnetile breecia with cavilies infilled by anh)drile and tage 3B chal
cop)Tite-calclle. Diorile clasts are weakly biolile-K-feld par ahered. ample 37115. 

Plate 6.2 C: Coarse-grained 2A diopside-K-feldspar vein that has cross-cut a weakly biolile-onhoclase allered 
monzodiorile-porphyry. Diopside in lage 2A veins is common ly altered 10 aClinolile, eilher by an overprinl of 

tage 3 assemblage, or possibily by retrograde lage 2 fluids. Localion DDH 471704rn. 

Plate 6.2 D: Coarse-grained diopside-perthile-magnelite-apalile-bomile 2A vein cros -culling equigranular Balut 
Dyke. The margin of the vein is marked by a dense 'aheralion ' halo of diopside. The 2A veins (or ' vein-dykes') 
share a similar bulk composilion 10 the Balul Dyke. and the secondary diopside on the margin of the 2A vein is 
composilionally identical 10 the primary diopside within the BalUl Dyke Sample 49/644 

Plate 6.2 E: XPL photomicrograph of the diopside margin oflhe vein in Plale 6.3D. Coarse-grained penhite core 
of the vein (righl) hOSlS abundant interstilial magnetile. Sample 49/644 

Plate 6.2 f -: tage 2 bomite (bm) with lale-stage chalcocite (CC). Stage 2 bomite (and uncommon chalcopyrile) contain 
uncommon pyrite grains, rare chalcocile and tetrahedrite blebs and small nalive Au inclusions ample 281508. 
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cavities have been filled by Stage 5 laumontite, calcite or aggregates of ferroan chlorite. 

Stage 2C veins are typically surrounding by a pink halo of orthoclase or perthite (Plates 

6.3B). Stage 2B and 2C veins do not display strong changes in composition with distance 

from the c·entre of the system. Stage 2C veins appear to contain more actinolite, sulphide 

and apatite in the core of the vein stockwork. The intensity of the orthoc1ase alteration 

generally decreases outwards from the core of the system. 

Stage 2D 

High-grade Au mineralisation at Dinkidi (Figure 6.3) is associated with emplacement of an 

orthoc1ase-bornite assemblage along a I to 20 metre wide zone that extends from within 

the Balut Dyke to the near surface (Figure 6.6; Plates 6.6 A to F). No cross-cutting 

relationships with· other Stage 2 veins were observed for this assemblage, however the 

mineralisation crosscuts the Tunja Monzonite, terminates at the contact with the Quan 

Porphyry and is cross-cut by the Stage 3 quartz stockwork. It is classified here as Stage 2D 

because it is interpreted to be associated with the Balut Dyke. However, its timing with 

respect to Stages 2A, B & C remain unknown. 

The Stage 2D assemblage forms irregular breccias and dykes (Plates 6.4A & B) that 

consist <;>f an equigranular mosaic of orthoc1ase and bornite±chalcopyrite (Plates 6.4D). 

Interstitial to the sulphides and orthoc1ase are minor sphene, apatite, magnetite, and either 

actinolite or rare diopside. In rare cases, the assemblage forms 'blebs' of orthoc1ase and 

sulphide (Plate 6.4C). The blebs are zoned and have radial infilling textures (Plates 6.4E & 

F). These 'blebs' may have filled voids within the Tunja Monzonite, however, no 

equivalent zeolite- or calcite-filled miaroIitic cavities have been recognised elsewhere in 

the Tunja Monzonite. The blebs are interpreted to be the shaved edge of a Stage 2D breccia 

zone or a cross-cut 'bump' in a nearby Stage 2D ·orthoclase-sulphide dyke. Alternatively, 

they may represent a Stage I feature, forming from immiscible sulphide droplets that were 

contained within silicate melt of the Tunja Monzonite. However, the close compositional 

and textural similarities between the blebs and the Stage 2D assemblage suggests a Stage 2 

origin for the 'blebs'. Intergrowths of sulphide (chalcopyrite-pyrite) and silicates 

(c1inopyroxene and biotite) have also been reported from the Lorraine CU-Au Porphyry 

Deposit in British Columbia (Bishop et al., 1995) and were attributed to the crystallisation 

·of magmatic sulphides. 
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Plate 6.3 tage 2B and 2e veins 

PIOle 6.3 A: Light·orange coloured Stage 2B vein cross·cur by a Stage 2C actinoli te·perthite
chaicopyrite-bomite vein . Stage 2B veins consist of subhedral to euhedral perthite and actinolite, wilh inlerstilal 
apatite, magnetile, bom ite chalcopyri te and sphene. 2B veins are typically surrounded by an altera tion halo of fine
grained granular orthocJase. Sample 37/ 176. 
Plllte 6.3 B: Stage 2C vein stockwork. Actinolite veins, with a characteris tic halo of orange orthoclase alteration, 
cross-cut a weakly K-feldspar-altered diorite. 2C veins are typ ically surrounded by a halo of orthocJase and 
perthite, wirh the typically granular ortholcase emplaced along the host rock grain boundary. Drillcore 4.7 cm wide. 
Plole 6.3 C: Hybrid Stage 2B-2C vein. The Stage 2B and 2C veins are classified by their dominate core component: perthite for 
2B and actinolite for 2C (Plate 6.4 B). Stage 2C veins tend to have formed later that 2B veins, however, both are interpreted to be 
components of the same calc-potassic vein set. This example is a hybrid between the idealized 2B and 2e vein endmembers. 
Plate 6.3 D: Stage 2B vein within the Tunja Monzonite. The alteration halos of Stage 2B veins are strongly lithology
dependant. Slage 2B veins hosled within the Tunja Monzonite lack the distinctive orthoclase halo that is characterisilic of 
Slage 2B veins hosted within diorite (compare with Plates 6.4A, B & Cl. Drillcore 4 7 cm wide. Location DDH 69/338m. 
Plale 6.3 E: Native gold inclusions (Au) within tage 2 bomite. Stage 2 sulphides consist ofbomite and minor chalcopy
rile, wilh inclusions of native All and tennanlile and are commonly replaced by chalcocile or digenite. Sample 281508 
Plale 6.3 F: XPL photomicrograph of a Stage 2C vein. Euhedral actinolite and apatite are hosted within interstitial calcite, 
chalcopyrite and bomite. The vein has been reopened by a network ofd,in tage 5 slilbiuxhabazite veinlets. Sample 53/882. 
Plale 6.3 G: PPL and renected light photomicrograph oflhe core of a Stage 2B vein. The interstitial cavity 
inbetween the coarse-grained subhedral perthite rind is filled by chalcopyrite, actinolite, calcite and minor Stage 5 
chabuite (Chab), the later possibly a replacement of anhydite. Sample 3711 46. 
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Stage 3 Quartz-stockwork assemblage 

Most of the ore grade Cu-Au mineralisation at Dinkidi is associated with the intrusion and 

crystallisation of the Bufu Syenite during Stage 3, and the synchronous formation of an 

extensive quartz vein stockwork. A quartz-actinolite-K-feldspar-magnetite-carbonate

sulphide mineral assemblage was emplaced as both a quartz vein stockwork and as a 

coarse-grained accumulation above the Bufu Syenite (the Bugoy 'Pegmatite'; Figure 6.6; 

Plates 4.IF,A.SA & B, 6.SA). Although many individual vein assemblages are observable, 

the Stage 3 quartz stockwork has been grouped into 3 vein subsets to aid description 

(Figure 6.1). They are: 

Stage 3A Quartz-actinolite±K-feldspar-rnagnetite-sulphide veins (Plates 6.5A; 6.6 A, B 

& C) & the Bugoy 'Pegmatite' (pre-Bufu Syenite crystallisation), 

Stage 3B quartz veins that formed synchronous with the crystallisation of the Bufu 

quartz-sYenite. They have been further subdivided into: 
3B-potassic quartz-perthite veins (Plates 6.7 A, D & E), which occur along the 
margin of the Bufu Syenite 

3B-main quartz-sericite-carbonate-sulphide veins (Plates 6.8A to D; Plate 
6.9A), which are found throughout the Quan Porphyry and Tunja Monzonite 

Stage 3C calcite-sulphide±quartz-sericite veins (Plate 6.8F), with associated calcite

sericite sulphide mineralisation and late stage brecciation of the Bugoy pegmatite. Stage 

3C is interpreted to have formed after the formation of the Bufu quartz-syenite, based 

on cross-cutting relationships. 

Although Stage 3 quartz veins have been subdivided into three subsets for the purpose' of 

description, the quartz stockwork is interpreted to have been a continuum of events that 

evolved, temporally and spatially from the early quartz-actinolite-magnetite assemblage 

(3A) through the main quartz±K-feldspar-sulphide-carbonate-sericite assemblage (3B) to 

late stage carbonate-sulphide assemblages (3C). The subdivisions described above are 

idealised' 'end members', with hybrid veins the norm, rather thim the exception. The Stage 

3 quartz veins have reactivated Stage 2 veins in many samples and have cross-cut rare pre

Quan Porphyry magnetite veins and quartz veins. 

Pre-Quan Porphyry magnetite-sulphide trails and quartz veins 

Rare, thin magnetite-chalcopyrite± pyrite-quartz veinlets and very rare quartz veins foi:med 

prior to the intrusion of the Quan Porphyry. These veins have crosscut the Tunja 

Monzonite and the Balut Dyke, and are preserved in Tunja Monzonite xenoliths within the 

lOO 



Plate 6.4 

Plate 6.4 A: tage 2 sulphide breccia. Medium-grained chalcopyrite, bomite and K-feldspar have cemented and replaced 
K-feldspar-altered clasts ofTunja Monzonite. This sulphide-K-feldspar assemblage fonns a narrow but vertically 
extensive zone of high-grade copper-gold mineralisation above the Balut Dyke (Figure 6.6). 

Plale 6.4 B: iage 2 sUlphide-cement breecia. Stage 2 bomite-chalcopyrite, with a soeiated K-feldspar alteration halos, 
have brecciated the Tunja Monzonite. Sample 16/543. Drillcore 4.7 cm wide. 

Plate 6.4 C: Sulphide-orthoclase ·blebs'. These tube-shaped features are comprised ofa fine-grained mosaic ofbomite 
and orthoclase, with the central core ofbomite+chalcopyrite-<:alcite surrounded by a rim ofeuhedral orthoclase. Cavities 
in the core of the bleb are filled by calcite and locally the bomite has been partially replaced by chalcocite and chalcopy
rite. The bleb is hosted in weakJy sericite-altered Tunja Monzonite. Sample 4/96. 

Plole 6.4 D: Reflected light and PPL photomicrograph of sulphides from bleb in Plate 6.6C. Fresh perthitic orthoclase 
and bomite fonn an equigranular mosaic with 3-way grain boundaries. with a conspicuous lack of calcite, sericite or any 
hydrothennal minerals typically associated with sulphide depo ition. uch a mosaic of orthoclase and bomite is unlikely 
to have fonned from descending meteoric water, such as Leach (1998) proposed in his mineralisation model for Dinkidi . 

Plote 6.<1 E. XPL photomicrograph of the left hand bleb in Plate 6.6C. An Ollter zone ofequigranular sulphide-K
feldspar has a sharp contact with the surrounding Tunja Monzonite and grades into a re latively coarse-grained orthoclase 
rind that projects euhedral races into a sulphide-filled core. 

PIt/le 6.4 F: Reflected light photomicrograph of Plate 6.6E. Orthoclase is intergrown with bomite. chalcopyrite and 
uncommon sphene (spn). The copper sulphides contain inclusions of magnetite, native Au and tennantite. 
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Quan Porphyry. These '<2 mm wide vein lets consist of magnetite-chalcopyrite±pyrite with 

accessory quartz and perthite. This Pre-Quan Porphyry vein assemblage has only been 

recognised on the basis of its incorporation into Tunja Monzonite xenoliths hosted within 

the Quan Porphyry. The scarcity of these veins is indicated by the lack of any appreciable 

increase in quartz or magnetite vein density on either side of the Tunja Monzonite-Quan 

Porphyry contact. The margins of the Quan Porphyry is typically unaltered, or, below the 

2300 RL (Figure 6.7), overprinted by intense Stage 3A quartz-actinolite alteration and 

Stage 3B quartz-perthite flooding. 

Stage3A 

Stage 3A resulted in the deposition of a quartz-actinolite-magnetite-sulphide mineral 

assemblage, as quartz-actinolite veins, magnetite-sulphide veinlets and as the Bugoy 

Pegmatite. Intense quartz±sulphide flooding of the Balut Dyke and associated actinolite 

alteration is associated with this stage. The Stage 3A assemblage cross-cuts the Tunja 

Monzonite, Balut Dyke and Quan 'Porphyry, but is crosscut by dykes of the Bufu Syenite 

and Stage 3B veins (Plate 6.SB). The Stage 3A vein assemblage is distinguished from 

Stage 2e by the presence of quartz in the Stage 3 assemblage. 

Stage 3A quartz-actinolite veins' 

Stage 3A quartz-actinolite veins (Plates 6.6A & B) cross-cut the Quan Porphyry, Tunja 

Monzonite and surrounding diorites, extend at least 100 metres from the core of the 

Dinkidi s'tock, and are found from the margin of the Bufu Syenite to the near-surface 

environment (Figure 6.6). Stage 3A veins range in width from 0.2 to 8 cm, and many 

individual veins have reactivated earlier-formed Stage 2 cale-potassic veins. The veins 

consist of clear to milky quartz-actinoli!e, with interstitial cavities filled by calcite, apatite, 

sphene, bomite, chaleopyrite and pyrite (Plates 6.8E & F). Bomite contains small «1 mm) 

inclusions of native gold and tennantite and has been partially replaced by chalcopyrite 

(Plate 6.6F). Associated with the Stage 3A veins is the selectively pervasive actinolite 

alteration of biotite and c1inopyroxene in the Tunja Monzonite and quartz-actinolite 

flooding of the Balut Dyke and Quan Porphyry. The abundance of actinolite and sulphide, 

in Stage 3A veins decreases with increasing distance from the centre of the system, with a 

proximal grey quartz-bomite-chalcopyrite assemblage within the veins grading out to a 

calcite-milky quartz-pyrite-chalcopyrite assemblage in distal settings (>80 meters from the 

stock). 

102 



x 
+ 

Late Stage 3C quartz-fragment 
breccia 

X 

+ X 

+ X 

+ X 

I 

~ 

+ 

~ + 

+ 

+ 
4000 E 

A l.TERATION 

Stage 3 

+ 
38 quartz-sulphide-calcite 

ac,molllestockwork (blue lines) 

2500 RI. 

+ 
+ 

2400 Rl. 

+ 

-'-"'-+-----1 2200 RL 

+ 

1
2000 

4200 E 

Figure 6,~: Approxllmtlc diSlrtbullon ofStnge 3 hydrothermal J ... cmblagcs. The cry~talllllJtion of the Bufu Sycmlc 
,,,, inlerrrctcd 10 ha\C been 3!1oSOCmlCd with the emplacement uf a quarv .,tockwork throughoullhc runjil Ml,m70nll~ 
and QUiJll Porphyry The tagc 3 quart7 slock\\ork grades l)ul alvng the mller margm orlile Buru Sycni lc. \\ IIh the 
core orlhe Buru hosting nnt) ron~ latc Stage' 38 'Juart1 "ClIl\Ch. The di~lrihlltlOn of the Singe 38 to 3(" !\l"rlClle· 

carbonalc a llcr.J llon and a~~lalcd dls"Il:IJlin8IcJ ... ulphldc mlncrullc"il lion u\l!rlap., the d''Ilnbulllm (lfthe 4U<im 
.,wckwork In l:l)llIra~1 It' the qUBl1/' \ellh scn..:ltc alterauon (and mmor SI;\gc ~( sulphide ... ) has aho c\crpnnlcd Ihe 
cOle oftlu: Bufu Sycnltc 

103 



ALTERATION 

Stage 3A Bugoy Pegmatite 

The core of the Dinkidi quartz stockwork, above the Bufu Syenite, is a coarse-grained 

quartz-actinolite-magnetite-perthite rock, informally named the Bugoy 'Pegmatite' (Plates 

4.IF, 4.5A & B, 6.5A). The term pegmatite is used here in a textural sense, denoting a 

coarse-grained rock consisting of 'hydrothermal' minerals, rather than in the genetic sense 

of a REE-bearing granitoid intrusive body. The petrology of the Bugoy Pegmatite has been 

described in Chapter 4. The main body of massive quartz has undergone two periods of 

brecciation (late Stage 3C and Stage 5, both described below; Plate 6.6D), with only 

peripheral coarse-grained dykes preserved as coherent bodies. Coarse-grained Stage 3/1-

quartz-actinolite-magnetite veins and Stage 3B-Potassic quartz-perthite veins are 

compositionally and texturally identical to vein clasts of the Bugoy Pegmatite (eg Plates 

4.IF; 6.6C & D), suggesting that most of the Bugoy Pegmatite formed synchronously with 

hydrothermal Stages 3A to 3B-Potassic. A close spatial and temporal relationship between 

the Bugoy Pegmatite and the early Stage 3 quartz vein assemblage is implied by the 

observation that Stage 3A and 3B-Potassic veins merge with the coarse-grained pegmatite 

veins (eg Stage 6.7D), via an intermediate quartz-matrix breccia. This is interpreted to 

indicate that the Bugoy pegmatite formed as an open space filling of the early Stage 3 

quartz stockwork in the central, and presumably most fractured, section of the 

hydrothermal system. 

Stage 3A pervasive and selectively pervasive alteration assemblages 

The margins of the Bufu Syenite and the Bugoy Pegmatite hosts a zone of intense, 

unmineralised to strongly mineralised quartz±sulphide flooding (Plates 6.5B, C & F), with 

associated disseminaied chalcopyrite, bomite, actinolite, magnetite and rare sphene. 

Within the Balut Dyke this hydrothermal assemblage is characterised by intense quartz

actinolite alteration. Similar quartz flooding is associated-with the Stage 3B-Potassic vein 

assemblage, although intense K-feldspar alteration and an absence of actinolite 

distinguishes the Stage 3B event from Stage 3A (eg Plate 6.7B). 

Stage 3B-Potassic 

The main period of quartz veining at Dinkidi consists of two assemblages: A) quartz

perthite veins and related K-feldspar alteration (Stage 3B-Potassic veins), which occur in a 

proximal setting along the Quan Porphyry-Bufu Syenite contact; and B) the widespread 
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Plate 6.S Stage3A 

Plale 6.5 A: tage 3A: massive quartz-actinolite-magnetite+K-feldspar assemblage that has cross-cut the Quan Porphyry. 
Magnetite typically occurs as acicu lar needles. This assemblage, where fonning dykes or massive accumulations, is 
referred to as the Bugoy 'Pegmatile' . ample 47n26. Drillcore 4.7 cm wide. 

Plale 6.5 B. Stage 3A pervasive magnetite-actinolite-quanz replacement of the Quan Porphyry (right) cross-cut by a 
tage J B-proximal penhite-quartz dyke and a stage 3B quartz vein (left). Location 47n25. Drillcore 4.7cm wide. 

Plale 6.5 C: Stage 3A to Stage 3B-potassic massive quanz flooding of the Quan Porphyry. The margins of the BUN 
yenite have been flooded by quartz during Stages 3A (with associated actinolite) and 3B (with associated perthite). 

Plate 6.5 D: XPL photomicrograph ofthecore ofa Stage 3A K-feld par-quartz-actinoli te vein with an intergrown 
mosaic ofsubhedral quartz and euhedral onhoclase and large actinolite phenocryslS. Sample 261170. 

Plall! 6.5 E: XPL pholomicrograph of typical massive quartz-actinolite textures in Stage 3A veins. Radial fans of 
actinolite are typically poikililically enclosed within, or interstitial to. a granular mosaic of quartz. with interstitial spaces 
filled by sulphides (chalcopyrite:!:Pyrite or bornite) and calcite. ample 34/427. 

Plale 6.5 F: tage 3A-JB quartz flooding of the margin of the BuN yenite. Perthite has been partially replaced by 
quartz. The core, and upper margins, of the Bufu consist of a quanz syenite that is interpreled to be associated with the 
formation of the lage 3 stoc~-work. There is no clear transition trom the quartz-flooded syenite margin to the 'magmatic' 
quartz-syenite core (which contains melt inclusions within the interstitial quartz). Sample 28151 0 
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main quartz stockwork (3B-main veins) with related quartz-sericite-carbonate alteration. 

Both vein sets have overprinted the Stage 3A assemblage (Plate 6.5B). The 3B-Potassic 

assemblage is intimately associated with the Bufu quartz syenite, with which it shares a 

similar quartz-perthite composition. Below the Bugoy pegmatite, at the contact between 

the Quan Porphyry and the Bufu Syenite, Stage 3B quartz vein density decreases gradually, 

with the inner quartz-syenite core of the Bufu containing only rare, irregular un mineralised 

quartz trails of presumed Stage 3B timing. 

Stage 3B-Potassic quartz-perthite veins 

Closel{ associated with the crystallisation of the Bufu quartz syenite are uncommon' 

unmineralised Stage 3B grey quartz veins with perthite rinds and rare interstitial 

magnetite, chalcopyrite and apatite (Plates 6.7D, E & G). The Stage 3B-potassic 

assemblage has cross-cut the Quan Porphyry and is restricted to within 30 meters of the 

Bufu Syenite margin. The 0.5 to 1.5 cm wide Stage 3B potassic veins are typically 

surrounded by a 2 to 5 cm wide bone-white K-feldspar alteration halo, with associated 

selectively pervasive chlorite along the margins of the halo (Plate 6.9F). Interstitial 

cavities have been infilled by Stage 3C chalcopyrite-calcite. High densities of Stage 3B

Potassic veins are associated with patchy K-feldspar-quartz flooding of the host rock. 

Uncommon 5 to 30 cm thick perthite-rich 3B-potassic 'vein-dykes' (Plate 6.7 A) resemble 

Bufu quartz-syenite dykes and consist of a quartz-orthoclase-perthite groundmass (with 

uncommon quartz-filled miarolitic cavities), commonly centred around an irregular central 

trail of quartz (Plate 6.7 A). These aplite veiu-dykes are associated with strong magnetite

K-feldspar-quartz-chlorite alteration of the Balut Dyke (Plate 6.7 A). 

Stage 3B-Potassic pervasive and selectively pervasive alteration assemblages 

In many drill core intercepts the margin of the Bufu Syenite is characterised by intense, 

pervasive bone-white to pale green K-feldspar flooding (perthite±orthoclase) with 

accessory quartz, magnetite, sericite and rare chalcopyrite, surrounded by an alteration 

halo of selectively pervasive chlorite alteration (Plate 6.7C & F). The Balut Dyke has been 

extensively affected by Stage 3B-Potassic K-feldspar flooding (Plate 6.7B). The high 

degree of replacement of the Balut Dyke (relative to the neighbouring Tunja Monzonite) 

suggests that the fluid responsible for the K-feldspar flooding were focused in the Balut 

Dyke.' 



Plale 6.6 A: Stage 3A quartz-actinolite vein cro cutting the Tunja Monzoniteand a diori te xenolith, with weak K
fe ldspar alteration developed adjacent to the vein within the xenolilh. Location DDH 14/487m . Dri llcore 4.7 cm wide. 

Plale 6.6 8: tage 3A quartz-actinolite vein, with minor interstitial calcite and a thin, intense onhoclase aheration 
halo, cross-cutting monzodiorite. Location DDH 371205m. Drillcore 6.2 cm wide. 

Ph/le 6.6 C: Coarse-grained tage 3A quartz-apatite-actinolite-K-feldspar-magnetite-chalcopyrite vein, which has cut 
tbe Tunja Monzonite. Drillcore 4.7 wide. Location 371139 

Plale 6.6 D: Fragment of the Bugoy 'pegmatite in the Bugoy Breccia. The fragment is identical in composition and 
texture to the vein in Plate 6.8C. The abundance of quartz fragments in the quartz-fragment breccia, and presence of these 
coarse-grained quartz-actinolite-magnetite clasts, suggests that the Bugoy 'pegmatite' was brecciated to fonn the quartz 
fragment breccia. Location 8313 87. Drillcore 4.7 cm wide. 

Plat~6.6 £ : Typical tage 3A vein containing intergrown acunolite and quartz. with interstitial spaces infilled by 
chalcopyrite and Stage 5 calcite. Stage 3A actinolite is commonly replaced by Stage 3C calcite and. in this example, 
has been partially replaced by blue sodic amphibole (sod). ReOected light & PPL. Sample 341427. 

Plale 6.6 F: Panially re·assimilated bomite rind on Stage 3A chalcopyrite. The re-assimilation is interpreted to be a 
tage 3B event. Bomite is associated with small grains oftennantite (TT) and native gold (Au). Stage 3A copper 

sulphides are commonly partially replaced by chaleocite. ample 33/285 . 
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Stage 3B-main quartz stockwork 

The bulk of low-grade mineralisation at Dinkidi is associated with a quartz-sericite-calcite 

stockwork and disseminated sulphide mineralisation (eg Plate 6.9A). The Stage 3B quartz 

stockwork extends from the margin of the Bufu quartz syenite to the surface and individual 

quartz veins extend up to 150 meters into the surrounding diorites (Figure 6.6). Strong 

stock work veining is localised within 70 meters of the centre of the Dinkidi stock. 

Stage 3B quartz stockwork veins are typically 0.5 to 15 cm wide and consist of grey to 

milky quartz'. Interstitial spaces within, and fractures through the quartz, are filled by 

calcite, anhydrite, chalcopyrite and pyrite (Plate 6.8C). Accessory actinolite, orthoclase 

. andbornite are present locally in early, proximal veins (Plates 6.8B). Stage 3B veins that 

were emplaced late in the history of the stockwork, or in a distal setting, typically contain 

higher relative abundances of calcite and pyrite (Plate 6.80). Quartz veining on the 

periphery of the Dinkidi system (>150 meters) consist of barren, typically banded quartz

chalcedony veinlets (Plate 6.8E). Rare unmineralised Stage 3B veins in the core of the 

Dinkidi Stock (within 20 meters of the Bufu Syenite) consist of grey quartz with a wispy 

or irregular morphology" and were associated with K-feldspar alteration (Plate 6.8A). These 

wispy quartz veins resemble the 'A veins' of Gustafson & Hunt (1975). 

Stage 3B sericite-sulphide-carbolUlte alteration 

The Stage 3B quartz stockwork is spatially and temporally associated with an intensely

developed sericite-calcite alteration assemblage and disseminated sulphide mineralisation 

(Plate 6.9A). The bulk of this mineralisation is hosted within the Tunja Monzonite and 

Quan Porphyry. Within this alteration zone, sericite has replaced plagioclase cores (Plate 

6.9B) and hematite has replaced magnetite (Plates 6.9C & D). Stage 2 and 3A actinolite is 

also commonly replaced by Stage 3B calcite-sericite. Chalcopyrite is the main sulphide 

mineral, and occurs with accessory pyrite, bornite, sphalerite and galena (Plate 6.9C & D). 

The sulphides occur within quartz veins or as disseminated grains and sulphide-calcite 

vein lets within the host rock (Plate 6.9E). Stage 3B chalcopyrite has typically replaced 

Stage 2 and Stage 3A bornite. Distal Stage 3B quartz veins are associated with weak 
. . . 

chlorite-calcite alteration of the diorites (Plate 6.80). 

Stage3C 

Stage 3C is characterised by calcite veins (Plate 6.8F) and widespread selectively 

pervasive calcite±sericite alteration of actinolite and plagioclase. Stage 3C veins have 
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Plllle 6. 7 A: 3B-Potassic 'vein-dyke' cross-cutting the BalUl Dyke. These 5 to 200 cm thick pale-coloured vein-dykes, 
consists ofa ubhedral mosaic of penhite. commonly with a vuggy quartz core (qtz). Diffuse to cuspate boundaries 
indicates partial replacement of the Balut Dyke by pervasive K-feldspar alteration. The vein-dykes are surrounded by a 
broad halo of well developed magnetit<>quartz-onhoclase-chlorite a1terotion. Location DDH47nO I rn. Drillcore 4.7 cm wide. 

Plale 6. 7 B: Pervasive penhite-rnagnetite flooding of the Baltn Dyke. ear-total replacement of the Balut Dyke typically results 
in 'spongy' fine-grained penhite intergrowths and 'spotty' magnetite alteration. Sample 49/675. Drillcore 4.7 cm wide. 

PIIII. 6. 7 C: Contact between the Bufu )enite (left) and the Quan Porphyry (right). Note olive green selectively 
pervasive ferroan chlorite alteration of plagioclase laths. 

Plale 6. 7 D: ontaCl between a small Bugoy ' pegmatit .. dyke and Stage 3 quartz veins: the quartz veins connect into the Bugoy 
'pegmatite', indicating that they represent different .norphologiesofthe same event. Sample 33/407. Drillcore4.7 cm wide. 

Plllle 6. 7 £ : 'TYPical Stage 3B-Potassic vein cutting the Quan Porphyry, consisting of grey quartz with late-stage chalcopyrite
calcite infill and a characteristically broad K-feldspar alteration halo, with marginal chlorite-illite alteration. The alteration halo is 
eithergranularorthoclase replacement of the groundmass, or uncommonly, a mediwn-grained mosaicofperthite. The Stage 3B 
K-feldspat alteration is commonly overprinted and obscured by late-stage 39 to 3 sericite alteration. Drillcore 4.7 cm wide 

PIIII. 6. 7 F: XPL photomicrograph of a sharp contact between the Quan Porphyry (Iell) and a dyke oflhe Bufu 
quartz syenite (right) The groundmass of the Quan Porphyry ha been replaced by a granular mosaic of tage 3B
Potass.c onboclase and plagioclase cores ha e been strongly chlorite-illite altered. Sample 28/385 . 

Pltlle 6. 7 G: XPL photomicrograph of a tage 3B-potassic vein that has cross-cut the Quan Porphyry. A broad 
subhedral penhite nnd projects euhedral face into an umineralised quanz core. Plagiociase cores in the Quan 
Porphyry have been altered to tage 3C sericite and tage 4 clay (both after chlorite?) Sample 28/448 
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overprinted the Stage 3B quartz stockwork. During Stage 3C, miarolitic cavities within the 

Bufu Syenite were filled by calcite, chalcopyrite and pyrite (Plates 6. lOA & B). Stage 3C 

sphalerite-galena-pyrite trails crosscut the Tunja Monzonite, Quan Porphyry and Bufu 

Syenite. Stage 3C sulphides and calcite also locally occur within the Bufu Syenite, 

infilling miarolitic cavities (Plate 6.10A). This period of hydrothermal activity was 

disrupted by at least one period of brittle faulting (described below). 

Late Stage 3e sericite-quartz brecciation 

Late during the development of. the Stage 3C carbonate-sericite alteration system, 

brecciatiori··resulted in the disruption of most of the Bugoy Pegmatite, forming a distinCtive 

quartz-fragment breccia in the core of Oinkidi (Figure 6.6; Plates 4.50 & 6.lOC). This 

c1ast-supported breccia consists of >95% angular quartz fragments (Plate 6.1 OD). There is 

minor rock flour matrix (1-5%), which has been replaced by Stage 3C calcite ±sericite, 

Stage 4 illite and Stage 5 laumontite-stilbite (Plate 6.lOE). The quartz c1asts are up to 12 

cm in diameter, which is wider than most Stage 3 quartz veins, and locally contain 

intergrowths of large, euhedral crystals of actinolite (Plate 6.6D), K-feldspar, apatite, and 

magnetite. These clasts have textures identical to the Bugoy Pegmatite (eg Plates 6.5A and 

6.6C), which is interpreted to be their source. Abundant angular fragments of sericite, 

chalcopyrite and pyrite are also present (Plate 6.15F), with the chalcopyrite resulting in 

local high Cu-Au grades in the breccia. 

Although the breccia was originally considered to be hydrothermal in origin (eg Wolfe et 

aI., 1999) its angular, c1ast-supported nature, presence of rock flour, uncommon weak 

tectonic fabric (Plate 6.100), abundance of fine-grained angular fragments in the matrix 

(eg Plate 6.1 OF), in situ jigsaw-fit brecciation and the scarcity of hydrothermal cement all 

suggests a tectonic origin. The coarse-grained nature of the quartz fragments, and the 

scarcity .of host rock c1asts, indicate that the protolith for the quartz-fragment breccia was 

not the Stage 3 quartz vein stockwork. Instead, it is interpreted to have been a body of 

massive, coarse-grained quartz±actinolite, which contained high-grade sulphide 

mineralisation and which was weakly sericite-altered (i.e. Bugoy Pegmatite). The presence 

of abundant secondary calcite and sericite in the matrix, which have been overprinted by . 

Stage 4 argillic alteration, indicates a late Stage 3C timing for the quartz fragment breccia. 
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Plate 6.8 tage 3 quartz stockwork 

Plale 6.8 A: Early unmineralised 'wispy' Stage 3 grey quartz veins associated with orthoclase flooding of the Tunja 
Monzonite. The veins lack the distinctive perthite rind of tage 3 8·Potassic veins Location DDH 50/564m. 
Drillcore 4.7 cm wide. 

Plale 6. 8 B. Early Stage 38 quartz vein wi th a well-develped orthoclase aiteration halo and minor chalcopyrite that 
has cross-cutthe Tunja Monzonite. 

Plt,le 6.8 C: Typical tage 38 quartz-calcite-chalopyrite vein cross-cuning the Tunja Monzonite. 38 veins consist of 
subhedralto anhedral clear to milky quartz, with minor apatite and sphene. Interstitial spaces within, and fractures 
through the quartz are filled by calcite, chalcopyrile, pyrite or rare bornite. The chalcopyrite and bornile contain rare 
sphalerite and native Au inclusions and have commonly been partially replaced by chalcocite. Sample 251223. 

Plale 6.8 D: tage 38 milk"y quartz-calcite-chalcopyrite vein, with a weak sericite aiteration halo that has overprinted a 
biotite- and magnetile-altered diorite. This vein is typical of the Stage 38 veins that are distalto lhe quartz stockwork 

Plale 6.8 E: Distal. unminerali ed quartz veinlet, with a chalcedony core, cross-cuning a monzodiorite. These 
veinlets are the most distal expression of the quartzstockwork, extending up to 250 metres from the core of the 
system and merging with a dislal propylitic halo of strong pyrite-epidote veining and patchy trong epidote alter
alion. Location DDH 43/537m 

Plale 6.8 F: Unmineralised Stage 3C calcite vein, which has crOSS-CUl an earlier formed dlopside-orthoclase 2A 
vein (which has been partially replaced by a Slage 3 chalcopyrite-actinolile-quartz assemblage). 
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Stage 4 argillic alteration 

The Tunja Monzonite, Quan Porphyry and Bufu Syenite have undergone widespread, 

selectively pervasive intermediate argillic alteration (Plates 6.lIB, C & D). The 

mineralogy of the argillic alteration assemblage was determined using PIMA and whole 

rock XRD analysis. Illite and kaolinite have replaced Stage 3 sericite and calcite (Plates 

6.IOC & D), with illite alteration developed only in samples that contained Stage 3B 

sericite as a precursor. 

Although clay dusting of plagioclase cores is common throughout the Dinkidi Stock, 

~gillic ~~d advanced argillic alteration is restricted to the near surface environment, along 

Dinkidi Ridge (Plate 6.lIA). Patchy advanced argillic alteration (kaolinite±pyrophyllite), 

and minor silicification, were observed in samples collected from Dinkidi ridge, b~t these 

assemblages do not extend below the 2700 RL or extend into the surrounding diorites 

(Figure 6.7). Illite and kaolinite within this shallow, near-surface assemblage have 

typically been weathered to montmorillonite. 

Stage 5 Zeolite assemblage 

Zeolite veins, rock flour-filled fractures and a zeolite-cemented breccia characterise the 

final stage of hydrothermal activity at Dinkidi (Plates 4.5E, 6.lIF, 6.12A & B). Zeolite 

minerals were identified using electron microprobe and XRD analyses of mineral separates 

from individual veins. The laumontite-stilbite-chabazite-clinoptilolite veins have cut 

argillic alteration (Plate 6.12E), and are associated with a widespread chlorite-calcite . 

alteration assemblage (Plate 6.12F). The Stage 5 mineral assemblages are urimineralised, 

only containing minor pyrite. The zeolite-cemented tensional gashes and breccias are 

interpreted to have formed during faulting along the Biak Shear Zone, located at the 

northern end of Dinkidi (Figure 6.8). The Biak Shear is an offshoot of the F3 Didipio 

Valley Fault (Figure 3.1). The shear zone is characterised by the intense development of 

zeolite-calcite veins and moderate carbonate-chlorite alteration (Plates 4.5F & 6.17 A). 

Zeolite veins 

Unmineralised clear, cream, grey to pale orange Stage 5 zeolite veins typically have a 

sigmoidal or en-echelon geometry (eg Plate 6.12A), consistent with a tectonic origin. The 

veins consist of stilbite ± laumontite or, rarely, chabazite. The vein margins are typically. 

un,altered (minor weak calcite alteration has been noted locally). The zeolite veins are 
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Plate 6. 9 A: Stage 3B quartz stockwork associated with intense associated sericite-carbonate alteration and disseminated 
sulphide mineraJisaton. This sample is representative of the main quartz stockwork in the core of Dinkidi. (Figure 6.6) 
and is associated with most of the low-grade Cu-Au mineralisation at Dinkidi. Despite the late timing of the sulphides and 
carbonate. they only occur in the vicinity of the Stage 3B quartz veins. which is interpreted to indicate a genetic 
relationship. Location 69!297m 

Plale 6.9 B: Sericite-altered plagiocJase crystals. Early-fonned K-feld par rinds have not been altered during the 
sericite alteration event.Sericite-calcite alteration also overprints Stage 3A and 3B-potassic actinolite to K-feldspar 
alteration assemblages. Sample 60/447 . 

Plale 6.9 c: Stage 3B chalopyrite-bomite-hematite hosted within a Stage 2 magnetite grain. Alteration ofmagnetite 
to hematite by the chaJcopyrite-hematile stable Stage 3B Ouid is interpreted 10 have reduced the Ouid. leading to 
deposilion ofbomile. Stage 3B hematite has commonly replaced Stage 1. 2 and 3A magnetite. 

Plale 6.9 D: Late Stage 3B pyrite-chalcopyrite surrounding Slage 2 magnetile. The deposition of Stage 3B sulphides 
is associaled with hematile alteralion of magnelile. Reduclion of the chalcopyrite-slable Ouid by alleralion of 
magnelite may have promoted the deposilion ofpyrile. Sample 34/370 . 

Plale 6.9 £: Stage 3B chalcopyrile trail in sericile- and carbonate-altered Quan Porphyry. The sulphides crOSS-CUI and 
replace sericile-altered plagioclase cores. Stage 3B copper sulphides contain common sphalerite inclusions and rare 
nativeAu and tennantile inclusions. Sample 54/489 

Plale 6.9 F: Late Slage 3B sphalerite-chalcopyrile-galena trail. Galena and cha1copyrite have nuclealed on pyrite grains 
in the wallrock. Pyrite. sphalerite, galena and rare enargite are typically found in lale-stage sulphide trails. Sample 28113 I . 

113 



ALTERATION 

overprinted locally by late calcite and chlorite alteration. Chabazite and clinoptilolite are 

also present in the interstitial spaces of shallow Stage I and 2 hydrothermal assemblages, 

possibly as a replacement of anhydrite (or analcite?). 

Zeolite veins at Oinkidi are identical to veins within the Biak Shear Zone (Figure 6.7). The' 

shear zone is typically 30 to 80 meters in width and contains 1 to 15 wide blocks of 

unmineralised but strongly zeolite±calcite veined and brecciated diorite and Tunja 

Monzonite. These blocks are typically separated by strongly clay-carbonate-chlorite 

altered fault zones. 

'Mud veins' 

The laumontite-stilbite veins locally contain abundant laminated to massive aggregates of 

'rock flour. These earthy green-grey fine-grained 'mud veins' have infilled tensional gashes 

throughout the Oinkidi Stock (Plate 6.11F). The mud veins consist of rock, feldspar and 

quartz fragments hosted in a fine-grained altered rock flour matrix, together with· 

stilbite±laumontite needles, which have filled cavities. The rock flour matrix has been 

commonly calcite-altered. The 'mud' veins are commonly surrounded by a halo of weak 

selectively pervasive carbonate alteration. The layered mud is interpreted to have formed 

via gravitational settling of fine-grained clastic particles abraded from the fracture walls 

. either during or after tectonism. 

Zeolite-matrix lithic breccias 

The core of the Oinkidi deposit has been strongly disrupted by zeolite-cemented lithic 

breccias (Plates 4.SF & 6.12B, C & 0). The breccia zones have apparent thicknesses of 10 

to 80 meters, but locally occur as 1-2 meter wide fault zones. The breccias are dominated 

by lithic clasts of the surrounding host rock (i.e. minimalclast transport). The zeolite-

. cemented breccia has a gradational boundary with the Bugoy quartz-fragment breccia, and 

with other wall rocks. Angular clasts of clay- and sericite-altered Tonja Monzonite, Quan 

Porphyry, Bufu Syenite and quartz vein fragments are cemented by stilbite ± laumontite 

(Plate 6.12C & 0). Zeolite grains have nucleated on the clast margins and project into 

abundant calcite-filled cavities (eg Plate 6.170). Angular fragments of chalcopyrite, pyrite 

and mineralised Stage 3 quartz veins occurJocally. 
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Plate 6.10 
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Plate 6. 10 A: Chalcopyrite and ca lcite within a miarolitic cavity in the Bufu Syenite. The Bufu Syenite also 
contains unmineralised grey quartz veins and irregular quartz trails. ample 49/555 . 

PIli le 6. 10 8 : tage 3C cha!copyrite-calcite intilling a quartz-lined miarolitic cavity within the Bufu yenite (see 
plate 6.1 OA). ample 491555. 

Plale 6. 10 C ' Typical Bugoy quam fragment breccia. Quarl7 clasts are hosted within a cream-coloured sencite-and 
calcite-altered rocknour matrix. In addition to quanz+actinolite-feldspar clasts, single mineral clasts ofperthite. 
sericite and ulphide. and clasts ofquartz-nooded Bufu Syenite (with euhedral perthite 'grains' enclosed in a 
coarse-grained quartz groundmass) have also been observed. ee also Plates 4.5D and 6.6D. 

Plate 6. 10 D: XPL photomicrograph of the Bugoy quartz fragment breccia. The sample consists of angular clasts 
that are weakly aligned The crowded fragment-supported framework contains only 1-50 0 calcite-sericite matri (as 
replacement ofrocknour). Thejigsaw tit of optically continuous clast indictates in s itu fracturing of massive 
quartz, with little, or no transport of fragments . Sample 341393 

Plale 6. 10 £. Fine-grained sericite-calcite cement in the Bugoy breccia. ericite and calcite are interpreted to have 
replaced a rock-nour matrix. Sample 341393. 

Plate 6. 10 F: Angular chalcopyrite fragments in the quartz-fragment breccia. Sample 341393 
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Retrograde calcite-chlorite alteration 

A widespread, unmineralised calcite-chlorite alteration assemblage has overprinted all 

earlier formed hydrothermal assemblages at Dinkidi. The matrix of the Stage 3.C quartz

fragment breccias, Stage 5 lithic-fragment breccias and the Stage 5 zeolite veins have been 

replaced by calcite and chlorite. Primary mafic sites throughout the Dinkidi Stock and 

surrounding diorites are commonly replaced by calcite-rutile or by dull green ferroan 

chlorite (Plate 6.12E). This alteration may reflect weak regional chlorite-zeolite facies 

alteration or a late stage component of the Dinkidi System. 

REGIONAL ALTERATION ASSEMBLAGES 

This section describes the hydrothermal assemblages observed in the region surrounding 

the Dinkidi deposit, and is based on mapping and the logging of regional drill holes. Figure 

6.8 outlines the distribution of the four main alteration assemblages that occur in the 

Didipio region. These assemblages have all been overprinted by low-grade regional 

chlorite-zeolite to phrenite-pumpellite metamorphism .. 

Contact metamorphism 

The intrusion of the initial dioritic phases of the Didipio Igneous Complex is associated 

with a narrow contact metamorphic aureole within the surrounding Mamparang and Upper 

Mamparang Formations. Volcaniclastic units in the Mamparang Formation have been 

recrystallised to a cordierite±biotite spotted homfels, which extends up to 150 meters from 

the contact with the Didipio Igneous Complex (Figure 6.2). The homfels assemblage is 

typically overprinted by intense selectively pervasive to patchy pervasive epidote-chlorite 

alteration, which forms a zone that extends at least 300 meters from the intrusive contact. 

Contact metamorphism within the trachytes of the Upper Mamparang Formation is less 

distinct, comprising a diffuse zone of selectively pervasive biotite alteration that extends at 

least 100 meters from the contact with the diorites. No sulphide mineralisation or veins 

appear to be associated with this metamorphic event. 

Surong Monzonite K-silicate alteration 

The Surong Monzonite pluton is surrounded by a broad halo of K-silicate alteration 

(Figure 6.8), subeconomic Cu-Au mineralisation and small, weakly mineralised quartz

monzonite dykes. The gabbros, diontes and monzodiorites within this -200 metres' wide 

halo, and the marginal phases of the Surong Monzonite, have been altered to a selectively 
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FIgure 6. 7: ApproXImate dlStnbullon of Stage 4 and 5 hydrOlhennal a cmblagcs. Stage 3 senclle·altered pl.gloclas. 
cores are selectively replaced by Stage 4 intennediatc argi llic clays (predominately illite) throughout the Dinkidi Stock 
Advanced nrgillic aheralion. although responsible for the fonnation of the Dinkidi Ridge, is constmined 10 the surface, 
above the 2700 RL. Widespread zeolite (Iaumonilc-stilbite) and calcite veins and breccias and calcite. chlorile and 
7colitc (sulbite-chabazite) alteration of SI age 5, the final hydrothermal stage recorded at Dinkidi. is associated with 
the emplacement of the Blnk Shear and other faults. through the Dinkidi iock 
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pervasive biotite±magnetite-K-feldspar assemblage. Spotty biotite alteration, consisting of 

coarse-grained, strongly red-brown pleochroic biotite, has replaced and embayed primary 

clinopyroxene in the diorites (Plates 3.5D & 3.6D). The diorites and gabbros within this 

zone have also undergone patchy K-feldspar flooding, contain K-feldspar±imhydrite or 

biotite vein lets and have elevated 'background' copper concentrations (200-400 ppm). 

Subeconomic disseminated chalcopyrite-pyrite mineralisation in and around the margins of 

the Surong pluton is associated with K-silicate veining, commonly centred on 1-20 meter 

wide, biotite- to quartz-monzonite dykes (e.g. the San Pedro, Century Eggs and Midnight J 

prospects; Figure 6.8). Outside, and overprinting the K-silicate alteration halo, patchy 

epidote:chlorite-pyrite alteration of mafic minerals has occurred within the mafic 

intrusions. This propylitic assemblage is considered to be a retrograde or distal component 

of the weakly mineralised Surong Monzonite hydrothermal system, and may have formed 

from heated ground water. 

Porphyry-style mineralisation 

Apart from Dinkidi, porphyry-style Au-Cu mineralisation in the Didipio Igneous Complex 

also occurs at the True Blue prospect, which is interpreted to be the displaced northern 

segment of the Dinkidi Stock, and is located 700 meters to the east of Dinkidi Ridge 

(Figure 6.8). The True Blue prospect contains the same hydrothermal assemblages as the 

Dinkidi Deposit. Sub-economic porphyry mineralisation is also located 1 km to the south 

of the map area (Figure 6.8) at the D'Fox prospect. Allowing for offsets by F2 and F3 

. faults, all three prospects, appear to have been emplaced along the same NW-trending 
, 

structure (Figure 6.8). 

ArgiIIic alteration 

The youngest major regional alteration assemblage preserved in the Didipio region is the 

extensive intermediate- to advanced-argillic alteration 'blanket'. This assemblage has been 

preserved on the topographic heights of the northwestern to eastern border of the map area 

(Figure 6.8). It also occurs as an overprint within the core of the Didipio Igneous Complex, 

along small structurally controlled argillic alteration zones. Clay minerals in this alteration 

assemblage have been identified by whole rock XRD and PIMA analyses. 

Small zones of subeconomic Cu-Au mineralisation are associated with pyrite-silica altered 

. '- fault zones and low-sulphidationepithermal quartz-carbonate veins (eg the Chinni-Chinga 
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Plate 6.11 alteration 

Plllle 6.11 A: Advanced argillic alteration at Ihe surface of Dinkidi Ridge. Slrong advanced argi llic alteration al 
Dinkidi is only patchily developed althe surface. A network of tunnels within the advanced argillic alteration follow 
Ihe relic Slage 3B quartzstockwork, with rock chip samples containing native gold and assays of up 10 IgltAu are 
recorded. Photo courtesy Climax-Arimco. 

Plale 6.1 I B. Typical selectively perva ive pale-green illite alteration of plagioclase cores witllin the Quan Por
phyry. 

Plole 6.11 C: lIIite-altered plagioclase phenocryst. lIIile has only altered the s.ricitised core of this cryslal. PPL. 
Sample 491555. 

Pltlle 6.11 D: XPL photomicrograph of Plale 6.16C. IlIite has replaced the Stage 3 B sericile-altered plagioclase 
core, leaving the primary K-feldspar rind intact. 

Plllle 6.11 E: Weakly laminaled Slage 5 'mud vein'. 

Plate 6.11 F: Typical Stage 5 orange and blue-grey zeolite fracture fill (zeo), reopened by a finely-laminated Stage 5 
'mud vein' (mud). The laminations are perpendicular to the drillcore axis, and are interpreted to have fonned by hydro
thennally al tered mud senling dOWllwards IhrOUgh the fracrure ("neptunian dyke"). Sample 53/375. 
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prospect; Figure 6.8}. The hydrothermal alteration associated with this stage consists of 

early-formed intermediate argillic alteration (selectively pervasive illite±chlorite-quartz

sericite) to bleached white pockets of advanced argillic alteration (pervasive illite-

kaolinite-silica and kaolinite-pyrophyllite ± rare dickite). These hydrothermal assemblages. 

have then been partially to completely weathered to smectite (montmorillonite) in near 

surface exposures. The intermediate argillic and argillic alteration zones host abundant 

pyrite veinlets, which have been typically altered and weathered to limonite±jarosite

magnesium oxides, and host small areas of silicification. Zones of advanced argillic 

alteration contain local pockets of pockets of vuggy silica and rare quartz-alunite. All of' 

the regional argillic alteration assemblages have a strong litho logical control, being well 

developed in the felsic Surong Monzonite, Tunja Monzonite and Upper Mamparang 

Formation, while the more mafic diorites and andesites tend to have preserved earlier K

silicate and propylitic alteration. The advanced argillic alteration preserved on the surface 

of Dinkidi Ridge is interpreted to be part of this regional argillic alteration assemblage. 

Most of the late-stage andesite dykes of the Didipio Igneous Complex have not been 

affected by the argillic alteration event. This is interpreted to indicate that most argillic 

alteration occurred after the emplacement of the Dinkidi Stock, but prior to the cessation 

of magmatic activity in the region. However, there are illite~carbonate-kaolinite (?) altered 

andesite, trachyandesite and trachyte c1asts that occur in otherwise unaltered volcanic1astic 

units of both the Mamparang Formation and Upper Mamparang Formation. This suggests 

that an argillic alteration event occurred before the emplacement of the Didipio Igneous 

Complex. The extent and significance of this early event is unknown. 

Mineralisation associated with the regional argillic alteration assemblage consists of a 

'high sulphidation' quartz-pyrite assemblage and a 'low sulphidation' quartz-calcite 

. assemblage. 'Low sulphidation' veins are typically 10-70 cm thick, and have crustiform 

textures. The veins are dominated by quartz and chalcedony veins and contain local 

. patches' of silicified bladed calcite and sub-economic Au-Ag grades. Some fault-zones 

within the Didipio Igneous Complex contain rare 'high sulphidation' style quartz-pyrite 

Cu-Au mineralisation. Both styles of epithermal mineralisation are preserved beneath the 

main argillic alteration 'blanket' in the topographic lows of the map area, and are hosted 

within the Surong Monzonite. At Dinkidi, the exposure of the Tunja Monzonite along the 

Dinkidi ridge is strongly argillically altered, and contains pockets of advanced argillic 
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Plate 6.12 Stage 5 Zeolite Assemblage 

Plate 6. 11 A: Zeolite (zeo) and calcite-filled tage 5 veins. with a typical sigmoidal geometry. hosted in a 
monzodiorite block within the Bi.k hear zone. 

B 

Plate 6.11 8 : Stage 5 zeolite-cemented lithic breccia. Angular clay-altered TunJa lasts are hosted within a fine
grained zeolite-rock fiour cement and matrix, which displays a weak fabric . 

Plate 6. 11 C: PPL photomicrograph ofa stage 5 zeolite-cemented lithic breccia. Ci.sts include penhite fragment 
(containing Stage 3 chalcopyrite) and re-brecciated zeolite brecci.. ample 331216. 

Plate 6. 11 D: XPL photomicrograph of plate 6.17C. The zeolite groundmass hosts abundant calci te-fil led cavities. 
with zeolites projecting euhedral faces otT clasts and into cavities. 

Plate 6. 11 E. Typicallaumontite-stilbite vein (zeo) cross-cuNing Stage 4 clay-altered plagioclase. XPL. Sample 49/470. 

Plate 6. 11 F: Late Stage 5 chlorite-calcite-rutile alteration ofbiotite within the Tunja Monzonite. Sample 53n68. 
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alteration. Here, the advanced argillic alteration assemblage has overprinted the porphyry 

quartz stockwork and contains relic fine grained native gold with grades of up to 1 g/t. 

This shallow-level gold mineralisation, hosted in soft easily minable clays, initially 

attracted prospectors to Dinkidi in the mid-1970's (Plate 6.11 A). More detailed mapping is 

required to discriminate clay alteration zones potentially associated with high sulphidation 

and low sulphidation mineralisation styles, and those associated with barren steam-heated 

blankets in the Didipio region. 

DISCUSSION 

Based on the results of this study four main hydrothermal events are concluded to have 

affected the Didipio Igneous Complex: 

• Early diorite-related contact metamorphism 

• K-silicate alteration and weak Cu-Au mineralisation associated with the Surong 
Monzonite 

• Ore-grade porphyry Cu-Au mineralisation related to intrusions within the Dinkidi Stock 

• Late-stage argillic, carbonate and zeolite alteration with weak associated epithermal 
mineralisation 

At the Dinkidi deposit, repeated intrusive and hydrothermal activity were localised along a 

northwest-trending structural corridor adjacent to the Surong Monzonite, forming a 

multiphase and mineralised monzonite to syenite stock (Figure 4.1). Each of the four main 

intrusions that comprise the Dinkidi Stock i~ associated with a discrete hydrothermal 

event: 

• Stage I K-silicate alteration surrounds the Tunja Monzonite, 

• A strongly Au-Cu mineralised Stage 2 calc-potassic alteration assemblage occurs within 
& around the Balut Dyke 

• The Stage 3 quartz stockwork is spatially and temporally associated with the Bufu 
Syenite. 

These porphyry-style hydrothermal assemblages have been overprinted by two late-stage 

district-scale hydrothermal assemblages: 

• Stage 4 argillic alteration 

• Stage 5 zeolite veining and brecciation 

The Dinkidi hydrothermal system is interpreted to have been disrupted by two periods of 

tectonic brecciation. Late during Stage 3, faulting disrupted the Bugoy Pegmatite, forming 

the quartz-fragment breccia with a sericite-bearing cement. Stage 5 brecciation was 

triggered by 700m of strike-slip dextral movement of the Biak Shear Zone, forming a 
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lithic-fragment breccia, with a zeolite groundmass, and displacing the True Blue prospect 

east of Dinkidi . 

. Repeated cycles of volatile build up and melt-volatile release appear to have occurred 

within the fractionating Didipio Igneous Complex. The early hydrothermal assemblages 

that are developed in the Didipio region reflect the igneous rock composition and 

therefore, the degree of fractionation of the parent melt: 

• The emplacement of the 'anhydrous' clinopyroxene-diorites is associated with biotite

cordierite contact metamorphism and 'dry' recrystallisation. 

• Volumes of magmatic hydrothermal fluid are believed to have been released during the 

development of the biotite-magnetite±orthoc1ase K-silicaie alteration halo and weak 

Cu-Au mineralisation around the Surong and Tunja Monzonites. This hydrothermal 

assemblage reflects the biotite- and orthoclase-bearing composition of the monzonites. 

.• The emplacement of late-stage syenite melts in the Dinkidi Stock was associated with 

the most intense hydrothermal activity. The diopside-phyric Balut Dyke is surrounded 

by a calc-potassic hydrothermal assemblage. 

". The highly fractionated quartz-bearing melt of the Bufu Syenite produced a quartz-rich 

vein assemblage. 

The first stage of ore deposition at Dinkidi is associated with the intrusion of the variably

textured Baiut Dyke c1inopyroxene-syenite and the deposition of quartz-free calc-potassic 

hydrothermal assemblage. The diopside-perthite-magnetite composition of the early Stage 2A 

vein-dykes mimic the primary igneous composition of the Balut Dyke. This assemblage was 

overprinted by the Stage 2B and 2e actinolite-perthite-bornite vein stockwork. High-grade 

Stage 2 Au-Cu mineralisation is associated with a narrow ZOne of bornite-orthoc1ase 

intergrowths that appear to have been emplaced along the same structure utilised by the Balut 

Dyke. The high Au grades and lack of quartz in the Stage 2 hydrothermal assemblage is typical 

of most silica-undersaturated, and many silica-saturated, alkaline porphyry systems (Lang et al., 

1995a). Similar actinolite-orthoc1ase bearing, quartz-deficient assemblages have been recorded 

at Galore Creek (bornite ± chalcopyrite in.albite-diopside-epidote and K-feldspar-biotite

magnetite assemblages; Ennes et al., 1995; Staney et al., 1995) and Mt Polley (chalcopyrite

bomite in actinolite, biotite, albite and magnetite breccias; Frazer et al., 1995). The Dinkidi 

deposit however, lacks the abundant epidote, gamet, scapolite and other common calc-aIkaline 

'skarn minerals' that typify British Columbian alkaline porphyry systems (eg Lang et al., 

1995a). 
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Stage 3A to 3B quartz stockwork and the massive quartz-actinolite body (the Bugoy ' .. 

'Pegmatite') are interpreted to have formed during the emplacement of the Bufu Syenite. 

The Stage 3A vein assemblage has been overprinted by unmineralised Stage 3B-Potassic 

quartz-perthite veins (along the syenite margin of the Bufu), and by the main Stage 3B 

quartz-calcite-sulphide stockwork, with strong associated sericite-carbonate alteration and 

disseminated sulphide mineralisation. The abundance of Stage 3B veins gradually 

decreases away from the Bufu Syenite. The syenite itself only contains rare, irregular 

unmineralised quartz trails. This vein distribution, and the abundant trails of rniarolitic 

cavities in the core of the intrusion (which provides textural evidence for volatile 

migration; Candela, 1997) is interpreted to indicate that the Bufu quartz syenite was the. 

"main "conduit for the mineralising fluids during Stage 3B quartz stockwork formation. The 

Stage 3B assemblage then evolved into the calcite ± quartz-sericite assemblage of Stage 

3C. The Stage 3B quartz stockwork, with associated seridte-calcite-sulphide' 

mineralisation, is typical of the mineralisation at many high-K to calc-alkaline Cu-Au 

porphyry systems, such as those at North Parkes, NSW (Heithersay & Walshe, 1995) and 

El Salvador (Gustafson & Hunt; 1975). 

Selectively pervasive illite-kaolinite alteration formed throughout the Didipio region 

during Stage 4. Advanced argillic alteration also formed at this time, but was confined to 

the present day surface area of Dinkidi, and the topographic heights of the Didipio region, 

forming an overlying 'lithocap' (eg Sillitoe, 1995). Argillic alteration overprinting of 

porphyry mineralisation is common in many Philippine porphyry systems (eg Lepanto-Far 

Southeast; Arribas et al., 1995; Hedenquest et al., 1987; and numerous other examples 

described by Sillitoe & Gappe, 1984) but is rare in other alkaline porphyry systems (Lang 

et al., I 995a)."The development of advanced argillic alteration indicates the formation and 

influx of acidic fluids, which are commonly assumed to be the acidic condensates of 

magmatic vapour, possibly sourced from the degassing porphyry system (eg., Meyer & 

Hemley, 1967; Brimhall & Ghiorso, 1983; Sillitoe, 1995). The overprint of the Didipio 

Igneous Complex by strong argillic alteration and epithermal veins with shallow near

surface, open-space filling textures (eg bladed calcite) suggests that there was significant 

erosion and telescoping of alteration assemblage inthe Didipio region (eg., Sillitoe, 1994). 

This erosion occurred between the cessatio~ of Stage 3B porphyry mineralisation a:nd the 

"commencement of Stage 4"argillic alteration. 
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Stage 5 tectonism was associated with widespread zeolite (stilbite-Iaumontite

c1inoptilolite-chabazite) veins, tensional gashes and breccias. These calcium zeolites are 

common hydrothermal zeolites in volcanic environments (eg the 'zeolite tuffs'found in 

Oregon, Gude & Sheppard, 1973; and the Roman Region ofItaly, Gottardi & Obradovic, 

1978), and a distal, retrograde zeolite assemblage (Iaumontite-apophyllite-calcite-chlorite) 

has been described from the Gaspe Porphyry Cu deposit in Canada (Allcock, 1977). Late

stage chabazite has also been described from the Panguna and Aitik (Eastoe, 1979; 

Bergman et al .. 2001) porphyry deposits. Within these systems the zeolite maydisplay 

thermal zonation from high temperature laumontite «280°C) to stilbite «180°C) and low 

temperature chabazite «150-200'C; Gottardi & Galli, 1985). The presence of zeolites.in 

the Dinkidi system indicate that F3 faulting disrupted a low temperature hyrothermal 

system (280 to 80°C) that contained alkaline, bicarbonate fluids (Gottardi & Galli, 1985). 

These waters may have been drawn down into the Dinkidi Stock, precipitating zeolites as 

they were heated and/or mixed with Ca-bearing groundwater. Similar zeolites, with 

associated propylitic alteration, are common in the distal, shallow-level convection zones 

of geothermal systems (eg the Wairakei geothermal region, NZ; Steiner, 1977), at a distal 

setting to any argillic alteration. The zeolite assemblage indicates that the fluids 

responsible for Stage 4 argillic alteration had been diluted, cooled 'and neutralised by an 

influx of bicarbonate water. The late stage hydrothermal assemblages indicate there was a 

range of fluid compositions in the late-stage Didipio hydrothermal system, from acidic 

fluids responsible for argillic alteration and quartz~pyrite mineralisation, to low acidity 

high temperature fluids responsible for 'Iowsulphidation' quartz-carbonate veining, to 

neutral, low temperature fluids responsible for the zeolite assemblage. Warm 

groundwaters are still present at Didipio, as shown by the presence of hot springs (-60-

80°C) 700 metres to the east of Dinkidi. 

SUMMARY 

The hydrothermal history of Dinkidi records a distinctive switch from a quartz-free and 

gold-rich Stage 2 calc-potassic assemblage typical of alkaline porphyry systems, to a 

quartz-bearing Stage 3 stockwork assemblage that is typical of calc-alkaline to high-K 

porphyry systems. These compositional differences mimic the composition of the 

intrusions, with the clinopyroxene-hearing Balut Dyke being quartz-free, and the late-stage 

Bufu Syenite containing abundant primary. quartz. This change in the hyd!othermal mineral 
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assemblages therefore "relaies to the evolution of the fractionating parent melt, from a 

calcic silica-undersaturated diopside-stable melt, to a late-stage, c1inopyroxene-free 

quartz-saturated melt, which was initially Ca and Fe-rich (Stage 3A actinolite-magnetite

quartz) then final Ca-Fe deficient (quartz-sericite). The physio-chemical conditions of the 

hydrothermal assemblages present at Dinkidi are investigated further in Chapter 7, fluid 

inclusions, and are discussed in Chapter 8, synthesis and genetic model. 
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INTRODUCTION 

This chapter presents the results of a fluid inclusion and sulphur isotope study on the Dinkidi 

deposit. The fluid inclusion study was used to characterise the fluids responsible for stockwork 

fonnation and mineralisation, using both microthennometric techniques and Proton-Induced X

Ray Emission (PIXE) analysis of inclusion compositions. Workable fluid inclusions were found 

only in Stage 2 apatite and Stage 3 quartz veins, the two mineralised vein stages at the deposit. 

The sulphur isotope study of sulphides from the Dinkidi deposit was undertaken to'characterise 

temporal variations in sulphide values, from Stage 2 to 3, in order to identify any changes in . 

fluid compositions and/or sulphur sources. The sulphur isotope study has also been undertaken 

to examine the spatial variations in sulphide isotopic compositions in order to constrain possible 

depositional mechanisms. 

FLUID INCLUSIONS 

Methods 

PetrographIc observations and microthennometric measurements were made on doubly polished 

thick sections. A total of 20 plates were made, consisting of 4 samples of Stage 2C apatite and 

16 samples of Stage 3 quartz, the later incorporating Stage 3A and 3B stockwork veins from 

both proximal & distal settings, and also the Bugoy Pegmatite. No workable fluid inclusions 

. were observed in Stage 3 calcite or in Stage 5 zeolites. Microthennometric analyses were 

conducted on a Linkam MDS 600 Stage. The precision of the stage was calibrated against the. 

melting point of water (O°C) and the critical point of water (374.1 0C), using synthetic fluid 

inclusions manufactured by Syn-Flinc. The precision' of measured temperatures are ±l.O°C for. 

heating and±0.3°C for freezing. 

Microthennometric analyses for liquid-rich fluid inclusions (TYpe LV; Figure 7.1) consisted of 

Tb ,I (homogenisation of the fluid phase by vapour bubble disappearance), T m H20 (ice melting) 

and the temperature of first ice melting, T (eutectic temperature). Salinities were calculated . . . 

using the equations of Bodnar et al. (1989a) from T
mH20 

and assume a simple NaCl-water 

system (equivalent NaCl wt%: 'wt% eq.NaC!,). 

Microthennometric analyses for hypersaIine fluid inclusions (Type B; Figure 7.1) consisted of. 

TmN,o (halite dissolution temperature; Tb hi where this resulted in inclusion homogenisation) and 

Tb ,I (temperature of vapour phaSe disappearance). The melting temperature of clathrate (T) was 

measured for rare CO
2
-hydrate bearing inclusions. SaIinities were calculated using the equations' 

of Bodnar et al. (1989a) from TmN,o and assume a simple NaCl-water system (equivalent NaCl 

. wt%). All fluid inclusion data is provided in Appendix C. 

PIXE analysis were conducted. on 5 multiphase, hyp~rsa~ne fluid inclusions from one Stage 3B 
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vein (Sample 25/223; Plate 6.110). Analysis were carried out using the CSIRO-GEMOC 

Nuclear Microprobe housed at CSIRO, North Ryde, Sydney. Element concentrations within the 

fluid inclusions were determined using the methodology of Heinrich et al. (1992). PIXE spectra 

are provided in'Figure 7.3 and elemental abundances are detailed in Table 7.1 and Plate 7.2. 

Th values reported in this chapter are uncorrected for pressure, and will be lower than the 

trapping temperature. In addition to this fluid inclusion study, a melt inclusion study focused on 

silicate inclusions hosted within clinopyroxene phenocrysts within the Balut Dyke. The results 

were described by Kamenetsky et al. (1999). 

Classification of Inclusions 

Four major types of fluid inclusions were recognised during this study (Figure 7.1): 

L (liquid). Liquid-filled fluid inclusions without a vapour bubble (Plate 7.1B). Present as 

late-stage secondary inclusions that are typically elongated along partially annealed 

fracture plains. The lack of a vapour bubble suggests that these fluid inclusions were 

formed at near-surface pressures and temperatures, possibly during Stage 5. 

LV (liquid-vapour). Liquid-vapour fluid inclusions (Plates 7.IA, B & C) that 

homogenises by vapour bubble disappearance. At room temperature the vapour. bubble 

may occupy from 5 to 60% of the inclusion volume. Some LV fluid inclusions contain an 

opaque daughter mineral, but none contain daughter salts. LV inclusions typically occur 

as secondary inclusions in Stage 3 quartz (rarely as a primary inclusion) and as primary 

fluid inclusions in Stage 2 apatite. 

V (vapour). Vapour-rich fluid inclusions, which homogenise by vapour bubble 

disappearance. V inclusions may contain minor fluid along the walls of the inclusion 

(plates 7.IB, F & J). V-type fluid inclusions occur as uncommon primary and secondary 

inclusions in both Stage 3 quartz and Stage 2 apatite. V-type fluid inclusions typically 

occur with B-type inclusions (Plates 7.1 F, J & L). In addition, Stage 3 quartz commonly 

contains solid inclusions (of a lath-shaped mineral; probably actinolite) that are 

surrounded by a vapour-filled pocket ('V A' inclusions; Plate 7.1 F). VAinclusions ~e an 

abundant primary inclusion type, but do not homogenise upon heating. 

B (brine). Halite-bearing fluid inclusions. B type fluid inclusions are subdivided into· 

inclusions that homogenise by salt melting following vapour bubble disappearance (BH)' 

and inclusions which homogenise by vapour bubble disappearance, following halite 

melting (By). B~ and By inclusions have been further subdivided based on their 

composition. BH (h) and By (h) contain liquid, vapour and halite. B~ (0) and By (0) inclusions 

contain an opaque phase in addition to liquid, vapour and halite (Plate 7.1K). Where the 

opaque phase is identified as chalcopyrite based on a triangular habit andlor PIXE 

analysis, BH (0) and By (0) inclusions are labelled BH (Cpy) and By (Cpy) (Plate 7.1 G, H & I). 

Multiphase B-type fluid inclusions are labelled BH (M) or By (M)' BH inclusions are the most 
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Type Phases present at 25 C Homogenization 

L-Type behavior 

Liquid only a L L NA Cl 
LV-Type 

aJ LV L+V;tO Vapour bubble 
Undersatwated liquid.rich '.' .. disappearance 

V-Type 
Undersatumted ~V vapour-rich V+L;tO Disappearance of 

liquid 

B-Type 

. Bv ~ BV(h) ··L+V+H Vapour bubble .. 
disappearance 

Satwated gib' Bv(opy) L+V+H+Cpy· CiP-

~ BV(M) L+V +H, O-D,_" 

BH £) BH(h) H+L+V Salt dissolution 

Saturated 

~ BH(O) H,+L+V+O 
CB"...,· if _ ti= "" trionguh< t.bit) 

~ BH(M) H, D'-6' L, V (:t 0) 

Figure 7.1: Classification of fluid inclusions types observed at the Dinkidi Cu-Au porphyry deposit. B-Type inclusions 
(brine-type) are defined as any halite-bearing inclusion, and are subdivided into halite bearing inclusions which 
homogenise by vapour bubble disappearance (Bv), and halite-bearing inclusions which homogenises by halite dissolution 
(BH). B-type inclusions are further subdivided on the basis of their composition at room temperature. BH(O} inclusions 
contai.n an opaque phase (BH(S:;PY) if the opaque mineral is triangular). B inclusions are multiphase and may contain 
between 2 and 6 phases, including 1-3 opaque phases, 1-3 unidentified translucent solids (commonly laths of?anhydrite, 
which do not dissolve on heating), sylvite and halite; Plate 7.1 E & K). The same nomenclature is applied to Bv 
inclusions, although no BVIO) inclusions were measured in this study. Phase proportions within B-type inclusions are 
extremely variable; with ha Ite, vapor and opaque phases each account for between 5 to 90% of the inclusions volume. 
Halite crystal+opaque mineral typically exceeds 70% ofBH inclusion volume. Opaque phases are potentially present 
in all inclusion types. L-type inclusions are found as late-stage secondary inclusions in Stage 3 quartz, typic~lly along 
partially healed fracture plains, but are the most common primary and secondary inclusion type in Stage 2 apatite. 
Liquid-vapor inclusions (LV-type) are typically secondary. Vapor- (V-type) and B-type inclusions are the most common . 

. primary inclusion in Stage 3 quartz. Stage 3 quartz also commonly contains common solid inclusions (incorporated 
mineral grains, typically actinolite, apatite or biotite) and, within the Bufu quartz syenite, rare melt inclusions. Phases 
present: L: liquid; V: vapor; H: halite; 0: opaque phase; D: daughter minerals. 

common primary inclusions in Stage 3 quartz (accounting for over 90% of all primary 

inclusions) and are an abundant early secondary inclusion in Stage 3 quartz. Because of 

the apparent association between chalcopyrite-bearing inclusions and sulphide 

mineralisation, secondary BH(ePY) and Bv(ePY) inclusions were also analysed. 

Most of the primary B-type fluid inclusions did not homogenise below the maximum 

temperature of the Linlcham MDS 600 Stage (600°C). Opaque daughter minerals do not dissolve 

upon heating. Few homogenisation temperatures were recorded for V-type inclusions, because 

of the difficulty in detennining accurately the final disappearance of liquid (Roedder, 1984). 

Primary and secondary fluid inclusions have been identified using the criteria of Roedder· 

(1984). No pseudosecondary inclusions were observed. 
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Plate 7. 1 Fluid Inclusions 
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vapour, i 
A: Primary liquid-vapor (LV) fluid inclusions in tage 2 apatite. Sample 53/828. 

B: Secondary Iiquid-vapor (LV), vapour (V) and liquid (L) fluid inclusions in tage 2 apatite. Sample 42.1 
C: Secondary liquid-vapour (LV) fluid inclusion trail in Stage 3 quartz. ample 331256. 
D: Primary 'V; solid inclusions. A lath-shaped mineral, tentatively identified as actinolite. is partially incorporated into 
surrounding quartz. ' V A' inclusions are the most common primary inclusion within tage 3 quartz. 
£: Primary multiphase fluid inclusion from within a tage 3 quartz vein ( ample 54/468). 

F: Primary vapor-rich (V) fluid inclusions in a Stage 3 quartz vein. ample 28/486. 

G: Primary ~''''"' Ouid inclusions in a Stage 3 quartz vein. The co-existing inclusions have variable halite-vapour-opaque phase 
abundances. t:.acn of these phases may occupy from - to 90'10 of the B-type inclusions volume. Sample 6111 03. 

11: Typical B"ce", fluid inclusion in Stage 3 Bugoy Pegmatite quartz, Sample 33/393 

I : V-type fluid inclusion, with halite and chalcopyrite daughter minerals, III the Bugoy Pegmatite. ample 34/393. 
J: Co-existing primary vapour- and brine-type fluid inclusions within a Stage 3 quartz vein. ample 37/322 

K: Co-existing secondary V and B-type fluid inc lusions within a Stage 3 quartz vein. amp le 37/322 

L: Co-existing secondary V and B-type fluid inclusions in Stage 3 quartz, ample 34/393 
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Microthermometry Results 

Stage 2 

The abundant Stage 2 vein minerals (eg K-feldspar, diopside or actinolite) do not contain any 

workable fluid inclusions, although a high temperature of formation for diopside (>SOO°C) is 

inferred on the basis of melt inclusions (Kamenetsky" et al., 1999). Late-stage apatite from 

Stage 2C veins contain abundant LV fluid inclusions with negative crystal shapes and_ 

uncommon V and L-type inclusions (Plate 7.lA). These fluid inclusions locally comprise up to 

10% of the apatite crystals volume. T, for primary LV Stage 2 inclusions range from -23 to -

43°C (average -32°C), T
mH20 

ranges from -10 to -19 (average -IS) andTh" ranges from 201 to 

321°C (average 274°C; Figure 7.2). The measured Te temperatures are lower than that for the 

pure H20-NaCl (-21.1 0C) and H20-NaCl-KCI (-22.9°) systems (Hall et al., 1988), suggesting 

components in addition to NaCI and KCL are present (eg Ca, PO, or Mg). Calculated salinities 

for these LV inclusions range from 13 to 24 wt% eq. NaCl (Figure 7.2; average 18 wt% eq. 

N aCI). Despite the moderate salinities and the association between sulphide mineralisation and 

Stage 2C stockwork veins, no opaque daughter minerals have been observed in these inClusions, 

and halite-bearing BH inclusions are.rare. 

Stage 3 

Both Stage 3 vein quartz and quartz from the Bugoy Pegmatite contain abundant primary B-type 

inclusions. The primary and early secondary B-type fluid inclusions typically consist of a halite 

crystal, an opaque phase, a fluid and a vapour bubble (abundant BH(O) inclusions and uncommon 

By (0) inclusions; Plate 7.1 H). The proportion of individual phases in co-existing BH (0) fluid 

inclusions highlights a surprising variability (eg Plates 7.lG, H & I). Early B-type fluid 

inclusions within individual veins (located within euhedral quartz on the walls of the vein) 

commonly contain sy Ivite, and possibly one or two other daughter minerals (eg BH (M) in Plate 

7 .lE). The opaque phases are iron oxide (identified using PIXE; probable magnetite because it 

is opaque) and chalcopyrite (triangular habit; composition confirmed by PIXE analysis). Late 

stage primary B-type fluid inclusions (assumed to be those found in the centre of veins in 

anhedral quartz, commonly adjacent to interstitial sulphides) and secondary B-type inclusions 

"trails typically lack the additional daughter minerals characteristic of the earlier-forming 

primary inclusions, and have cha1copyrite as the opaque phase (eg BH(crY) and By (CPy)-type 

inclusions; Plates 7.1 G, H & I). Populations of vapour-rich inclusions (plate 7.1 F) are spatially 

associated with populations of both primary and secondary B-type fluid inclusions. Where B

typeinclusions are found to co-exist on the same trail or growth band as V-type inclusions (eg 

Plates 7.l1, K & L), the B-type inclusions consist of By-type fluid inclusions. LV-type inclusions 

are a rare primary, but abundant secondary, fluid inclusion type. 

Stage 3A: Bugoy Pegmatite 

Primary fluid inclusions in quartz from the Bugoy Pegmatite consist of abundant BH (0). BH ('I'y) 

and BH(M)-typ"e inclusions, uncommo"n primary V A' BH(h)' By (q,y) and V inclusions and abundant 
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. Figure 7.2: Homogenisation temperature and apparent salinities for fluid inclusions from hydrothermal Stages 2 and 
3 at the Dinkidi Cn-Au porphyry. The majority of primary inclusions have homogenisation temperatures above 600C 
(the limit of the Linkham 600 stage; unhomogenised inclusions are recorded as 600-620C). 

secondary BH«PY) inclusions. The Bugoy Pegmatite also contains abundant actinolite (?), apatite, 

opaque mineral and biotite·solid inclusions. Typically; none of the fluid inclusions homogenised 

before 600°C (Figure 7.2), indicating a salinity of at least 68 wt% eq. NaCI for the majority of 

BH inclusions. Measured Tb" for primary BH(M) inclusions ranges from 320 to >600°C and Th~ 

ranged from 450 to >600°C, corresponding to a calculated salinity from 51 to >68 wt % eq. 

NaCl. Measured Tb" for primary chalcopyrite-bearing fluid inclusions (including both BH('~Y) 

and BV('!'y); Figure 7.2) ranged from 225 to 390°C and T
h

", ranged between 383 and 488°C 

(average 430°C; Figure 7 .2), corresponding to a calcuhited salinity range of 39 to 51 wt % eq. 

NaCI (Figure 7.2). Secondary BH( ) inclusions are the most abundant fluid inclusion type . cpy 
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hosted within the Bugoy Pegmatite, and have a measured Th,1 from 253 to 345°C, and a Thhl 

range from 393 and 428°C (average 409 QC; Figure 7.2), corresponding to a calculated salinity 

range of 45 to 50 wt % eq. NaCl (Figure 7.2). 

Stage 3B-Potassic 

Primary inclusions within Stage 3B-Potassic veins are typically small «5mm) BH inclusions (B H 

(M)' BH(o)' BH(,PY) and BH(h») with uncommon By, V and rare LV types. Typically, none of the fluid 

inclusions homogenised before 600°C (indicating a salinity of at least 68 wt% eq. NaCl, Figure 

7.2) and many B-type inclusions decrepitated at temperatures greater than 500°e. Th,1 was not 

recorded for the analysed BH inclusions. Measured Thhl for primary BH(M) inclusions ranges from 

420 to >600°C, corresponding to a calculated salinity from 47 to >68 wt % eq. NaCl. Measured 

Thhl for primary BH(h) inclusions ranges from 320 to 540°C, corresponding to a calculated 

salinity from 39 to >68 wt % eq. NaCl. The presence of triangular chalcopyrite crystals in BH(M) 

and BH primary fluid inclusions indicate that the fluids that formed these apparently barren 
(cpy) . 

quartz veins (eg Plates 6.9A, E & F; Plate 6.10E) were high-temperature copper-bearing saline 

brines. 

Stage 3A & 3B quartz stockwork 

Primary fluid inclusions within the main Stage 3 quartz stockwork consist common of BH (BH (0)' 

BH('~Y) and BH(h»)' V and V A type inclusions and rare LV and BH(M) (typically halite, sylvite and 

an opaque phase, with 1-2 other unidentified phases) type inclusions. No differences in 

composition, or microthermometric behaviour, was observed between Stage 3A and 3B veins, 

and the two vein sets are treated here together. Measured Th,1 for primary BH(M) and BH(O) 

inclusions ranges from 174 to >600°C and Th hi ranged from 480°C to in most cases, 

temperatures greater than 600°C (Figure 7.2). This range in Thhl corresponds to a calculated 

salinity of 40 to >68 wt % eq. NaCI. Measured Th,1 for primary chalcopyrite-bearing BH(CPY) 

inclusions range from 230 to >600°C and Tbhl ranged from 330 to greater than 600°C (with a 

small peak at 430°C; Figure 7.2). The measured range in Thhl corresponds to salinities of 40 to 

>68 wt% eq. NaCl (Figure 7.2). 

Secondary fluid inclusions are abundimt within the Stage 3 quartz veins and comprise BH (BH(M)' 

.BH(h)' BH(O) & B~(CPY»)' By (By (h) & By (CPY)' V, LV and L-type inclusions. Measured Th'l for 

secondary BH(CPY) inclusions range from 240 to 315°C and Thhl ranged from 376 to 570°C 

(average 437°C; Figure 7.2), corresponding to sallnities of 43 to 55 wt% eq. NaCl (average 49 

wt% eq. NaCl; Figure 7.2). 

The fluid inclusions in distal Stage 3 quartz stockwork veins are similar to those in the proximal 

veins. Distal quartz veins (-150 meters lateral extent from the apex of the Bufu Syenite) contain 

primary BH (M)' BH (0)' V and LV fluid inclusions. V-type inclusions are typically spatially 

associated with the B-type inclusions. Homogenisation temperatures for the distal primary B

type fluid inclusions are typically >600°C, and there is no discernable difference in the 

- temperatureor-cornposition·of the Stage-3 stockwork with. distance from the BufuSyenite. __ 
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Figure 7.3: PlXE spectra for fluid inclusions within a Stage 3B quartz vein (Sample 25/223; Plate 6.1 ID). Inclusions 
1 A & 1 B "are primary BH {Ml-type fluid inclusions located from subhedral quartz on the margin of the quartz vein (Tb 
> 600C). Inclusions 6A, 6D are primary BH(O) fluid inclusions located in the middle of the vein (Th >550) and inclusion 
8A is a late-stage primary BHO fluid inclusion (Tb >550) located in anhedral quartz with interstitial sulphide in the 
centre of the vein. 

PlXE Results 

Five fluid inclusions from one proximal Stage 3B quartz vein (Sample 25/223; Plate 6.110) 

were analysed by proton induced X-ray emission (PIXE). PIXE analysis can provide non

destructive compositional'infonnation on the contents of fluid inclusions. Inclusion 

compositions are presented in Table 7.1, element distributions within individual inclusions are 

displayed in Plate 7.2, and the PIXE spectra are shown in Figure 7.3. The X-ray signals from S, 

Cl and K are attenuated during passage through quartz. This has prevented accurate 

measurement of K and Cl concentrations in fluid inclusions located at depths greater than 

10mm below the surface of the thin section. Sodium cannot be detected by PIXE analysis, but 

was 'detected in some inclusions by gamma ray spectroscopy, although signal attenuation was 

also a problem for this element. 

The fluid inclusions selected for analysis consisted of two 'early' primary BH IM) inclusions 

(Inclusions lA & IB; Th >550-600; Plates 7.2A & B), hosted in subhedra! quartz grains on the 

vein margin, two primary BHIO) inclusions (Inclusions 6A, 6B Th> 550; Plates 7.2C & D) from. 

the centra! seam of the vein, and .?ne late-stage primary BH (0) inclusion (Inclusion SA; Plate 

7.2E), hosted in anhedral quartz with interstitial sulphide in the core of the vein. 
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ppm or '""10 I ncl usion I A Inclusion I B Inclusion 6B Inclusion 6D Inclusion 8A Average 

Cl 0.95% (too deep) too deep too deep 46.35% lOO deep 46.35% 

K 26.68% 4.54% 4.07% 5.50% 7.19% 9.59~~ 

Fe 3 16'" 3.49'. 5.21% 2.63', 8.26% 4.55% 

Mn 657 440 1.01% 0.46°;. 2. 12% O.74<}o 

u 0.86', 149 0.62% 0. 65~, 108', 0.64°0 
Ti 0 . 76~, 1.17~o 0_28~~ 392 0,58% 0.56', 

a 0. 17% 0.21% 0.4 1% O.36~o 1.13% 0.45°(0 
Zn 197 87 0.19% 938 0.43% a.ls'}. 
Br 41 O. 12~O 397 0. 19% 717 

Rb 770 1021 510 145 745 639 
r 233 82 684 367 0. 19% 650 

Pb 498 207 844 585 0.14°-0 699 

As 21 14 2 32 130 11 2 88 

Th > 600C Td : 550 C Td: 550 C 

cqNa 1% > 68% > 62% > 49.7% 

Table 7. 1: PIXE analyses for inclusions within a I cm thick Stage 3 quartz vein sample 251223 (Plate 6.110). 

Plate7.2A: Inclusion lA 

Plale 7.1A : PIXE element distribution for inclusion I A. Liquid phase contains elevated concentrations of K, AI & 
Rb. K, AI and Ba are also hosted in the main solid phase (probable sylvi te). Cu. Fe, Mn, Zn, Ca Sr,± Mo & are 
concenlrated in 3 opaque pha es (probable chalcopyrite & Fe-oxide) adjacent to the sylvile grain 
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Plate 7.2B: Inclusion lB 

Plates 7.28 : PIXE element distribution ror inclusion I B. Fe. K & Ba ± AI, Rb, As. Zn & Cl appear to be distributed 
evenly throughout both the fluid and opaque phase. Ba & Mn are concentrated in a separate translucent crystal. 

Plates 7.2C: PIXE element distribution ror inclusion 6B. eu. Zn, Mn, Fe, Br ± Rb appear to be concentrated in the 
liquid phase. Na and Cl appear to be concentrated in the halite crystal. Sr-Ca, Ba & K are concentrated in severaJ 
smaller daughter phases. 
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PIXE analyses has revealed that in addition to Hp, the fluid inclusions analysed are dominated 

by Na, Cl (both inferred from the presence of large halite daughter crystals), K and Fe, which 

are present at concentrations of several weight percent (Table 7.1). In addition, the fluid 

inclusions contain lOO's to 1000's of ppin Cu, Ti, Mn, Ca, and Zn. Also detected were Sr, Rb, 

Ba, As, Mo, Br and Pb. No definite temporal variation in fluid inclusion compositions was 

detected, although Ca, Sr, Mn, Fe, Cu, Pb, and Zn appear to have higher concentrations in the 

'late' inclusions. Assuming that chlorine was the main ligand at high temperatures then PIXE 

analysis indicates that the hydrothermal fluid that formed the Stage 3 stockwork was a Na-K-Fe

Cl brine, with significant concentrations of Cu, Ca, Mn, Ti, and Zn. Elevated concentrations of 

Br in some inclusions (eg Plates 7.2C & E) suggest that some cations may have been 

transported at least in part as Br complexes, although no data on other possible ligands (eg S, F, 

I, P) was obtained by PIXE analysis. Based on the available PIXE data, it is likely that Cu, and 

by inference Au, were transported as Cl complexes in the Dinkidi magmatic-hydrothermal 

brines. 

Melt Inclusion Results 

Kamenetsky et al. (1999) reported the results of a melt inclusion study on clinopyroxene hosted 

within the Balut Dyke. Complex mUltiphase inclusions coexist with rare silicate melt and 

hypersaline melt inclusions, contain from 5 to 14 phases (including chlorides, sulphates 

. (anhydrite), sulphides (chalcopyrite), silicates (biotite), oxides (magnetite, hematite), 

hydroxides, carbonates, vapour bubbles and water) and homogenise from 700° to over 900°C. 

The melt inclusions contain elevated quantities of S, Cl, As and metals (Cu, Mo, Pb, Zn, W & 

Ag). Water soluble components of the inclusions contain Cl, S, N, F, Na and K. Variable phase 

proportions between coeval inclusions suggest the presence of several immiscible phases within 

the melt during diopside crystallisation, namely silicate melt, salt-rich melt or fluid (brines), and· 

aqueous saline fluid (Kamenetsky et al. 1999). 

Discussion 

Fluid and melt inclusion studies on the Dinkidi system have highlighted the presence of several 

fluid phases and the metal-carrying capacity of the high temperature magmatic-hydrothermal . 

brines. This is consistent with results· of fluid inclusions studies from other porphyry deposits 

(eg Eastoe, 1979; Reynolds & Beane, 1985; Cline & Bodnar 1994; Rowlands & Wilkinson, 

1999). 

Fluid compositions 

No high temperature Stage 2 minerals contained workable fluid inclusions. Melt inclusions 

within Balut Dyke diopside homogenises at temperatures of 700 to >900°C (Kamenetsky et aI., 

1999), and appear to have trapped an immiscible mixture of silicate melt, aqueous fluid and a 

hydrosaline melt (or brine). The melt contained elevated concentrations of all the typical 

.·porphyry-deposit metals (Mo,.Cu and probably Au; Kamenetsky et aI., 1999). The pres:nce of= 

elevated Mo concentrations in the 'parent' melt for a Au-Cu porphyry deposit (with only trace 
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Plate 7.2D: Inclusion 6D 

Plates 7.1D: PIXE element distribution for inclusions 6D. K is concentrated in a single daughter mineral. Liquid 
phase contains Mn, Pe, Cu. Zn. Br, Pb & As. Mn, S, Cu, Zn, Fe and As are concentrated within two opaque phases. 
Ba is incorporated into both the K-bearing daughter mineral and several small daughter crystals (possibly as barite 
inclusions within other solid phases). 

Plllles 7.1£: PIXE element distribution for inclusion 8A. Opaque phase contains Cu, Fe, Mn & Zn (chalcopyrite?). 
Calciulll, Ba and Sr appear to be concentrated within underlying phases. 
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concentrations of Mo recorded at the deposit, typically in distal settings) suggests that the style 

of porphyry deposit that is developed around an intrusive stock (Mo, Cu-Mo, Cu-Au or Au) may 

be controlled by late-stage geochemical processes at the site of deposition, rather than by the 

relative degree of metal enrichment of the source region. 

Microthermometric measurements indicate that apatite, which is typically found in, but is not 

confined to, Stage 2 hydrothermal assemblages, formed at relatively low temperatures and 

salinities (Th = 201 to 321°C; average 274°C; Salinity 13 to 24 wt% eq. NaCl; average 18 wt% 

eq. NaCI). Eutectic temperatures (-23 to -43°C; average -32°C) are lower than that for the pure 

H,O-NaCI (-21.1 0c) and H,o-NaCl-KCI (-22.9°C) systems (Hall et aI., 1988), suggesting 

components in addition to NaCI and KCI are present (such as Ca. PO, and Mg). The"relatively 

low Th suggests that the apatite was precipitated later, and at lower temperatures than the 

associated orthoclase-actinolite hydrothermal mineral assemblage. 

Microthermometric and PIXE analyses indicates that the Stage 3 quartz assemblage, including 

both proximal and distal veins from hydrothermal stages 3A and 3B, and the Bugoy Pegmatite, 

formed from a high salinity (>68 wt% eq. NaCI) NaCI-KCI-FeCI brine at sub-magmatic 

temperatures (T h >600°C). Large variations in halite, vapour and opaque mineral volumes in 

Stage 3 B-type inclusions that share the same primary growth band (eg Plate 7.1 G) suggest 

deposition from a heterogenous, possibly immiscible (eg Roedder, 1992), hydrothermal fluid. 

Mineralisation is associated with late primary to secondary chalcopyrite-bearing BH(CPY) . 

inclusions (40 to >68 wt% eq. NaCI), which homogenise at temperatures typically >600°C, but 

with a second peak at 360-500°C (the later.especially with secondary BH(CPY); Figure 7.2). 

Uncommon vapour-rich inclusions are spatially associated with populations of both primary and 

secondary B-type inclusions. 

The bimodal distribution of Thin Stage 3 quartz stockwork, from early BH (M) with Th >600°C, to 

later BH(CPY) with Th - 360-480°C, suggests at least 120 to 240°C of cooling occurred between 

emplacement of the quartz stockwork and the main'period of sulphide deposition. The lower 

salinities of this second group of BH(Cpy) inclusions (-40-55 wt% eq. NaCI) still lie on the halite 

satUration curve for their temperature range, suggesting that the lower salinities reflect cooling 

of a salt-saturated hydrothermal brine, rather than dilution by external groundwaters. A 1-2 Kbar 

increase in pressure would also produce a similar shift to lower Th (Bodnar, 1982), but would 

not lead to the observed salinity decrease. A limited number of PIXE analyses suggest that the 

fluid composition remained relatively homogenous during vein crystallisation, with small 

increases in the concentration of ea, Sr, Mn, Fe, Pb and Zn in late fluid inclusions (Table 7.1). 

The elevated Zn contents (Table 7.1) in Stage 3 fluid inclusions suggest that base metals within 

the depOSit, which are found as both sphalerite inclusions within Stage 3 copper sulphides and 

as uncommon late Stage 3 sphalerite-galena-pyrite sulphide trails, have precipitated due to the 

cooling of the Stage 3 hydrothermal fluid, rather than by mixing with meteoric water. 
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Evidence for phase separation 

Fluid inclusion studies of most porphyry deposits (including Cu-Au, Cu-Mo, Sn-W and Ail : 

porphyry deposits) have described overlapping populati?ns of hypersaline and vapour-rich fluid 

inclusions (Roedder, 1984). The close spatial association between the two inclusions styles has 

lead most workers to interpret this feature as evidence for phase separation (,2,d boiling' of 

Bowen, 1933; Bumham, 1979). This process is applicable for vapour-rich inclusions that 
. . . 

coexist with LV or Bv-type inclusions. If phase separation has occurred, trapping of the 

immiscible mixture must occur along the liquid-vapour stability curve CL-V' in Figure 7.4 A & 

B) at pressures less than 1500 bars (Figure 7.4B). However, phase equilibria constraints indicate 

that hypersaline inclusions that homogenise by salt dissolution (BH inclusions) cannot co-exist 

with a vapour phase under any pressure or. temperature conditions (see Figure 7.4A; Bodnar 

1994; Cline & Bodnar 1994). At Dinkidi, although co-existing Bv and V-type inclusions were 

observed (eg Plate 7.11) no unambiguous examples of coexisting BH-type fluid inclusions and 

V-type inclusions were found, although the two populations were observed in parallel trails. 

Two processes can be invoked to explain the formation of the BH inclusions, and their apparent 

spatial and temporal association with vapour-rich inclusions: 

• The vapour formed during phase separation that may have formed the hypersaline 

brines. This model requires that the hypersaline brines were formed from an initially 

halite-undersaturated brine by phase separation along the L-V path at temperatures 

significantly higher than trapping (at least 740°C to in excess of 900°C; Figure 7.4B, 

red dashed line). Cooling of this brine (in the case of Dinkidi by a minimum of -

160°C) under conditions of constant, or increasing, pressure would produce BH 

inclusions (Path A on Figure 7.4B). This model would however require the low 

density vapour phase to remain in situ at the site of exsolution, during the cooling" 

process. 

• The vapour formed after generation of the brine by depressurisation at the site of 

trapping. In this model the hypersaline brine formed (either by high temperature 

phase separation and cooling, or by direct exsolution of a saline brine from the melt) 

and was emplaced at the site of the stockwork at >600°C and under at least lithostatic 

pressure. Pressure loss, possibly due to a switch from lithostatic to hydrostatic 

pressures during hydraulic fracturing, r~sulted in the production of V and Bv-type 

inclusions (Path B on Figure 7.4B). Repeated 'crack-sealing' as· the quartz siock~ork 

formed would lead to cyclic high (lithostatic?) pressure (with BH inclusions) and low 

(hydrostati~?) pressure (vapour inclusions). 

The degree of cooling required to produce the observed salinities that are found in BH inclusions 

from a 'boiling' magmatic fluid (salinities of >68 wt% eq. NaCl would require 160° to 250°C of 

cooling), appear to be geologically plausible, as a similar degree of cooling (120° to 240°C) has 

been "recorded in the fluid inclusion population during quartz growth (from >600°C to later BH 

(Cpy) with T h - 360-480°C). Depressurisation during quartz crystallisation is supported by the 
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apparently episodic nature of vapour formation, with vapour-rich inclusions in Stage 3 quartz 

found within early primary, late primary and secondary inclusion trails, a distribution that is 

unlikely to be produced where the vapour was only exsolved during a period prior to stockwork 

formation. The scarcity of co-existing B & V-type inclusions, and of inclusions with 

intermediate compositions (eg Plate 7.1F & I) in regional of intermixed B- and V-type 

populations, also suggests that brine and vapour were not trapped strictly simultaneously at the 

time of quartz precipitation. 

It is interpreted that both high-temperature vapour-brine exsolution (producing the hypersaline 

brine), and episodic depressurisation (producing the vapour at the site of the quartz stockwork) 

were required to produce the observed fluid inclusion populations in Stage 3 quartz, Although 

production 'of a high salinity brine'(-57 wt% eq. NaCI) direct from a magma has been suggested 

by Bodnar et aI., (1989b) and Cline & Bodnar (1994), the elevated metal concentrations in the 

Stage 3 brine at Dinkidi (eg Cu 0.64%; Zn 0.14%; Table 7.1) could be explained by extensive 

volatile loss, resulting in the concentration of both metals and salts in the residual brine. In this 

case, the precursor magmatic fluid may have had a considerably lower salinity (eg 5-10 wt % 

eq. NaCl; Bodnar et al., 1989b). However, without knowing precisely the degree of vapour loss, 

an accurate salinity for the primary magmatic fluid can not be calculated. 

Pressure Estimates 

For BH inclusions, the temperature of vapour bubble disappearance can be used to estimate 

pressure (eg Roedder & Bodnar, 1980). Pressure estimates using this method, using the 

isochores of Bodnar (1994), for BH fluid inclusions with 40% NaCl, and Cline & Bodnar 

(1994), for inclusions with 43 & 47% NaCl, indicate pressures of 820 to 1260 bar, with a 

minimum pressure of 720 bar (Figure 7.4B). These pressures are equivalent to a lithostatic 

depth from 2.9 to 4.5 km, with a minimum depth of2.6 km (Figure 7AB). A significant degree 

of overpressurisation (or decompression?) within the stockwork during quartz growth could 

explain the wide range of vapour-bubble disappearance temperatures for similar 

homogenisation temperatures (Figure 7 AA & B), giving pressures that range from 720 bar (2.6 . 

litho static depth) to >1500 bar (>5 km lithostatic depth). This wide range of press urel depth' 

estimates may also reflect the inaccuracies in isochore slope, caused by the lack of adequate 

phase equilibrium data for high salinity fluids (see Rbedder & Bodnar, 1980; Bodnar, 1994), 

and the small number of suitable samples that could be plotted. 

The depths estimated from fluid inclusion studies (2.6 to 4.5 km) are equal to greater than the 

depth estimate based on geological relationships. The Didipio Igneous Complex is interpreted to 

have been emplaced into a comagmatic volcanic pile (the Upper Mamparang Formation), with 

an inferred depth of between 1.5 to 3 km (based on the average height of trachyte to 

trachyandesite volcanoes; Pike & Clow, 1981; Cas & Wright, 1988). If the higher pressures 

estimated from microtherrnometric analyses of BH-type fluid inclusions are considered to relate' 

to overpressurisation, and taking into account the 'subvolcanic' geological setting, then Stage 3 

mineralisation at Dinkidi·is interpreted to have formed at 2.6 to -3.5 km depth. A depth of 2.6 
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Figure UA: Tempcmlun>pressurediagrnm fora47 ,,1"10 NaCI-H,o solution, based on Bodnar (I 994) and Clire & Bodnar (I 994). 
The 'L-V' CUIVe separates the smbility fields for liquid+vapour(L+V) and liquid (L). The 'L-V-H' curve scpamlCS the SUtbility fields 
for liquidw.lpour and vnpourthalilc (V+H). The 'hali., liquidus' seporatcs the smbility field for liquid+haJite (L +H) and liquid. BH 
inclusions follow the L-V-H CUIVe upon heating until vapour disappearance al A, I. AI this poinl the path enter.; the L +H stability 
field, following on isochort: until homogenisation al the halite liquidus (At.t). The true napping tempcr1llU!\: wi11lie al some higher 
lernperuture (A,), depending on pressure. The intersection of the isocbore and halite solidus provides. rough ", .. timare of minimum 
pressure (A,). The shaded region is the mngc covered by Stage 3 B" fluid inclusions with -47 \\'1"10 eq. NnCL Halite within Bv 
inclusions will melt al the halite liquidus (Il,.j~ the Bv inclusioo will then follows the L-V C\llVC unol vapour disappearance (8,1). 
The liquid field (L) is therefore subdividod into \WO regions: inclusions which homogenise by sail melling (Th,.,t), and inciusioos 
which homogenise by vapour bubble disappcarance('Th..>!~ The'1ll,.,. field does not ndjoin ony \'llJlOUT-&able field (V+H, L+~ 
therefore B" inclusions thal homogenise by salt dissolution CMI10l have been napped with a co-existing vapour phase. 

Flf!ure 7.48: Tempcmturo-pressurediagrnm showing, in black, the stability fields forthe aCl-H,Osystel11. &om 0 to SOOC and 
for salinities of 40, 50 and 70 \\'1"10 NaCI (Bodnar & Vityk, 1994). The thick blue lines enclose the napping conditions for pnmruy 
and early sccond:l!y Stage3 BH 1I1Clusioos thal have salinities of approxima.,ly 40, 43 and 41\<1"10 eq. NaCI. lsochores 10 plot these 
fields weredorivcd &om Bodnar(I994,4O% NaCI) and C1ine& Bodnar(I994; 43 & 47% NaCI). lnfi1lcdarea encloses thecsrimatcd 
napping condiuons forprimruy Stage 3 BH inclusioos with salinities of ~ \V1"/,eq. NaCI and TI, of600 C.As no isochores exist 
for O,~ later f1cld, the inclusioos are assumed 10 have been trapped at the snme pressures as the 40 to 47% salinity inclus1OOS. Pressure 
estimate for BH inclusions with 40 10 47 \\'1"/, eq. aCI mngc fiom a minimum 10 720 bars 10 an average mIlb"of820 to 1260 Ixus, 
oom:sponding 10 lithostatic depths of2.6, 2.9 and 4.5 km respectively. AI 820 Ixus, obtaining a 68 wt% brine by phase scpamtion """Id require phase seporatioo along the L-V ttn .. allempernnues >750 C (dnshcd red line~ 3SS1ulling isobaric cooling along path 
A (red arrow). Average high lL'!T1pcrutttre BH II1ciusioos require phase seporatioo al higher tempctatures (probably >850 C), and'or a 
pressure merease during ooo1ing (thin green arrow). Vapour-rich inc1usioos can be formed &om the brine by dcprcssurisauon (Paths 
B; red arrow) 10 hydrostalJC presslII'CS, which, for the estintatcd depths, lies in a vapour-&able field (V+H) 1lte 10wcr salinity Sw """ 
brines are considered 10 have been produced by cooling of this high tcrnpcruture brine (PaU, C). 
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km would produce a hydrostatic pressure of 26.0 bars, indicating a pressure drop of -46.0 bars 

. during stockwork brecciation. Such a pressure drop would be enough cause vapour saturation 

(Figure 7.4B; Path B), and produce the observed vapour-rich inclusions. 

Trapping Temperatures 

Accurate pressure determinations can allow an estimate of the trapping temperature (T,) from 

the measured homogenisation temperature (Th). Unfortunately, the wide-range of pressure 

estimates described above, and the lack of accurate isochores for high salinity fluids, combine 

to hinder the determination of accurate trapping temperatures. An approximate trapping 

temperature can be estimated using data for the NaCI-H,O system at 4.0% salinity (Bodnar, 

1994). For inclusions with Th = 4QQoC, T, is estimated to be 45.0 to 475°C (at 2.6 and 3.5Km 

lithostatic pressure respectively), and for inclusions that homogenise at 6QQOC, T, is estimated to 

be 6.0.0 to 635°C (at 2.6 and 3.5Krn lithostatic pressure respectively). As the salinity increases 

from .0 to 4.0 wt% eq. NaCl causes the slopes of the isochores in the NaCl-Hp system to 

increase (Bodnar & Vityk, 1994), the corrections for higher salinities (eg 5.0-7.0 wt% eq. NaCl) 

may require larger temperature corrections, however the magnitude of this correction cannot 

currently be estimated (Bodnar & Vityk, 1994). The main Stage 3 stockwork at Dinkidi is 

therefore concluded to have been emplaced at temperatures >6QQC, while the late-stage BH (C ) . w 
inclusions were trapped at temperatures of approximately 4.05 to 52QoC (at 2.6 km depth) or 415 

to 545°C (at 3.5 km depth). Fluid inclusion in apatite from Stage 2 (average Th 274°C; average 

salinity 18wt% eq. NaCl) are estimated to have trapping temperatures of 235 to 365°C (at 2.6 

km depth) or 255 to 385°C at 3.5 km depth .. 

Conclusions 

The high trapping temperatures, and high salinities, of primary fluid inclusions within the Stage 

3 quartz stockwork are indicative of a magmatic-hydrothermal origin, with the fluids interpreted 

to be sourced from the Bufu Syenite. Water-saturated granite pegmatites and Cl, F, and B-rich 

granitic melts have a similar bulk composition to the Bufu Syenite, and have solidus 

temperatures as low as 5QQoC, while water-saturated granodiorites have a solidus temperature of 

-6QQoC (Kosukhin et aI., 1984, Manning, 1981; Webster et ai., 1987; London, 1989). The 

homogenisation temperatures of the Stage 3 stockwork (>6QQoC) are equal to, or higher than, 

these solidus temperatures, suggesting that the Bufu Syenite would have remained molten 

during emplacement of the brine under lithostatic loads. Based on textural, compositional, 

spatial and temporal relationships, the Bufu Syenite is considered to have been the feeder or 

conduit for the fluids that formed the Stage 3 quartz stockwork. Influx of high temperature 

volatiles into the Bufu Syenite melt, believed to be sourced from an underlying magma 

chamber, may have assisted in keeping this 'conduit' molten during emplacement of the 

stockwork. The low solidus temperatures for similar melts suggest that final crystallisation of 

the·BufuSyenitecis,likely_to have,occun:ecUtt -5QO°C, possibly after depressurisation-driven 
. - - - -- ~ - . 

volatiles loss (pressure quenching). This is approximately the same temperatu-;'e$ the' B-;"(CW) -

inclusions were being trapped throughout ~he overlying stockwork, presumably with associ~ted 
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sulphide deposition. . -
The fluid inclusion results, combined with geological constants have been combined to develop 

a model for the formation of Stage 3 stockwork mineralisation. Co-existing melt and volatiles 

are interpreted to have risen up a magmatic conduit, in this case the Bufu Syenite. At depths of 

hetween -4-Skm under lithostatic pressures, the volatile phase entered the two-phase field of 

stability (Figure 7.4B; Bodnar & Vityk, 1994), and separated into vapour and brine. At the site 

of deposition (at a minium of 2.6 km depth, and probably 2.9 to 3.5 km depth, based on 

isochores of Bodnar, 1994; and Cline & Bodnar, 1994) this brine would appear to be exsolving 

directly from the magmatic stock. Expansion of the vapour phase during ascent led to high 

vapour pressures, which is interpreted to have caused the extensive fracturing located around, 

and within,the porphyry stock (Bumham, 1979). The pressure loss during fracturing would lead 

to further vapour expansion, possibly with disruption and vesiculation of the magma (Shinohara 

& Kazahaya, 1995). Cooling of the brine, possibly combined with a.build up of pressure, 

produced a hypersaline NaCl-KCl-FeCl brine (eq. NaCl > 68 wt%; with elevated concentrations 

of Cu, Ca, Mn, Ti, and Zn). This brine precipitated quartz throughout the network of stockwork 

fractures, and also produced a massive accumulation of coarse-grained quartz and perthite in the 

core of the system (the Bugoy Pegmatite). Prevailing depositional temperatures were over 

600°C. Periods of quartz growth and fracture sealing appear to have been interrupted by 

episodic depressurisation, with trapping of V and Bv-type inclusions. These v·apour-rich 

inclusions cannot co-exist with the hypersaline brines (Bodnar, 1994), indicating that a 

significant pressure drop occurred between the formation of the two fluid inclusion types. This 

pressure loss is assumed to have been caused by periods of hydraulic fracturing, ·with 

depressurisation to hydrostatic pressures (-260 bru) Loss of the vapour phase is interpreted to 

have helped produced the high metal concentrations measured within the residual magmatic

hydrothermal brine. Ore mineralisation appears to have formed after cooling of this residual 

brine, from >600°C to at least 405 to 545°C, forming a cupriferous 39 to 50 wt% eq. NaCl brine 

that is preserved as ch:i!copyrite-bearing primary and secondary hypersaline fluid inclusions 

that are. spatially associated with sulphide grains. 

SULPHUR ISOTOPES 

Introduction . 

Measured variations in the ratio of ,.s to "s in sulphide minerals can be used to gain insights 

into the physiochemical conditions and mechanisms of sulphide deposition within an ore body, 

and can help to determine the source(s) of sulphur in the hydrothermal fluid. ,.s partitions 

preferentially into oxidised sulphur (as SO, at >400°C and SO, <400°C; Ohmoto & Rye, 1979), 

so that any fluids that is undergoing enrichment in oxidised sulphur (by reduction and 

precipitation of isotopically light sulphides, or by addition of sulphate-rich fluids such as 

sea water) become isotopically heavy, while fluids that have gained reduced sulphur (as H;S, the . .' . 
main ligand required for sulphide formation) through oxidation of sulphides and the 
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precipitation of sulphates or degassing of SO" will become isotopically lighter. The isotopic 

composition of sulphur in an oxidised magmatic fluid is a function of the orginal source 

composition and the isotopic fractionation factor between H,S and SO, (or SO 4)' which is 

temperature dependent, and the H,SIS0
4 

ratio of the fluid, which is 4ependent on JO" pressure, 

temperature and pH, according to the reaction: 

4S0,(",) + 4H,0(1) <-> H,S(",) + 3H++ 3HSO; (00) 

The relationship between the o"S ..... 1 ° of the hydrothermal fluid and the O"SH2S' of the 
~mp~ , 

precipitated sulphide can be summarised as: 

O"S""I,o" ""Id = O"SH2S~2S +O"SSO')(,,02 

Where XH2S and XS02 are the mole fractions cif H,S and SO, relative to total sulphur in the fluid 

(Ohmoto & Rye, 1979). Increased fractionation between sulphide and sulphate, caused by 

increased oxidation and cooling (Ohmoto & Rye, 1979) will results in lighter d"S sulphide 

values. Therefore, with large amounts of sulphate, the O"S"",'O,, of the fluid can be far heavier 

than the sulphide value, while in reduced, H,S-rich systems o"S,""rude is a~proximately equal to 

034S""I,;"""'d (Ohmoto & Rye, 1979). 

Method 

A total of 57 sulphide samples were analysed for their sulphur isotopic compositions at the 

University' of Tasmania. The samples consist of all major sulphide minerals found within Stage 

2, 3 and 5 hydrothermal assemblages. Only trace amounts of anhydrite have been observed in 

the Stage 2 and Stage 3 mineral assemblages. This may reflect the replacement of anhydrite by 

Stage 5 zeolite minerals, which infill the interstitial cavities of most Stage 2 and Stage 3 veins. 

No co-existing sulphide-sulphate pairs were observed or analysed during this study. Sulphide 

samples were hand drilled and analysed using the analytical techniques of Robinson & 

Kusakabe (1975). Isotopic measurements were made on a VG Micromass 602D mass 

spectrometer. Internal standards were run with a SO, reference gas and analytical uncertainty is 

. estimated as ±0.2 %0. The results (Appendix D) are presented as O"S%o values, the ratio of 34S 

to 32S in the sample relative to triolite from the Canyon Diablo iron meteorite (CDT). 

Sulphur Isotope results 

Sulphide minerals from Dinkidi display a narrow range of O"S values, from -0.2 %. to -4.2 %0 

(average -2.4%0; Figure 7.5A and Appendix D). All hydrothermal stages display a similar range 

in isotopic compositions, although sulphides from hydrothermal Stages 3B, 3C and 5 appear to 

be isotopica\1y lighter than Stage 2 sulphides <Figure 7.5A). Bornite, pyrite and chalcopyrite 

within individual sub-stages share a similar range of isotopic compositions <Figure 7.sA). 

Progressive substages within hydrothermal stages 2 and 3 appear to become isotopically lighter 

over time (Figure 7.sA). 

The O"S sulphide range at Dinkidi is similar to that of sulphides from south-west USA and. 

Chilean' porphyry deposits, and to O"S values for the alkaline Valley Copper deposit in British 
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Figure 7.5: Range of /)34S isotope values for sulphides at the Dinkidi porphyry deposit (A), and comparision 
to sulphide values from other porphyry deposits (B). Philippine porphyry values consist of one analysis from 
each deposit (from Sasaki et al., 1984). Data for all other porphyry depsoits from Ohmoto & Rye (1979), 
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Columbia (Figure 7.5B; Ohmoto & Rye, 1979; Sasaki et aI., 1984; Talyor, 1987). The /il4S%o . 

sulphide values are also within the /il4S range for magmatic sulphides from I-type granites 

(Figure 7.5B; Talyor, 1987). Sulphides at Dinkidi do not display the distinctly light /il4S values 

found in three alkaline porphyry systems (Galore Creek & Craigmont, BC; Yerrington, USA; 

Figure 7 .5B), a trend considered to have been caused by extensive sulphate fractionation within 

highly oxidised fluids or by the assimilation of sedimentary sulphides (Ohmoto & Rye, 1979; 

Dilles & Field, 1996). Sulphides at Dinkidi are isotopically lighter than most of the /il4S values 

reported for other Philippine deposits (Figure 7.5B; Sasaki et al., 1984). These heavier values 

are interpreted to represent a seawater sulphur contribution to the hydrothermal fluids (Sasaki et 

aI., 1984). The significantly heavier /i34S values at Morococha (and probably Cerro Verde; 

Figure 7.5B) have been attributed to incorporation of sulphates from evaporites in the host rock 

sequences (Ohmoto & Rye 1979). 

The isotopic composition of sulphides from Dinkidi are characterised by well-developed spatial 

zonation (Figure 7.6). An isotopically heavy zone (/il4S= -0.2 to -0.9 %0; Figure 7.6) is located 

above the Balut Dyke, to the west of the Quan Porphyry and the main Stage 3 quartz stockwork 

(Figure 6.7). This anomaly is spatially associated with high-grade Stage 2D bomite-orthoc1ase 

mineralisation and moderate Stage 3 quartz stockwork veining. Within this zone both Stage 2 

and Stage 3 sulphides have similar isotopically heavy values. Sulphides in the main Stage 3 

quartz stockwork zone, centred above the apex of the Bufu Syenite, have /i34S values of 

approximately -2 %0 (Figure 7.6). Stage 2 and 3 sulphides located on the !llargins of the Dinkidi 

Stock have lighter d"S values, with a sharp transition to distal/i34S values of -3 to -4 %0 at 

shallow levels and a more gradual transition at depth (Figure 7.6). The /i34S values for Stage 5 

fault-zone pyrite are typically slightly lighter than the surrounding St~ge 3 sulphides (Figure 

7.6). 

Sulphur Isotope Discussion 

Sources of srilphur 

The narrow range of sulphide /i34S values, and similarity to MORB magmatic values (/i34S= 0 ± 

5 %0; Ohmoto & Rye, 1979; Talyor, 1987), is typical of sulphides from most porphyry deposits 

(Figure 7.5B). The /i34S values for sulphides at Dinkidi are also similar to values for mantie

derived sulphides (0 ±3 %0; Chaussidon & Lorand, 1990), and suggest that there is no 'exotic' 

source of sulphur within the hydrothermal fluids, such as isotopic ally heavy marine sulphate 

(+20 %0, Rees et aI., 1978; i.e. the marine sulphate signature found in several other Philippine 

porphyry deposits; Sasaki et aI., 1984; Figure 7.5B), isotopically light 'organic' sulphide (-20.7 

to -40 %0; Ohmoto & Rye, 1979) and possibly by the basement island arc volcanic rocks (/i34S = 

-0.2 to +20.7 %0; Rollinson, 1993). However, the adherence to this l)34S range is misleading in 

that the relatively oxidised character of most porphyry magmas means that the sulphide values 

are likely significantly below the actual value of total/i34S. 

TQe narr~w range of sulphide l)34S values present at Dinkidi (Figure 7.5A) suggest that the 
- -- -- _. 

Stage 2 and Stage 3A hydrothermal fluids shared similar physiochemical conditions dunng 

148 



lOOm 

2700 RL 

+ 

-\ 

+ 

2400 RL 

+ 

2300 RL 

2200 RL 

+ 

2100 RL 0 Own" 

0 MOft1.odlonle 

0 TunJa Mon20fUlc 

Balul Dyke 

D Quan Porphyry 

2000 RL 0 Bufu S'yOll~ 

~ Quartz·fragment breccta 

+ 
3 

50 

FLUID INCLUSIONS & ULPIIUR ISOTOPE 

4000E 
--.,......~ I 

+ 

Distribution of sulphur 
isotope values 

4200E ID 

3/ Dnllhok. wllh No# 
3 and 100'11 la, 
• Slagc 2 sulphide itlmplc 
• Staac J Julphldc ample 

Stage ;11 sulptll<k umpfe 

lUiphKk value With SUfl," 
bomuc 
chalcopynlc 

, pynlc 
Stage' (aull lOOC pyntc 

'-.I O~S'- contour line 

F;gllr~ 7. 6: DlstnbulIon of sulphur I~Ohlp.: value!! on the 5750 crO~!o.·SCCllon orlhe Omk,d, tu-Au dcpo .. 1I The lone 
of IWloplcally hC3\CY yalues (o"S%o - 0 10 I) I~ chumclenscd by abundant tage 2 mlllcmlls..1l1on (panll~ulnry tage 
20 onhoclasc-bomite). moderate pota~sic ahcrJlIon of the Tunjll Monzonite. and abundant Slage:\ quartl vcm\ Key 
for all r""k ,ymbob In Figure 4 I Geology ha",d on logged drill hole; (Append" A) 

149 



FLUID INCLUSIONS & SULPHUR ISOTOPES 

sulphide precipitation. This could reflect stable sulphide-sulphate ratios, temperatures, 

pressures,JO, and melt to fluid ratios (Ohmoto & Rye, 1979). 

Development of light O"S values 

Late-stage sulphides at Dinkidi (Stages 3B and 3C; Figure 7.5A) are isotopic ally lighter (Figure 

7.5A) than earlier stages, and O"'S decreases along the margins of the Dinkidi Stock (Figure 

7.6). This is consistent with increased isotopic fractionation, which can occur in magmatic 

systems from cooling or oxidation, in this case of the Stage 3 fluid (producing the hematite

stable Stage 3B and 3C mineral assemblage). Similar isotopic zonation to lighter distal values 

has been described at a small number of other porphyry deposits (eg Bingham: Field, 1966; . 

North Parkes: Heithersay & Walshe, 1995), and have been attributed to cooling and/or oxidation 

(Field, 1966; Heithersay & Walshe, 1995). Aiihough'~'xidation may have produced the lighter 

late-stage and distal &"S compositions, the simplest explanation for the isotopically lighter 

values is cooling under conditions of constant SO,IH,S (ie. no oxidation). Modelling of the 

chalcopyrite sulphur isotope systematics (G Davidson pers. com., 2001) indicates that cooling 

. an oxidised fluid from -600 to 350°C (temperatures estimated from fluid inclusion results, with 

an estimated H,S/SO,=I for an oxidised melt and total sulphur estimated at = 2%0; Omoto & 

Rye, 1976; Taylor, 1987) will result in a decrease in sulphide O"'S from -I %0 to -6%0, with a 

drop from -2.5 to -5%0 at approximately 400°C (G Davidson pers. com., 2001). This drop at 

-400°C occurs in response to the change in oxidised sulphur speciation to SO 4' and the re

equilibrium of H,S with SO 4' rather than SO,. The sharp transition in d34S values over the fIrst 

50 meters into the diorites suggests that there was only limited lateral fluid movement into the 

surrounding, largely impermeable, diorites, with most fluids focussed up along the Dinkidi 

Stock. The lack of a similar shift over time to lighter values in the Stage 2 assemblage may 

indicate that the Stage 2 fluids were relatively reduced and H,S rich. Alternatively, the Stage 2 

fluids may not have undergone a signifIcant degree of cooling prior to the emplacement of the 

Quan Porphyry. 

Formation of the heavy O"S zone 

Stage 2 and 3 sulphides have isotopically heavy compositions above the Balut Dyke. This zone 

overprints the Stage 2D sulphide-orthocl~e mineralisation, and isotopically heavy values are 

not found within the adjacent Stage 3 intrusions. This increase in &34S values suggests a 

decrease in the degree of isotopic fractionation (Ohmoto & Rye, 1979). This can be caused by 

either heating or reducing the hydrothermal ~uids (Ohmoto, 1972). Heating of the Stage 3 fluid 

is not consistent with fluid inclusion evidence, which records cooling of a hypersaline brine . 

from temperatures >600 to -400°C during emplacement of the stockwork, at locations 

throughout the deposit. For a fluid with H,S/SO,=I (and total sulphur estimated at 2%0), 

producing cha\copyrite with a &34S composition of -0.2 from a fluid which was depositing 

chalcopyrite initially with compositions of -2.5%0 would require heating of the fluid from -400 

- - to,600°C,pri()r_to ,,'!.oli!Ig,an<!,dep_o~iion of the, sulphides. Heating ora relatively cool fluid is 

not consistent with fluid inclusion results: ~h;ch-;ugge~~ the hy;"r;ali~e trin~ f~~ed fr~in ' "-_. '. = -".0 - "-' -'" 
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phase separation of at least 750°C. A heating mechanism also cannot explain the restriction of 

isotopically heavy d34S sulpide values to ontside the Quan Porphyry. 

The isotopically heavy sulphide values may reflect the reduction of an oxidised Stage 3 fluid by 

interaction with a relatively reduced wall rock. The close spatial association between the 

isotopically heavy values and Stage 2D mineralisation (see Figures 6.5 and 7.7 for Stage 2D 

distribution) suggests that the Stage 2D sulphides may have reduced the Stage 3 fluids. Control 

by a pre-Stage 3 feature is supported by the lack of isotopically heavy values within the Quan . " 

Porphyry (Figure 7.6 & 7.7). This model is consistent with petrological evidence, with Stage 2 

magnetite within the isotopically heavy zone commonly rimmed by Stage 3B hematite; Plates 

6.9C &D). 

Other models do not adequately address the distribution of the isotopically heavy sulphide 

values. Down-welling of reduced fluids may have reduced the oxidised Stage 3 brines and 

produced the observed isotopic zonation. However down-welling fluids would be expected to 

have been emplaced throughout the permeable Stage 3 quartz stockwork (see Figures 6.5, 6.6 

and 7.6 for stockwork distribution) rather than focused over only the Stage 2D mineralisation. 

Furthermore;the zone above the Balut Dyke is not highly permeable, with Stage 2D 

mineralisation focused along a diffuse zone of orthoclase alteration within weakly altered Thnja 

Monzonite. Down-drawn Stage 3C to Stage 5 fluids would also be expected to have been 

focused within the late Stage 3C Bugoy quartz-fragment breccia and Stage 5 fault zones. 

Sulphides in these highly permeable zones do not have isotopically heavy /i"S values. 

The distribution of the isotopically heavy zone is best explained by the wall rock interaction 

model, with reduction of Stage 3 fluids by Stage 2 sulphides (Figure 7.7). As even at elevated 

temperatures there is little or no re-equilibration between solid sulphides (Ohmoto & 

Goldhaber; 1997), the isotopically heavy values of Stage 2 sulphides within this zone are 

considered to reflect primary Stage 2 isotopic compositions. This supports the presence of two 

isotopically distinct sulphur populations: heavy, relativdy reduced Stage 2 sulphides (1),4S= 0 

to -I %0) and lighter oxidised Stage 3 sulphides (/i34S= -2 to -3 %0). 

The sulphur isotope composition of Stage 5 pyrite is similar to the values of adjacent samples of 

Stage 2 and 3 sulphides (Figure 7.6). The Source of sulphur for the late-stage pyrite is 

interpreted to have been the remobilisation of earlier-formed copper-sulphides that were 

incorporated"into the fault zone after ore formation. 

Calc~lation of the /i34Sbu'Phm florid for a hydrothermal fluid from the measured sulphide d34S 

requires, in an oxidised system, a precise knowledge of the temperature, /i34SS04 andjO, during 

precipitation of the sulphide. Without measured in equilibrium /i"SHlS and /i"SS04 values the 

total/i34S of the fluid cannot be accurately determined. An estimation of l)34S"",bmfl'id may be 

made from measured /i34SHlS based on an estimated oxidation state of the fluid derived from the 

associated mineral assemblage (omoto &. Rye, 1979). Using the fractionation factors of Ohmoto . . 
& Rye (1979), a temperature of 400°C", im average proximal Stage 3 sulphide /i"S value of -
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2.7%0, and assuming a magnetite-hematite stable fluid, the total sulphur in the Stage 3B 

hydrothermal fluid can be estimated as (i34S"";d = -1.2%0 (and at 5000 e (i34S'"';d = + 1.3%0). 

More reduced conditions, such as interpreted for the Stage 2 fluids, would lower the degree of 

fractionation. For a magnetite stable fluid, at both 400 and 500oe, assuming an average 

proximal Stage 2 sulphide (i34S value of 1.5 %0, the total sulphur in the Stage 3B hydrothermal 

fluid can be estimated as approximately (i34S"";d = -0.5%0. The similar (i34S values estimated for 

Stage 2 and Stage 3 fluids suggests a shared sulphur source. 

The well-developed zonation of sulphide (i34S values observed at Dinkidi is in contrast to the 

majority of S isotope studies on porphyry deposits (eg, Panguna, Eastoe, 1983; El Salvadore, 

Field & Gustafson, 1976), which do not display strong spatial zonation: The lack of zoning in 

other deposits may reflect a wide range of causes, such as overprinting of multiple sulphide

bearing fluids, complex fluid paths and numerous other geological, paragenetic and 

physiochemical processes. In the case of Dinkidi, the isotopic zonation is interpreted to reflect 

the degree of cooling and wall-rock interaction with the zoning pattern indicating that fluids 

were focussed upwards, along the stock, rather than dispersing laterally. 
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SYNTHESIS AND GENETIC MODEL 

The Dinkidi Au-Cu Porphyry deposit is one of only a few alkaline porphyry deposits that have 

been described from outside British Columbia (Jensen & Barton, 2000). The principle aims of 

this thesis were to produce the first detailed geological description of both the Dinkidi deposit 

and the regional geology and to interpret the evolution of the magmatic-hydrothermal system 

within that geological context. This chapter summarises these findings, and uses these 

descriptions to construct a genetic model for the Dinkidi porphyry deposit. The holistic 

approach of this study, placing the geology and mineralisation of the ore deposit into the context 

of the intrusive history of the region, has allowed insights into the processes that must occur 

prior to, and during, the formation of a mineralised porphyry melt. 

OVERVIEW: GEOLOGY AND MINERALISATION OF THE DIDIPIO REGION 

The main geological feature of the Didipio Region is the Didipio Igneous Complex (Figure 3.1). 

This alkaline intrusive complex is hosted within the subalkaline andesite lavas of the 

Mamparang Formation and the potassic trachytic lavas of the Upper Mamparang Formation .. 

The Didipio Igneous Complex was emplaced during four main stages of intrusive activity: 

emplacement of an early diorite phase, intrusion of the wealdy mineralised Surong biotite' 

monzonite, structurally-controlled emplacement of the strongly mineralised monzonites and 

syenites of the Dinkidi Stock, and the intrusion of late-stage andesite dykes (Fignre 3.4; Figures 

8.1, 8.2, 8.3 & 8.4). The geochemical affmities of the intrusive rocks are interpreted to indicate 

that all the Didipio Igneous Complex intrusions have been sourced from the same body of 

LREE and LILE-enriched melt, and are related to each other by low-pressure fractional 

crystallisation. The trachytes of the Upper Mamparang Formation are interpreted to have also 

shared a similar LILE-enriched melt source. The diorite to monzonite melt composition, and 

strong fractionation, are typical features of intrusions associated with quartz-saturated alkaline 

porphyry deposits (eg: Lang et aI., 1995a). 

Each intrusive phase of the Didipio Igneous Complex has a distinct hydrothermal assemblage 

associated with its emplacement, with the degree and style of alteration reflecting the degree of 

fractionation of the intrusion. The diorites are associated with thermal metamorphism of the 

surrounding Mamparang Formation. The Surong Monzonite is surrounded by a broad halo of K

silicate alteration and weak Cu-Au mineralisation. Within the Dinkidi Stock, the Tunja biotite 

monzonite is associated with K-silicate alteration, the Balut Dyke clinopyroxene-syenite is 

associated with calc-potassic veining and high Au-grade K-feldspar-bomite mineralisation, and 

the Quan Porphyry and Bufu Syenite quartz syenites are associated with the emplacement of a 

Cu-Au mineralised quartz stockwork. This change in alteration style with different intrusive 

compositions highlights the importance of crystallisation, shallow level fractionation and 

volatile build_up (the 'second boiling' of Bowen, 1933 and Burham, 1979) in producing the late-
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stage melts that fonned the Dinkidi porphyry deposit. Following porphyry-style alteration, the 

Didipio Igneous Complex and surrounding volcanics were overprinted by district-scale argillic 

alteration, minor high- and low-sulphidation epithennal mineralisation fonned, and late stage 

zeolite veins were developed in association with faulting. 

TECTONIC SETIING AND THE GENESIS OF THE ALKALINE MELTS 

The start of alkaline magmatism in northem Luzon is marked by the extrusion of the potassic, 

quartz-undersaturated trachytes and phonolites of the Upper Mamparang Fonnation at the end 

of the Oligocene (25-23Ma; Knittel, 1981, 1987). This alkaline to potassic magmatism has 

islan~ arc radiogenic(Knittel & Defani, 1988) and ge?chemical (low TiO, and !-iFSE; high 

AI,O,) signatures, suggesting that it represents the final LILE~~nriched end product of island arc. 

magmatism, sourced from partial melting of the mantle wedge above the stalled, and 

dehydrating, East Luzon Trench. The Upper Marnparang Fonnation overlies an arc sequence 

that ranges from early tholeiitic submarine basalts (the Eocene Caraballo Fonnation) to later 

subalkaline subaerial andesites (the Oligocene Marnparang Fonnation). 

The Upper Marnparang Fonnation hosts the three main alkaline to potassic intrusive centres of 

northern Luzon: the Cordon Syenite Complex (Knittel, 1987), the Palali Batholith (Albrecht & 
. . 

Knittel, 1990) and the Didipio Igneous Complex. The volcanics occur as an elongate belt 

located along the western margin of the Cagayan Valley Basin, and apparently fonned coeval 

with the commencement of rifting along this basin in the Late Oligocene to Early Miocene 

(Christian, 1964; Knittel, 1987). This rifting must have tapped the LILE-enriched source of the 

alkaline magmas. Extensional tectonism (which fonned a rift basin with an estimated depth of 7 

km; Caagusan, 1977) also allowed the emplacement of a large body of melt into the shallow 

crustal environment, where plagioclase fractionation and volatile exsolution could occur. The 

radiogenic (Knittel & Defant, 1988) and geochemical composition of these alkaline melts 

indicates a mantle-derived source, with negligible contamination from crusta! sources. 

VOLCANIC ENVIRONMENT: MAMPARANG & UPPER MAMPARANG FORMATIONS 

The oldest rocks exposed in the Didipio region are the interbedded andesites i11vas and debris 

flows of the late Oligocene Marnparang Formation (MMAJ, 1977; BiIledo, 1994), ~hich are 

interpreted to be the proximal facies of a terrestrial andesitic stratovolcano that fonned in the 

Late Oligocene. Overlapping palaeontological ages suggest that these volcanics may have been 

deposited adjacent to a shallow sea (the Late-Oligocene to Early Miocene limestones of 

Christian, 1964; MMAJ, 1977 and Billedo, 1994). The magmatism that formed the Marnparang 

Fonnation is interpreted to be a subalkaline precursor to late-stage alkaline magmatism. 

Furthennore, the Marnparang Fonnation becomes progressively more alkaline up-stratigraphy. 

In the Didipio region, the Mamparang Formation is overlain by th~ trachyte lavas and 

apparently terrestrial volcaniclastic rocks of the Upper Mamparang Fonnation, which are 

correlated here to the feldspathoid-bearing trachytes (phonolites) that host the Cordon Syenite 
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Complex and the Palali Batholith. The predominance of coherent extrusive units (rather than 

pyroclastic or volcaniclastic units) suggests proximal settings for the intrusive complexes within 

trachytic volcanic piles, most probably comprised of irregular domes with extensive 

volcaniclastic and pyroclastic aprons. Such a setting contrasts with the typical model of calc

alkaline porphyry formation, in which porphyry deposits are considered to form beneath 

andesitic stratovolcanos (eg Ransome, 1919; Emmons 1927; Sillitoe 1973). In many cases, the 

first geologically recognisable stage in the development of a porphyry deposit is the extrusion of 

a 'co-magmatic' volcanic pile. The volcanic cover may provide a heat source and insulation for 

the porphyry system, allowing emplacement of porphyry stocks along shallow sub-volcanic 

feeder structures, where phase separation can occur. Although only a strati graphic thickness of 

about 400 meters is preserved in the Didipio region, the Upper Mamparang Formation is 

interpreted to have been thick enough (-1.5-3 km) to confine and host the Didipio Igneous 

Complex. 

EMPLACEMENT OF THE DIDIPIO IGNEOUS COMPLEX 

The Didipio Igneous Complex is interpreted to have intruded one of the main vents for the 

Upper Mamparang Formation volcanic pile, with successive intrusives rising up the same feeder 

structure utilised by the trachyte lavas. Intrusion close to the volcanic source is supported by the 

proximal nature of the volcanic facies exposed in the Didipio region. The feeder struciure is 

interpreted to have had a NNW orientation, parallel to the trend of the Dinkidi Stock, the rough 

elongation of the Surong Monzonite (after the offset of faulting is removed), the elongation and 

trend of the Palali-Didipio intrusive belt, and the elongation of the Upper Mamparang 

Formation volcanic belt. This structure is also parallel to FI faults and to the margins of the 

Cagayan Valley basin. It is speculated to have originally been a 'normal fault zone associated 

with the rifting of the Cagayan Valley Basin. 

The intrusions that comprise the Didipio Igneous Complex changed from early, comparatively 

large equigranular plutons, that were emplaced with some degree of stoping, to later narrow, 

structurally-controlled porphyritic intrusions, followed by thin late-stage andesite dykes and 

sills. This change in intrusion morphology suggests that the overlying volcanic edifice was 

being activity eroded during the 'lifetime of magmatism. 

The first intrusion: diorites and monzodiorites 

The first Late Oligocene intrusive event within the Didipio region was the emplacement of a 

clinopyroxene-diorite pluton. The equigranular nature of this intrusion indicates emplacement at 

either moderate depths, or at shallower levels within an elevated geothermal gradient (possibly 

caused by extensional tectonism and the magmatism that sourced the overlying volcanic pile). 

The low Mg, Cr, and Ni concentrations suggest that the diorites had undergone substantial 

fractionation (most probably of olivine ± clinopyroxene) prior to the emplacement into the 

subvolcanic environment. In situ fractionation of clinopyroxene, anorthite and magnetite lead to 

the emplacement of a series ofdiorite to clinopyroxene-monzodiorite phases ,(the latter. 
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representing a residual 73% of the initial dioritic fraction), with deposition of cumulate gabbros, 

anorthites and clinopyroxenites from the fractioned phases. The emplacement of the 

clinopyroxene-diorite was associated with the contact metamorphism of the surrounding 

Mamparang Formation (Figure 8.1), with weak development of biotite and cordierite, and an 

overprint of patchy propylitic alteration, which is tentatively interpreted to represent the ingress 

effects of heated meteoric water. 

Emplacement of the Surong Monzonite and the start of volatile exsolution 

The diorites and monzodiorites of the Didipio Intrusive Complex were intruded by a multiphase 

monzonite pluton, the Surong Monzonite. Widespread igneous breccia and rafts of diorite and 

gabbro indicate that.only the top of the plllton has been exposed. 

The monzonite shares the same' geochemical trends at the early diorite to monzodiorite rocks, 

suggesting that both intrusions were sourced from the same underlying magma chamber (Figure 

8.1). The monzonite is considered to represent a 35% melt fraction of the initial clinopyroxene

diorite melt, following fractionation of plagioclase, clinopyroxene and magnetite. Fractionation 

of plagioclase and clinopyroxene following emplacement of the clinopyroxene-monzonite 

intrusion is interpreted to have formed the series'of clinopyroxene-, biotite-, and late-stage 

quartz-monzonite phase that comprise the pluton, and which typically have diffuse gradational 

contacts with each other. The crystallisation of anhydrous phases, both during fractionation 

from a dioritic melt within the underlying magma chamber, and during the crystallisation of the 

pluton after emplacement, is interpreted to have enriched the residual melt in water, leading to 

volatile build up (the 'second boiling' of Bowen, 1933), and which triggered the crystallisation 

of hydrous phases such as biotite (at -3.3 wt% 1\0 for a dioritic melt; Bumham, 1997). 

Exsolution of a volatile phase would cause strong partitioning of metals and ligands into the 

fluid from the silicate melt (Candela, 1989a & 1989b). Release of a high temperature, K-Fe-CI 

enriched brine from the crystallising Surong Monzonite is interpreted to have formed the broad 

halo of K-silicate biotite-magnetite alteration and anomalous, sub-ore grade Cu-Au 

mineralisation that surrounds the pluton (Fignre 8.1); 

Model for the emplacement of tlie Dinkidi Stock 

The Dinkidi deposit is hosted within an elongate inultiphase stock that was emplaced into a, 

series of diorites and monzodiorites (Figure 4.1); The stock' consists of four main intrusions, 

which are the last and most evolved felsic intrusions emplaced within the Didipio Igneous 

Complex. The oldest and largest intrusion of this stock, the Tunja Monzonite, is an equigranular 

biotite monzonite that predates the formation of high-grade Cu-Au mineralisation and is 

petrologically similar to the main phase of the Surong Monzonite. The Tunja Monzonite has 

been intruded by a series of mineralised syenites: the variably-textured clinopyroxene-syenite of 

the Balut Dyke, and a monzosyenite porphyry (the Quan Porphyry) that grades, in its core, into 

a crystal-crowded leucocratic quartz-syenite (the Bufu Syenite). All three. syenitic phases, the 

Balut Dyke, the Quan Porphyry and the Bufu Syenite, have a similar perthite-dominated 

composition. However, the Balut Dyke is clinopyroxene-phyric while the Quan Porphyry and 
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Bufu Syenite are quartz-bearing. Alteration assemblages within the Dinkidi Stock reflect the 

igneous rock compositions. The Thnja Monzonite is surrounded by· biotite-magnetite-orthoclase 

alteration. The Balut Dyke is associated with a high Au-grade but quartz-undersaturated 

diopside-actinolite-K-feldspar-bornite assemblage. The highly fractionated quartz-bearing melt 

of the Bufu Syenite is associated with a quartz-rich pegmatite and associated quartz-vein 

stockwork. 

The large tonnages of porphyry deposits suggests that extensive fractionation is required to 

form an economic porphyry melt, assuming a~ orthomagmatic model for deposit formation (eg 

Hutton, 1795; Playfair, 1802; Lingren, 1905; Burnham 1979; Sillitoe 2000). In the case of the . 

Yerrington Batholith, the modelling of Cline & Bodnar (1991) suggested that fractional 

crystallisation of 48 t~ 58 km' of monzodiorite magma was required to produce the 1280 Mt of 

ore (with 5.3 Mt contained Cu) hosted within three Cu porphyry deposits and within several 

skarn and carbonate replacement deposits (Cline & Bodnar, 1991; Dilles et al. 1995). At 

Dinkidi, the 00417 Mt of Cu that is contained within the orebody would require extraction from 

1.47 Km' of clinopyroxene-dioritic melt, assuming a initial Cu concentration in the melt of 65 

ppm (using the concentration of Cu in the least evolved diorite, DDl; Appendix B), a density of 

2.7 glcm' for diorite and I.Ofor water, and assuming 100% efficiency in extraction of all copper 

from the silicate melt into a volatile phase and transport to the depositional site. 

The amount of copper present within the Dinkidi orebody could be transported into the trap site 

in a one-off influx of 0.065 km' of hypersaline brine, at the relatively high PIXE-measured 

concentration of 0.64 wt% Cu (Table 7.1; assuming no concentration by phase separation). In 

Didipio, the early-formed clinopyroxene-phyric diorite is anhydrous, and the melt must have 

had a water content below 2.7% (the minimum required to nucleate amphibole in a dioritic 

melt; Burnham, 1997). If we assume that the nucleation of biotite within the Surong Monzonite 

represents the build up of volatiles to 3.3 wt% Hp (Burnharn, 1997), and modelling indicates 

that the Surong Monzonite is a 35% residue of a clinopyroxene-diorite parent melt (Table 5.2), 

then the initial water content of the clinopyroxene-diorite is calculated to have been -1.2 wt% 

H20. Using the estimated initial water concentration, a density of 2.7 glcm' for the diorite and 

1.0 glcm' for the fluid, then the generation of this volume of volatiles would require 

crystallisation of 1.6 km' of diorite, or, in the case of a 2.7 wt% Hp-bearing 'Burnham melt' , 

1.1 km' of diorite. These models suggest that crystallisation of a minimum lA to 1.7 km' of 

diorite was required to ex~olve a magmatic-hydrothermal fluid into which the copper fully 

partitioned, and then this fluid deposited its entire copper into the Dinkidi ore body. The actual 

amount of diorite that crystallised is likely to be significantly higher, as these estimates require 

100% efficiency throughout all stages of magmatic volatile release and ore deposition. 

Consequently, the volume of melt displayed in Fignres 8.1, 8.2, 8.3 and 804 are 10 iimes greater 

than the minium required melt volumes, although even this may be an underestimate. 

Given that considerable volume of melt was required to generate the mineralising fluids that 

formed the Dinkidi ore body, this in tum·would have required an efficient aqueous transport 
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F;gure 8. 1: Highly schematic model for the emplacement orthe Didipio Igneous Complex. The early cquigrnnular diorite 
and monzonitc intrusives are considered to be structurally focused apophyses or cupolas above a larger melt l"CSefVoir and may 
have been emplaced coeval with colllinucd rifling along the margm orthe Cagayan Valley Basin, This reservoir is shown with 
a si1l1ikc morphology, although there are no constraints on actual morphology. Emplacement of a c1inopyroxcne diorite (I) 
led. via fmctionation of c1inopyroxcne and plagu)Clase. 10 the production of a cunopyroxene to biotitc monzonite, the Surong 
Monzonlle (2) as a residual 35% of the diorite melt Frnclionalion also lead La the deposition of cumulate gabbros and 
clinopyroxenites (3) from the fmctionaled phases. Emplacement of the diorite phases was associated with the thenna! 
metamorphism oflhe swrounding volcanic wlits (5~ while the emplacement of1OO SurongMonzonite is associated with strong 
biotitc~magnctite aitenujon and weak Cu~Au mmendisation (6). Funher fractionauon of c1mopyroxcne and plagloclusc lead 
LD lhe formation of the TW1ja biotitc monzonite (4), as a 48010 fraction of the Surong Monzonile. This biotite mOrll'.onile was 
focused along a NW ucnding SlmclUre, fomting !he Dinkidi SlOck (7), ond is ossoci.u:d with inlenSC Stage I K .. ilica", 3herotion. 
Volumes ofmch displayed arc - 10 til1lCS greater than the aJllount required to produce the copper conlenl of the DinkidJ dcposil 
TI,e JXlloosurface is cstimaled 10 be - I Km higher tl,an the eslima,ed depth for Slage 3 Slockworl< emplacement (2.5-3 km). 
Rock symbols are as used In Flgu'" 3.1 SlIppled oolou", denote meh, sohd colour denole crysl311ised rock. 
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mechanism from the site of crystallisation (> 1-2 km' of melt) to the site of deposition within 

the Dinkidi stockwork zone (less than 0.035 km' of fractured rock). Initial concentration of 

volatiles within the melt may have occurred by transport of buoyant melt-volatile plumes along 

the walls of the crystallisation interface up into the upper portions of the magma body (eg 

Shinohara & Kazahaya, 1995). Evidence for this style of enrichment is indicated in the 

difficulty in modelling the evolved compositions of intrusions from the Dinkidi Stock by simple 

fractional crystallisation of observed phenocryst phases. This crystallisation-driven volatile 

build up (the 'second boiling' of Bowen, 1933) may have been assisted by pressure-driven 

exsolution of the entire melt body during convection. This build up of volatiles within the 

magma chamber would have been disrupted by the escape and emplacement of the Surong and 

Tunja Monzonite phases, which may. have 'drained'the volatile reservoir (Figure 8.1). It is 

interpreted that the volatiles that were responsible for mineralisation at the Dinkidi deposit were 

exsolved from the crystallisation of the residual biotite-monzonite melt, following emplacement 

of the Surong and Thnja Monzonites. Assuming that the Tunja Monzonite represents the 

equivalent of a 17% melt fraction of the clinopyroxene diorite, then 0.27 to 0.37 km' of residual, 

volatile-saturated biotite-monzonite melt would have contained the volume of metals and 

volatiles, required to form the Dinkidi orebody, allowing for 100% efficiency in transport and no 

loss of Cu to other environments. 

Following the accumulation of a late-stage volatile reservoir, a northwest-trending feeder 

structure is interpreted to have tapped the magma chamber. Structurally controlled emplacement 

of the Balut Dyke and Quan Porphyry is indicated by the lack of xenoliths within the intrusives 

of the Dinkidi Stock, suggesting dilational emplacement, and the elongated NNW trends for all 

intrusives of the Dinkidi Stock. This structure is parallel to the FI faults, which appear to have 

also controlled emplacement of the Upper Mamparang Formation, the emplacement of the 

regionaralkaline intrusives, and the emplacement of the Surong Monzonite. The structure is 

interpreted to be a reactivated FI fault, related to rifling along the margins of the Cagayan 

Valley Basin. Emplacement of the Surong Monzonite may have 'plugged' this feeder structure, 

forcing the Dinkidi stock to be emplaced on the margin of the Surong Pluton. Structurally

controlled emplacement of the porphyry melt is considered to have facilitated volatile transport 

to, and concentration at, the depositional area, and allowed emplacement of narrow, vertically 

extensive stocks of relatively viscous felsic melt into the surrou.nding sub-volcanic environment. 

The most extreme example of this is Balut Dyke, which is only 5 to 30 meters wide, but has an 

observed vertical extent of over 800 meters. 

The high aspect ratio of the mineralising stocks would have allowed a significant pressure 

gradient to exist through the melt. At lithostatic confining pressures the supercritical volatile 

phase would enter the two-phase field of stability at depths of 4 to 5km (Bodnar & Vityk, 1994), 

_ triggering separation into vapour and brine phases. In the case of the Stage 3 assemblage this 

- - -Ph~-;s~~~;;o~ is ~~tI~~atei i~-tia ~e~&UITed afa temperatUres' ofat least> 7 50~C (Figure ",. _. ._ ~.. . 
. ----- -- --- -----

7 AB), and probably >850°C, allowing for the pressure decrease (Figure 7 AB). Expansion of the 
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vapour phase as it ascended through the meli would lead to vesiculation of the magma and 

increasing vapour pressures within the conduit (Lowenstren, 1994; Shinohara & Kazahaya, 

1995; Shinohara et aI., 1995), eventually leading to the lithostatic failure of the host rocks, with 

repeated periods of hYdrostatic fracturing forming the extensive fracture network located 

around, and within, the porphyry stock (Gilluly, 1946; Bumham 1979). These fractures were 

then infilled and sealed by hydrothermal minerals, forming the porphyry deposit stockwork 

veins, and allowing further pressure build up within the melt (Bumham 1979). Structurally

controlled emplacement of the porphyry melt would also facilitate the rapid ascent of magma, 

which would be required to prevent the depressurisation-driven crystallisation of the water

saturated melt prior to emplacement at the shallow subvolcanic levels (Cash man & B lundy, 

2000). Repetitive 'crack-sealing' along the structure, at deposit scale, would lead to the . - . . T. ' 

development of a mUltiphase porphyry stock such as Dinkidi. In this way, a porphyry stock 

could be considered analogous to a I km long sub-volcanic igneous crustiform vein, connecting 

a mid- to upper-crustal crystallising magma chamber to the shallow sub-volcanic upper crustal 

environment. 

The Thnja Monzonite and Stage 1 K-silicate alteration 

The oldest and largest intrusion of the Dinkidi Stock, the Tunja Monzonite, is an equigranular 

biotite monzonite stock -800 m long and 200 m wide. Texturally and compositionally, the Tunja 

Monzonite is more evolved than the Surong clinopyroxene monzonite. The Tunja Monzonite is 

a pre-mineralisation intrusion, hosted most of the Stage 2 and Stage 3 veins distal to the syn

mineralisation intrusions. The 1\mja Monzonite is surrounded by a broad biotite-magnetite ± 

orthoclase K-silicate alteration halo, which is the most extensive alteration halo present in the 

Dinkidi system. The K-silicate alteration grades distally into, or is overprinted by, an intensely 

developed epidote-chlorite-pyrite propylitic alteration assemblage. Although no 

microthermometric measurements were conducted on the Stage I hydrothermal assemblage, the 

biotite-magnetite-orthoclase assemblage is comparable to similar early alteration and vein 

assemblages in other Philippine porphyry deposits which formed at temperatures greater than 

400°C (eg Takenouchi, 1980; Cooke & Bloom, 1990; Trudu, 1992). The hydrothermal fluids 

responsible for the K-silicate alteration were relatively magnetite-stable, SiO,-undersaturated 

and were K- and Fe-saturated, a composition close to equilibrium with the orthoclase-biotite

plagioclase-bearing Tunja Monzonite. 

The similarities in composition and hydrothermal assemblages between the Thnja and Surong 

Monzonites suggests that the Tunja Monzonite was emplaced SOon after the Surong Monz~nite, 

whereas a significant period of fractionation separated the Tunja biotite monzonite melt from 

the late-stage, highly-mineralised syenite intrusives. This is supported by the lack of strong 

stockwork veining associated with this stage, which is consistent with a lower volatile content 

and/or higher pressures than for the later intrusives. 
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The Balnt Dyke and Stage 2 calc-potassic alteration 

The first stage of high-grade ore deposition at Dinkidi was associated with the intrusion of a 

variably-textured clinopyroxene-syenite, the Balut Dyke (Figure 8.2). The Balut Dyke consists 

of diopside phenocrysts hosted within a perthite groundmass, with accessory sphene and 

magnetite. Nucleation textures (eg Plate 4.3A) suggest that many of the calcic diopside 

phenocrysts grew in situ, at the site of deposition, rather than being sourced as phenocrysts from 

the underlying magma chamber. Textures within the dyke range from equigranular to coarsely 

porphyritic, with uncommon zones of rhythmic banding. This banding is interpreted to have 

formed by both flow segregation and diffusion-controlled nucleation at a stagnant crystallisation 

interface (eg Webber et al., 1997). The presence of flow banding, and common truncation and 

cross-bedding within th~ 'hands, suggest that p~riods of flow were interspersed with periods of 

stagnation and inward crystallisation. Given that the dyke is 5 to 15 meters wide, high water 

contents must have been pre~ent to lower the melt viscosity and allow continued flow during 

crystallisation. A high volatile content for the melt is supported by the coarse grain size, extreme 

textural variability, melt inclusion evidence (Kamenetsky et al., 1999) and the close spatial and 

temporal association between the dyke and the extensive Stage 2 hydrothermal alteration 

assemblage. Fluctuations in the water content during hydrostatic fracturing and formation of the 

Stage 3 stockwork may have caused variations in the melt viscosity, leading to varying flow 

rates and development of the layering in the Balut Dyke. These periods may have then been 

followed by periods of stagnation and volatile build up, leading to crystallisation of the inward 

nucleating layers. Repeated episodes of magma upwelling, hydrostatic fracturing and niagmatic 

quiescence may have then produced the observed rhythmic layering. Megaporphyritic textures, 

similar to those in the Balut Dyke, have been reported from a number of intrusions associated 

with silica-undersaturated porphyry deposits (Lang et ai., 1995a). 

The alteration assemblage associated with the emplacement of the Balut Dyke reflects the SiO,

undersaturated nature of the melt. The diopside-perthite-magnetite composition of the early 

pegmatitic Stage 2A veins is the same composition as the Balut Dyke, but contains strong 

bomite mineralisation. The 2A hydrothermal assemblage was overprinted by the Stage 2B 

perthite-actinolite±bomite veins, and the Stage 2C actinolite-perthite-bomite stockwork, the 

later being the most spatially extensive vein set at Dinkidi (Figure 6.6). High Cu and Au grades 

are associated with a narrow zone of fine-grained bomite-orthoclase mineralisation that is 

focused above the Balut Dyke and that appears to have been emplaced along the same feeder 

structure as that utilised by the melt. The high Au grades (1 to >10glt Au) and lack of quartz in 

the Stage 2 assemblage is typical of most silica-undersaturated, and niany silica-saturated, 

alkaline porphyry systems (Lang et al., 1995a). Similar calcic diopside has been reported from 

the early hydrothermal assemblages at several British Columbian porphyry deposits (eg Galore 

Creek, Ennes et ai., 1995; Copper Mountain, Staney et al., 1995), and from the prograde 

assemblages of skams (Einaudi et al., 1981). Despite deposition from a fluid-rich melt, the 

Balut Dyke diopsides have similar compositions, but a lower Mg number, than the magmatic 

clinopyroxene found throughout the rest of the Didipio Igneous Complex (Figure-S.10). 
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Figure &1: Model forthe generation and cmplnccrnent oflhe Bnlut Dyke mclL Following cmploccmcnl of the TunjB Monzonitc. 
the cessation of bioi it. fmctionation led to the producrion ofa vo .. tile-rich syenit. melt (I). The high tempemturc, low Mg and 
highly calcic nature afthe Bolut Dyke. and the inhiblhon of quartz-salUmuOIl, is amibuted to the intemction between the pcnhitic 
melt and a body ofhoncr. SiO,-undcrsalUr.lIed mafic mel~ which undcrplalcd .he mafic magma chamber (2). This mafic melt 
is interpreted 10 have been soureed ITOI11 the fee&..,. structure 10 the Didipio Igneous Complex, and may have been emplaced in 
response '0 the ev:JCUOtion of the magma chamber during cmplncemen. of the Surong or Thnja Monzonitcs. The Balut Dyke 
melt is inlorpreted 10 have been sourced from the boundary layer between the two melts. gallling Ca and heat &om the mafie 
layer, and loosing SiQ, (eg Dorasis, 1987; Whitncy, 1989). Hea.ing of the silicic ,,,,it may have fOlTllC<l booyom plumes of hybrid 
magma wlthm the chamber and triggered on increase In convection roles, leadmg 10 increased rab.."S of volatile exsolution by 
pressure loss. The resultlnt ~ volatilo-rich but SiO,-undcrsatunlled melt was emplaced along a narrow NW-trendmg structure 
into the Dinkidi Stock, with assoCla.ed strong Au-Clt mi ... .,..lisation and a cale-po<assic altcnuion assemblage. The depth esrimalo 
of3 km IS based on fiuid ",elusion pressure estimates for the Stage 3 assemblage and geological conslderouons. 
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Melt inclusion evidence suggests that the Balut Dyke, and the Stage 2A pegmatitic veins, were 

emplaced at temperatures in excess of 500-600°C from a complex and immiscible mixture of 

silicate melt, salt melt (or brine) and aqueous saline fluid, rather than from a single 

homogeneous silicate melt (Kamenetsky et al., 1999). Compositional data from melt inclusions 

suggests that the melt-volatile mix contained elevated concentrations of Cl, S, N, F, As, Na, K, 

Mo, Pb, Cu, Ag and Zn (Kamenetsky et al., 1999). The diopside-magnetite-K-feldspar 

hydrothermal assemblage is interpreted to have precipitated from a hot, saline, Hp-, Ca-, Fe

and K-saturated, but silica-undersaturated fluid. The lack of adequate phase equilibria data at 

high temperatures and salinities, 'and the complex multi phase nature of the Dinkidi system, 

prevents the construction of meaningful phase equilibria diagrams for the Stage 2 and 3 

hydrothermal assemblages. 

The transition from diopside- to actinolite-stable fluids in the hydrothermal Stage 2B & 2C 

assemblages is interpreted to represent the cooling of the hydrothermal fluids to temperatures < 

450°C (assuming I Kbar pressure; Emst, 1966). Microthermometric analysis of late-stage 

apatite in Stage 2B and 2C veins indicates trapping conditions of 235 to 365°C (at an estimated. 

2.6 Km lithostatic depth) and salinities of 13 to 24 wt% eq. NaCl. The deposition of the Stage 

2D bomite-orthoclase assemblage, which lacks quartz, sericite or carbonate, indicates 

deposition from a fluid that was saturated with K+, H,S, Cu+, and Fe'+, with a high aK+'aH+ ratio 

and that was undersaturated with respect to quartz. The elevated H,S 'of this stage, and the 

reduction of later Stage 3 fluids by this assemblage (as indicated by the sulphur isotope 

anomaly), suggests reduced, magnetite-stable conditions and the lack of sericite alteration 

suggests relatively neutral pH fluids. Reduced, alkaline fluids have a high silica solubility 

(Flerning & Crerar, 1982), therefore the reduced nature of the fluids may have inhibited the 

precipitation of quartz, not only during the high temperature crystallisation of diopside (which 

would also inhibit quartz precipitation for small concentrations of SiO,), but also during the 

cooling of the hydrothermal fluids, which would normally trigger quartz precipitation. 

The production of a high-temperature, Ca-rich, Mg-depleted diopside-bearing syenitic melt, 

emplaced late in the fractionation history of the Didipio Intrusive Complex, cannot be explained 

by simple crystal fractionation. Crystallisation of a biotite-monzonite melt would be expected to 

lead to increased concentration of SiO , Na and possibly K in the residual melt, leading to the , 
production of a late-stage quartz-orthoclase-albite assemblage, such as the Stage 3 hydrothermal 

assemblage. Any calcium present in the melt would be scavenged by crystallising plagioclase. 

Production of diopside, a common mineral in prograde heating assemblages (eg Einaudi et aI., 

1981) would also require heating of a biotite-stable assemblage (Yardley, 1989). Relatively high. 

temperature emplacement of the Balut Dyke is supported by melt inclusion evidence that 

. indicates temperatures of 600 to 900°C during clinopyroxene crystallisation (Kamenetsky et al., 

-"1999). Severalcmodels can,be,p.rop~ed to.explain the unusual calcic, silica-undersaturated 

composition (Ta?le 5.1) and apparent~i~hertempe;';;-tu::~ oftheBai~t-Dyke assembl~g~ --"-=- -"-._cc.: - -=-
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• The commencement of strong volatile exsolution, triggered by the cessation of biotite 
." ~ ,I 

crystallisation, may have 'purged' the magma chamber of components such as Fe & 

Ca. However, this model does not explain why Ca was not incorporated into 

crystallising plagioclase, or how the fluid and melt remained SiO -undersaturated. This 
2 

mechanism also cannot explain the higher temperatures required to produce the Stage 2 

assemblage. 

• The Balut Dyke was fully, or partially, sourced from the injection of a fresh calcic melt 

into the magma chamber, or was sourced separately from a totally new melt unrelated 

to the Didipio Igneous Complex. Whereas this model can explain the higher 

temperatures and calcium enrichment of the Balut Dyke, it is expected that such a 

. p~ocess would also produce increased Mg concentrations within thi melt, and should. 

have triggered the crystallisation of plagioclase rather than perthite. The 

clinopyroxenes of the Balut Dyke share a similar, but Mg depleted, chemistry to the 

remainder of the Didipio Igneous Complex (Figure 5.8), suggesting that they were 

sourced from a late-stage Mg-depleted melt from the same source as the remainder of 

the Didipio Igneous Complex, instead of being sourced from a fresh batch of melt. 

Magma mixing would also be expected to have affected the chemistry of the later Quan 

Porphyry, producing a more 'mafic' assemblage. 

• Closed-system heating of a biotite-stable melt, without contribution of elements from a 

separate source, may lead to the precipitation of diopside (Yardley, 1989). Such heating 

may have been caused by proximal emplacement of an unobserved intrusion. However, 

heating alone would not lead to an increase in calcium, and depletion in SiO , K or Na 
. 2 

characteristic of the Balut Dyke (Table 7.1) and would not inhibit quartz formation on 

cooling. 

• The calcic nature of the Balut Dyke is consistent with the hydration and assimilation of 

earlier dioritic phases, such as gabbros, clinopyoxenites and anorthites (Table 7.1). 

Assimilation of these earlier phases, either within the magma chamber, or, more likely, 

during ascent, may have produced the observed high Ca and low Mg and SiO 
• 2 

concentrations, with alteration leaching the calcic cores of plagioclase and buffering 

the low SiO concentration by clinopyroxene and biotite alteration. However this 
2 . 

model does not explain the heating of the fluids required to produce the diopside 

(Yardley 1989; Kamenetsky et ai., 1989). 

• Heating of mete?ric water by the intrusion produced the DinIddi calc-potassic 

assemblage (eg as proposed for deep, marginal, unmineralised calc-sodic alteration at 

Yerrington, USA, by Dilles et al., 1992). Although external fluids may have produced . 

marginal propylitic alteration of the margin of Dinkidi, and the diorites may have 

enriched the local groundwaters in calcium, melt inclusions indicate that the Balut 

Dyke was deposited from a mixture of silicate melt and mineralised hypersaline b'rine 

at magmatic temperatures (Kamenetsky et ai., 1999). Although some of this essentially 
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'magmatic' fluid may have been derived from external sources, it is considered 

unlikely that the associated Stage 2D orthoclase-bornite assemblage (Plates 6.4A to F) 

was deposited from heated meteoric water. The model cannot be tested with the current 

data, and requires 0, D and Sr isotopic studies. 

• The preferred explanation is that the Balut Dyke was sourced from a compositionally 

stratified magma chamber. In this model, the highly-evolved, volatile-rich felsic melt 

that formed the Balut Dyke was 'underplated' by a layer of denser, hotter mafic melt. 

Such layers can form where rnafic melt has been injected into a silicic magma chamber 

(eg Dorasis; 1987; Whitney et aI., 1988; Whitney, 1989; the mafic melt either being 

residual melt from the feeder structure, or a fresh batch of magma). The mafic melt is 

typically paItially quenched against the cooler felsic melt, and a boundary layer f!,rms 

along the contact in the silicic magma (Dorasis, 1987; Whitney, 1989; Figure 8.2). 

Felsic melt in this contact zone gains heat and assorted elements from the mafic layer 

through mechanical and chemical diffusive methods. In the case of the Carpenter Ridge 

Tuff, Colorado, USA, the felsic melt gained Ca, Ba, Na and hydrogen, and lost K, Rb 

and oxygen (Whituey et al., 1988; Whituey, 1989). The calcic melt of the Balut Dyke 

is interpreted to have been sourced from this contact zone, gaining Ca and heat from 

the magma, but retaining the high volatile content and perthite composition of the 

felsic melt. The lack of quartz in the Stage 2 cale-potassic assemblage may be 

attributed to the buffering of quartz by clinopyroxene or biotite within by the mafic 

silica-undersaturated magma. 

The mafic underplating model is the only model that adequately explains Ca-enrichment (Table 

5.1 & Figure 5.8), Mg and SiO,-depletion and the high temperatures (600-900°C; Kamenetsky 

et aI., 1999) of the Balut Dyke melt. Although no mafic enclaves were observed in any felsic . 

units, the presence of a body of mafic melt underlying, but in contact with, the silicic melt is 

supported by the presence of abundant late-stage andesite dykes. The late-stage andesite dykes 

show similar whole rock and mineral chemistry trends (in major, trace and REE elements) to the 

Diciipio Igne~us Complex, indicating a co-genetic origin. The intrusion of more mafic, but still 

co-magmatic, dykes, following a period of felsic rriagmatism is interpreted to have resulted from 

late-stage reinjection of residual mafic melt from the feeder structure of the magma chamber. 

Clinopyroxene phenocrysts in the andesite dykes are similar to those within the Balut Dyke, in 

that they are highly calcic and are depleted in Mg (Figure 5.8). The andesite melt must have 

either undergone strong fractionation'(which would have produced a more felsic melt) or had 

been in contact with the late-stage silicic melt, such as the Balut Dyke melt reservoir, to have 

become depleted in Mg . 

. The Quan Porphyry, the Bufu Syenite and the Stage 3 quartz stockwork 

The emplacement of the Balut Dyke into the Dinkidi Stock was followed by the emplacement of 

a monzosyenite toquartz-syenite melt.·This intrusion gradesJrom a chilIedporphyritic margin 
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(the Quan Porphyry) to a vuggy crystal-crowded syenite to'quartz syenite core (the Bufu 

Syenite). The Quan Porphyry and Bufu Syenite are not Ca enriched, in contrast to the Balut 

Dyke (Table 5.1). A narrow but vertically extensive quartz vein stockwork is localised above the 

apex of the Bufu Syenite (Figure 6.6). The Stage 3 quartz stockwork formed in the Quan 

Porphyry, Balut Dyke and Tunja Monzonite, adjacent to and above the Bufu Syenite. The Stage , 

3 quartz stockwork grades to wispy' A-type' veins (Gustafson & Hunt; 1975) and irregular 

quartz trails within the Bufu Syeriite. This spatial association and compositional similarities 

with the Bufu Syenite, and the presence of abundantmiarolitic cavities and strong REE 

depletion within the Bufu Syenite are interpreted to indicate that the intrusion was the main 

conduit for volatile migration during Stage 3 quartz stockwork formation. This is supported by 

an estimated solidus temperature (500-600°C; Chapter 7) that is lower than the temperature of 

stockwork formation (>600°C; Figure 7.2), and by the gradational interface between the quartz 

syenite and the quartz stockwork that is occupied by the coarse-grained quartz

perthite±actinolite-magnetite Bugoy Pegmatite (Figure 8.3). It is possible that the influx of high 

temperature volatiles through the Bufu Syenite melt (at least 0.065 km' of hypersiiline brine), 

sourced' from the underlying magma chamber, may have assisted keeping this 'conduit' molten 

during emplacement of the stockwork. 

The least squares modelling of fractionation presented in Chapter 5 (Table 5.2) suggest that if 

the Quan Porphyry and Bufu Syenite had formed from simple fractionation of a clinopyroxene 

diorite melt, then they would be equivalent to a residual 10 and 3% melt fraction respectively. ' 

As it is considered unlikely that a residual 1 0% melt fraction could escape from a 90% 

crystallised magma chamber, this apparent small degree of residual melt highlights the large 

degree of fractionation required to produce a mineralised porphyry melt, the importance of 

structural tapping of a nearly-crystallised magma reservoir in the formation of the Dinkidi 

deposit, and the requirement for a focusing and enrichment mechanism within the main magma 

body, such as the formation of a floUtion differentiate. 

At the apex of the Bufu Syenite, the intrusion consists of perthite enclosed in a coarse-grained 

quartz groundmass. This rock grades, via a transitional zone of coarse-grained quartz

perthite±magnetite-actinolite (the Bugoy Pegmatite), upwards into 'the initial quartz±perthite

actinolite quartz Stage 3A stockwork (Figure 8.3). The Stage 3A assemblage was overprinted by 

both the unmineralised Stage 3B-potassic quartz-perthite veins (located along the margin of the 

Bufu Syenite) and the main Stage 3B quartz-calcite-chalcopyrite sulphide quartz stockwork, the 

later associated with strong sericite-carbonate alteration and disseminated sulphide 

mineralisation. The Stage 3:8 & 3C stockwork is typical of the veins present at most high-K to 

. "ale-alkaline Cu-Au porphyry systems, such as at El Salvador (Gustafson & Hunt, 1975) and in 

deposits throughout the southwest USA (Titley, 1993) and the Philippines (Sillitoe & Gappe, 

, 1984). The narrow, but vertically extensive distribution of the Stage 3 quartz stockwork (Figure 

6.6); an? the. sharp transition in d"S values at the contact between_the Dinkidi Stock and the 
. ",' 

surroundmg diorites (Figure 7.6), suggest that there was only limited lateral fluid movement 
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into the surrounding, largely impenneable, host rock, with most fluids focused up along the 

main feeder structure. Following the emplacement of the quartz stockwork, the quartz veins 

were overprinted by Stage 3C carbonate veins and were disrupted by faulting that disrupted the 

core of the Dinkidi Deposit, and which formed the Bugoy quartz fragment breccia 

Microthermometric and PIXE analysis indicates that the Stage 3 hydrotherroal assemblage 

fo~ed from a high salinity (>68 wt% eqNaCl) NaCl-KCl-FeCI, brine that was emplaced at 

magmatic to near-magmatic temperatures (T, >600°C). This brine contained elevated 

concentrations of Cu, Ca, Mn, Ti, and Zn and precipitated quartz (±actinolite-magneite-perthite

sericite-calcite-sulphide) throughout the network of stockwork fractures and as a massive 

accumulation of coarse-grained quartz and perthite in the core of the system (the Bugoy 

Pegmatite). Based on fluid inclusion evidence (Figure 7.4) the generation of this hypersaline" 

brine is interpreted to have required phase separation at temperatures greater than 750°C, 

followed by cooling of the brine either isobarically or with a pressure increase of up to -500 

bars (Fignre 7.4). Mineralisation is associated with late primary to secondary chalcopyrite

bearing saturated fluid inclusions (40 to >68 wt% NaCi), which homogenise at temperatures 

typically >600°C, but with a second peak at 360-480°C (the later peak is associated with the 

secondary chalcopyrite-bearing saturated fluid inclusions). This second peak suggests that there 

was at least 120 to 240°C of cooling between emplacement of the quartz stockwork and the 

main period of sulphide deposition. Pressure estimates of 820 to 1200 bars indicate an 

emplacement depth of 2.9 to 4.5 km, with a mininum depth of 2.6 km (assuming lithostatic 

pressures; Figure 7.4). The pressure estimates also indicate that there was a significant degree of 

overpressurisation within the stockwork during quartz growth (ranging from 720 bar to > 1500 

bar). Co-existing vapour:rich fluid inclusions suggest episodic depressurisation of the brine 

during quartz growth, probably during fracturing, with depressurisation to hydrostatic pressures 

(at least 260 bar). This loss of the vapour phase, both during initial brine exsolution and during 

periods of fracturing, is interpreted to have produced the observed high metal concentrations 

measured within the hydrothermal fluid (eg Table 7.1). Abundant late-stage secondary trails of 

LV-type inclusions indicate there was significant circulation of low salinity (?meteoric) fluids 

following sulphide deposition. 

The lack of phase equilibria data for high temperature brines (>600°C and >68 wt% NaCi) 

p~evented the construction of meaningful phase equilibria diagrams for this stage. The quartz

actinolite-magnetite-chalcopYrite-bomite hydrothermal assemblage of Stage 3A suggests 

depOsition from a hot, magnetite-stable fluid that contained elevated concentrations of K, Ca, Fe 

and Cu. The presence of sericite and hematite within the Stage 3B assemblage indicates that the 

Stage 3B fluids were acidic and were oxidised. This increase in oxidation state may reflect the 

oxidation of the fluids by loss of hydrogen to the vapour phase or condensation of SO, back into 

the brine (Eastoe, 1979; Czamanske & Wones, 1973). Phase equilibrium constrains indicate that 

high temperature porphyry deposits contain bomite and magnetite (Simon et al., 2000). The 

transition froin Stage ~and Stage 3A bomite~ and magnetite-stable assemblages to Stage 3· 
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chalcopyrite-bearing assemblages may therefore also reflect cooling, in addition to any changes 

in oxidation state or snlphur activity (Simon et aI., 2000). These Stage 3B fluids were 

subsequently neutralised and cooled after emplacement from >600°C (orthoclase stable) to 

400°C (sericite stable). Late Stage 3C fluids were relatively neutral (calcite-stable) and were 

most likely reduced (pyrite stable). 

Mechanisms that have been proposed for sulphide precipitation in porphyry deposits include 

cooling, dilution, water-rock interaction and boiling, and in most cases more than one 

mechanism was probably active. For the Stage 3 hydrothermal assemblage at Dinkidi, there 

were at least four potential depositional mechanisms:. 

• Cooling from >600 to -400°C within Stage 3 quartz veins, with the later, cooler fluids 

becoming copper-saturated (as indicated by the abundance of chalcopyrite daughter 

crystals); 

• Neutralisation of an originally acidic fluid by wall rock interaction, as indicated by the 

. close association between sericite alteration (a hydrolysis reaction which drops the pH 

. of the fluid), calcite and the sulphide mineralisation. 

• Phase separation, as indicated by the abundant vapour-rich inclusions within Stage 3 

veins. However at the elevated temperatures and pressures involved, phase separation 

may have concentrated metals in the residual brine, rather than causing direct 

precipitation of sulphides. 

• Reduction of the oxidised Stage 3 fluids by pre-existing Stage 2 sulphides, as indicated 

by the development of hernatite rims on Stage 2 (and early Stage 3) magnetite grains 

(with coeval chalcopyrite-bomite precipitation), and by the heavyo34S values for 

sulphides in Stage 3 quartz veins where they have overprinted the Stage 2 

mineralisation. 

Based on the above observations a combination of cooling and neutralisation of the fluid by 

wall rock interaction are considered most likely to have lead to sulphide precipitation at . 

Dinkidi, forming late stage sulphide-calcite infill within the veins and disseminated sulphide

calcite mineralisation throughout regions of sericite alteration. Reduction of the oxidised Stage 

3B fluids by pre-existing sulphides may have been a contributing process in the region around, 

and above, the Balut Dyke. No evidence of fluid mixing (eg systematic salinity variations in 

. fluid inclusions) was observed in this study, although late-stage secondary liquid-vapour 

. inclusions are interpreted to record the influx of meteoric water during the thermal collapse of 

the system. The lower salinity of secondary BH (e ) inclusions in Stage 3 quartz veins are still ", 
halite-saturated; suggesting that these fluids formed by cooling of the brine, rather than by 
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. There is a distinctive switch in composition from the quartz-undersaturated Stage 2 vein 

assemblage to a quartz bearing Stage 3 vein stockwork. If magmatic processes controlled this 

switchover then it may be that the syenitic melt in the magma chamber had become 

composition ally isolated from the mafic boundary layer, by cooling and inward crystallisation 

of either the syenite and/or mafic melt. Continued crystallisation without the silica-buffering 

effects of either the boundary layer or of biotite crystallisation would have lead eventually to 

quartz saturation. An alternative explanation for the formation of the quartz-syenite melt, that 

the Quan Porphyry and Bufu Syenite represent the injection of a totally new melt into the 

magma chamber, is not supported by the close petrological similarities between the Balut Dyke 

and the Quan Porphyry. 

Andesite dykes and retrograde assemblages 

Following the emplacement of the Dinkidi stock, the regional volcanic units and the more felsic 

intrusions of the Didipio Igneous Complex were overprinted by widespread intermediate argillic 

(illite-chlorite-quartz-sericite) to advanced argillic (illite-kaolinite-silica±pyrophyllite-dickite) 

alteration assemblages. The development of advanced argillic alteration indicates the formation 

and influx of fluids with low pH «2; Stoffregen, 1987) and moderate temperatures (lOO-350°C; 

Giggenbach, 1997). The source of these fluids is commonly assumed to be th~ acidic .. 

condensates of magmatic vapour, possibly from a degassing porphyry system (eg Meyer & 

Hemley, 1967; Brimhall & Ghiorso, 1983). At Lepanto-Far Southeast this model is supported by 

the contemporaneous formation of both advanced argillic alteration and porphyry mineralisation 

(Arribas et al., 1995; Hedenquist et al., 1998). In the case of Didipio, the source of the fluids. 

responsible for argillic alteration can not be unambiguously determined, however, based on the 

formation of advanced argillic alteration in other hydrothermal and geothermal systems (eg 

Brimhall & Ghiorso, 1983), the acidic fluids are assumed to be a mixture of steam-heated 

ground water (eg Hedenquist, 1991) and condensed magmatic vapours. The overprint of the 

Didipio Igneous Complex by strong argillic alteration and epithermal veins with shallow near

surface, open-space filling textures (eg bladed calcite) suggests that there was significant 

erosion (-2.5 to 3 km) during the lifetime of the hydrothermal system in the Didipio region, 

assuming that the argillic alteration. assemblage and epithermal vein textures form~d within I 

km of the paleowatertable (eg the telescoping model of Sillitoe, 1989, 1994). The juxtaposition 

of porphyry mineralisation and argillic alteration may have resulted from rapid erosion 

following the rift-related tectonic uplift along the margins o{the Cagayan Valley Basin. Weak 

Cu-Au mineralisation formed during argillic alteration, in association' with pyrite-silica flooded 

fault zones and minor calcite-quartz veins of low sulphidation epithermal character .. 

Abundant andesite dykes and sills were emplaced during the final period of magm~tism in the 

Didipio region. These dykes are only weakly affected by argillic alteration, suggesting that they 

. may post-date development of most of this alteration. Whole rock geochemical trends are. 

interpreted to indicate that these dykes are comagmatic with the other intrusions of the Didipio 

Igneous Complex (Figures 5.2 & 5.3). However, unlike the earlier intrusions, these andesites are 
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pyrite-bearing, and contain amphibole, typically as reaction rims around clinopyroxene (eg 

Plate 3.8B). It is possible that the melt was saturated with H,S and that the melt switched from 

anhydrous to hydrous relatively late in the crystallisation history. The presence of amphibole, 

rather than biotite, as the primary hydrous phase may reflect crystallisation at greater depths 

than the biotite-bearing melts. Clinopyroxene phenocrysts in the andesite dykes are highly 

calcic and, like the diopside within the Balut Dyke, are depleted in Mg (both with Mg numbers 

of 53 to 67; Figure 5.\0). This geochemical similarity suggests that the andesite melts are not 

'fresh' primary mafic melt, but have been depleted in Mg, either by strong fractional 

crystallisation (which would be expected to have produced a more evolved melt) or by 

interaction with the late stage felsic melts. The andesite dykes are assumed to have formed from 

the injection of residual mafic melt that had underplated the Didipio Igneous Complex (eg 

Whitney et al., 1988) into the overlying igneous and volcanic complex (Figure 8.4), possibly in 

response to the collapse and subsidence of the evacuated magma chamber. This melt may have 

been originally andesitic, or may have been more mafic but evolved to andesitic compositions 

by fractionation or by interaction with the felsic melt. The hydration of the melt may.have 

occurred by contact with the late-stage felsic melts. 

The last period of hydrothermal activity observed in the Didipio region is the emplacement of a 

zeolite (stilbite-laumontite-chabazite) mineral assemblage,during widespread dextral strike-slip 

faulting. During this stage, the True Blue prospect was faulted off the northern end of Dinkidi, 

and displaced 700 meters to the east. The zeolite assemblage present in the Dinkidi deposii 

indicates relatively cold (80 to 280°C; Aoki, 1978; Aiello & Franco, 1968; Tomita et aI., 1969; 

Holler et al., 1974) and alkaline (bicarbonate) waters may have been drawn down into the 

Dinkidi Stock, precipitating zeolites as they were heated and/or mixed with Ca-bearing 

groundwater. This assemblage formed both zeolite veins (typically as infill within tensional. 

gashes) and a lithic-fragment breccia in the core of Dinkidi with a zeolite grouridmass. Zeolites, 

with associated propylitic alteration, are common in the distal, shallow-level sections of 

convection zones associated with active geotherma1 systems that have low 02 contents 

(Wainiki, NZ; Browne 1978). Warm groundwaters are still present at Didipio, as shown by the 

presence of hot springs (-60-80°C) 700 metres to the east of Dinkidi. 

Possible sources of gold enrichment in the alkaline melts at Dinkidi 

The gold-rich nature of the Dinkidi deposit may be attributed to a range of factors, including. 

enrichment of the melt source, conditions within the magma chamber allowing enrichment of 

gold into the volatile phase during fractionation, and favourable physiochemical conditions at 

the site of deposition. No one factor is likely to have been the sole control on gold enrichment at 

the deposit. Many alkaline melts are enriched in LILE, metals, ligands and volatiles (Muller & 

Groves, 2000), making belts of alkaline to potassic rocks highly prospective for porphyry and 

epithermal mineralisation. Such enrichment is characteristic of the Late Oligocene to Early 

Miocene alkaline intrusions of northern Luzon, where each of the three main alkaline intrusive 
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Figure 8.4: Model for post-mineralisation sUlges in the Didipio region. The emplacement of widespread andesite dykes 
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centres hosts economic Au-Cu mineralisation, compared to the barren Oligocene calc-alkaline 

batholiths found in the same region. 

Based on radiogenic (Kninel & Defant, 1988) and whole rock compositions the source of the 

Didipio melt appears to be melting of the mantle wedge above the stalled east Luzon trench, 

with no 'exotic' melt components detected (eg the assimilation of sedimentary basement at 

Grasberg as propos.ed by Ryan et al., 2000). It appears that the small degree of partial melting of 

an enriched mantle source that produce a LlLE-enriched melt also enriched the melt in metals 

and volatiles. The typically oxidised (SO,-predominant) nature of the high-K melts may have . 

assisted the accumulation of metals during both partial melting of the mantle source'and 

shallow crustal fractionation, preventing scavenging of copper and gold by H,S: which would 

sequester metals into magmatic sulphides in the mantle and in early crystallised intrusions 

(Hamlyn & Keays, 1987). Solomon (1990) proposed that gold enrichment in island arc high-K 

rocks is the result of two-stage melting of the mantle wedge, during 'subduction reversal', such 

as the change in subduction zone that occurred in Luzon during the Tertiary. The estimated 23-

25 Ma age of emplacement of the Didipio Igneous Complex is approximately the same age as 

that estimated for the commencement of eastward-directed subduction along the Manila Trench 

(at -25 ma; Lewis & Hayes, 1983; Wolfe, 1988). If Solomon's (1990) model is applicable, then 

the second period of melting would have had to have occurred within 1-2 Ma of subduction 

beginning, at a location currently 200 km inwards from the Manila Trench. This makes a 

'subduction-reversal' mechanism difficult to test in the case of Didipio. Whatever the source of 

gold enrichment, it appears, in the case of northern Luzon, that late-stage shallow-level 

fractionation had invariably produced economic porphyry or epithermal mineralisation, as long 

as the source melt has been enriched in LlLE (and ore constituents) at the mantle source. 

The importance of hydrothermal controls on the style of mineralisation is highlighted by the 

differences between the metal content of the melts and that of the deposit. Melt inclusion 

evidence indicates that the Balut Dyke melt-volatile mix contained Mo and Cu (and presumably. 

Au; Kamenetsky et aI., 1999). However the Dinkidi deposit is Mo-deficient, with only trace 

amounts of Mo detected in the distal setting. This suggests that late stage physiochemical 

conditions of ore deposition (pH, temperature, pressure andjO,) were fundamental for the 

saturation and subsequent deposition of Cu and Au, whereas Mo remained undersaturated in the 

fluids and was dispersed out of the system. So although the source region determines the metal 

budget of a particular melt it is the conditions at the site of deposition that determine the style of 

porphyry mineralisation: oxidised conditions may favour the transport of Mo out of the system 

(eg forming porphyry Cu-Au deposits in alkaline systems; porphyry Cu in non-calc alkaline 

=-':"='-= "-.deposits)"while.reduced conditiC?,.ns_may" f,!":.our the dispersion of gold and deposition of Mo 

, (forming Cu-Mo deposits). Thehlghes~ ~old-grad;s ~"l)U:;kidi are~~ociat~-withtli'e= "'--=- ""-Co .c"-c: "" =' .= = 
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GENETIC MODEL 

hydrothermal Stage 2D bornite-orthoclase assemblage. This may reflect the ability of bomite to 
. . ~. . 

contain one order of magnitude more gold than chalcopyrite (Grigore et aI., 2000). As phase 

equilibrium constrains indicate that high temperature porphyry deposits will contain bornite and 

magnetite (Simon et aI., 2000), the high gold grades may reflect the higher temperature of the 

Stage 2 assemblage. 
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CONCLUSIONS 

• Drilling by Australian Company Climax Mining has delineated a 110 Mt resource with 

unusually high gold grades of 1.2 g1t Au and 0.5% Cu, including a high-grade core of 2 

. to 9 g1t Au. 

• Detailed geological mapping of the region, and logging of regional and Dinkidi drill 

core, has revealed that the Dinkidi deposit is situated in a composite intrusion, the 

Dinkidi Stock, which is, in turn, part of a larger intrusive body, the Didipio Igneous 

Complex. 

• The Didipio Igneous Complex has intruded a sequence of andesite lavas and 

volcaniclastic breccias (the Mamparang Formation) and also a package of trachyte lavas 

and volcanic1astic units, which this study has informally named the Upper Mamparang 

Formation. 

• The Mamparang Formation that crops out in the Didipio region is interpreted to be the 

proximal, lava-dominated facies of a terrestrial andesitic stratovolcano that formed in 

the Late Oligocene. Late-Oligocene to Early Miocene shallow water limestones 

(MMAJ 1977) suggest that this andesite volcanic pile, and the overlying trachytes, may 

have been surrounded by a shallow sea. 

• This andesitic volcanic pile provided the foundation for, and was covered by, the 

trachyte lavas and widespread trachytic volcaniclastic units of the Upper Mamparang 

Formation. The Upper Mamparang Formation is interpreted to be the proximal lava

dominated facies of a terrestrial trachytic volcanic pile. The formation, as defined, also 

incorporates the trachyte lavas and pyroc1astic units that host the Palali Batholith and 

the analcite-bearing trachytic pyroclastic rocks that host the Cordon Syenite Complex. 

. • The Mamparang and Upper Mamparang Formations are interpreted to have been 

emplaced along, and are considered to be synchronous with displacement along basin

boundary faults of the Cagayan Rift Valley. They formed a belt of andesitic and 

trachytic volcanic edifices that was at least 60 km long. 

• The proximal nature of the volcanic facies' exposed in the Didipio region is interpreted 

to indicate that the Didipio Igneous Complex is the intrusive core of one of the Upper 

Mamparang Formation feeders, with successive intrusions being emplaced along the 

same feeder structure that was utilised by the trachyte lavas .. 

• The volcanic setting of the Dinkidi deposit contrasts with the model for volcanic-hosted 

calc-alkaline porphyry deposits (eg Sillitoe, 1973), in which the intrusions are hosted 

within an andesitic volcanic pile. The association between the trachyte lavas and the 

'IIliner~is~d intrusive centres makes these potassic lavas an important exploration target 

in northern Luzon and ~ther convergent margirisettihgs.~ 
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CONCLUSIONS 

• The intrusions of the Didipio Igneous Complex were emplaced into the Mamparang and 

Upper Mamparang Formations during four main intrusive events: 

• 

• 

o Intrusion of an early clinopyroxene-diorite phase with in situ fractionation of 

clinopyroxene and plagioclase producing a residual monzodiorite melt and 

cumulate gabbros to clinopyroxenites 

o Emplacement of the Surong clinopyroxenite monzonite, possibly controlled by 

a NW-trending feeder structure, with in situ fractionation of clinopyroxene and 

plagioclase producing biotite and quartz monzonite phases. 

o Emplacement of three monzonite to quartz syenite intrusions within the Dinkidi 

Stock by dilation of a.NW-trending structure. Three main intrusive events, 

producing four distinct intrusions, are recognised: 

, • Emplacement of the Tunja Monzonite, an equigranular biotite 

monzonite stock. 

• 

• 

Emplacement of the Balut Dyke, a texturally variable clinopyroxene 

syenite. 

Emplacement of the Quan Porphyry, a monzonite to syenite porphyry 

that grades, in its core, into the vuggy, leucocratic Bufu Syenite to 

quartz syenite 

o Emplacement of post-mineralisation andesite dykes and sills. 

Significant erosion of the host volcanic edifice is suggested by the change in intrusion 

morphology from large equigranular diorite and monzonite plutons to late-stage 

porphyritic stocks and dykes. The width and equigranular nature of the early diorite and 

monzonite intrusions suggest that they were emplaced as cupolas above 'a magma 

chamber. 

The Thnja Monzonite is compositionally similar to the Surong Monzonite, suggesting 

that the two were emplaced at similar times, whereas a significant period of 

fractionation is interpreted to have occurred after the emplacement of the Tunja biotite 

monzonite melt, prior to intrusion of the late-stage highly mineialised syenites. 

• The textural variability and coarse-grained size of the Bahit Dyke is interpreted to 

indicate high volatile contents, as does the emplacement of an orthoclase-actinolite Cu

Au mineralised stockwork around the intrusion dyke. Rhythmic layering within the 

dyke is interpreted to have formed by flow segregation and diffusion-controlled 

nucleation, during alternating periods of strong magma flow and stagnation. This may 

have been caused by alternating periods of hydrofracturing, and subsequent 

hydrothermal sealing and volatile build up. The textures within the dyke are analogous 

to UST textures in quartz-saturated porphyry systems, and to pegmatite dykes found in 

mid-crustal granitic systems. 
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CONCLUSIONS 

• Geochemically, the highly calcic Balut Dyke is distinct from the rest of the Didipio 

Igneous Complex (Figure 5.3). The dyke is interpreted to have be sourced from a hybrid 

melt that formed by interaction between an evolved syenitic melt and a mafic melt that 

underplated the chamber (eg Whitney et aI., 1988). Thernafic layer is interpreted to 

have contributed heat and Ca to the syenitic melt and buffered the SiO content 
2 

• The Quan Porphyry is interpreted to have been sourced from a late-stage silica

saturated syenite melt, and represents the chilled outer margin of the Quan-Bufu 

intrusion. The Bufu Syenite is considered to have crystallised from the residual quartz

perthite melt, following emplacement of a quartz stockwork into the surrounding 

C01,lDtry rocks. Abundant miarolitic cavities within the Bufu Syenite suggest high 
. . .1- • 

volatile concentrations within the melt during crystailisation. 

• The emplacement of andesite dykes and sills represents the fmal period of magmatism 

in the Didipio region. The andesite dykes share 'co-magmatic' geochemical trends with 

the rest of the Didipio Igneous Complex and are assumed to have formed from the 

injection of residual mafic melt that had underplated the magma chamber (eg: Whitney 

et al., 1988) into the overlying igneous and volcanic complex (Figure 8.4). This may 

have occurred in response to the collapse and subsidence of the evacuated magma 

chamber. 

• The Didipio Igneous Complex has been disrupted by at least three stages of faulting: 

northwest-trending Fl normal faults, west-trending F2 sinistral strike-slip faults and 

riortheasHrending F3 dextral strike slip faults. The northern end of Dinkidi has been 

displaced by a F3 fault, forming the True Blue prospect 700m to the east of Dinkidi 

(Figure 6.8). 

• Fl structures appear to have facilitated the emplacement of narrow, vertiCally' extensive 

stocks of viscous melt into the subvolcanic environment. Uprise of ~elt and .volatiles 

along these structures, which drained an evolved volatile-rich magma chamber, is 

considered to have triggered phase separation and stockwork fracturing. This feeder 

zone may have been 'plugged' by the Surong Monzonite, forcing the Dinkidi Stock to 

be emplaced on the margin of the Surong Pluton. 

• Whole rock and mineral geochemical analyses have revealed that the intrusions of the 

Didipio Igneous Complex are alkaline, and are related to each other by fractional 

crystallisation. The Didipio Igneous Complex shares a similar LILE-enriched source to 

the Cordon Syenite Complex, the Palali Batholith and the Upper Mamparang 

Formation. These alkaline to ultrapotassic rocks are interpreted,' on the basis of their 

geochemical (low HFSE and TiO , high Al 0 ) and radiogenic (Knittel & Defant, 1988) 
.2 2 3 

compositions to be the LILE-enriched end-product of subduction, sourced from the 

stalled East Luzon Trench, with negligible crustal contamination. 
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CONCLUSIONS 

• Enrichment of LlLE within the 'Sierra Madre Arc' is indicated by increasing LILE and 

LREE concentrations in volcanic units and intrusions during the Oligocene from the flat 

MORE-lilee values of the Dupax Batholith to the strong LREE and LILE enrichment of 

the Upper Mamparang Formation. The subalkaline Mamparang Formation is 

interpreted to be the subalkaline precursor to the Upper Mamparang Formation, sourced 
, 

from a wealdy LILE-enriched mantle source. 

• The increase in LILE and LREE-enrichment and silica-undersaturation northward from 

the alkaline Didipio Igneous Complex to the feldspathoid-bearing ultrapotassic Cordon 

Syenite Complex is interpreted to reflect smaller degrees of partial melting of an 

enriched mantle source or an increase in the degree of enrichrnent of the mantle source. 

• Five main hydrothermal periods occurred in the Didipio Region: 

o Contact metamorphism and weaIc overprinting K-Fe metasomatism associated 

with emplacement of the clinopyroxene diorites. 

oK-silicate alteration and weaIc Cu-Au mineralisation associated with 

emplacement of the Surong Monzonite. 

o Well developed porphyry-style mineralisation associated with emplacement of 

the Dinkidi Stock. Within the stock, three main hydrothermal assemblages are 

recognised, each associated with an intrusive event: 

• Stage I K-silicate alteration associated with emplacement of the Tunja 

Monzonite 

• 

• 

Stage 2 high-grade calc-silicate mineralisation associated with the 

emplacement of Balut Dyke. 

Stage 3 quartz-stockwork mineralisation associated with emplacement 

of the Quan Porphyry and crystallisation of the Bufu Syenite. 

o Widespread argillic alteration (Stage 4 within the Dinkidi Stock), 

o Zeolite veining associated with widespread faulting (Stage 5 within the Dinkidi 

Stock) 

• The main control on the composition of all early hydrothermal assemblages present at 

Didipio has been the composition an.d degree of fractionation of the parent melt: The 

early 'anhydrous' diorites are associated with thermal metamorphism, and minor K-Fe 

rnetasomatism. The Tunja and Surong monzonite intrusions, which contain primary 

hydrous phases (biotite, indicating an increase in volatile content), are surrounded by a 

biotite-orthoclase alteration halo with associated weaIc Cu-Au mineralisation. 

Associated with emplacement of the calcic, silica-undersatUrated Balut Dyke is a 

quartz-free calc-potassic hydrothermal assemblage. The quartz syenites of the Quan 

Porphyry and Bufu Syenite, is associated with a quartz stockwork hydrothermal 

assemblage. 
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CONCLUSIONS 

• The Stage 1 biotite-magnetite assemblage is interpreted to have formed from high 

temperature K-Pe-CI enriched brines. This alteration halo is the most extensive 

hydrothermal alteration halo present at Dinkidi, and grades distally into patchy epidote

chlorite propylitic alteration. 

• The first stage of ore deposition is associated with the emplacement of the Balut Dyke 

and emplacement of a calc-potassic hydrothermal assemblage characteristic of silica

undersaturated alkaline porphyry deposits. The components were: 

o Stage 2A diopside-perthite-K-feldspar 'vein dykes'. 

o Stage 2B & 2C actinolite-K-feldspar-bomite stockwork veins. 

o Stage 2D massive orthoclase-bornite. This assemblage, focused above the Balut 

Dyke, formed the high-grade (2-9 glt Au) core at Dinkidi. 

• The Stage 2 assemblage is interpreted to have formed from a hot (>600°C), saline, Ca

Pe-Pe-K-Cu-H S enriched fluid, which was undersaturated with respect to SiO . 
2 . 2 

Deposition is interpreted to have occurred under reduced conditions (magnetite-stable), 

and at near neutral pH (as suggested by the lack of sericite). 

• Crystallisation of the Bufu Syenite is associated with the emplacement of a narrow, but 

vertically extensive quartz stockwork, that was focused above, and grades into, the. 

apex of the Bufu Syenite. The Bufu Syenite is interpreted to have been the conduit 

during Stage 3 mineralisation, linking an underlying volatile-saturated magma chamber 

to the stockwork site. 

• The Stage 3 hydrothermal assemblage consists of: 

o Stage 3A quartz-actinolite-K-feldspar-magnetite-bornite-chalcopyrite veins 

o Stage 3B-Potassic quartz-perthite veins, with the same composition as the 

quartz-syenite core of the Bufu Syenite 

o Stage 3Bquartz-sericite-calcite-chalcopyrite-hematite assemblage, typical of 

the stockwork at many calc-alkaline porphyry deposits. 

o A Stage 3C carbonate-sulphide assemblage. 

• The Bugoy Pegmatite is interpreted to be a coarse-grained massive accumulation of the 

Stage 3A vein assemblage, which filled open spaces in the core of the stockwork. The 

'pegmatite' forms an 'interface' zone between the smaller stockwork veins and the 

underlying Bufu quartz syenite 'conduit'. 

• Microthermometric and PIXE analysis indicates that the Stage 3 hydrothermal 

assemblage formed from a high salinity (>68 wt% eqNaCI) NaCI-KCI-PeCI enriched 
2 

brine that was emplaced at magmatic to near-magmatic temperatures (T >600°C). This 
t 

brine contained elevated concentrations of Cu, Ca, Mn, Ti, and Zn. 
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CONCLUSIONS 

• Pressure estimates ,indicate an emplacement depth for the Stage 3 assemblage of 2,9 to 

45 km, with a minium depth of2,6 km (Figure 7A), and also indicate that there was a 

significant degree of overpressurisation within the Stage 3 stockwork during quartz 

growth (ranging from 720 bar to > 1500 bar), 

• Co-existing vapour rich and hypersaline inclusions suggest episodic depressurisation of 

the brine during quartz growth, probably as a result of fracturing, with depressurisation 

to hydrostatic pressures (at least 260 bar), 

• The generation of this hypersaline brine is interpreted to have required phase separation 

at temperatures greater than 750°C (and probably greater than 850°C), followed by 

cooling of the brine either isobarically or with a pressure increase of up to -500 bars 

(Figure 7 A). 

• Both cooling and neutralisation of the fluid by wall rock interaction is considered to 

have lead to sulphide precipitation, forming late stage sulphide-calcite infill within the 

veins and disseminated sulphide-calcite mineralisation 'throughout regions of sericite 

alteration. Stage 3 sulphide mineralisation is associated with late primary .to secondary 

chalcopyrite-bearing fluid inclusions (40 to >68 wt% NaCl), which homogenise at 

temperatures typically >600°C, but with a second peak at 360-480°C (the later peak 

associated with secondary chalcopyrite-bearing inclusions). This suggests that there 

may have been at least 120 to 240°C of cooling between emplacement of the quartz 

stockwork and the main period of sulphide deposition. 

• Sulphur isotopes indicate a magmatic source for sulphur in the Stage 2 and 3 sulphides, 

with no 'exotic' sources, and indicate that Stage 3 fluids may have been reduced by-pre

existing Stage 2 sulphides. The sharp transition in sulphur isotope values suggests that 

there was only limited lateral fluid movement into the surrounding diorites, with most 

fluids focused up along the main feeder structure, 

• The lack of strong sulphide-sulphate fractionation at Dinkidi suggests that the fluids 

, which formed the Stage 2 and possibly the Stage 3 assemblages were relatively reduced 

compared to other porphyry deposits. 

• Late Stage 3C brecciation formed the 'Bugoy Breccia', a quartz fragment breccia 

sourced from the Bugoy Pegmatite. 

• Following the emplacement of the Dinkidi Stock, the regional volcanic units and the 

more felsic intrusives of the Didipio Igneous Complex were overprinted by widespread 

intermediate (illite-chlorite-quartz-sericite) to advanced argillic (illite-kaolinite

silica±pyrophylite-dickite) alteration (possibly a steam heated blanket associated with 

late-stage geothermal activities). The argillic alteration assemblage is associated with 

subeconomic silica-pyrite 'high-sulphidation' and quartz-chalcedony-calcite 'low

sulphidation' mineralisation 
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CONCLUSIONS 

• The source of the acidic fluids responsible for argillic alte_ration is assumed to be a 

mixture of steam heated groundwater (with the Didipio Igneous Complex providjng a 

heat pump for fluids in the volcanic pile) and condensed magmatic vapours (eg 

Brimhall & Ghiorso, 1983; Hedenquist. 1991). 

• The overprint of the Didipio Igneous Complex by strong argillic alteration and by 

epithermal veins with near"surface, open-space filling textures (eg bladed calcite and 

crustiform to botryoidal banding in chalcedony) suggests that there was significant 

erosion (-2.5 to 3 km) during the lifetime of the hydrothermal system in the Didipio 

region, possibly in response to the increase in relief during rifting of the Cagayan Valley 

Basin. 

• The last period of hydrothennal activity observed in the Didipio region is the 

emplacement of a zeolite (stilbite-laumontite-chabazite) assemblage, during widespread 

dextral strike-slip faulting. During this stage the True Blue prospect was faulted off the 

northern end of Dinkidi, and displaced 700 meters to the east. The zeolite assemblage 

present in the Dinkidi deposit indicates that relatively cold (80 to 280°C) and alkaline 

(bi-carbonate) waters may have been drawn down into the Dinkidi Stock. 

• Overall, the formation of the Dinkidi deposit is inferred to be the result of: 

• 

o Metal enrichment at the mantle source (interpreted to be caused by partial 

melting of a metasomatically enriched mantle), forming a favourable 

incompatible element-enriched alkaline melt, 

.C,o Riftiti.g that allowed the emplacement of the melt into the shallow crustal 

environment, where shallow level fractionation could 'refine' the melt. 

o Extensive fractionation of anhydrous phases, leading to the exsolution and 

concentration of a volatile phase 

o The tapping of the late-stage, volatile-rich melt from the magma chamber along 

syn-magmatic faults 

o Emplacement and focusing of melt and volatiles along vertically extensive 

structures, allowing phase separation and stockwork formation 

o Uplift and erosion leading to exposure of the deposit. 

Despite the requirement for extensive fractionation, the inferred shallow-crustal magma 

chamber is interpreted to have been tapped repeatedly (by. the Surong, Tunja and Balut 

melts). This suggests that the magma chamber acted as a relatively open system, yet still 

formed a mineralised porphyry deposit. This contrasts with the opinion that magma 

chambers need to act as a sealed volatile container in order to form economic porphyry 

mineralisation. 
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• 
CONCLUSIONS 

The high gold grades a~ ~inkidi can be attributed to a range of factors, none of them 

conclusive, The parent melt was alkaline, a composition typically associated with gold

rich deposits (eg Muller & Groves, 2000) although the source of gold enrichment in 

alkaline melts remains unclear. The melt was oxidised enough to prevent sequestering 

of gold by magmatic' sulphides during fractionation (but not by magnetite). The deposit 

is bomite-rich (due in part to high temperature?), which can contain more gold than . 

other copper sulphides. 

• . Late-stage silicic magma chambers, produced after long periods of fractionation, are 

unlikely to be simple, homogeneous bodies when emplaced in the shallow to mid

crustal environment. At Didipio, the late-stage syenitic magma chamber responsible for 

porphyry mineralisation is interpreted to have become compositionally stratified. A late

stage syenitic melt, sou reed from fractionation of a silica-saturated alkaline melt, is 

interpreted to have interacted with reinjected mafic melt, promoting the formation of a 

hydrothermal assemblage typical of silica-undersaturated alkaline porphyry systems. 

Further crystallisation is interpreted to have compositionally isolated the siliceous melt 

from the mafic layer, leading to development of a quartz-saturated 'cale-alkaline' 

porphyry assemblage, following the cessation of biotite 'and diopside crystallisation. 

• The presence of abundant quartz, in both the Dinkidi and the nearby Marian Porphyry 

deposits, indicates that silica-saturated alkaline porphyry deposits (such as Dinkidi) and 

silica-undersaturated ultrapotassic porphyry deposits (such as Marian) may still contain. 

quartz-dominated hydrothermal assemblages. This is in contrast to the silica-saturated 

and undersaturated alkaline porphyry deposits described from British Columbia, in 

which quartz is either absent, or a minor, late-stage component (eg uncommon late

stage quartz veins in the alkaline silica-saturated DM deposit, BC; Lang ~ Stanley, 

1995). The formation of quartz in the Philippine alkaline porphyry deposits difference 

may reflect, in the case of Dinkidi, prolonged fractionation of a silica-saturated melt, 

and in the case of Cordon, fractionation of feldspathoids leading to the development of 

a residual monzonite melt (Knittel & Cundari, 1990) and late-stage quartz saturation. 

• It is unusual that more quartz-bearing systems did not develop in the alkaline porphyry 

systems of British Columbia, even among the feldspathoid-bearing melts. The 

difference between the Canadian and Philippine alkaline porphyry systems may reflect 

different degrees of enrichment at the mantle source and different histories of magmatic 

emplacement, both of which would cause differences in the subsequent fractionation 

history between the Philippine and Canadian alkaline porphyry suites. However, 

answers for this question awaits a comparison of the 'intrusive chemistry and magmatic 

evolution between the two provinces. 
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List of all holes graphically logged: ' 

" 

Detailed graphical drill logs (1 :200 scale) can be obtained by contacting the author' 
, , 

(rohanwolfe@yahoo.com.au). 

Dinkidi Drillholes: DDH 3; 4; 14; 16; 28; 33; 34; 36; 37; 43; 49; 50; 51; 52; 53; 54;, 

60;67;77;81;82;83. 

Regional Drillholes: Morning Star MS 7; 39; 40; 84; 85. 

Century Eggs KPTD 2; 3. 

San Pedro 15. 

Kamgut46. 

Midnight J 93; 94; 10 1 

Chinni Chinga 104. 

True Blue III 

Liang 102; 106; 108 

Zone-9 96; 97; 100. 

D'Beau 86, 87, 88, 89 

D'Fox 91, 105. 

Appendix A, List of all drill holes logged during this study 
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Appendix B1-1, Whole rock geochemical data from this study 

0.88 
1.03 
3.18 
3.39 
364 
3.17 
3.67 
3.75 
3.72 
3.49 
2.15 
3.54 
4.67 
4.79 
4.26 
4.87 
4.86 
4.82 
4.54 
4.4 
4.58 
4.71 
4.94 
4.75 
3.03 
4.72 
3.32 
4.03 
S.58 
3.09 
2.28 

6.22 
3.68 
5.23 
4.89 

6.72 
6.) 
3.87 
2.62 

0.52 0.32_ 
0.5 0.68 
2.34 0.5 
2.42 0.53 
3.19 0.52 
3.51 0.55 
2.83 0.44 
2.57 0.46 
2.83 0.63 
2.58 0.67' 
1.09 0.84 
2.76 0.5] 
3.94 0.33 
3.83 0.32 
3.33 0.52 
4.13 0.37 
3.55 . 0.35 
3.49 0.35 
3.04. 0.48 
5.32 0.41 
3.68 0.45 
3.43 0.42 
5.2!1 0.23 
2.91 0.31 
2.85 0.45 
6.99 0.2 
6.11 0.33 
3.9 0.43 
4.38 0.23 
2.66 0.5 
1.83 0.4S 

3.49 
3.45 
3.62 
3.3 

0.23 
0.26 
0.32 
0.37 

0.21 
0.04 0.54 

0.24 
0.Q7 

0.' 
0.45 

om 1.46 
0.23 
0.43 
0.41 

0.02 . 0.66 
0.01 0.7 
0.01 0.61 
0.01 0.41 
0.01 0.56 

0.76 
0.5 
1.38 
1.04 
W 
2.13 
0.32 

0.24 1.39 
0.2 2.06 
0.01 1.83 
0.02 1.07 
0.01 1.8 
om 1.44 

0.03 
O.oz 
0.01 
0.02 

0.99 
2.61 
1.3 

1.92 
3.17 
2.94. 
1.56 

3.63 
3.85 

0.13 0.05 2.24 

7.19 
8.88 

0.22' 0.03 2.89 
0.05 0.26 1.13 
0.07 0.02 0.81 

4.97 2.37 02 0.05 1.01 
4.82 2.65 
4.83 2.4 
3.37 2.61 

4.63 
4.63 
4.79 
4.41 
3.79 
3.96 

S.22 
3.6 
6.29 
6.91 
7.25 
7.41 

0.19 0.1 1.47 
0.21 0.2S 1.84 
0.42 0.01 4.0] 

0.12 
0.Q2 
0.06 
0.06 
0.06 
0.06 

0.01 
0.01 
0.08 
om 

". 
1.2 
0.7 
0.76 
1.24 
0.71 

To,,", 

100.01 
99.5 

100.14 
99.71 
99.91 
99.47 
100 

100.01 
99.93 
99.8 
99.87 
99.89 
99.82 
99.82 
99.' 
99.73 
100.13 
100.27 
99.43 
101.06 
100.57 
100.28 
99.71 
99.94 
99.66 
100.05 . 
99.46 
99.91 
100.69 
99.56 
9!1.97 

99.88 
100.045 
100.32 
99.97 

100.11 
100.3 
99.93 
100.29 

99S8 
100.24 
99.12 
99.88 

99.83 
98.99 
99.89 
100.12 
99.92 
99.79 

Nb Zr Sr Cr Ba Y U Rb ,Th PIt As Zn Cu NI Se Se: 
(ppm) 

U 
1.6 

) 

L3 

I.' 
L7 
U 
1.3 
U 
1.2 
1.7 
I.' 
lA 
L6 
2.2 
1.9 
I.. 
I.' I.. 
2.1 
I., 
2.5 
I.. 
1.5 
I 

2.1 
2.3 
2.5 
1.7 
1.3 
I.' 

2.3 
1.3 
2.1 
1.3 

21 910 51 183 15 0.1 11 
18 1073 12 87 24 9 
52 1079 4 463 20 2.6 43 
63 1165 21 432 19 1.5 43 
62 1160 3 529 20 0.] 64 
64 1163 4 550 21 1.5 64 
56 1023 6 668 18· 54 
66 1005 6 502 20 0.1 49 
73 1305 3 401 23 2.5 50 
65 1382 405 24 IS 44 
4Q 1487 349 24 21 
73 IIW 47 395 20 . 5) 
71 970 2 923]S 74 
11 968 2 924 15 71 
71 1181 3 606 18 62 
100 872 3 484 18 2.2 70 
79 1005 3 471 20 1.7 62 
86 1063 3 422 22 2.4 56 
75 901' 820 15 U 68 
86 800 676 21 1.5 61 
89 1184 4 511 2S 2.4 60 
86 1133 3 504 22 1.8. 5!1 
119 177 3 780 16 ss 
71 1040 7 635 10 SS 
64 1061 14 534 16 58 
165 570 8 571 16 113 
94 1075 ]2 874 15 94 
105 liS) 470 19 80 
72 864. 1100 13 1.5 79 
57 986 4 420 19 0.1 41 
46 1047 31 302 19 2.3 27 

46 
41 

" " 

979 
980 

'" 99' 

2 

3 
2 
3 

1243 8 
1458 10 
1408 12 
774 14 

" 66 
59 
73 

1.7 96 834 1178 
1145 2.1 76 1040 

0.1 117 184 
0.1 116 160 

2.2 93 874 
1.9 95 8~2 

2.1 88 921 
1.7 59 1066 

847 ". 
568 12 
655 12 
601 11 
SOl 16 

" 11. 

32 
39 
36 
50 

0.1 

0.1 
2 

2.1 
1.3 

2.3 
0.1 
0.) 

2.3 
I.. 
I.' 
2.1 

1.6 
I.. 
0.1 

1.7 
0.1 
0.1 

3.' 
'.6 
3.0 
5.1 
3.0 
5.1 

187 539 
239 187 
228 339 
233 365 
225 393 
227 360 

542 24 3.6 
2'17 21 5.3 
343 18 

95 6.4 
114 8.7 
)00 

376 18 103 
409 18 120 
396 18 123 

2 

3 
7 
)6 

• 
" 3 
)I 

12 
10 , 
" 13 
9 
10 

• 
9 
15 
13 
10 

• 
4 

• 
13 
5 
15 
9 
5 

" 
• 
6 

• , 

<3 79 
<3 94 
<3 71 
<3 77 

63 
<3. 63 
<3 70 
3.6 77 
<3 75 
<3 73 

<3 " <3 78 
<3 62 
10 64 

134 29 
144 16 
93 . 9 
168 15 
III 5 
63 6 
155 4 
160 .7 
169 S 
168 3 
)69 
139 23 
164 
130 

63 143 
<3 37 IOS 
<3 48 207 
<J 60. 163 4 
3.3 23 ·812 4 
<3 95 131 3 
<J 69 159 3 
<J 64 114 3 
4 27 
3 24 
4 30 

<3 37 
<3 35 
4 n 

<3 28 
<3 '68 

<3 " 

<3 
<3 
<3 
<3 

19 
23 
24 
41 

" 2 
116 3 
34 9 
145 4 
131 8 
172 5 
256 1 
188 8 

144 " 

112 
129 

" 168 
I 
2 

0.6 

0.3 

0.1 

40 

20 

24 
24 
10 
10 
17 

• 
15 
23 

12 
11 

• 
9 
10 
12 

5 18 448 _0.1 
642820104 
3 5 7 595 1.9 0.1 
2 <3 6 45 1.2 0.1 

<3 40 395 4 
<3 20 8] 3 
3 41 496 4 

1<3481391 

15 

I' 
7 
1 
)2 

12 

<3 
<3 
<3 

• 
<3 
7 

43 

" 31 
32 
20 
21 

44 

20 
3 
3 
9 
33 

I 
0.1 
I 

• 
1 

" 

2 
3 

0.1 
0.1 



REE datafram this study 
Sample - Rock type La (ppm) Co P, Nd Pm Sm •• Gd Tb' Dy Ho E, Tm Yb L. 

Dldiplo Igneous Complex 
GI Cpx-Gabbro 4.85 12.57 2.43 13.13 4.07 1.27 3.48 0.58 3.02 1.43 1.1 
39/129 Gabbro C~ll-Gabbro 5.7 15.59 2.76 16.52 4.79 1.5 5.23 0.73 4.35 0.87 2.3 2.17 0.28 
DDI Cpx-diorite 11.31 25.14 4.06 16.29 4.84 1.37 4.01 0.66 3.45 2.27 1.85 
DI Cpx-diorice 11.92 28.2 4.37 18.83 4.78 1.34 3.89 0.56 3.32 1.75 1.68 
D2 Cpx-diorite 14.44 30.62 4.76 23.24 6.12 1.78 4.71 0.73 3.64 1.86 1.75 
D3 CEx-diorite 12.74 28.55 4.29 19.58 4.62 1.26 3.84 0.61 3.25 1.48 1.57. 
MDI Cpx-Monzodior 10.76 23.81 3.95 16.73 4.62 1.34 3.72 0.66 3.45 2.38 2.02 
MD2 Cpx-Monzodior 15.95 33.58 5.4 22.97 5.88 1.75 4.65 0.75 4.07 2.67 2.2 
MDJ CEx-Monzodior 13.89 34.01 5.51 24.52 6.49 1.85 5.23 0.83 4.26 2.62 2.11 
MI Surong Monz 14.85 29.01 4.21 17.55 4.22 1.2 3.4 0.5 2.89 1.82 1.85 
M2 Surong Monz 13.82 29.95 4.46 18.82 ~.49 1.28 3.77 0.63 3.49 2.46 2.19 
M3 Surong Monz 13.7 29.05 4.44 19.4 4.78 1,41 3.84 0.59 3.3 2.29 2.13 
M4 Surong Monz 11.57 24.62 3.52 15.95 4.17 1.36 3.19 0.5 2.47 1.45 1.42 
M6 Surong Monz 12.62 .24.8 4.06 1'7.44 4.52 1.19 3.71 0.56 3.25 2.15 2.06 
M9 Surong Monz 15.67 33.12 5.22 23.62 6.02 1.75 4.87 0.72 4.07 2.51 2.37 
MIO Surong Monz. 13.09 28.2 4.51 19.94 4.77 1.36 3.95 0.67 3.59 2.39 2.23 

FM"" SuronS Monz 9.17 20.28 2.88 11.83 2.68 0.75 2.13 0.32 1.82 1.2 1.28 
API Andesite dykes 11.22 21.74 3.81 17.69 5.14 1.57 4.24 0.68 3.64 2.12 1.91 
AP3 Andesite d~kes 10.5 22.33 3.36 16.78 4.54 1.34 3.97 0.58 3.49 1.7 1.59 

Dlnkidl Stock 
25/254 Tunja bt monz 10.8 20.73 2.85 12.65 2.53 0.93 2' 0.29 1.68 0.35 1.04 0.98 0.15 
53/569 Tunja bt monz 13.31 27.2 3.7 16.03 3.35 1.03 2.69 0.37 2.21 0.49 1.31 1.35 0.23 
3/66 Quan Porphm 7.94 17.56 2.3 9.56 1.77 0.5 1.27 0.19 1.09 0.22 0.59 0.69 0.12 

Dldlplo Upper Mamparang F. 
KI Trnchyte 14.66 32.38 4.5 19.8 4.28 1.03 3.52 0.54 3.45 2.45 2.48 
K4 Trnch:t!!;: 17.57 39.88 4.95 20.76 4.18 0.81 3.33 0.54 3.13 2.29 2.52 

Dldlplo 'Maparang Fonnatlon' 
F17/I44 Cpx-And lava 11.52 19.64 2.53 10.44 2.12 0.65 1.82 0.27 1.74 0.39 1.13 U5 0.21 
FI71216 Cp:\-And lava 11.33 20.73 2.68 10.97 2.21' 0.66 1.81 0.31 1.84 0.39 1.15 1.26 0.22 
F17/53 Cex-And lava 10.25 19.18 2.48 9.83 2.05 0.64 1.69 0.27 1.62 0.33 1.09 1.17 0.21" 

Appendix 91-1, Whole rock geochemical data from this study 



Major and Trace element data for regional intrusives (Knittel pers com.) 
Sample Rock type Source 5102 TI02 A120) Fe20) FeO MnO MgO CaO Na20 KlO PlOS 

Palall 8athollth 
J 11 (8214 in MMN) 
J 14 (8335 in MMN) 
J IS (B337 in MMN) 
J 16 (8339 in MMN) 
J 22 (CI02 in MMAI) 
J 23 (CI09 in MMN) 
PR" 
PR42 
PRi2S 
ISOTI 
PR45 
PR99a 
PRII 
PR I . 
J 12 (8225 in MMN) 
I'RS6 
PR JIG 
J 17 (8342 in MMN) 
J 24 (e125 in MMN) 

roid.syenite 
roid·syenite 
roid")tt1itc 
raid·syenite 
roid-syenite 
rold·syenite 
neph·syenite 
neph·syenite 
neph·syenite 
neph syenite 
syenite 
neph monzosy 
syenite 
syenite 
monwnile 

""'-
alk.syen. 
Syenite 
Syenite 

Cordon SyenJte Complu 
KN 1 pslc syenite 
KN I psk syenite 
KN 7 psk: syenite 
KNI3 ps!c syenite 
KN 15 Syenite 
KN 18 Syenite 
Q 36111 Syenite 
Q 43 Syenite 
Q 12 Syenlte 
'18 Syenite 
KN20 Pegmatit 
<N2 
KN 16 
QS! 
QS6 
A6.6 
M20 
KN3 
KN' 
KN' 
KN6 
KN6 (A.v 2) 
XS 

Monwnite 
Monzonite 
Monronite 
MOIIronite 
Monwnite 
Lusilanite 
l.usilaniiC 
l..usitanite 
Lusilanite 
Lusitanite 
Lusilanite 

MMN,1977 
MMN,1977 
MMAJ,1977 
MMAJ.1977 
MMAJ.1977 
MMAJ,1977 
Albrechl 
Albrecht 
Albrechl 
Knillel 
Knittel 
Albm:ht 
Albiecht 
Albrechl 
MMAJ,1977 
Albrecht 
Albm:ht 
MMAJ,1977 
MMAJ,1977 

Knittel 
Knittel 
Knitlel 
Knittel 
Knittel 
Knittei 
Knittel 
Knittel 
Knittel 
Knittel 
Knittel 
Knittel 
Knittel 
Kninel 
Knittel 
Knittel 
Knittel 
Knittel 
Kninel 
Knine1 
Knittel 
Knittel 
Knittel 

54.27 
54.17 
56.59 
57.95 
55.20 
56.31 
55.67 
56.50 
56.11 
57.02 
55.57 
51.62 
53.53 
54.82. 
52.88 
59.75 
63.26 
56.98 
53.24 

.52,35 
50.55 
50.51 
52.55 
51.64 
55.40 
49.47 
53.85 
.52,45 
48.84 
55.98 
56.27 
53.28 
5s.s0 
54.16 
60.06 
53.48 
46.28 
44.79 
47.05 
46.93 
485.5 
45.81 

REE darafor regional in/rus;ves (Kniuel pus corn.) 
Sample Rock type Source ur 

Cordon Syenlte Comple:l 
KNI3 (ISle syenite 
KN 18 Sycnite 
KN6 (Av 2) LusiLanite 

Knittel 
Knittel 
Knittel 

1.67 
3.02 
1.38 

0.41 
0.49 
0'3 
0.42 
0.51 
0.52 
0.32 
0.33 
0.36 
0.35 
0.41 
0.69 
0.68 

.0.60 
0.63 
0.30 
0.49 
0.32 
0.43 

0.52 
0,49 

O.s' 
0.49 
0.48 
0.37 

0" 
0.49 
0.60 
0.62 
0.17 
0.39 
0.51 
0.48 
0,. 
0.33 
0,1 
0.63 
0.81 
0.6.5 
0.65 
0.60 
0.61 

12.6 
11 

18.2 

20.29 
20.06 
19.58. 
19.95 
20.24 
19.88 
20.52 
20.94 
21.69 
20.98 
19.95 
IS.83 
19.79 
19.81 
16.75' 
20.20 
19.71 
19.98 
20.83 

16.68 
16.21 

1'" 
15.87 
16.41 
17.4.5 
18.12. 
17.18 
16.91 
16.41 
18.04 
17.98 
17.59 
18.36 
17.40 
17.40 

'17.60 

11.35 
8.84 
12.83 
12.75 
12.89 
12.00 

29.1 
37.2 
4\'4 

Appendix B1-2, Regional intrusive geochemical data· 

1.71 
1.81 
3.08 
>86 
1.83 
>81 
2.92 
2.29 
2.76 
2.40 
3.91 
9.08 
6.53 
5.52 
5.49 
2.24 

,2.95 
2,33 
1.55 

6.26 
6 . .52 
6.63 
838 
6.29 
.5.16 
8m 
6.49 
7.56 
9.60 
3.80 
5.11 
5.89 
5.83 
138 
5.32 
6.37 
11.93 
13.71 
11.44 
10.60 
10.71 
12.23 

p, 

2.30 
2.52 
1.19 
0.79 
2.05 
2.55 

1.78 

1.28 
1.72 

Nd 

17.1 
18.2 
23.4 

0.33 
0.26 
0.12 
0.1)6 
0.23 
0.27 
0.20 
0.21 .-
0.26 
0.20 
0.22 

.. 0.36 
0.22 
0.24 
0.13 
0.16 
0.14 
0.07 
0,31 

0.13 
0.14 
0.15 
0.12 
0.13 
0.13 
0.17 
0.16 
0.14 
0.20 
0.13 
0.\4 
0.15 
0.13 
0.14 
0.13 
0.18 
0.21 
0.35 
0.47 
0.22 
0.24 
031 

Pm 

1.47 
1.38 
1.73 

2" 
1.38 
2.19 
0.64 
0.48 
0.44 
0.87 
1.24 
2.03 
2.68 
1.60 
4.16 
0.33 
0.21 
1.81 
1.16 

3.11 
3.94 
3.14 
1.17 
1.84 
2.22 
2.46 
1.65 
2.72 
1.51 

, 3.46 

5,37' 
7.34 
5.37 
5.71 . 

2.02 
1.65 
3.11 
3.84 

3.08 .7.74 
2.79 8.05 
3.71 8.48 
4.58 7.42 
2.97 7.16 
1.86 6.40 
426 937 
3.43 7.25 
3.59 6.52 
4.14 9.14 
0.95 5.85 
1.84 5.29 
2.25 5.78 
2.08 5.76 
2.53 6.04 
2.13 1.48 
2.89 5.69 
7.06 11.97 
8.50 13.84 
5,43 9.30 
6.54 10,36 
6.06 10.14 
7.13 12.12 

Sm Ea 

3,71 1.02 
3.48 0.98 
5.705 1.63 

4.26 
4.62 
4.82 
2.78 
'.64 
4.30 
5.30 
6.19 
5.27 
4.86 
4.63 
1.39 

'" 3.67 
5.27 
5.73 
4.43 
3.61 
3.54 

1.47 
160 
2.01 
3.60 
1.63 
4.30 
330 
3.71 
3.19 
2.51 
1.54 
3.86 
2.68 
'.02 
3.30 
5.56 
3.23 
1.56 
1.49 
1.36 
1.33 

1.48 

Gd 

1.00 
6.94 
4.70 
8.55 
1.82 
5.55 
1.06 
6.99 
7.30 
8.16 
7.44 
8.16 
4.42 
6.39 
3.03 
7.49 
7.86 
6.32 
8.14 

1.06 
8.12 
7.19 
4.59 
7.93 
6.61 
4.09 
5.72 
6.20 
4.26 
10.06 
6.48 
1.05 
5.19 
4.41 
4.86 
6.26 
5.20 
4.52 
7.42 
6.33 
6.33 
5.18 

Tb 

0.43 
0.49 
0.54 

0.19 
0.23 
0.13 
0.05 
0.15 
0.30 
0.09 
0.06 
0.06 
0.06 
0.24 
036 
0'1 
0.39 
161 
0.02 
0.07 

·194 
4.75 

0 . .50 
0.46 
0.59 
0.51 
0.49 
0.32 
0.73 
0.63 
0.69 
0.73 
0.09 
0.28 
0.40 

0" 
0.52 
0.47 
0.62 
1.19 
1.44 
1.08 
0.83 
0.89 
1.11 

D, 

3.62 
3.10 
3.89 
W 
3.09 
2.38 
4.36 
4.36 
133 
3.40. 
2.98 

3.85 
3.38 
'.62 
1.91 
3.79 
1.87 
1.97 
1.34 
1.78 
3.25 
2.32 
>20 
3.49 
>12 
3'1 
1.43 
2.83 
2.19 
1.49 
2.44 
3.25 
3.06 
2.27 

11. 

Total Nb Zr Sr 

98.96 
99'8 
99.50 
99.40 
98.98 
99.34 
100.14 
100.00 
100.30 
99.81 
100.05 
'97.89 
100.14 
98.41 
97.66 
98.24 
100.77 
98.47 
97.79 

100.24 
98.31 
100.50 
100.Q2 
98.92 

100.18 
100.25 
99.63 
99.70 
98.93 
99.84 
99.07 
100.04 
99.93 
99,17 
99.66 
99.63 
99.78 
99.47 
99.79 

100.25 

192 864 9 
9 371 334 
5 172 642 11 

12 
1 
13 

5 228 620 
3 137 1642 

1467 

5.5 178 2010 3 

, 
1 

6 
6 

, 

2231 31 
2335 49 
In7 32 

74 1091 48 
2272 53 

131 1996 9 
1669 1.5 
1508 27 
1740 19 

106 1939 18 
2978 
1938 31 
2272 2 

158 2155 14 
132 1596, 32 

848 10 
1686 17 

1137.0 

2137 59 
58 2243 42 

1569 63 

Er Tm Yb Lu cr.) 

\.41 0.24 0.14 
2.05 0.33 0.32 . 
1.45 0.25 0.08 

H. 

442 
49 

'0 
160 

'" 1062 

637 

869 

126 

Y Rb Tb NI Se V Co Ga. 

25 148 
34 174 
30 192 
31 170 
22 133 
343 165 

24 133 

6 , , 
3S 

" 

, , 
I 
6 

128 
9' 
116 
110 
192 

169 14 238 

, 
2 
2 , 
10 

157 16 18.5 18 
174 250' 11 

21 
26 
23 
21 
19 

19 

568 13 88 2.05 31 23.3 24· 13 
963 146 17 188 18 
723 16 125 4 10 11.7 23 15 
846 73 21 325 28 
116 100 219 19 
1057 143 
956 17 49 3 14 32 370 27 17 
1088 135 III 19 
141 115 149 14 
963 146 17 
959 16 n 76 228 87 
698 17 72 12 14 27 291 18 17 

13' 72 157 10 
821 143 220 

1023.0 " 
14\4 162 25 352 23 

" 130 1.76 30 37.9 30 12 
904 123 36 348 25 



.' 

ba1holiths 

Coastal nltholith 
330 (080 iD Knilld 87) Qlz-dlo Clooch 84 71.35 0.38 13.13 "8 0." 1.20 4.23 H8 0.26 0.04 1.19 99.98 " 78 36 32 
32' <1>Qtz-dlo """" .. 71.03 038 12.74 4.92 OJl9 1.15 4.18 3" 0.46 0.03 0.7 99." 
328 <!>Q.z-dio C1oo<b" 68.78 038 -13.37 5,41 0.11 132 4.82 3.00 0.21 0.04 1.28 98.93 
324 (DIG in Kninel87) IDoriIe C1oo<h" 57." 0.2' 14.76 7.71 0.15 6j6 956 I. ... 0.25 0.02 1.09 98.99 28 " 42 14 
,·200 Granite MMAJ· 75.15 0.58 11.72 1.68 1.12 0.02 1.00 4.30 3JI O.SO 0.02 0.87 100.47. 
PA·14 Qt:z-diorite MMAJ- 54.98 0.71 16.89 5.07 2.06 0.01 5,26 9.23 3.86 094 Om: 0.89 100.55 
A·2Q Qtz-diOOtc MMAJ· 72.16 0.34 13.67' 1.08 2." 0.12 0.77 3.21 434 0.70 0.06 0.76 99.87 
A-44 Qu.- MMAJ· 71.19 033 14.23 I." 2" 0.08 0.88 4." 3.41 0.40 0.06 0.97 99.81 
1,22 Qu.- MMAJ· 74.59 0.28 13.01 0.79 2.118 0." 0" 2.21 4.62 0.43 0-05 0.87 99.6 

' ... 33 Qtz-diorite MMAI' 62.49 0'6 15.74 2.10 5.21 0.14 2.67 6.4S 3.23 030 0.06 0.81 99.76 
L-38 Amp-sabbro MMAJ- 51.22 0.79 17.02 3.82 7.40 0.27 4,88 9.89 2.32 0.32 O.OS 132 993 
Dla Dio Kninel pen. corn 57.20 6." 0.25 " 42 4 
D811 Qdo KnineJ pen. corn 71.40 1.20 0.26 " 38 7 
ISA-338 Qt:z-dione BiIJedo 94 6"0 0." 1630 jA3 0.11 ", 6.02 438 0.14 0.2j 040 100 0.8j " 217 3 " J8 1.6 28 60 6 
ISA-458 Q!wuile Billedo94 46.10 1.08 17.20 15.60 0.2) ,'3 10.SS '-'0 0.09 0.08 1.21 . 99.73 0.6j 12 160 , 23 10.2 1.6 " "0 J7 

- MMAJ.datll is containai in CIooth. 19S4 
Dupu: Bllthollth 
AUR·\o3 Qtz-diorite. BilIedo94 65.00 0.49 15.30 U1 0.14 2.49 6.00 3.12 0.33 0.08 1.39 100.11 OA5 28 III 20 62 28 3.8 . 27 IS' " " o. Knittel 56.90 )'60 1.00 '" '" 10 
Cl Tonalite MMAJ- 60.38 LOO 15.80 4.23 3.63 0.23 j.08 3.91 H5 0.65 0.19 1.86 99.45 
ClI Q-dioritc MMAI· ~.QI 0.85 11.96 3.15 5.18 0.19 3.10 8.29 3.66 0" O.U 1.64 99.16 
Cl6 Q-dioritc MMAJ- <9119 0.97 1815 3'6 1.41 0.2) 3.16 10.16 4.28 0.08 0.33 1.19 99.31 
034 Gobbro MMAJ- 51.46 0.85 18.12 3.81 5.83 0.18 5.67 11.11 J.98 0'3 0.07 034 100.6 
H2O Granopbyrc MMAJ- 15.60 0.35 12A9 OA3 2.34 0.05 4.j6 1.13 0.64 0.84 0.06 1.21 99.7 
NE .. 81 a"",ro Ringcnbacb 92 48.50 0.44 19.18 .. " 0.18 6.46 12.86 U, 0." 0.11 1.99 100.57 0.40 16 lO4 87 1211 14 3 25 " '" ]I 
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Analysis N .... e .... ".. ... ~ .. Co IT N. Pm Sm Ea Gd lb 0, 11, E, Tm Vb C. 
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Major and trau ~/em~nt data from Regional Volcanic UIIirs (Knltel Pers. Com.) 
Sample Rod type SoIlIU SI02 TiOl AI203 Fem3 
hr.1I Fo ...... tlon 
NV-13 Sbosh Basall Ringmbach 92 Sl.6 0.66 18.81 6.81 
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49 Da:ite (RhyoIlte) Olcs 84 71.88 0.28 13.40 2.42 
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AI 8zsa1lleTradl)'!ll1d. 
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KNS Bault 
M49 ADdcsiIC 
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QUI"""II Basal1....cIhol. 
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, "'"' 
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Dibabn Rhn- FonlUltlun 
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Ca ... b8Do Fo ...... tlon 
I'le80 Basalt !J9 Ma) 

""""" """"" AI"'" 
""""" " ..... 
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AI""'" 
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0"," 
0"," 0.,,, 0.,,, 0.,,, 0.,,, 
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Appendix B2-1, Primary igneous mineral probe data 
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97.114 
7B46 
89.BR 

811.645 
11.1111 
88.723 
18.118 
90.012 
~1.184 
,36< 
n.268 
67.156 
71.463 
49.425 
H21 

52.!Ml 
53.976 
3.69S 

45.1113 

'''''' 42.1S 
0.162 
SO.422 

44.S« 
15.352 

00"" 
65,9(;4 
11.233 
60.114 
54.701 
59,847 
S2,OS5 

"' .... 
44.649 
44.113 
43,j% 
42.138 
42.647 

47.80S 
31.0n 
38.394 
OAI3 ", .. 
11.296 
43.801 
U81 
8.379 
0.0.34 

30.653 
0.189 
0,051 
5.522 
3619 
1.8% 
3.115 
HI 

20.606 
U74 
0,405 
90.768 
81541 

86.6 
5.328 
),(13 
2.245 

'00' 
4..113 

o. 
HJ ",,, 

1.787 
.OH 
0,259 
0211 

0"" 
0.322 

'"'' 0.241 
0.317 
2.292 
71.0)) 
0.442 

" 0.852 
2.762 

61.944 
1.496 
,.U 

6S.n6 
1.894 
U33 
1.011 
84.87 

"" U63 
1.401 
un 
0.n3 
0.418 
1.149 
1.l!3 
i.l9S 
1.171 
1.589 
2.141 
2.218 
l.(4! 

2.382 
2.410 
1.632 ,." 
1.212 

79,j14 

M" 
0.409 
1.471 , ... , 
1,42 

87.777 
'.n 

89,923 
86.11 
2.679 
I.Hl 
0.992 
2.4n , ... 
1.456 
1.41 

16.285 
0,214 

0.375 
0.541 
LIl34 

1.635 
30.923 
93,299 
I.4S1 

C.hb." 
.m 
0,2'3 
!lOJ 

• o 

" '00' 
0.047 , 
• o ' 

0.141 
0,693 
0011 
OIU 

o 
O.1H 
0..115 
0.17) 

" 0.319 
O.09S 
0.116 
0.ll3 
0..101 
0.059 
0.147 
0,014 

• • ,m 
.0.119 

0.079 
0.00] 
0,084 ... , 
0.135 
0.239 
0,065 
0.111 
0,1)7 
OJ32 
0,011 
0,045 
0.485 
0,j16 
om~ ... 
• • . 0,j37 

0.224 
0.444 

OJU 
o 

OU 
0042 
0.016 
0.007 
0,1(] 

0.22 
OJ!' , 
0,0)5 

0.08' 
0,012 , .... 
", 
'" • 

Sr-F.kI 
0.439 
0.701 
1l,341 

• , 

, , 
• 0.622 

0..1111 
O,6.H 

'M 
0.293 

'3' · . 0,1\69 
o.n 

• 0,488 

• , 
• • , 
• 0,j51 • 

0,669 
0,614 
0,768 
0,705 
0.565 
0,j58 
03,. 
0.414 

."" 0.5% 
OS11 , .... 
0.311 
0.177 

• 
!I,6H 
!I.429 

0.023 
0.107 , 
• o 
• 

O.oJ5 
o llS 
0.1% 

'3' 
0,137 
0,603 
0.186 

• OS\6 
0.895 
OA8 
0.462 
0.103 

o 
o 

'3" 



Pyroxene 
.amplt 
14.20 
14.20 
14,20 
14.20 
14,20 
14,20 
14.20 
14.20 
14.20 
14.20 
14.20 
14.20 
14.20 
44.3 
4~.3 

44.3 

''3 
44.3 

''3 
44.3 

'4) 
44.3 
44.3 
".3 
44.3 
44.3 
14.3 
1.1.3 

"J 
14.3 
14.3 
14,) 
14.J 
14.3 
]4.3 
]4.3 
14.3 
14J 
14.3 
14.3 
10 
14 •. \ 

GI 
GI 
GI 
GO 
GI 
GI 
GO 
GO 
GI 
GO 

·39/129 
~9/129 

39/129 
391129 
391129 
391129 
391129 
)91129 
391129 
391129 
391129 
391129 

391129 
391129 
391129 

rock tyl'" 
MampanlllS F And. (core) 
Mampaanl F And. (rim) 

M;unparang F And. 
Mampal;lnl F And 
Mamp2l"IUIg F And 
M:unp:a1Ul1 F And. 

MlI1lf"'"I'Il F And. 
M~ml'arans F And 
M:unp;lfang F And. 
M:unparan, F And 
Maln(!:lfans F And 
M:unparanl F And. 
Maml'3Jans F AlId. 

Mamparanl F And. 
Mamparang F And. 
M:unparang F And. 
MiI1l'2I"anl F And. 
Mamrarana F And. 
Mamraang F And. 
MlITl{Iallng F And. 
Mamparana: F And. 
Mamraranl F And. 
Mamparana F And. 
MamporlllllFAnd 
M.unl'aranl F And. 
Mamparanl F And. 
U. MIIl1'. F. tradl (an) 
U. Main(!. F. tram (rim) 
U. Mamr. F. tradi 
U. Mamr. F. ttar.h (core) 
U. MalO(!. F. tradi (rim) 
U. Manl(>. F. trach 
U. Maml'. r.lrach 
U. Mamp. F. ttach 
U. Main(!. r. tram 
U. Mamr. F.trach 
U. Mamp. F. trxh 
U. Mamp. F. trach 
U. Mint'. F. IradI 
U. MIIO(!. F. er.dI 
U. Mamp. F. trach 
U. MIfll(I. F. trad! 
Didil'io Gabbro 
Didlpio Gabbro 
Didil'io Gabbro 
Didipio Gabbro 

Didipio Gabhro 
Didiplo Gabbro 
Indiplo Gabbro 
Didipio G.bbro 
Didil'lo Gabbro 
Indiplo Gabbro 
Didil'io Gabbro 
Didlpio Gabbro 
Didipio Gmbro 
Didlpio Gabbro 
Didipio Gabbro 
Didipio Gabbro 
Didlpio Gabbro 
Didipio Gahhro 
Didipio Gabbro 
Didlflio Gabbro 
Didipio Gabhro 
Didijlio Gabbro 

Didiplo Gahllro 

Didijlio Gabbro 
Didiplo Gabbro 

Si02 
50.5~ 

51.4 
52.21 
51.73 
31.46 
~L21 
SO')) 
50.5 

51.J4 
51.76 
50..12 
51.1 

50.79 
49.46 
50.23 
48.86 
42.46 
51.72 
48..15 
46.1 

47.56 
47.94 
4667 
45.97 
48.4 

48.73 
50_09 
46.8 
48.07 
47.22 
47.83 
SO.13 
45.64 . 
47.15 
45,96 
48.19 
48.68 
48.34 

"" 45.53 
J7.U 
46.71 
50.2 
47.91 
46..17 
47.65 
41.8 

48.66 
4835 
49.86 
47.73 
SO.I 

49.63 
49.89 
49.7 
50.44 
50.39 
46.52 
0.19 
45.52 
47.l6 
48.19 
46.31 
47.11 

48.72 
47.11 ". 

Ti02 
0.49 
037 
0.21 
0.29 
0.21 
0.33 
0.28 
OA 

0.28 
0.26 
039 
0.32 
0.26 
0." 
0.49 
0.61 
0.S1 
OJ1 
038 
0.68 
0.82 
0.0. 

0." 
0.75 
0.S2 
0." 
0.46 
0.78 
0.76 
0.85 
0.7 
0.' 
09) 
0.19 
0.82 
OS 

OS3 
OS3 
OS 
0.91 
0.61 
0.69 
0.34 
0 ... 
0.61 
0.6J 
0.47 
0.44 
OS 

OJ4 

0.' 
0.3 

0.67 
0.23 
0.64 
OS, 
0.:18 
OA3 
o 

0.S4 
0.41 
0.' 

0.45 
O,M 

033 

0.43 
0.69 

AI203 

2.78 
2.17 
1.25 
1.72 
US 
2.11 
1.96 
2S' 
1.6 

1.62 
2.43 
1.99 
1,63 
HI 
4,45 
'J9 
4.91 
1.26 
3.78 
6.24 
4.86 
4.43 

.5.72 
7.16 
4.67 
3.94 
3.65 

. 7,25 

'S' 
6.65 
6.45 

3.' 
6.66 
6.01 
6.69 
4.81 
4.28 
3.87 
3.6 

6.42 
'S1 
5.S6 
2.13 
<2 
S.76 
4.72 
S.05 
3S2 
3." 
3.37 
5.89 
3.86 
4.83 
4.22 
4.29 
US 
3.92 
4.03 
0.01 
J.83 
4.82 
3.61 •. , 
'.1 
2.S2 
4.16 

M' 

Appendix 62-1, Primary igneous mineral probe data 

Cr20.l 

o 
o 

0,", 
o 
o 
o 
o 

0.0] 

o 
o 
o 

0.<12 
o 

0.03 
0.1 

0.01 
o 

0.01 
o 

0.Q2 
o 

om 
om 
o 

0'"' 
o 
o 
o 
o 
o 

om 
o 
o 

004 
om 
om 
0.<12 
o 

om 
0.03 
om 
om 
001 
0.<12 
0.24 
o 

0.05 
o 

o.oJ 
0.03 
0.36 
0.57 
0.03 
o 

o.oJ 
0.01 
o 
o 

0.03 
0.02 
O.oJ 
0.0> 
o 

0,0] 

0.21 
0.D7 

Fd03 
4,17 
3.31 
3.66 

." 
4.14 
4.67 
4.61 
4.28 
4,32 
4.24 
4J5 
4.)1 
4.63 
4.61 
4.43 
4.94 
5.53 
4.15 , .. 
7.97 
6.15 
S.9S 
7.19 
is 

5.54 
5.72 
4.61 

'.6 
5.43 
6.67 
H8· 
4.21 
7,82 

'" 6.66 
5.86 
5.25 
5.94 
6.04 
7.07 
7.08 
6.19 
5.01 
5.18 
7.17 
6.17 
6.38 
6.03 
6.41 
S.49 
S.92 
4.~1 

••• 
'.69 
S.OS 
.00 
4.37 

'.1 
0.29 
7.06 
4.85 
4.5S 
6.03 
5.39 

53 
5.82 
7.34 

F.U 
3.68 
4.47 
OJ 
4.2:1 
3.93 
3A 
3.46 
3.75 
4.26 
4.37 

'J 
3,85 
3.74 
3.09 
1.46 
2S3 
1.48 
309 
US 
0.25 

2 
2.28 
1.15 
0.86 
1.34 
2.00 
J.4 

2.99 
3.12 

2.' 
3.21 
3.62 

2." 
JS 
3.14 
3.14 
3,37 
2.76 
2.34 
2.49 
2.2S 
2.6 

13' 
1.14 
0.12 
0.67 
0.14 
1.05 
0.61 
1.76 
0.91 
OS, 
2.24 
2.]6 
U5 
2S' 
2.29 
1.63 
o 

1.7 
2.23 
o 

1.69 

2.15 

0.09 
o 

MnO 
0.45 
0.57 
0>4 
081 
0.73 
0.56 
0.66 
0.47 
0.72 
0.71 
0.71 
0.62 
0.67 
0.24 
0.1 

0.111 
0.18 
0.16 
0.24 
0.]) 

0.37 
0.22 
0.15 
0.15 
0.14 
0.28 
0.2 

0.17 
0.25 
0.08 
0.26 
0.34 
0.28 
0.2 
0.24 
0.25 
OJ 
OJ' 
0.31 
021 
OJ3 
0.3 
OJ] 
00. 
0.16 
0.25 
0.]3 

0.' 
0.23 
0.3 

0.13 
0.03 

0.2. 
0.1 

0,22 
OJ 

0.25 
0.21 
00< 
0.4 
00 

0.38 
0.1 

0.29 

0." 
0.08 
0.09 

MgO 
13.89 
14.04 
14.44 
14.23 
1~.23 

14.42 

14.' 
14.28 
IJ.8 
]4.03 
13.87 
]4.41 
13.96 
14.01 
15.24 
13.11 
13,91 
14.93 
]4,25 
13.31 
13.51 
]3.114 
13.43 
12.84 
14.18 
I4.2S 
14.33 
12.27 
13.26 
12.89 
12.97 
]4.35 
12.53 
12.68 
12.09 
13.43 
13.S6 
13.82 . 
14.06 
12.4 

13.15 
12.94 
1S.02 
1J.58 
13.44 
13.63 
]4.17 
14.14 
14.2 

14.63 
13.75 
15.46 
1Hl 
14.26 
14.46 
10 
14.56 
13.31 
o 

13.08 
13.41 
1l.87 
13.7 

13.46 

13,98 
13.9 

]2.44 

,,"0 
23.31 
23.08 
23.1 
23.04 
21.79 
23,33 
22.73 
22.62 
23.46 

'23.35 
22.38 
22.68 
23,23 
23.14 
24.15 
23.79 
24.25 
22.83 

• 23.16 
23.9 
22.71 
22.76 
23.36 
24.06 
23.93 
23.02 
23033 
23.4) 
23.17 
23.63 
23.19 
23.011 
22.7' 
22.9 

22.79 
n.88 
22.93 
23.02 
23.11 
22.75 
23.07 
22.81 
23.41 
23.U 
23.71 
13SI 
24.29 
23.22 
23.78 
23.14 
24.03 
24.38 
23.67 
2).52 
23.63 
23.26 
23.69 
22.06 
51.99 
23-66 
22.59 
22.32 
24.1 
22.SI 

22.58 
24.25 
24,11 

N,,2U 
0.46 
0.45 
0.45 
0.46 
0.44 
0.43 
0.44 
0.45 
0.43 
0.46 
0.48 
0.47 
0.41 
0.41 
0.18 
0.29 
0.2 

0.47 
OJ 
0.22 
0.44 
0.34 
0.26 
0.2 
0.2 
OJ, 
0.26 
0.35 
03 
0.27 
0.32 
0.25 
0.26 
OJI 
OJ. 
OJI 
0.32 
0.23 
0.23 
0.27 
0.3 
0.28 
0.39 
0.44 
0.33 
0.411 
0.2 

0.47 

OJ' 
0.46 
0.27 
0.17 
0.49 
0.44 
0.4 

0.48 

0.' 
0.45 
0.11 
0.44 
0.45 
0.48 
O.IS 
0.45 

0.46 

0.15 
025 

1\20 
0-01 
0.02 
0"' 

O.oJ 
o 
o 

0.02 
o 

0.02 
0.02 
001 
0-01 

om 
0.01 
om 
om 
0.02 

SumOI'l 
99.81 
99.9S 
]00.61 
]00.9 
99.85 
]00.:12 
99S7 
99.32 
]00.22 
100.8 
99J' 
99.83 
99J. 
100,29 
100.85 
100.)6 
99.56 
99.75 
98.31 
98.82 
99.03 
98.4] 
98.58 
99.49 
98.91 

99 
100.36 
100.64 . 
99.99 
100.811 
100.84 
99.78 
99.3] 
99.13 
98.71 
99J. 
99.24 
98.85 
98.63 
98.13 
98.61 
98.69 
98J 
97.69 
98.01 
98J 
98.69 
97.94 
98.03 
99.38 
99.6 
99.94 
100.54 
99.53 
100.25 
100.05 
100.49 
93.81 
52.63 
94,S7 
95.66 
96,25 
9S.54 
95.66 

96.49 
96.8 
96.45 

wu(c,,) 

47.79 
47.18 
4638 
46.2~ 

43.99 
46.86 
46.05 
46.31 
47.30 
46.86 
45.96 
45.99 
47,05 
41.71 
48.59 
49.09 
49.72 
45.96 
H.63 
49.46 
47.19 
47.28 
48.56 
50.16 
49.13 
41.29 
47.34 
49.21 
48.15 
48.85 
48.24 
47.01 
47.62 
48.33 
48.53 
47.32 
41.43 
47.]1 
47.17 
48.24 
41.71 
47,66 
47.70 
48.58 
49.74 
49.05 
49.87 
48.11 
48.86 
47.26 
49.92 
49.23 
48.93 
48.57 
48.32 
47.89 
48.32 
48.32 
99.55 
50.23 
48.95 
47.62 
50.79 
48.32 

47.28 

50.72 
51.68 

F..n(II-Ig) 
39.62 
39.94 
4034 
39.11 
42.77 
40.31 
4083 
40.74 
38.71 
39.21 
39.67 
40.65 
39.35 
40.22 
42.67 
39.40 
39.65 
41.81 
40.76 
38.34 
39.09 
39.99 
38.85 
37.23 
40.52 
40.70 
40.43 
35.86 
38.37 
37m 
37.53 
40.67 
36,45 
37.24 
35.8S 
38.67 
39,04 
39.36 
39.91 
36.62 
31.83 
37.62 
42.45 
39.66 
39.2S 
39.56 
40.41 
40.75 

"S9 
41.53 
39.76 
43.44 
40.18 

".99 
41.13 
41.54 
41J3 
40-S5 
0.110 
38.61 
40A7 
41.19 
40.13 
40.21 

40.72 
40.44 
37.12 

F.(Fd+,J+,Mn) 
12.59 
12.89 
13.28 
14.05 
13.24 
12.83 
13.12 
\2.90 
14.00 
13.93 
14.37 
13.36 
1).60 
12.1)7 

8.74 
1I-S2 
10.63 
12.23 
11.60 
12.20 
13.72 
12.73 
12.59 
12.62 
10035 
12.01 
\2.23 
1493 
13.48 
14.08 
]4.23 
12.31 
15.93 
14,« 
15.62 
14.01 

, 13.53 

13-S3 
12.92 
15.15 
14.46 
14.72 
9.84 
11.16 
] 1.01 
11.40 
9.66 
11.1~ 

10.5~ 

11.21 
10.32 
7.33 
10.90 
10.44 
10.55 
10.51 
10.36 
11,13 
0.45 
11.16 
10.58 
11.19 
9.08 
11.47 

12.00 
B.84 
11.20 

XMa: 
0.87 
0.85 

". 
0.86 
0.81 
0.118 
0.88 
0.111 
0.115 
0.85 
0.115 
0.87 
0.87 
0.89 
0.95 
0.9] 
0_94 
0.89 
0.94 
0.99 
0.92 
0.92 
0.95 
0.96 
0.95 
0.93 
0.88 
O.BB 
0.H8 
0.90 
0.88 
0.88 
0.90 
0.87 
0.87 
0.88 
0.88 
0.90 
0.92 
0.90 
0.91 
0_90 

0.95 
0.93 
1.110 
0.91 
0.99 
0.96 
0.98 
0.94 
0_96 
0.98 
0.92 
0.92 
0.93 
0.91 
0.92 
0.94 
1.00 
1.00 
0.93 
0.92 
1.00 
0.93 

0.92 
1110 
1.110 

MgIM~+F~ 

65.16 
65.18 
6H3 
64.56 
66JI 
67.26 
65.15 
64.28 
66.19 
66.45 
63.23 
65.04 
66.82 
65.93 
73.61 
66.28 
67.71 
66.4S 
66.42 
67.07 
62.40 
65.96 
66.81 
63.39 
69S. 
62.74 
65.49 
51.88 
62.22 
5996 
61J,42 
M.97 
SU] 
58.53 
6l.39 
6~.)S 

63.9S 
64.26 
62.S1 
59.60 
:19.34 
59.04 
73.6] 
68.44 
67.49 
MS3 
71.23 
611.46 
7B5 
68.59 
68.09 
75,70 
68_03 
69.08 
69J6 
69.93 
10.05 
62.47 
67.08 
65.24 
67.28 
69.21 
70.06 
66.20 

73.03 

68.33 
".09 



Pyroxelle ..... 
~, 

~, 

~, 

~, 

~, 

~, 

~, 

"" "" ~, 
~, 

"" ~, 

" " " " " " " " " " ... , ... , ... , ... , ... , ... , ... , 
"'" "'" ... , ... , ... , ... , ... , ... , 
MUl 
Mm 
MD' 
Mill 
MOl 
MDl 
MOl 
MDI 
Mm 
MOl 

M' 
M' 

'" m" m" m" m" m" m" m" m" m" m" 
Hl5l1 
51/j1l 
~Jfjll 

'lJ1511 
SJ/jll 
531'111 
HI~!I 

5.11511 

~mll 

nlSlI 
SJ/jll 

5l15l1 
5lf.\1I 
5.11511 

ra<kl)~ 
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8.57 
8.16 
7.66 
8.73 
8.80 
8.76 
9.18 

.8.00 
8A6 

2.76 

0.78 
0.18 
1.31 
o 

0.71 
1.29 
0.21 
2.54 
2.69 
2.2 .., 
1.19 
1.41 
o 

109 
US 
!.S8 
4.83 
4A3 

4 
4.68 ,., 
4.98 

MaO MIO CaO 
0.64 14.05 22.56 
0.68 13044 22.7S 

0.11 13.44 23.68 
0.23 13.94 23.51 
0.27 13.3S 23049 
0.14 11.77 23.65 

OA5 
0.13 
0.26 
0.31 
0.11 
0.23 
0.29 
0.15 
0.31 
0.25 
0.29 
0.16 

0.12 
0.08 
0.19 
009 
0.14 
0.14 

O.SS 
0.5 

0.59 
0.67 
0.69 

0.' 
0.62 
0.8S 
1.01 
0.68 
0.77 
0.91 
0.82 
0.83 
0.62 
0.69 
0.88 
0.13 
0.72 
0.90 
0.91 
0.74 
0.72 
0.75 
0.70 
0.77 
0.79 
0.69 
0.93 
0.71 
0.76 
0.86 
0.95 
0.73 
0.79 
0.82 
0.51 
0.72 
0.55 
0.70 

12.93 

12.12 
12.S7 
14.86 
12.54 
13.26 
14.66 
11.84 
10.77 
11.66 
10.94 
13.5 

11.99 
12.37 
5.19 
11.96 
11.4 

13.38 
13.09 
12.72 
13.25 
12.75 
13.33 
12.96 
13.60 
13.77 
13.67 
13.73 
]3.85 
13042 
13.43 
12.72 

.13.66 
13.79 
12.66 
13.44 

13.52 
12.84 
13.14 
I3.2S 
13.63 
13.59 
13.29 
13.35 
12.91 
13.62 
13.51 
13.26 
13.11 
13.41 
13.62 

'13.91 
13.35 
13.16 
18.80 
12.45 
13.69 
13.33 

22.18 
23.7] 

23.58 
22.73 
23.93 
23.42 
22.31 
24.15 

23.53 
23.68 
23.82 
24.32 

24.3 
24.12 
39.04 
24.06 
24.19 
24.36 
23.25 
23.31 
22.98 
22.71 
23.63 
23.21 
22.85 
22.53 
22.52 
22.21 
22.23 
22.11 
22.45 
22.29 
22.68 
22.50 
22.40 
21.97 
22.48 
21.60 
21.79 
22.61 
22.61 
22Al 
22.38 
22.29 
21.86 
22.79 
22.14 
22.08 
22.28 
22.69 
22.83 
22.69 
22.59 
22.30 
10.30 
22.94 
22.58 
22.73 

"010 
0.89 
0.78 

0.23 
0.25 

0.33 
0.24 

0.29 
0.22 

0.' 
0.27 
0.17 
0.2R 
0.' 
0.2 
0.4 
0.36 
0.41 
0.23 

0.24 
0.24 
0.31 
0.23 
0.34 
0.23 
0.84 
0.9 

0.92 
0.95 
0.S6 
0.91 
0.71 
0.84 
0.72 
0.86 
0.8] 
0.90 
0.82 
0.98 
0.79 
0.87 
0.84 
0.76 
0.80 
0.91 
0.98 
0.78 
0.80 
090 
0.85 
0.96 
09) 
0.83 
0.83 
0.89 
0.95 
064 
0.52 
0.95 
0.93 
0.98 
1.68 
0.95 I,. 
10<; 

1(10 S .. mO~~ Wo(Ca) 
46.91 
41.45 

48.93 
48.24 
4S.57 
SO.96 

47.35 

Sl.IO 
49.31'> 
46.51 
51.32 
48.75 
46.35 
51.68 

o 99.35 . 

o 99.31 

o l00.6S 
0.01 lOOJ9 
o 100.47 

96.94 

96.36 

91.3 
98.5 
97.28 
96.13 
97.7 

96.13 
96.87 
98.96 
98.71 
99.36 
99.51 

·99.62 
99.05 
76.03 
98.66 
98A6 

" -o 
o 

0.03 
o 
o 
o 

99.22 

99.68 
99A 
99.6 

100.09 
99.94 
99.77 
99.22 
99.29 
100.04 
100.12 
99.22 
100.35 
l00.S8 
100.28 
100.26 
100.45 
99.77 
97.60 
99.24 
99.83 
99.70 
100.34 
99.74 

99.55 
99.62 
99.55 
99.75 
100.23 
100.25 
100.08 
99.64 
99.77 
99.60 
99.77 
99.S7 
99.30 
96.75 
99.S5 
99.46 
100.08 

;
59.69 
50.42 
SI.OS 
49.95 

S1.26 
50.44 
76.86 
50.99 
51.51 
50.OS 
48.17 
4S.60 
47.57 
47.IS 
48.14 
48.09 

En(MIJ:) 
40.61 

39.03 

38.60 
39.79 
38.41 
35.28 

38.39 

36.31 
3659 
42.30 
37A2 
38.41 
42.38 
3~.23 

32.28 
34.SS 
32.6' 
38.55 
35.20 
35.91 
15.86 
35.25 
33.82 
38.26 
37.73 
36.90 
38.13 
36.84 
37.71 
37.38 

Fs(Fd+.3+,Mo) 
12.48 
13.51 

12.41 
11.97 
13.03 
13.76 

14.26 

12.5'1 
14.05 
11.19 
11.27 
12.84 
11.21 
13.09 
17.04· 

IS.03 
16.21 
II.SO 

13.S4 
13.59 
7.28 
13.76 
14.67 
11.66 
14.11 
14.49 
14.29 
16.01 
]4.08 
14.53 

XMg 
0.86 
0.S6 

0.92 
0.88 
0.89 
0.93 

0.89 

0." 
0.97 
0.95 
100 
007 
0.95 
0.99 
0 .. 
0.89 
0.90 
0.94 
0.95 
0.94 
1.00 
0.95 
0.94-
0.94 
0.83 
0.84 
0.86 
0.83 
0.82 
0.82 

M~IJ:+F~ 

66.60 
63.91 

63.S8 
65.78 
63.26 
6S.08 

61.19 

58.78 
62.81 
66.34 

65.03 
62.56 
61.14 
61.47 

55.16 
59.03 
52.37 
65.39 

S9.53 
66.S8 
54.16 

61.00 
51.63 
65.32 
61.4'1 
60.19 
61.61 
58.05 
62.05 
60.55 



Mineral Chemistry. alteration mi/leral compositions 

Amp/libole 
SII~e mlnaal 
371116 Stlge 2 ,Climite 
37/176 Stage 2 aC1Inn1lte 
371176 St'ge 2S .ctlnoIite 
371122 SLlge 2B Klln:;,Iite 
371122 Stase2B IctJnoUte 

Apatite 
Sample mlnaal 
491644 SLlge 2 &f4tlte 
311176 Stage: 211fe\l\C 

Pyroxel1e S.. mlnaal 
491644 Stage lA dlopsi[Je 
491644 SLlse 2A dlql$1de 
491644 Stage lA dIq1slde 
371122 St.sc 2A di!l'llde 
371122 StagelAdiopslde 

Feldspar 
Sample mlneul 
371176 1'1"1. BaluI O)U Kspar 
S4i62!i I'I"1flW)' suru penhIte 
3-tt623 PllmalY Bufu pertllite 
S4/62!i I'I"1flW)' Buru pcrthite 
41.'12 St~ge 20 KJdchpar 
4131 St.se 20 Kfe!dspar 

lllite 
Sample 
.'141468 

,~'" 
281328 
28/328 

Mica 
Simple 

""23 
541625 

54162.'i 
5416:2.'1 
S4I66S 
3416" 

mineral 
Stage S Cl~y (Ill?) 
StaSfS Oay (Ill?) 
Stase S Oay (Kaol?) 
Slage.'lClay(Kaol?) 

mineral 
StageS Clay'! 
StageS Clay? 
Slage 3 seridte 
StaIC4 dtylthl 
Stage S chk.Tile 
StageS chlrrlle 

Zeolites (Sodalite label) 
Sample mlnaal 
S41,~68 Stage S Zeolite 
.'141468 Stage .'I Zeolite 
371176 Stage 5 ZeoII1e 
371176 Sla&e5Zrohle 
281129 Stage 5 Zeolite 
281129 StageSZeotiIe 
281328 Stnge 1 Zrollt: 
281328 Stage .'I Zeolite 
251136 Slago: 5 Zeolite 
2.'i1l36 S1age 5 Zeolite 

t.bd 
37117t,_4.amphl 
37/176.4.11ll(1h2 
311122.1.'~1 
371122.I. lltt·h2 
371122 2 blue .nTh 

""" 491644.4.apatl 
371176 2 ipatl 

... "" 
491644.Up~1 

491644.2.cp~2 

491644.3.cpx3 
371122.3.cpx 
371122 3 amph3 

L",,, 
37/176.I_kfs 
S4162!i..5.pcrthile uavl 
S41623.S_pelthlte trav2 
.'141625_.'1 JIeI1hIte trav3 
4152.3.upar 
41.'12 4 I;spal2 

Lo"" 
S4/468.3.clay7 
S4f468.3.clay72 
281328.I.day11 
281328 2 day72 

""" S416:2.'1.I.dayl 
S416:2.'1.I.clay2 
.'14162.'1.2.""11 mic. 
S4162!i.J.thl1 
54166.'1.I.ml"/ 
.'14/66.'1 2 chin 

L.bcl 
.'I41468.2]..c:olikl 
S41468_2.ZeoIltel 
37/176.3.zroIl 
371176.3.zroI2 
281129.Uzoll 
281129_l_zeoI2 
28/328.3_zroIl 
281J28.4_cby?3 
2.'i1l36.I.zcoIl 
2.'i1l36 2 '-"012 

Appendix 82-2, Alteration mineral probe dala 

Si02 
SS.S! 
54.32 
S5.07 
5.'1.39 
.'16.13 

5102 
0.13 
0.2 

St02 
52.2 
SI.69 
.'11.67 
54.14 

".9 

SI02 

".93 
65.06 

65..53 
67.67 
6.'1.0.'1 
6HJ'} 

SI02 
65.92 
43.23 
58.22 
.'17.93 

SJ02 
32.76 
15.06 
50.03 
30.54 
29.72 
21.24 

li02 Al203 CI203 
0.2(. LlI 0.02 
0.16 1.61 0 
OA6 1..'11 0.04 
0.52 1.4 0.01 
0.09 OA.'I 0 

Fe203 
0.07 
o 

n02 
0.31 
052 
0.36 
0.03 
0.' 

Tl02 
0.02 
0.01 
o 

om 
0.1» 
om 

Ti02 
0.02 
0.03 
om 
om 

Ti02 
0.01 
0.01 
0.01 

C 
o 
o 

"oO 
0.14 
0.07 

.MgO 
0.01 
o 

Al203 CI20l 
1.49 0 
1.9 0.02 
1.27 0.03 
0.2 0 
1.76 0 

Al203 Fe203 
19.65 0.17 
18.65 0.33 
18.89 0.2 
19.59 . 0.33 
18.9 0.56 

18.79 O.s 

Al203 Fe20l 
22.08 0.04 
IHI') 1.01 
23.33 1.98 
23.33 2.43 

Al2a) Cr203 
11.75 0.06 
10 . .'12 om 
31.98 0 
18.26 0 
12.98 om 
10.01 0 

Si02 AI203 Fe203 MgO 
o 
o 

om 
o 
o 
o 
o ,,, 

60.8 19.02 0 
60.92 18.S8 0 
H82 21.01 0.01 
33.1 20.77 O.QJ 
62.19 17.78 0.01 
.'12.78 22 0.02 
63.15 15.84 O.!» 
.'17.43 22.8\ 2.48 
.'14.6.'1 1.'1.66 0.04 
.'Is.s9 16.66 0 

0.06 
0.06 

Fe203{c) FeO(c) 
2.48 6.23 
L52 10 
3.62 .5.05 
S.25 3.92 
S.69 4.01 

C.O 
.'14.85 
S4.9S 

Fd03(c) 
3.87 
4.03 
3.8< 
2.72 
o 

MoO 
0.01 
0.01 
o 
o 

0.01 
0.02 

M"" 
o 

0.01 
0.0.'1 
cm 

'dl 
lOAS 
0.7 
1.68 

20.27 
40 . .'12 
31.42 

C.O 
8.24 
8,41 
8 . .'14 

8" 
8.' 

11.73 ,.« 
0.92 
.'I.Q3 

4.89 

""0 
0.'" 
0.1 

FeO(c) 
5.49 

••• 
.'1.98 

'.09 
8.7.'1 

.~O 

o 
0.01 
0.02 
o.o! 
o 
o 

M,O 
0.1» 
,0< 
3.28 
3.72 

V203 
o 

0.01 
0.0.'1 
0.03 
0.06 
0.19 

Na20 

0." 
0.81 
1.23 
2.21 
0." 
om 
0.1 

0.63 
0.19 
0.26 

"oO 
0.36 
0.46 
0.37 
0.40 
0.7 

PlO, 
40.91 
41.93 

M"" 
0.52 
0 . .'13 
O.sS 

0" 
0.41 

COO 
0.24 
o 

0.06 
0.12 
01» 
0.08 

c.o 
1.99 
0.31 
0 . .'18 
0.56 

"'" o 
O.en 
01» 
0.11 
0.03 
0.07 

.20 
0.12 
0.06 
1.46 
1.21 
om 
0.39 
0.09 
'63 
0.47 
0.3.'1 

"gO 
18.73 
16.64 
18.94 
18.94 
18.34 

S03 
0.89 
0.18 

MoO 
12.9 

12.15 

12.39 
14.13 
18.8 

S,O 
o 
o 
o 
o 
o 
o 

Na20 
10.(16 
1.33 
0.16 
C27 

"oO 
o.m 
o 
o 

01» 
0.16 
0.12 

S03 
o 
o 
o 
o 

0.02 
0.03 
o 

o.m 
0.03 

C.O 
11 

l2.n 
11.12 
10 . .'19 

8.' 

W03 
o 

0.06 

C.O 
23.03 
227 
2>99 
23.41 
lOO 

B.O 
0.27 
o 

0.14 
0.23 
0.06 
0.1 

""0 
0.77 
0.82 
IS' 
I." 
W 

<>103 
0.03 
0.16 

N.20 
0.89 
0.99 
0.8.5 
0.81 
1.11 

N.20 

'.03 
0.97 
2.69 
8.51 
3.27 
1.81 

K20 
0.1.'1 
0.14 
0.3.'1 
0.39 
O.D 

no] 
0.01 
0.03 

K20 
0.02 
o 

0.1» 
o 

0.42 

K20 
11.28 
15.73 
13.64 
4.31 
12.21 
14.64 

B.O 
o 
o 

om 
0.07 

S,O 
0.06 
0.11 

Sum(h'l> 
100.72 
100.93 
99.97 
101.26 
97.96 

Rb20 

K20 
0.24 
0,49 
1.38 
1.61 

H20(c) Sum (h% Sum Cat. 
4.99 IOS.38 17.7 
US 66.88 16.61.'1 
4.54 93.53 16.529 
4..'16 94.S3 16.62'1 

MgO 
7.12 
0.24 
1.71 

7.'" 
3.14 
3.14 

C.O 
0.23 
0.06 
om 
023 
032 
0 . .59 

""0 
0.1» 
0.07 
0.07 
0.03 
0.18 
0.08 

Cl ():Cl Sum Ch";' 
0.01 0 88.82 

o 0 88.87 
0.01 87.12 
om 0 8H7 
o . 0 89.05 

o 0 86.97 
om 0 8H6 
om 0.01' 88.96 
om 0 76.16 
0.01 0 77.82 

K20 
0.7 
4.42 
10.86 
0.37 
0.87 
0.35 

S", 
o 
o 
o 
o 
o 

B.O 
0.27 
0.23 

SumCat' 

• • 
• 

3.993 

PlO, 
om 
o 
o 

om 
o 

0.1» 

•• 0 
0.01 
o 

0.1 
0.08 
o 

"'02 
0.1 
005 

. 0.07 
0.00 
0.01 

, 
HI 
2.48 

Wo(C.) 
.'10.868 
50.906 
.'11.211 
49.825 
24.318 

SumOJ;'f, 

101.68 
100.77 
101.18 
100.82 
100.14 
101.04 

S", 
o 
o 
o 
o 
o 
o 

, 
0.28 
0.17 

0." 
0 . .'17 
0.23 

Cl 
0.71 
0.68 

En(Ma) 
39.657 
37.887 
38.386 
41.737 
60.016 

SumCat' 
.'1.017 
.'1.01 

S.028 
4.988 
5.011 
S.018 

NiO 
0.03 
0.07 
o 
o 
o 
o 

Cl 
om 
00< 
0.02 
om 
0.01 

H2Q(c) 
0.46 

0." 

Fs(Fe2+) 
9.47.'1 
11.208 
10.404 
IIA38 
IHlM 

Ab 
34.768 

8."" 
22.911 
74.257 
28.845 
15.726 

, 
0.08 
0.09 
0.37 
0.06 
009 
0.06 

H20(c) 
1.99 
2.01 
1.83 
1.88 
>03 

0., 
1.02 
1.0< 

XM, 
08117 
0.772 
0.787 
0.832 
U793 

.. 
1.15.'1 
0.001 
0.176 
0.s73 
0.188 
0.192 

Cl 
0.24 
0.67 
0.Q2 
0.09 
0.08 
0.05 

0., 
0.12 
0.07 
0.21 
0." 
0.1 

00C1 
0.16 
0.1S 

Cl< 
63.618 
9U91 
76.s63 
24.736 
70.861 
8J.9I.W 

H20(c) 
3.23 
1.22 
4.39 
).3 

3.29 
>48 

00C1 
0.01 
0.01 
0.01 
0.01 
o 

Sum(h'lt 
100.14 
looA3 

c ...... 
0.4S9 

o 
0.249 
0,43.'1 
0.106 
0.178 

CF' 
0.03 
0.1» 
CIS 
0.Q2 
0.0< 
0.02 

SumChSJ. SumClt' 
99.92 17.M7 
100.23 . 17.13.'1 

100.39 17.1.'12 
100.91 17.092 
100.22 17.164 

RH'" 
o 
o 
o 
o 
o 
o 

00C1 
0.03 
0.1.'1 
o 

0.Q2 
om 
0.01 

SI·Fal 
o 
o 
o 
o 
o. 
o 

SumOx$ 
78.71 
33.06 

'101.15 
81.37 
9!.S9 
69.75 

X", 
0.843 
0.748 
0.87 

0.896 
0.889 



Least-squares modelling of fractionation 

M,ajar,element modelling of fractionation. using the least.~quares model of Le Maiue (1981) and the Genmix mixing program. 

Modelling offractionation from diorite (001) to monzodiorite (MOl) 

% amount! Si02 Ti02 A1203 Fe203 FeD MgO CaO Na10 KZO P205 MoO Total 
Reactants Used 

Diorite (DD I) IOllOO% 48.89 0.83 18.22 10.24 {) 4.91 10.6 3.18 2.34 0.5 0.19 

Products Used 

Monzodiorite (MOl) 

Clinopyrox.ene (DD-I) 

Biodle (mdl_2_hio) 

73.64% 51.81 0.65 18.66 8.29 () 3.86 9.54 3.75 2.S7 0.46 0.19 

8,01% 50.69 0.39 2.16 8.59 () 13.42 22.88 0.61 om () 0.44 

4.67% 37.59 5.37 13.47 12.05 () 16.13 om 0.22 9.69 {) 0.18 

Plagioclase An 78 (ddJ_B_core) 10.26% 

Magnetite (ddl_2_mag) 3.30% 

Apatite (ddl 9d npat) 0.13% 

Estimated Compositions (normtllised) 

Reactants 

Products 

Differences 

47.6 

0.09 

0.16 

48.89 

48.85 

0.04 

0.04 

6.1 

o 

0.83 

0.97 

-0.14 

33.73 

4.05 

o 

1&.22 

1&.14 

0.0& 

0.24 

.84.91 

0.29 

10.24 

10.1& 

0.06 

o 
o 
o 

o 
o 
o 

0.03 

2.29 

0.12 

·4.91 

4.75 

0.16 

16.12 

o 
54.47 

10.60 

10.58 

0.02 

2.31 

o 
0.06 

3.18 

3.06 

0.12 

Residual sum of squares = 0.08; Distance apan = 0.29; Degree of fractionation (crystals removed) = 26.36%. 

Modelling of fractionation from monzodiorite (MD 1) to monzonite (M9) 

0.15 

o 
0.01 

2.34 

2.36 
.0.02 

0.04 

o 
40.75 

0.50 

0.40 

0.10 

o 
0.61 

0.09 

0.19 

0.20 

-0.01 

99.9 

99.78 

99.19 

94.71 

100.26 

98.05 

95.95 

% amounts Si02 TI02. A12D3 Fe203 FeO MgO CaD Na20 1(20 P20S MaO Total 

Reactants Used 
Monzodiorite (MD I) 100.00% 5Ul 0.65 

Products Used 

. Monzonite (M9) 4&.23% 

Clinopyrox.ene (mdl_53PX.) 13.&6% 

Bionte (md 1_2_bio) 3.46% 

Plagioclaase An 52 (mdl_l_plag) 26.60% 

OrthoclaseOr61 (mdl_lOr) 4.24% 

Magnetite (mdl_I_TiMag) 3.81% 

Apatite (ddl 9d) -0.19% 
Estimated Compositions (normalised) 

Reactants 

Products 

Differences 

54.11 

50.82 

37.59 

54.39 

64.44 

0.03 

0.16 

5Ul 

51.64 

0.17 

0.58 

0.34 

5.37 

0.03 

0.03 

4.33 

o 

0.65 

0.69 

.0.04 

18.66 &.29 

18.69 

.2.96 

13.47 

29.2 

19.76 

0.82 

o 

18.66 

18.53 

0.13 

6.56 

7.06 

12.05 

0.33 

0.25 

91.85 

0.29 

8.29 

8.15 
0.14 

o 3.86 9.54 3.75 2.S7 0.46 0.19 

o 
o 
o 
o 
o 
o 
o 

o 
o 
o 

2.33 7.28 4.5& 

14.14 22.96 0.52 

16.13 0.01 0.22 

o 11.01 S.14 

o 0.79. 3.&8 

0.37 0 0 

0.12 54.47 0.06 

3.86 9.54 3.75 

3.68 0.45 

om 0 

9.69 0 

0.26 0 

10.78 0.05 

o 0 

0.01 40.75 

2.57 0,46 

3.65 

0.21 

9.55 3.82 2.64 
-0.01 -0.07 .(1.07 

0.14 

0.32 

0.18 

0.36 

0.18 

0.02 

o 
0.75 

0.09 

0.19 

0.18 

0.01 

Residual sum of squares - 0.22; Distance apan = 0.47; Degree of fractionation (crystals removed) = 51.77%. 

Modelling of fractionation from monzonite (M9) to Tunia Monzonite (251254) 

99.78 

98.44 

99.17 

94.71 

IOCU8 

99.98 

98.15 

95.95 

% amounts Si02 TI02 Al203 Fe203 FeO MSO caD Na20 1(20 P20S MnO Total 

Reactants Used 

Monzonite M9 100.00% 54.11 0.5& 1&.69 6.56 
Products Used 

25/254 Tunja 47.93% 

Clinopyrox.ene (mdl_5_cpx) 8.92% 

mdl_2_biotite (high mg) 1.11% 

Plagioclase An 52 (mdl_Lplag) 20.67% 

Orthcclase Or 61 (mdl_IOr) 16.67% 

Magnetite (m9_1) 3.50% 

Apatite (ddl 9d) 1.21% 

E.rtimated Compositions (normtllised) 

Reactants 

Products 

Differences 

56.805 0.425 

50.&2 0.34 

37.59 -5.37 

54.39 0.Q3 

64.44 0.03 

o 0.25 
0.16 0 

54.11 0.58 

54.16 0.31 

-0.05 0.27 

1&.77 

2.96 

13.47 

29.2 

19.76 
0.42 

o 

18.69 

1&.75 

.0.06 

4.88 

7.06 

12.05 

0.33 

0.25 

96.5& 

0.29 

6.56 

6.60 

'{).04 

o 2.33 7.28 4.58 3.68 0.45 

o 
o 
o 
o 
o 
o 
o 

2.155 4.38 

14.14 22.96 

16.13 0.01 

o 11.01 

o 0.79 

0.05 0 

0.12 54.47 

5.675 3.445 

0.52 0.01 

0.22 9.69 

5.14 0.26 

3.&8 10.78 

o 0 

0.06 om 

o 2.33 7.28 458 3.68 

o 2.48 7.21 4.48 3.61 

o -0.15 0.07 0.10 om 

0.255 

o 
o 
o 

0.0) 

o 
40.75 

0,45 

0.62 

-0.17 

0.18 

0.085 

0.36 

0.1& 

0.02 

o 
0.25 

0.09 

0.18 

0.09 

0.09 

Residual sum of squares = 0.16: Distance ar.att = 0.40; Degree -offractionation (crystals removed) = 52.07%. 

Appendix 83, Modelling 

98.44 

96.875 

99.17 

94.71 

100.38 

99.98 

97.55 

95.95 



Modelling offractionation'from Tunja Monzonite (251254) to Quan Porphyry (221110) 

Reactants Used 

Tunia Monzonite (251254) 
Products·U.~ed 

Quan Porphyry (2?/I 10 ) 
Clinopyroxene (mdl_53PX) 
Riotite (mdl_2_bio) -

Plagioclase An 52 (Mnz53_trav_12) 
Orthoclase Or 87 ITunj41.3_3_ or) 
Magnetite (m9_1) 

Apatite (ddl 9d) 
Estimated Compositions (normalised) 

Reactants 
Products 
Differences 

% amoums Si02 1102 A1203 Fe203 FeO MgO CaO Na20 K20 P20S MnO Total 

100.00% 56.805 0.425 18.77 4.88 0 2.155 4.38 5.675 3.445 0.255 0.085 96.875 

60.31% .63.02 

0.90% 50.82 

10.29% 37.59 

24.43% . 56.58 

1.29% 64.1 

1.89'11> 0 

0.90% 0.16 

0.26 17.65 

0.34 2.96 

5.37 13.47 

0.03. 27.02 

0.02 . 18.92 

0.25 0.42 

o 0 

2.98 0 

7.06 0 

12.05 0 

0.39 . ri 
0.13 0 

96.58 0 

0.29 0 

0.77 2.67 6.72 

14.14 22.96 0.52 

16.13 0.01 0.22 

O.QJ 8.93 6.28 

0.01 0.01 1.35 

0.05 0 0 

0.12 54.47 0.06 

3.63 0.13 

0.01 0 

9.69 0 

0.42 0.04 

15.44 0 

o 0 

0.01 40.75 

56.81 0.43 IS.77 4.88 o 2.16 4.38 5.68 3.45 0.26 

56.98 0.72 18.91 5.03 o 2.26 4.49 5.63 3.49 0.45 

.0.17 .0.30 .0.14 -0.15 o -0.11 .0.11 0.04 -0.04 .0.20 

0.04 

0.36 

0.18 

o 
o 

0.25 

0.09 

0.09 

0.05 

0.03 

97.87 

99.17 

94.71 

99.72 

99.98 

97.55 

95.95 

Residual sum of squares = 0.23; Distance apart = 0.48; Degree of frnctionation (crystals removed) = 39.69%. 

Modelling of fractionation from Quan Porphyry (22/110) to Bufu Felsite (541565) 

Reactants Used 

Quan Porphyry (251110) 
Products Used 

Bufu Felsite (54/565) 

Clinopyroxene (mdl_5_cpx) 
Biotite (mdl_2_bio) 
Orthoclase Or 87 (Tunj 4L3_3_or) 

Albite An 12 (Tunj41.3_3-pertha) 
Magnetite (m9_1_magn) 

Apatite (ddl 9d apat) 
E.uimated Compositions 

Reactants 
Products 
Differences 

% amountS Si02 liD2 Al203 Fe203 FeD MgO CaD Na2D K2D P20S MnO Total 

100.00% 63.02 0.26 17.65 2.98 0 0.77 2.67 6.72 3.63 0.13 0.04 97.87 

19.93% 

4._ 
2,34% 

10.15% 

59.25% 

2.37% 

1.06% 

71.95 

50.82 

37.59 

64.1 

65.89 

o 
0.16 

0.1 

0.34 

.5.37 

0.02 

0.05 

0.25 

o 

63.02 0.26 

63.26 0.20 

-D.24 0.06 

14.76 

2.96 

13.47 

18.92 

21.25 

0.42 

o 

0.48 

7.06 

12.05 

0.13 

032 

96.58 

0.29 

o 
o 
o 
o 
o 
o 
o 

0.22 0,4 2.62 S.88 

14.14 22.96 0.52 0.01 

16.13 0,01 0.22 9.69 

0.01 om 1.35 15.44 

o 1.78 10.45 0.43 

0.05000 

0.12 54.47 0.06 0.01 

0.07 0.01 

o 0.36 

o . 0.18 

o 0 

0.02 0 

o 0.25 

40.75 0.09 

17.65 2.98 0 0,77 2.67 6.72 3.63 0.13 0.04 

17.92 3.22 0 1.12 2.84 6.88 3.82 0.46 0.03 

-0.27 -0.24 0 ·0.3.5 -0.17 -0.16 -D.19 -0.33 0.01 

99.49 

99.17 

94.71 

99.98 

100.19 

97.55 

95,95 

Residual sum of squares = 0.51: Distance apart = 0.71; Degree offrnctionation (crystals removed) = 80.07%. 
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Fluid inclusion data 

Sta8e 2 Apatite 
Inclusion No# Type Phases Tm first ice Tmlce TmHaJite Th vapor . Tb NaCI (wt % equiv) 
Primary inclusions: 

(used rough textures as start offinl melting: maybe 100 high) 
2S_602_{fnlgl) 1 LVI LV ·25 ·14 305 305 34.53 
28_602_2 LVI LV ·25 ·14 321 321 34.53 
28_602_3 LVI LV ·26 314 314 
28_602_4 LVI LV ·25 ·14 302 302 34.53 
28_602_5 LVI LV ·23 ·14 320 320 34.53 
28_602_6 LVI LV ·30 ·13 300 300 . 31.33 
28_602_7 LVI LV ·28 -13 302 302 31.33 
28_602_<fra81) 8 LVI LV ·30 ·16 262 262 41.33 
28_602_9 LVI LV -43 ·16 290 290 41.33 
28_602_10 LVI LV ·39 -15 207 207 37.86 
28_602_11 LVI LV ·35 ·15 279 279 37.86 
28_602_12 LVI LV -35. ·15 285 285 37.86 
28_602_13 LVI LV ·34 ·16 290 290 41.32 
28_602_(frag 3) 14 LVI LV ·34 ·16 m m· 4l.32 
28_602_15 LVI LV ·25 ·16 244 244 41.32 
28_602_16 LVI LV -48 ·16 217 217 41.32 
28_602_17 LVI LV ·33 ·17 233 233 44.92 
2L602_18 LVI LV ·36 ·19 263 263 52.54 
28_602_19 LVI LV ·38 ·16 282 282 41}3 
28_602_20 LVI LV ·36 ·16 201 201 41.33 
28_602_21 LVI LV ·38 ·16 212 212 41.33 
28_602_22 LVI LV -41 ·17 275 275 44.92 
28_602_23 . LVI LV -41 ·17 229 . 229 44.92 
28_602_24 LVI LV -40 ·17 276 276 44.92 
28j,()2_25 LVI LV -42 ·17 264 264 44.92 
28J,Q2_(frng 4) 26 LVI LV ·29 ·16 291 291 41.33 
28_602_27 LVI LV ·29 -13 286 286 31.33 
28_602_28 LVI LV ·24 -13 294 294 31.33 
28_602_29 LVI LV ·38 ·16 285 285 41.33 
28_602_30 LVI LV ·31 -13 280 280 31.33 
28_602_31 LVI LV ·32 ·15 293 293 37.86 
28_602_32 LVI LV ·33 ·14 297 297 34.53 
28_602_33 LVI LV -40 ·15 285 285 37.86 
28_602_34 LVI LV ·28 ·18 277 277 48.66 
28_602_(book frag) 35 LVI LV ·30 ·16 285 285 41.33 
28_602_36 LVI LV ·31 ·16 285 285 41.33 
28_602_37 LVI LV ·27 ·15 275 275 37.86 
28_602_38 BIh LV(H) 230 291 291 33.48 
28J)()2_39 LVI LV ·30 ·13 268 268 31.32 
28_602_40 LVI LV ·30 ·12 295 295 28.52 
28_602_41 LVI LV ·30 ·15 293 293 37.86 
28_602_42 LVI LV ·35 ·11 . 248 248 25.30 
28_602_43 LVI LV ·31 ·10 230 230 22.46 
28_602_44 LVI LV ·10' 260 260 22.46 
(Main Th is 27()"'290, main first melt is ·31. main ice melt is ·14 to ·16. nny salts in uncommon LVH melt before 240.) 
53_821_1 LVI LV 250 250 
53_821_2 LVI LV 240 240 
53_821_3 LVI LV 280 280 
53_821_4 LVI LV 185 185 
53_821_5 LVI LV 175 175 
53_828_1 LVI LV ·50 ·23 223 223 69.54 
53_828_2 LVI LV ·34 ·23 227 227 69.54 
538283. LVI LV ·25 ·23 149 149 69.54 
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Stage 3· Quartz (rom the BUGoy Pegmatite 
Inclusion No# Typ< P ..... Tm flrst Ice Tmlce TmHallte Tb Yapor Tb NIICI (wt '.I. equlY) Comments 
Primary inclusions: 
47_ 691U 10 20 Bm &: Bvd '01 "n 68.83 No homogcn <600 
34_3!J3_1U Bm HVOD2. 601 601 68.83 large tnJ.iI of these 
34_3!J3_1O Bm HVOD2 601 601 68.83 large InUl of these 
34_393_W Bm HVOD2 601 601 68.83 large II'lIiI of these 
34_3!J3_11 Bm HVO ~>600 601 "n 68.83 ~>600 

.34_3!J3_12 Bm V>OH =>600 601 "" 68.83 =_, 
34_3!J3_13 Bm LV.., S33 S33 -343!J3_44 Bm V"""~ Silmclts 130 4>0 4S0 50.92 """"'" 34_3!J3_4S Bm 'OS 'OS 68.03 lath remains 
34_393_46 Bm 490 320 '90 SS.20 lath remains 
34_3!J3_42 Bw 6n '01 prinwy 
34_3!J3_43 Bw 601 601 prinwy 
34_393_48 Bh "" 407 '" 407 46.71 """"'" 34_393_49 Bh "" 41' 270 41' 47.56 primory 

34_393_S0 Bh "" 420 420 47.94 """"'" 34_393_47 Bh~ 408 27S 408 46.80 prlm>" 
34_383_7 Bvho YHO '35 (313) '35 49.41 
34383_8 B."" YHO 458 (33fl) 458 51.7S 
34_383_9 B."" HV 410 (lSO) 410 46.99 
34_39LI4 B.". HVO 433 '33 cpy-hcaring; prob primary 
34_39US B"'" HVO 329 383 383 4(1.116 cpy·bearing; prob primary 
34_393_16 B""" HVO 340 461 461 40.92 cpy·heuring; prob primary 
34_393_17 Bvho HVO 424 3~1 424 48.33 cpy-hearing; pmb primary 
34_393_18 B.ho HVO 337 417 417 40.68 LlIy-hear1ng; prob primary 
34_39U9 B""" HVO 354 48' 48' 42.0S cpy·bearing; prob primary 
34_393_20 B.". HVo..J 41' 330·3S0 'IS 47.46 cpy-heuring; prob primary 
34_3!13..21 B""" HVO 410 330·3S0 41. 46.99 cpy.he:uing; pmb primary 
34_393_22 B"'" HVO 41' 330·350 41' 47.46 cpy·bearin;; prob primary 
34_393_23 Bvho HVO 41' 330·350 41' 47.84 cpy·bearin;; prob primary 
34_393_24 Bvho HVO 41' 33()·3SIl 41' 47.114 cpy-he:lring; prob primary 
34_393_2S . Bmo HVO 40' 40' 46.S2 cpy·be:uin;; prob primary 
34_393_26 B..., HVO 413 32S 413 47.27 cpy-hc::uing; prob primary 
34_393_27 B"'" HVO 417 31' 417 47.6S LlIY-hc:mng: pmb primary 
34_393_28 B..., HVO 320 466 466 39.38 cpy·bearing; prob primary 
34_393_29 B""" HVO 3>1 442 442 40.14 LlIy·bearing: prob primary 
34_393_30 M" HVO 34' 4" 488 41.40 cpy·bearing; prob primary 
34_393':'31 B."" HVO 380 462 462 44.26 . cpy·hc.aring; prob primary 
34_393_32 Bmo HVO 330 420 420 40.14 cpy·bearinll: proh primary 
34_393_4 LV LV 541 541 
34_383_1 LV. ·35 361 360 +7 (clatbnue) 
34_3R3_Z LW ·43 ~. ~. 

34_39L41 VL S08 ". Note: mo.st primary inclusloIlll (60-!l()tA,) do 001 bomogcnisc before 600C 

Secondary inclusions 
34_393-.33 Bm HVD2 $)'V rrdu 107 412 3'" 412 47.18 
34393_34 Bh 41' 367 414 47.37 
34_393_35 Bh 410 '" 410 46.99 
34_39336 Bh 421) '" 420 47.94 
34_393-.37 Bh 421 3SI 421 48.114 
34_393_39 Bh 125 48. 48. 28.n 
34_393_40 Bh 410 3SfI 410 46.99 
3C~R3_13 Bh H>VL 410 (330) 410 47,CK) 
34_383_14 Bh VH .44 ." 40' (Z40) 40' 46.S2 +14clilllil'llte 
343113..5 2*'1 BI LYH ·36 ·20 390 (Z711) 3~) 4S.1O 
34_3113_16 Bh HLV 420 (39() 420 47.94 
34_38LI7 Bh HLV 4111 410 
34_11l3_IR Bh HLV 400 ·325 400 46.()6 
47_691U 104 2·Bh VLH ;60 ;60 42.55 
47_691U III 4 2·Bh VLH ;80 )80 44.26 

47_6<XU III 4 2·Bh VLH '00 '00 46.t)(i 
47_69(U 104 Z·Bh VLH 42. 420 47.94 
47_fi9()_410 8 2·Bh VLH 5)2 5J2 611~ 

47_fi9fL4Io 8 2·8h VLH 578 578 6S.19 
47_fi903 In 8 Z"8h VLH 550 550 62.24 
47_690_4 hiS 2·Bh VLH 575 575 6S.40 
3CW3_3H Bm, 410 33C1 410 46.99 
34_393_1 2Bhvo HVO 406 253 ~~ 46.61 cry bearing. Big '!2nd trail 
34_393_2 2Bhvu HVO 41' 2S4 41' 47.46 cpy bearing. Big 72nd uaiI 
34..'-39J:3""!'" ZBhvo "VO 407 314 ~n 46.71 "~'cpy 1:Ie:Lrins. Bi, 72nd trail 
34_393_S 2Bhvo HVO 42' 345 428 48.72 cpy bearing. Big 72nd trail 
34_393_6 2Bhvo HVO 417 ", 417 47.65 cpy bearing. Big 1200 IraiI 
34_393_7 ZBhvo HVO 4J' 41' 47.46 cpy hearing. Big 12nd trail 
34_393_11 2Bhvo HVO 392 26) '" 4S.33 cpy hc.arinll. Big 1200 trail 
34_3933 2Bhvo HVO 398 266 '" 4S.81 cpy bearing. BiG nod tnil 
34_383_4 2·7 LV LV (0) .)2 ·10 '" 358 22.46 
34_383_6 2· LV VL .2S ., 238 23R 17.10 
34_3113_W VU VL ... ·7 333 333 14.M 
34_3113_11 2·VU VL ·38 ." 270 271l 44.92 
34_3113_12 2"'VU VL ." ., 270 270 I2.Z5 
34_3113_IS 2*LVI LV 230 27S 27S 33.48 
34_383_3 2» 2nd tnilSllrtV incs that 
34_3113_3 240 homos -23U-2S0 
34_3!B_3 370 Znd Imls of LV incs that 
34_383_3 280 homng -230-280 
34_3113_3 2'" Znd Irllili of LV incs lhal 
34 .. ,383 3 2SO ooml18 -230-280 
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Stus.e 3- Q.uartz f!.om Stas.e 3 ~uartz veins 
InchWon Not T,.. P ..... Tm first Ice Tm'" Tm HaUte Tb vapor Tb NaCI (wt <;\ equlv) Comments 
Primary inclusions: 
33_250_22 Bm&Bh HLV(D2,O) '" ." 08.83 (8()'l. LlfinclusioDS >6OOC) 
33_250_15 Bm UiD20V , .. '" 02.00 
33_250_10 Bm HD2D3LV 420 420 47.94 (ncarTb) 
33_256_17 Bm '" '" li2.37 
33_256_111 Bm ,,, ,,, 66.31 
33_250_19 Bm >7' >7' 65.53 
33_250_20 Bm ,,, ", 67.76 
33_256_21 Bm ,,. ,,. . 67.90 
33_251i_11 Bm HOlLV 38. 380 442' (nnc plmsc only) 
33_25IU; Bh HLV 41. 41. 4<i.99 
33_256_7 Bh HLV 'OO 'OO 4S.15 
33_256_11 Bh HLV 433 433 49.21 
33_256_10 Bl LHV '65 '65 42.97 
33_256_12 Bl VLH 32. 32. 39.38 
33_256_IJ Bl VLH '" '" .,.n 
33_256_14 L. LV '80 '80 44.26 (un:dI saJt:)eft) 
2R_223_PIXE lA 340 halite temp? 
211_22:U7 Bm UID' >550 ." ." 
28_223_111 Bm HD20V >550 '" SOl 
28_223_PlXE IB >7. ,,. 

prinwy 
211_223_PlXE 6A 440 '". '". 49.91 prinwy 
211_223_PIXE IIA SS. SS. ,"""", 
2M_223_CFn&g I) 1 Bm hvn -l8 Td515 ... 4&0 (H. 02 & 0 dki IlOl mc11) 
28_223_2 Bm hwd2 -3J -l9 Td523 '89 
28_223_3 Bm hwd2 '30 Td530 40.14 (02 & 0 did not mcIr.) 
2L22L4 Bm hwd2 Td490 38. (02 & 0 did not roch) 
211-223_5 Bm '''"'' ·30 33. Td 510 
211_5011_11 Bm h.",.. 601 '" 68.83 prinwy 
28_5011_12 Bm """"'" ." ." 6B.83 prinwy 
61U29_2 hm 56' ,,, 63.74 CCI~:dslt with VLv) 
6(U29_3 hm '" '" 6S.79 (c!~dsit with VLv) 
54_468_17 Bm b., , .. 601 601 62.00 Cbe 10 hnmogcn1ll 600 
5''-46!U Bm 're 601 haliIelIswu wwell 
5''-4611_2 Bm ,., ,., at 55OC. ~p at 580 
54_4611~ Bm 'ru 600 600 small halile kft 600 
211_50U3 BhOrn 471 471 53.12 (JlSCIIdoscc~) 

28~OU4 BhOrn 46' 462 52.11 (pscudosecT) 
28_508_15 BhBrn SOl SOl 56.43 (flSCUdoscc?) 
2EUOII_16 BhBrn S40 , .. 61.00 (pscudosec?) 
211..5011_17 Bm '.1 601 601 6UI3 p"""", 
211~OlCIII Bm b.l 601 '" 68.83 p"""", 
211_223-<F~2)6 Bl >4, 54' 61.00 (3()9, bnm<!& .5O().SSO) 
2IU23_6 Bl ". '" 58.00 (3~ homog 500.550) 
211_223_6 Bl ,,, ,,. 59.00 (3()<J, humog 500.550) 
28_223_9 Bl S73 S73 
211_223_10 Bl '90 'OO 
28_223~0 Bl 480 4,. 54.10 
28_22.~_31 Bl 447 447 49.91 
1E_223_n Bl 471 471 53.02 

· 211_223~~3 Bl 44. 44. 49.91 
211-223~14 Bl '" '" SO." 
211_223_35 Bl 4OO 4OO S5.20 
28_223_36 Bl 4>2 4S2 ~0.92 

2H_223~7 Bl 46. ... 51.96 
2L223_311 Bl 46' 465 51.96 
28_223_39 Bl 472 472 53.02 
2IU23_40 Bl 48. 4HO 54.10 
2M_22.l_41 Bl 468 468 51.% 
28~OlU 1<19 OI&LV (80% iaciusioas >6OOC) >600 601 69.00 
6l)J29_1 Bl "'" >7. ,,. 64.76 
6(U:29_4 Bb "'" '". 33. '". 66.05 
28_223_11 Bl S40 , .. 
2H_22LJ4 Bl LHV SS. ,sa OUlfol (6-8) BIh stabk: 
28_223_15 Bl 340 340 ".90 III 500. decrep 5SO 
211_223_16 Bl >SOO >7. >7. 
6(U2!U9 bl ''" 207 3511 42.3/1 

· 6O..52'J_25 bl 374 174 374 43.74 
61U29_26 bl 365 224 '65 42.97 
tiO_529_14 Bl 'OO 256 '90 4S.U 
211_50!1_8 Bb "'" 601 ." 611.113 p"""", 
28_5011_9 Bb "'" 602 602 611.97 prill1llf)' 
28~OIl_IO Bb .bl '" m 57.81 p""""" 
2R~0II_5 Bb "'" ,'" '60 p"""", 
28_223_20 Bb 436 436 49.51 Probable primary 
28..:.223!.21· Bb 440 440 49.91 . · ... 1 Probable primary 
54_46!UO Bb 601 445 601 68.S3 Close to mclllll 600. 
54368_11 Bb 601 601 6/1.83 Close lu melt III 600. 
54_468_12 Bb m 204 m 43.57 
54368_15 Bb 601 "" 611.83 Close 10 mch 111600. 
54_468_16 Bh 601 395 601 68.83 Close In rock at 600. 
54_468_18 Bh 601 '" 68.83 Small salt & vapour at 600 
54_41>1UO Bb "" >600 "" 6UQU Bb "'" 45. >600 4sa 50.92 p"""", 
6U03_2 Bb •• '" >600 . 515 511.04 pnmary 
6U03_3 Bb •• 601 601 6/1.113 primary 
61_103_0 Bb ,,, ,,, 67.90 primary: salt aID 

· 61_IOL14 Bb SOO '90 6736 SublelllliOO 
6U03_15 Bb '" '" SS.04 probable primary 
61_103_1I'i Bb 240 4" "9 34.05 pfllbllbJeprinwy 
6U03_17 Bb 'Ol ,'" 63.49 pmb:tbJe primary 
6U03_111 Bb ." 601 611.113 halitc stable >600 
6U03_1'J Bb 601 601 68.113 halire~tahlc:>600 
6U03_20 Bb 567 567 64J/I primary 
61_103_21 Bb ,,, 

'" 66.44 p"","" 
tiU03_22 Bb 461 4<il 52.06 p"","" 
61 103 23 Bb ,,, 

'" 59.57 [!~ 

Appendix C, Fluid inclusion data 



Stage 3· Quartz: (rom Stage 3 quam veins (COni.) 

Inclu,loD NoI 
Primary inClusions: 

T,po P ..... Tmrlntke Tm"'" Tm Halite Tb vapor T' NaCl (wt ~ equiY) Commenb 

28.223.22 BI 59. '" -'"""" 18.223.23 BI '" '" ProNblcprinIIIfY 
31.81.1 BI VU! '70 .70 53.02 
31.87..2 BI VU! 37l '" m 0.&2 
n_223J>IXE 9C ·33 ·1. 3)0 ,W ,W 40.14 
21U23.PIXE IIA 'm ." ·18 . 33. 269 ,,. 40.14 

31..322....10 Bhm '4$ 20010260 .45 SO.41 MultiJlIe ,en. Somo: [!rimaty'/ 
31..322..11 Bhm 440 20010260 44' 49.\11 MultlpJe cm. Scxlz primDry'I 
3U22-!2 Bhw .,. 200 Ul 260 4)' 48.\11 Multiple gm. SmIC primmy'l 
37..32U3 Bhm 4)1 200 Ul21iO 4)1 49.01 Multiple am- Som; primay7 
37.322.14 Bhm 412 2OOmu.o 4J2 41.18 MuIllplc am- Some JIriDWY'I 
37.322.15 Bhw '" 200 10 21iO 'Bl 1.6.117 Muhlplc am- Some prinwy? 
37.322.16 Ohm '" 20010260 '" ".M MuItlpie P. .son., primIry1 
37.3:Q.11 Bhm m 20010260 "I 511.',13 Multiple p. Some primarY1 
3'-322.18 Bhm '" 200 Ul260 '" 411.41 MuIdpIc am- Some prun.ry? 
31.322..19 Bhm , .. 200 Ul 260 l48 ".l1li Multiple £e:l. Some primary'1 
31.322.20 Bmm '" 200 Ul260 '" 61.36 Multiple iCIL Some prim:II"y'l 
37.322.21 Bhm '" 2OOUl26O ." 55.81 Multiple cm. Sort.. primIry1 
37.322.)3 Bhm ,.., 601 6<11 68.83 Multiple gm. Some prilIllll)"/ 
37.321..33 Bhm >600 (10'J, of aD iDdllliOllr.) "1 .,1 68." ~ple P. Some primIry1 
054.468.7 B .... bm 601 ,., 601 primary. q.y bc:arln,: 
~4.46R..N B .... hw .>1 "" 001 pri-r. <-1'Y~: MU IOdl. 

6OJ1':U3 ... '38 'I' 61' 411.11 
60.529.15 hw 37. ,OS 'OS 43.3~ 

60.5211.5 bYD (2.) in<> .,. 230 42' 41.114 

UUl3.6 hm '" '" 43.6' ~til.ll'luartz 

111.223.6 ... '" '" 44.70 .la!cntl1al quartz . 

28.223.6 mm '10 , .. 44.91 Intentil&\ quartz 
37.81.3 I. 601 .,1 69.l1li 110 bcxwa aI 600, 
37.81.4 I. 601 .,1 69.l1li ""'''''''' lUI7J I. 601 601 69.l1li &maIJ balitc Idt 
6OJ29..27 • '40 440 
60.529.28 I. 42. 420 
60.~19.29 • '10 610 
6OJ29.30 I. '24 424 
60.5211.31 • 420 420 
6OJ29.20 • '70 .70 
(,(1.5111.21 • .10 .10 
60.5211.22 • '" '" 60.529.23 I. 342 ,42 
6OJ29.24 I. '" ". 61.103.4 L. I. .. , .., 26.22 prirnluy 
6U03J L. I. '1' .1' ,." "'''''' 211.508.4 .. '70 l70 primaryVJ.. 
~.468.13 L. 601 601 68." Close It, mcllal600. 
S·C468.14 L. '40 I" 340 40.92 
~4.468.19 L. "" 6111 Commoo LV > 600C 

Secondary inclusions: 
~.468.4 Bh h '64 ISO 364 42.118 ..-" 
j4.4~8.j Bh Iw 240 '" '" 34.0~ -'/ 
28.223.25 Oh ... .06 46.61 oco;mdary, 11' ai.t wlth Yaf'"'/ 
28.223.12 BI UN ." 440 

prub """"" 
28.223.13 BI UN .. '" '" 21.J7 ""'-2fU08.\O*ofinc BI(aec) VU! .60 '116 SI.96 
211.~08.·1 LnII BI&:LV VU! 380 'SO 
21UOS. "2trall BI&:LV VU! m l71 
6(1.5211.11 BI (2) ... '" '" 6(1.529.12 BIO) ". '" ". 41.72 
1iO.!I211.lfi BI.aJ.v Ivh·lilvltc ,W 240 ,SO 44.26 
6lU2'U7 BI·liv Ivh-t.ilvitc '" 24' '" "~2 
60.529.111 BI..:tv IvIH.llvite '70 2" 370 43.39 
6\.103." 1· vho', '" ." '2.17 -6\.103.7 2" vho', ". ." 52.38 -61_103.11 1· vho'l '" ,,' 52.49 -61.103.9 2" vho's '" '" 52.49 -61.103.10 2" vho's '470 .70 53.02 -"1.103_11 Z°vho'. '70 470 53.02 -61.103.IZ 2- vho'l '" '" .15.09 . ..-., 
37..322..1 Bhm 420 240 420 47.94 ..amdar)", qoy.bcarln, 
37..322..2 Bhm 427 '04 427 411.61 RCmdary, qoy.hearing 
37.312.3 Bhm 432 '04 ,,2 49.11 RCmdary, qoy.be:lring 
37_322.4 Bhm '" 260 ." 49.41 1ICCOIIdary, qoy·"=rinl 
37.322..5 . Bhm ... 'I' .. 0 49.YI 1C".UJlUIary, q.y.bcarinll 
31.322.6 Bhm "0 '10 ,,0 411.':11 1ICCOIIdary. ql)'-ilemng 
31.322.7 Bhm '" 20010260 '" 4~.87 Multiple gm. Some primary'/ 
37.322.8 Bhm 376 . 200111260 '" 43.111 ~, q.Y.bl=rin1 

"13.1.J22.Y Bh~ 
,,. 20010260 '" . 45.6\1 Multiple gen. Some primary'1 

31.322.22 Bh~ 44' 200 10 260 '" 50.41 Multiple Fn' SOlD: [lrimary'/ 
37.322.23 Bh~ 441 20010260 441 . SO.OI Mllhipie cm . .s....z primary'/ 
31.322_24 Ohm 4$0 200 10260 4~0 30.92 Multiple gcn. Sumc prim:uy"! 
37.322.15 Bhm '60 200 tu 260 460 '1.116 Multiple p.. ~ prirnmy'! 
37.322.26 ",m '90 200 lo2ttO '" 4S.I~ MultIJIlc gen. SllmC prinlllT)"/ 
31..322.27 Bhm 418 200 lu200 418 411.11 Multiple gcn. Scmc primary"/ 
37.312_211 Bhm 380 200 10 200 'SO 44.26 Multiple gcn. SllIllC primary'1 
37.312.29 Bhm 4<0 200 10260 440 4991 Multiple gcn. Sumc primary/ 
37_322.30 Bhm '1' 20010260 '1' 41.46 Multiple gm. Scmc primary'/ 
37.32L31 Bhm 420 200 1,,260 .20 47.114 Multiple gcn. Some prilIlllry"/ 
37.322.32 Bhvu .,. 20010160 '" 49.71 MultiJlIe cm. S .. mc primary'! 
60.529.6 """C2*) hm 42. 24l .20 41.114 
6(1.529.7 hVll(2") hm 4Il '" 'I' 41.27 
60.5211.11 hVll(1*) hm 407 240 401 46.71 
6O.S29.9 hVll(2o) .h ,,, '70 ,70 4'.42 (boolgcn 10 ""I'f':) 
28.113.24 LW ... 4611 1CCO>Iluy. a' uist witll brine 
2I1JOII.1 1"LV I. 33~ ,,, 
2HJ08..2 2" LV I. 340 '" 28 . .508....3 2" LV " '" '" 28.508.6 Vip (2) • 480 .SO 
28.508.7 2·LV • '" '" 6O,.S293b "I'm '10 '10 VIp(lI" rid! (2Rll) 
60 529 10 VLv('l) • .12 '12 

Appendix e, Auid inclusion data 



Sulphur isotope resuUs 

CSL No, Hydrothermal Sample Description 
S~ge 

6jUi lA lA (petro) cpy (+mICl: bm) infillofWllj3ldd ~ vein. (I-'!) 
6~69 

('559 
6527 
6567 
6549 
('543 
6519 
6562 
6531 
653] 

6522 
6520 

6321 
6530 

65'" 
6~47 

6532 

65" 
6529 
6551 

6523 
6~6R 

65" 
6536 
6556 
6550 
657] 
65fiS 
6573 

6534 
6542 
6563 
6552 
6553 
6333 
652~ 

6561 

"'" 6521\ 
6535 
6548 
6524 

"'" 6558 
6H2 

65'() 
6~46 

6557 

"" 6541 
6538 
6554 
65~5 

6539 
6570 

lA 

2A 
lA 
2B 

2C 
2C 
2C 
2C 
2C 
20 
20 
20 
20 
ID 
20 
ID 
lA 
3B 
lB 
lB 
JB 

3B 
JB 

JB 

3B 
lB 
lB 
3B 
lB 
3B 
lB 
3. 
3. ,. 

. ,. 
3. 
J. 
J. 
lB 
3. 
lB 
3B 
lC 
3C 
lC 
lB 
3. 
3C 
3C 
3C 
3C 
lC 
lA 
lA 
lA 

lA '/ cpy from runja ortb-bkl brectia: ~ su;e iafill .. d.istilICI S oo'! 

2A (petro sample) brn from blllut dyke bosted peg·OK 
2A coaJJC peg OK vein: fresb Cpy (1aJcr wlphide?) 

28 (pwu sample) cpy from smaIllll:pk vein, 

2C (petro) brn from lovely ak vein 

2C bm from Ibick Ilk vein 
2Ccpyillgk 
2C distil ('376') ~py fium distnl p.: (pctro sample) 
2C distal cpy from distal catbonalI: n:activatcd ,k fwun: 
2D bm from im.cfirown ortJu>.brn (petm 53JlIple) 
20 (petm sample) bm from bm-cpy-Oftlw clot 
ID born-epybm:c:ia: btu (2 Sampkt} 

20 oom-cpy h=ia: cpy (2 Samples) 
20 ~py from discmn .nho-cpy 
20 Ilk IlvcrpriDI. Ml»sulph: bm. DriIk:d. 
20 ,mho.,ulph cpy. DriIIcd. 
3A distal bm from distal qWIJU-act vein (pou distal gk) 

3B 3brn from sulphi iDfill thin qv: flY IItcr than the ~pylblll. (3 samples) 
38 8rn in QV 
3B distal bm from 'diua!' chi-halo stlredy qtz vein CFI wnpJe) (2 mmp/n) 

38 very hard bm from chsIic thick milk QV. (2 Samplu) 
38 ? cpy in sponar balul: balui signmure or bugoy'! (I· Uf 2-). CPetm sample) 

3B 3cpy from IUlplU iafill thin qv: py !ala: !.haD !be CPY,\)IlI. (3 umpkl) 
38 cry from nice ~Icar qv 
38 ~py from nice clear qv. Ortho margin. 

3B cpy from lbttddy qv 
38 cpy from &hreddy qv 
38 cpy infill ofpJancr qv 
3B cpy in1il1iDB clcarqv in qu:m: qv or overprint n:1a1cd1 (sample 6OIS06Bj 

38 Cpy II\lItIU hn:cda. Very tarnished. 

3B distil (pcuu) cpy from distal (chi ab) qv 
38 disu.l53f459 qv distal: cpy. Drilkd. 

38 distul cpy from 'distal' chi-halo shrcdyqu vein lA sample) (2 samples) 
38 distal cpy from distal milky qvhnay have Mlftle gypsum ill it. 
38 distal milky quuu.,!ICl qv. Cpy 
3B lovely doglouth qv (FI sample). Cpy from con: 
38 prow (pcuo umple) cpy infillinV auoc with w~ ssc ab, 

38 JKUS' 5CC clear quam qv -1at.c:r sulptooe?TlII"II cpy 
3B qv. Cpy (wn), drilled 

3B tarnisbcd 1qIy from suJphides filling shrcddy quaru vein. 
38 tunishcd cpy from shm1dyqv. 
38 vcpy from classic thick milk QV. (2 Sumputl 
3C cpy from bufu infiD. (with pyri!e n:pbcemclll) 

3C lollY in thin clear qv cuttin, bufuJqUllll 
3C tarn cpy infill in sulphide oYCt"pIimed bufulquan 
38 ilItcntiti31 u-ails oiwn p)rile 1+epy'I) in sltR:ddy quam vein CA sample) 
3B 3py fmm 5ulphi infill thin qv: py ~r than the cpylhm. (3 samples) 
3C (pclfl' sample) py filled cavity from the bufu. 
3C dist x~ diswn:stc 5ta;e catbomJte+miIk qunz vein (almost 5lBic 4). 
3C tamisllai ?py in bugoy hreccia. A Iilllllplc. 
3C {JlCtro umple).l.alc: su;c clay-artxxwe--cpy vein. Cpy (ur py'!). 
3C carbonatc-hll5tcd cpy from cby-cartJonale vein. 
!iA py from late stage fractUre Z!l1lC: mctrnnic? 
5A py. ~ stage carbon2lC vein wiIh pyand layen:d 1lIWi. 

SA 'Tite fmm come en N:tone -laIe 5la!!e mctcoruic? 

Sample Mineral Weilht ,Yield 
ID (mg) (1IIJI1!Ig) 

ll-273 

.s4-693 
49 .... 
28-S:! 

S3-882 

37-176 
37-j2 
3-142 
~3-396 

33-4~3 

28-~1O 

4-" 
4-94B 
4-94C 
28-395 
j3-834 
37-118 
33-62 

31-98B 
2H-3~2 

37-322B 
25-86 
54-665 
37-98C 
33-311 
49-479 

37-19OC 
60-348 
53-770 

60-'06 
33-251 
37-48 
B-456 

37-n2C 

49-33~ 

33-94 
25-22J 
49-704 
49-610 
28-227 
33-259 
37-139 
25-86C 
S3-68~ 

49-606 
li<j.4l, 
34-nO 

37-98P 
49-555 
60-541 

34-393 
34-256 
49_ 

49-473 
34-304 

"'-"() 

'" '" b, 

'" ,," 
b, 
b, 

'" 'pr 

'Pr 
b, 
b, 
b, 

'", 

'" b, 

cpy 
b, 
b, 
b, 

b, 
b, 

'" q>, 

'" q>, 

'Pr 

'" 'pr 

'" 'pr 

'" '" cry 

'" 'pr 
cpy 

'Pr 
'Pr 
cry 

'" 'pr 
'pr 
'pr 
cpy 

'" " " " py'! 
py'! 

'Pr 
'pr 

" " er 

8.7" 
25.1 
15.0 
15.3" 
10.0· 
17.2· 
16.1 
12.0· 
14.5" 
17.5 
16.9 
15.0 
17.9 
16.0 
162" 
18,1 

20.0" 
IU 
19.1 
8.9-
11.0· 
15.4 
16.0 
17.4 

16.1 
18.0 
,,~ 

14.7 
16.9 
16.1 
16~ 

17.2 

10.0· 

16,0 
16.7 
7.7" 
16.0 
15.9 
IR.6 

18.3 
16.3 
15.0 
16.6 
27.3 
16.1 

10.6 

'.2 
12.5 
11.5 
16.5 
17.4 
15.4 

11.7 

'.2 
10.6 

J.2 
It.O 
111.0 

".< 
21.0 
10.0 
17.2 
11.8 , .. 
142 
13.6 
14.11 
12.2 

. 19.6 
18.0 
,.< 
'.2 
'.2 

22.0 

14.4 

••• , .. 
23.0 

22.0 
23.2 
26.2 
22.0. 

20.6 
20.0 

24.8 

20.0 
14.8 
2l.8 

. 16.~ 

11.6 
22.0 •. , 
".< 
IS.K 
25.6 
23.4 

22.2 
22.2 
19.2 
25.0 
212 

15.0 

13.6 
21.0 
16.4 
18.6 
22.2 
16.R 

10.0 
14.4 
17.0 

• All sumpk used 

Del~S 

(wrt CD!) 

.J.JlI 

-1.98 
-1_45 
.2.21 

-1.15 
-0_91 

~.82 

-2.62 

·'SI 
_3.05 
.1.8, 
.l.8l 

·~99 

-3,08 
·3.47 
.,.22 
.1).71 
-2.19 

-0.73 
.l.SY 

_3.42 
.1.62 

·3.36 
~~, 

-0.19 

·3.l0 
.J.18 

·2.02 
.1.5S 

·1.93 
.2.93 

·1.93 
.,.84 
-3.72 
... .13 

·l.74 
.2.51 
.~08 

·2.61 
.2.611 

·1.72 
.0.19 

'.1.63 

·2.19 
-3.77 
.~ 

·2.45 
-0.60 

·l.76 
_1.90 
.w 
.~4J 

-4.01 

.", 

.z..11 

.1,44 

Appendix D, Sulphur isotope results 


	

