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ABSTRACT 

Northern New Brunswick and the adjacent Gaspé Peninsula of Québec host 

numerous contact metasomatic CuïAu skarn deposits commonly in proximity to small 

SiluroïDevonian intermediate to felsic stocks and/or dikes. In this region, specifically 

northern New Brunswick, skarn occurrences are principally hosted within the late 

Ordovician to early Silurian Matapédia Group, which consists of thin-bedded, dark grey 

argillaceous limestone and calcareous siltstone.  

This thesis investigated CuïAg skarn occurrences at the McKenzie Gulch (MG) 

area in northern New Brunswick by integrating field observations, petrographic, 

petrochemical, electron-probe microanalysis (EPMA), laser ablation inductively coupled 

plasma-mass spectrometry (LA-ICP-MS), fluid inclusions, geochronology (UïPb zircon 

and titanite), stable S isotopes, and radiogenic Pb isotopes with the main objective being 

to understand the petrogenesis of skarn occurrences and establish their relationship to the 

intrusive rocks. This investigation involved the evaluation of porphyry dikes that are 

spatially and temporally related to these skarn systems by examining potential parameters 

that are known to be associated with the genesis of intrusion-related deposits. These 

magmatic aspects include oxidation state of the magma, water content, PïT conditions, in 

addition to magma source characteristics, formation, petrochemistry, evolution and 

emplacement conditions. As a result, two suites of porphyry dikes were recognized in the 

MG area during this evaluation: (1) plagioclaseïhornblende (PïH), and (2) quartzï

plagioclase (QïP) porphyry suites. These Middle Devonian (386.0 ± 2.3 Ma) intrusive 

rocks are mildly oxidized, I-type granitoids with calc-alkaline affinity that range in 

composition from granodioritic to tonalitic (with few granitic), based on their 
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petrochemical features. These dikes also exhibit adakite characteristics, a geochemical 

feature that has been widely associated with many porphyry Cu (and skarn) systems.  

Petrochemical features and cathodoluminescence (CL) characteristics of quartz 

crystals from these suites of dikes suggest that two magma chambers were responsible for 

evolution of these intrusive rocks. The three types of quartz crystals with contrasting CL 

features have been attributed to at least three different environments of crystallization: 1) 

a higher temperature environment (up to 915 
o
C) as recorded by cores of phenocrysts 

with high Ti concentrations (up to 200 ppm); 2) a moderate to high temperature (Ó 700 Ò 

750 
o
C) environment as recorded by the transition zones within quartz phenocrysts and 

microphenocrysts; and 3) a low temperature environment in which groundmass quartz 

quench crystallized during hypabyssal dike emplacement. 

Studies of the mineral chemistry showed that composition of calc-silicates (i.e., 

garnets and pyroxene) have intimate relationship with the dominant metal of the 

mineralized skarns. These calc-silicate phases plot in their respective compositional fields 

of Cu-dominated skarns. The investigation conducted on fluid inclusion, geochronology, 

stable isotope, and mineralization supports field observations, which indicates that skarn 

formations at the MG area have an association with the intruding porphyry dikes and that 

this skarn is very similar to and shows no difference with the characteristics of other 

world-class, intrusion-related skarn systems. Geochronological studies based on UïPb 

zircon and hydrothermal titanite indicates a coeval relationship between mineralization 

and dikes emplacement, suggesting that mineralization in the MG area is short lived or it 

occurred near the end of magmatic-hydrothermal activity.  
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Chapter One 

General Introduction 

1.1 ï History of copper discovery in the MG area 

Copper mineralization in the McKenzie Gulch (MG) area was discovered in 1968 by a 

prospector Raoul Legacy. The prospector discovered copper-bearing float in the valley of 

the McKenzie Gulch (Derosier, 2014). Below is a list of companies and their specific 

time interval related to exploration activities in the area since its discovery.  

1.1.1 ï From 1968 to 1980 

1.1.1.1 ï Legacy copper-silver property  

Following this discovery Copperfields Mining Corporation Limited (a subsidiary of the 

Keevil Mining Group Limited) drew attention to the area and signed an option 

agreement. A diamond drilling program was begun in August 1970 to follow up 

geophysical anomalies, which resulted in the intersection of copper in the first hole, with 

values averaging 1.2% copper in 5.18 m section at a depth of 15.24 m, and a 1.43 m 

section at a depth of 30.48 m averaging 3.44% Cu. By end of October 1970, the company 

had completed 18 holes along a strike length of 115.82 m (380 feet) and a vertical depth 

of 182.88 m (600 feet). All of these holes with the exception of DDH # 9 encountered 

economic copper mineralization. The best intersection obtained was in DDH # 17, which 

returned a continuous section of 59.34 m (194.70 feet) averaging 1.22% Cu. Three 

important copper-bearing zones were encountered in this hole: 
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1) from 152.40 m to 163.68 m, averaging 3.16 % Cu over 11.28 m; 

2) from 167.64 m to 178.06 m, averaging 1.84 % Cu over 10.42 m; 

3) from 188.98 m to 202.45 m, averaging 1.22% Cu over 13.47 m. 

 

Based on these results, the Company drilled an additional 22 holes (R-19 to R-40) 

in the following year (i.e., 1971), which extended the deposit at depth to the NE.  At the 

end of this program, Copperfields Mining Corporation calculated a historical mineral 

resource estimate of 444,000 tons grading 1.6% Cu and 0.30 oz Ag (Legacy Copper 

Deposit) over a strike length of about 200 m and down to a depth of 250 m (400 000 

metric tonnes @ 1.70 % Cu and 10.29 g/T Ag); this historical mineral resource 

estimation is not in compliance with NI 43-101 standards. In the following year the 

property was optioned to Ajax Minerals Limited. 

1.1.1.2 ï Ajax Minerals Limited (1972-1975)  

Ajax Minerals Limited bored 4 drill holes with a total of 917 m (A series) on the 

Legacy deposit. No diamond drill record was submitted as assessment work at this time, 

however, the location of the holes is reported by Derosier (2014). The property again 

remained dormant for three years and finally optioned to Silver Leader Mines Ltd. 

1.1.1.3 ï Silver Leader Mines Limited (1975-1978) 

 Silver Leader Mines Ltd. acquired the Legacy property following an option 

agreement with Copperfields Mining Corporation. The property was then covered by two 

mining leases (# 1214 and # 1215) and 48 claims. A program of 5 diamond drill holes 

with a total length of 986 m was executed during summer 1976 (S-75 series). Drill hole # 
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S-75-01 intersected six mineralized zones between 317.81 m and 388.01 m and the 

results are presented in page 21 of Derosier (2014). The three other holes failed to 

intersect significant mineralization intersection; however, this drilling program did 

indicate that the favourable skarn horizon widens with depth and the copper (as well as 

silver and gold) grades also increase with depth (see Derosier, 2014). 

In 1977, Silver Leader undertook a second drilling program which consisted of 6 

holes with a total of 777.54 m. This drilling was successful in extending the limits of the 

deposit laterally, vertically and down rake to the 426.72 m level. This is about 184 m 

deeper than the volume considered in Copperfieldôs grade and tonnage estimate. The 

mineralized zone rakes easterly 50-55ę, and dips steeply north to vertical toward N 51ę E 

(magnetic) and is conformable to bedding. The results from this (1977) drilling program 

are presented in page 22 of the 2014 assessment report (see Derosier, 2014).  

The 1978 drilling campaign comprised 8 holes with a total length of 3220 m 

(Moody, 1978). This program further extended the zone down plunge to about 76.20 m 

extra. The drilling in 1978 returned similar assay results from all holes all holes, with the 

exception of DDH S-78-01 which apparently ended in the ñBlecha Faultò. No other work 

was conducted by the Keevil Mining Group or its subsidiaries after 1978.  

1.1.2 ï From 1980 to 1998 

1.1.2.1 ï Noranda Exploration Co. Ltd / Brunswick Mining and Smelting Limited 

(1989-1998)  

In 1989, Noranda Exploration Co Ltd. staked 58 claims covering the Burntland 

Lake area, south of the Legacy copper deposit (Gower and MacDonald, 1990). In 1991, 
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Norandaôs McKenzie Gulch property comprised 357 claims that were staked under 

several license dates during 1991 and regrouped into one large contiguous block. The 

claim group covers approximately 20 km of strike length of a 3 km wide belt of 

interbedded ñlimestonesò and limey clastic sedimentary rocks of the Matap®dia Group. 

Apart from the Legacy deposit, several new Cu occurrences were identified during 1990-

1991 work program comprising two styles of mineralization: 

1) A 5.0 m interval of 4.60% Cu was discovered in a trench, hosted by sheared 

and silicified ñlimestoneò; 

2) Several low- to high- grade Cu bearing garnet-diopside-magnetite-chlorite 

skarn intervals were intersected in drilling. 

 

The 1991 work program consisted of an airborne EM, magnetometer, and VLF 

surveyed (277 km) flown by Aerodat at 200 m intervals; line cutting, soil sampling, 

prospecting, dipole-dipole and gradient I.P. surveys (total of 102 km), ground 

magnetometer (107.7 km) and VLF-EM surveys followed by a trenching and drilling 

program. Significant linear Cu and Ag soil anomalies trending at 45ę and extending for a 

km are parallel to the glacial transport direction. Weak Au and As anomalies occurs 

throughout the grid. 

A total of 3,758 m of trenching targeting Cu soil anomalies with coincident IP 

anomalies was completed. The second trench excavated uncovered a 0.6 m wide zone 

containing 4.82% Cu. The 1991-92 drilling targeted bedrock Cu occurrences from the 

trenching program, as well as Cu soil anomalies with coincident chargeability anomalies. 

Twenty two (22) holes totaling 3454 m were drilled. Low grade chalcopyrite- and 
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magnetite-bearing garnet-diopside skarn units were encountered. The best interval was 

5.44 m grading 1.56% Cu. Garnet-diopside skarn thicknesses exceeding 40 m were 

encountered twice in MC-92-18, located approximately 5 km northeast of McKenzie 

Gulch (MG). Only four of the 22 drill holes are located within the limits of the present 

Murray Brook Mineralôs Legacy blocks, namely: MC-91-05, MC-91-07, MC- 91-11, and 

MC-92-20 that collectively total 396.33 m. The later hole, bored on the west bank of the 

McKenzie Gulch returned the best gold values ever obtained in the Legacy area but was 

not followed up. These Au results are not discussed in the Norandaôs assessment report; 

however, gold, silver, and copper values were identified during the digitalization of the 

diamond drill holes by Murray Brook Mineralôs (MBM) consulting geologist (Derosier, 

2014). The core of this hole is stored at the New Brunswick drill core repository located 

in Madran, New Brunswick.  

1.1.2.2 ï Raoul Legacé 

In September 1992, Raoul Legacé re-stacked the Legacy Deposit. The two claims: 

358590 and 358591 constitute the Block # 03-2242. Limited prospecting and a VLF 

survey were carried out by Lone Pine Exploration Services Ltd. on behalf of Raoul 

Legacé. A single metre long channel sample was taken across a semi-massive stockwork 

zone, which returned 10.97% Cu, 0.016% Pb, 0.15% Zn, and 81.60 g/T Ag. The VLF 

survey gave a good response over the sulfide zone. 

In 1994, one day of prospecting as well as two lines of VLF surveys were 

submitted as assessment work. Only minor mineralization was found on surface. The 

VLF lines were completed over old trenches immediately East of the Legacy Deposit. 
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Weak responses were recorded. Two ñBò horizon soil samples were collected on the VLF 

conductor ñBò but the results were negative. In 1996, Golden Bay Resources on behalf of 

Raoul Lagacé, established a 3.3 km grid over the Legacy Deposit in preparation for an 

Induced Polarization survey that was never conducted. 

1.1.2.3 ï Raudin Exploration Inc. (1997) 

In 1997, Raudin Exploration Inc. signed an option agreement with Golden Bay 

Resources for the acquisition of a 100% interest in the two claims covering the Legacy 

Deposit. A compilation of previous work report was prepared by Geo-Logic from Sainte-

Foy, Quebec. The aim of the report was to obtain a compilation of all the exploration 

work executed since the discovery of the copper mineralization and to comment on the 

economic potential of the property. The consulting firm concluded that the Legacy 

copper-silver project very likely contained a mineral resource of about 1.5 million tonnes 

at an average grade of 0.85% Cu. These resources (not compliant with NI 43-101) are 

estimated within a 10 m thick envelop that extends to a depth of 500 m. The gold and 

silver could add value to the deposit, but cannot be fully appreciated because only a few 

assays were made at the time.  

The technical report concluded that considering the width of the mineralized zone 

and its grade, it is necessary to focus the effort to increase the tonnage close to the surface 

and consider the possibility of a future extraction by open-pit. Search of the extension of 

the mineralized zone on the other side of the interpreted fault and identification of new 

zones are the priorities; however, the companyôs inability to raise exploration capital lead 

to the dropping of the exploration agreement. Because of the Brexôs fiasco, the company 
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has not been able to raise the funds necessary to the application of the recommendations 

and the development of the deposit. Consequently, the option was dropped. 

1.1.2.4 ï Period from 1998 to 2012 

From 1998 to 2009 no exploration occurred in the McKenzie Gulch area. In 2008, 

the Legacy deposit and surrounding claims were acquired by three prospectors from 

Bathurst (Mann, 2009). During the fall of 2009, a cut grid was established in preparation 

for an I.P. survey as well as a ground locating of historical drill collar casings survey. The 

exploration work was focused on the portion of the claim block immediately down-rake 

to the north-northeast of the Legacy Deposit. A 1.9 km long pole-dipole deep I.P. 

/Resistivity survey was conducted to test the continuation of the copper deposit to the 

north-northeast. This survey was able to define the continuation of the Legacy 

mineralized zone down-rake to the north-northeast for at least 195 m strike length. Two 

conductors were also identified, one on each side of the McKenzie Gulch (Mann, 2009).  

1.1.2.5 ï Murray Brook Minerals (2013 to present) 

After signing the option agreement with the three prospectors, Murray Brook 

Minerals undertook an exploration program on the Legacy Claims Block. This work was 

under the supervision of Christian Derosier Géologue-Conseil Inc. Surface work started 

with the rehabilitation of the 3 km access road leading to the Legacy Cu deposit, in order 

to permit better access by heavy equipment and crews to the site. In addition to providing 

access, this work helped to identify several old drill collars. During this work the collars 

of the 65 previous drill holes were located by GPS.  
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The 2013 exploration program included four diamond drill holes with a total 

length of 848.65 m and excavation of three (3) trenches totaling 135 m in length. The 

results obtained from trench and drill core assaying are presented in Derosier (2013, 

2014). These drill cores showed that copper and silver mineralization do not seem to 

correlate with the degree of silicification or skarnification, and suggests that tectonic 

displacement (structural control) may have played a significant role in the concentration 

or remobilization of the sulfides.  

1.1.2.6 ï 2014- Exploration program 

The 2014 exploration program comprised some drilling on the J.J. Gold Zone 

located west of McKenzie Gulch (Fig. 1.1c). Below are the major exploration activities 

conducted at the MG during the 2014 - exploration program. 

 

¶ Line cutting and surveying of a grid that covered a total strike length of 28 

km (Fig. 1.2)  

 

¶ Magnetometer survey which covered all cut and surveyed lines 

representing a total distance of 24.8 km (Fig. 1.3).  

 

¶ Induced Polarization Survey that covered a total of 20 km of all cut and 

surveyed lines. The objective of the survey was to determine chargeability 

and resistivity responses at surface and at depth on the Legacy Claim 

Block.  

 

¶ Chargeability Survey (Fig. 1.4). From the NW to the SE, the survey 

delineated six anomalous zones which are described by Derosier (2014). 
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¶ Resistivity Survey (Fig. 1.5) was conducted and roughly delineated the 

same anomalous areas as the chargeability survey.  

 

1.2 ï A review of porphyry copper-skarn systems 

1.2.1 ï Global perspective 

Porphyry Cu systems are known for their large volumes, usually 10 to more than 

100 km
3
 of hydrothermally altered rock centered on porphyry Cu stocks that may also 

have related skarn, carbonate-replacement, sediment-hosted, and high- and intermediate-

sulfidation epithermal base and precious metal mineralization (Sillitoe, 2010). Most of 

these porphyry deposits occur above subduction zones (Chiaradia, 2014; Chiaradia et al., 

2012; Gonzalez-Partida et al., 2003; Hedenquist et al., 1998; Kesler, 1997; Lee, 2014; 

Richards, 1999, 2013; Sillitoe, 2010; Sun et al., 2011; Wilkinson, 2013) in convergent 

plate margins (Cloos and Housh, 2008), with a few deposits occurring at post-collisional 

or other tectonic settings (Sillitoe, 2010). Most porphyry Cu ± Mo ± Au systems are 

initiated by injection of oxidized adakitic magma that are saturated with aqueous fluids 

and are S- and metal-rich, i.e., the parental magmas must be water rich and oxidized (see 

Ballard et al., 2002; Burnham and Ohmoto, 1980; Garrido et al., 2002; Imai, 2002; Liang 

et al., 2006; Mungall, 2002; Sillitoe, 2010; Stern et al., 2007; Sun et al., 2013). However, 

controversy remains with respect to the reason(s) why high oxygen fugacity is critical to 

the formation of porphyry deposits; how oxidized the magma must be to generate these 

deposits, whether adakitic magma compositions are essential for porphyry, and why the 

porphyry Mo deposits are commonly associated with highly oxidized magmas (e.g., Sun 

et al., 2015).   
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1.2.1.1 ï Roles of äO2 and äS2 in the formation of porphyry-skarn systems  

Oxygen fugacity (äO2) is an important geological parameter affecting the stability 

of minerals, the evolution of magmas, and ore-forming processes. Studies have indicated 

that fugacities of sulfur and oxygen in magmas play a crucial role in formation of 

porphyry Cu deposits. For example, Cu, Au and Mo are chalcophile elements, which are 

strongly controlled by the behavior and speciation of sulfur (see Sun et al., 2015). This 

suggests that the amount of residual sulfide is inversely proportional to initial Cu contents 

in primary magmas (e.g., Lee et al., 2012; Sun et al., 2004, 2013). Experiments show that 

sulfate is much more soluble than sulfide in magmas (see Beermann et al., 2011; Jugo, 

2009). Consequently, considerably more sulfur is removed in the form of sulfate under 

higher äO2 (Lee et al., 2012; Liang et al., 2009; Sun et al., 2013). Sulfides remain 

undersaturated during the evolution of oxidized magmas, such that no sulfide segregation 

is expected (Sun et al., 2012a; Sun et al., 2013). As a result, Cu, Mo and Au are 

moderately incompatible elements (McDonough and Sun, 1995; Sun et al., 2003a,b,c), 

which become increasingly enriched during the early stage of magma evolution, and 

subsequently partition into magmatic fluid during magnetite crystallization (Sun et al., 

2004, 2013).  

1.2.1.2 ï Role of äH2O in the formation of porphyry-skarn systems 

The release of water from subducting slabs (at convergent plate margins) has the 

capacity to extract soluble elements from the slab, transport and enrich those elements in 

the overlying mantle wedge, maintain high magma temperature, and promote fracturing 

in the overlying crustal rocks, (see Murphy, 2006 and references therein). The exsolution 



 

11 

 

of hydrothermal fluid from magma is essential for the formation of a porphyry copper 

deposit. Water is highly soluble in silicate magmas and a range of concentration from 

zero to saturation values is possible (e.g., Cloos, 2001). In the case of magma associated 

with porphyry systems, water content must be high enough to induce extensive fracturing 

at a depth of 1-6 km and to keep the magma buoyancy (dependent on P, T, XH2O), at 

levels sufficient for emplacement at < 4 km (e.g., Whitney, 1988; Dilles et al., 1992).  

The metal content of the magma is inversely proportional to the degree of source 

rock melting and is a function of the TïPH2O-depth relationships. At the onset of partial 

melting, the concentration of metals in the melt relative to the source rocks is high but 

decreases as melting progresses (see Dilles, 1987; Whitney, 1988; Candela, 1989). 

Experimental work has shown that melting only 20% of an average mafic-basaltic 

amphibolite containing 80 ppm copper would produce a melt with approximately 400 

ppm copper (Barnes, 1979; Burnham, 1979). This is why some experimentalists maintain 

that there is no difficulty in obtaining a copper-rich magma from an average mafic-

basaltic amphibolite (e.g., Brimhall and Crerar, 1987). 

Most Cu skarn deposits, which are generally formed in a manner similar to 

porphyry Cu systems, are associated with calc-alkaline granodiorite to quartz monzonite 

stocks emplaced in continental margin orogenic belts. These deposits occur throughout a 

broad range of geologic time from Precambrian to late Tertiary age (Einaudi et al., 1981; 

Einaudi and Burt, 1982), but most deposits of economic importance are relatively young 

and related to magmatic-hydrothermal activity associated with granitoid plutonic rocks in 

orogenic belts (Einaudi and Burt, 1982). Generally, calcic Cu skarn deposits are spatially 

associated with hypabyssal porphyry stocks of felsic (to intermediate) composition, and 
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have high garnet to pyroxene ratios, relatively oxidized assemblages (e.g., andraditic 

garnet with diopsidic pyroxene, magnetite with hematite) and moderate to high contents 

of sulfide minerals of intermediate sulfidation state (e.g., pyrite, chalcopyrite, minor 

tennantite, sphalerite; see Einaudi et al., 1981).  

Several workers (e.g., Einaudi et al., 1981) have indicated that in calcic skarn, 

early formed silicates (e.g., garnet, clinopyroxene, and wollastonite), are commonly 

zoned relative to intrusive or sedimentary contacts. For example, if wollastonite is 

present, it occurs with minor garnet, idocrase, and clinopyroxene in an outer zone, near 

marble. In general, garnets are granditic (andradite-grossularite solid solution series) with 

negligible amounts of spessartine-almandine. Clinopyroxene is typically diopsidic and 

contains 15 to 35 mole percent hedenbergite and less than a few mole percent 

johannsenite. 

Studies based on detailed field and petrographic analyses, combined with fluid 

inclusion and stable isotope studies, yield estimates of P-T-X conditions during skarn 

evolution (e.g., Einaudi et al., 1981). These studies suggested that initial skarn formation 

occurs at temperatures between 650 and 400
 o

C; higher temperatures are more 

characteristic of deeper formation (1 to 3 kb) as opposed to shallower formation (< 1 kb). 

The metasomatic fluid is characterized by low CO2 content (XCO2 less than 0.1) and 

moderate to high salinities (10 to 45 wt.% NaCl equivalent). Boiling appears to be more 

characteristic of shallower environments, but the number of studies is limited. Similar 

studies have ascribed the source of sulfur in skarn deposits to magmatic or deep-seated 

rather than shallow and/or local sources, and the source of H2O range from magmatic 
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during the early prograde skarn formation to magmatic + meteoric in the late retrograde 

skarn formation.   

1.2.2 ï Regional perspective 

Areas stretching from northern Maine through northwestern New Brunswick to 

the Gaspé Peninsula of Québec lie within the northern Appalachian porphyry-skarn 

province (Hollister et al., 1974; Hollister, 1978; Williams-Jones, 1982). The most famous 

Cu deposit in the region occurs in Mines Gaspé located at Murdochville, Gaspé 

Peninsula, Québec, which comprise of two different but genetically related kinds of 

deposits. One type is a classic porphyry Cu-Mo type, the other a skarn type. Other 

deposits in the region include the Mines Madeleine in the northwest of Mines Gaspé 

deposits and abundant polymetallic Cu-Pb-Zn-Ag-Au prospects that have been an 

exploration target over the past four decades (Fig. 1.1a).  

These deposits were discovered in 1921 and have produced more than 150 Mt of 

ore averaging 0.9% Cu (with production grades up to 3.4% Cu; Meinert et al., 2003). It 

has additional drilled resources at Porphyry Mountain of 200 Mt grading 0.73 percent Cu 

and 0.08% Mo (Hussey and Bernard, 1998). The scale of the Porphyry Mountain skarn 

system is more than 1 km in diameter and more than 800 m vertically (open at depth) for 

an aggregate volume of more than 0.8 km
3
 (Meinert et al., 2003). 

At Mines Gaspé, Lower Devonian carbonaceous silty limestone, calcareous 

siltstone, shale and minor tuff beds of the Forillon, Shiphead, and Indian Cove formations 

(Gower and Walker, 1993), were gently folded during the Acadian orogeny and intruded 

by Upper Devonian quartz monzonitic to granitic igneous bodies, namely: the Copper 
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Mountain stock and the Porphyry Mountain stock. The margins of both stocks are 

irregular, with numerous small dikes and sills intruded along bedding planes in the host 

rock sequence. Both stocks have been intensely altered by the addition of secondary K 

feldspar and biotite, and minor late quartz-sericite-pyrite (Meinert et al., 2003).  

1.2.2.1 ï Skarn alteration and mineralization at Mines Gaspé 

Proximal to the Porphyry Mountain intrusion, argillaceous limestone has been 

altered to coarse-grained, dark reddish-brown skarn, consisting of > 90 vol. % garnet, 

whereas more clastic units were altered to dark-green pyroxene hornfels (Meinert et al., 

2003). With increasing distance from the intrusion, skarn in limestone becomes more 

pyroxene rich and the calc-silicate hornfels in more clastic units becomes lighter in color. 

Iron-rich skarns formed in the most calcic units surrounding the Copper Mountain stock 

(Bell, 1951; Bell and Scott, 1954; Brummer, 1955, 1966; Allcock, 1978, 1982; Shelton 

and Rye, 1982). The skarn at Mines Gaspé was overprinted by veinlets and vein marginal 

envelopes of hydrous minerals such as amphibole, chlorite, and epidote, and are 

commonly associated with sulfide minerals. Two stages of sulfide mineralization 

followed: 1) early skarn-type replacement ore mineralization, and 2) late porphyry-type 

ore mineralization (Shelton and Rye, 1982).  

The early stage of pyrrhotite + chalcopyrite + sphalerite and minor pyrite + 

chalcopyrite mineralization is associated with the alteration of primary Ca-Fe-Mg 

igneous silicates to tremolite, epidote, and chlorite, throughout the Copper Brook aureole 

(Shelton and Rye, 1982). Early pyrrhotite + chalcopyrite + sphalerite mineralization, 

localized in faulted domal structures at Needle Mountain and Needle East (see Shelton 
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and Rye, 1982 for Figs.), formed skarn-type ore-bodies in pyroxene- and garnet-rich units 

some distance from the Copper Mountain stock.  

Late porphyry-type mineralization was centered on the Copper Mountain stock 

and includes five distinct stages of porphyry-type vein mineralization (see Shelton and 

Rye, 1982).  

1.2.2.2 ï Fluid inclusion and stable isotope studies at Mines Gaspé 

Investigations on fluid inclusion and stable isotope at the Copper Mountain 

porphyry copper deposit at Mines Gaspé have been conducted by various authors (e.g., 

Shelton and Rye, 1982; Meinert et al., 2003 and references therein). The results of these 

studies indicate a predominance of magmatic fluid, except for a relatively late, post-

mineralization influx of meteoric water (e.g., Meinert et al., 2003). Stable isotope studies 

indicate that the proximal porphyry ore at Copper Mountain formed primarily from 

magmatic fluid (see Shelton, 1983). Fluid inclusion results for skarn (Shelton, 1983) 

indicate high temperatures (Th = 334°ï506°C) and high salinities (15ï56 wt % NaCl 

equivalent; Meinert et al., 2003).  

1.3 ï Why this study is important? 

Various investigations described in the previous sections cover a range of topics 

from field relations, structural analyses, petrochemical, geochronology to fluid inclusion 

and stable isotope systematics. These investigations have successfully established the 

nature and style of metal occurrences, at Mines Gaspé and Mines Madeleine (see also 

Girard, 1971; Allcock, 1982; Williams-Jones, 1986; Procyshyn, 1987; Williams-Jones et 
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al., 1989; Wares and Brisebois, 1998; Malo et al., 2000). These investigations also 

indicate that both mines are proximal to granitic to intermediate intrusions.  

Little is known regarding the genesis of the base metal prospects in southern 

Gaspé and adjacent New Brunswick (including MG area), although some studies of those 

prospects suggest a porphyry and/or skarn affinity (Williams-Jones, 1982; Roy, 1991; 

Malo et al., 1993; Moritz et al., 1993), few have demonstrably related intrusions within 

their immediate vicinity; however, many are spatially associated with the Grand Pabos 

and Restigouche fault system (Savard, 1985; Malo et al., 1993, 2000). Felsic dike swarms 

are sporadically distributed along many of the main faults as well as their subsidiary 

structures (Doyon and Berger, 1997).  

As described above the economic potential for skarn mineralization in the 

Appalachian porphyry-skarn province (Hollister et al., 1974) is high; however, there is a 

significant absence of detail regarding the genesis of Cu-Ag skarn and related Au-bearing 

quartz-calcite vein mineralization in the MG area. This knowledge gap necessitated that 

the present study be undertaken in order to fully assess the economic potential of the MG 

area. As a result, this study started by undertaking geological mapping to fully 

appreciates and constrain field relations among lithological units at the MG area (e.g., 

intruding dikes versus skarn occurrences). This mapping program was carried out by the 

author and it covered the entire grid as well as rehabilitated tractor roads and drill pads. 

At the end of this program a geological map along with a report was produced. This map 

has been used as Figure 1.1b and in subsequent Chapters (i.e., Figs. 2.3, 3.2, 4.2 and 5.2).  

Drill core logging and trench mapping was also conducted by the author as part of 

efforts to understand skarn occurrences and related alteration and structural controls. 
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Core logging in conjuction with diamond drilling in 2014, included drilling of five (5) 

exploration holes on the J.J. Gold Zone (i.e., on Au-bearing quartz-calcite veins; 

McKenzie Gulch) with a total 650 meters. Four (4) other development holes were drilled 

on the Legacy Cu-Ag deposit with a total length of 880 meters. The total length of all DD 

holes logged during 2014 exploration programs was estimated to be 1,530 m. Samples 

from these drill cores, trenches and floats were collected for further study at the 

University of New Brunswick and other laboratories outside UNB. Table 1.1 (Appendix 

A) presents all the drill cores logged during the course of this study. This thesis will 

specifically address the following iv points by the methods outlined below: 

1.3.1 ï Methods of investigation 

To achieve the below-mentioned objectives a combination of field observation, 

petrographical, electron probe micro-analyser (EPMA), geochemical analysis (major and 

trace elements), laser ablation inductively coupled plasma mass spectrometry (LA-ICP-

MS), radiogenic isotope studies (U-Pb), fluid inclusion  and stable isotope studies were 

used to develop a paragenetic sequence for skarn and sulfide minerals, determine the 

mineral chemistry of skarn assemblages, determine the physico-chemical conditions of 

prograde and retrograde skarn forming fluids as well as sources of sulfur and metals, 

reveal the timing of igneous emplacements (U-Pb of zircon) and mineral formation (U-Pb 

of hydrothermal titanite) and resolve magma composition, formation processes and 

source material. Below is a breakdown of the objectives and how they were addressed:  
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Objective i): Tasks ï To undertake thorough studies on magma systems and their 

evolutionary processes, and how they relate to the metallogenic potential of the 

McKenzie Gulch area. This includes relating these occurrences to structural features to 

assess how these structures were involved in localization of magmatic hydrothermal 

systems and mineralization. 

Methods:  

ï Mapping (including trenches) and sampling in order to establish field relations 

among the various rock types in the MG deposit. 

ï Drill core logging of approximately 7440 m and sampling through the 

stratigraphic section to evaluate the subsurface geology of the MG deposit; a 

total of 300 samples were collected from 45 drill cores, outcrops, and trenches. 

These include 200 samples from supervisorôs archives and 100 samples collected 

by author from the Department of Energy and Resources Development (DERD), 

Madran core repository, and the McKenzie Gulch area;  

ï Petrographic analyses of polished thin sections using both transmitted and 

reflected light (to complement field observations and help to identify fresh to least 

altered samples for geochemical and geochronological studies); 

ï Electron Probe Micro-analyser (EPMA) was undertaken to elucidate the 

chemistry of dike-forming minerals (hornblende, feldspars, quartz and biotite) to 

help constrain important magmatic intensive variables such as water content, 

crystallization temperatures and redox conditions; 

ï Evaluation of whole rock geochemical data (i.e., major- and trace-element 

analysis) to understand magma composition, sources, and evolution history.  

 

Objective ii): Tasks ï To determine the absolute timing of porphyry dike 

emplacement and of sulfide formation. This will help to constrain the relationship 

between the two and provide an estimate of the longevity of the magmatic hydrothermal 
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systems at MG.  

Methods:  

ï Geochronological studies were undertaken on two suites of dikes and ore 

minerals;  

o Selected samples from intrusions were sent to Overburden Drilling 

Management (ODM) in Ottawa for heavy mineral separation; 

o UïPb dating was carried out on zircon grains mounted on epoxy by 

LA-ICP-MS at the University of New Brunswick. Hydrothermal titanite 

dating by similar isotopic system was done by LA-ICP-MS through in 

situ methods.  

 

Objective iii): Tasks ï To undertake detailed studies on prograde and retrograde 

alteration and sulfide assemblages occurring at the McKenzie Gulch area. This detailed 

information improves understanding of the metal diversity and alteration style at the 

deposit, and can be used as exploration tools to locate mineralization elsewhere;  

Methods:  

ï Petrographic investigations were conducted on representative skarn alteration 

minerals and metal sulfides and important features are documented; 

ï Electron Probe Micro-analyser (EPMA) was conducted on both prograde and 

retrograde assemblages to understand chemistry of skarn forming minerals such as 

garnet, pyroxene, amphibole, vesuvianite and epidote in order to constrain the 

variation in the physico-chemical conditions prevailing during skarn formation;  

ï The above information was also used to establish a paragenetic sequence of both 

ore (i.e., supergene and hypogene), and skarn (i.e., contact metamorphism, 

hornfels, prograde and retrograde) minerals;  

 

Objective iv): Tasks ï To undertake stable isotope and fluid inclusion studies on 
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samples from prograde skarn and hydrothermal alteration products associated with 

sulfide mineralization;  

Methods:  

ï Representative samples for S and Pb isotope studies were selected from pyrite, 

chalcopyrite, pyrrhotite, and galena from Cu-Ag skarn and Au-bearing quartz-

calcite veins; 

ï Representative samples for fluid inclusion studies were selected from prograde 

(garnet and pyroxene), retrograde (quartz and calcite), and Au-bearing quartz-

calcite veins; 

1.3.2 ï Thesis organization 

This thesis consists of six Chapters (One to Six). Out of these, four (Chapters Two 

through Five) are written as papers by Ronald Joseph Massawe and co-authored by David 

R. Lentz, and will shortly be submitted for publication. The processes are underway to 

add two more papers; one with the provisional title ñRobust hydrothermal garnet UïPb 

geochronology by 193nm LA-ICP-MSò the abstract of which was presented at 

Goldschmidt 2017 ï Conference. This paper will be co-authored by Ronald Joseph 

Massawe, Christopher R. M. McFarlane and David R. Lentz; and another paper which is 

provisionally entitled ñMass-balance analysis of CuïAg skarn mineralization at the MG 

area: Implications for carbonate dissolution and permeability evolutionò. This is co-

authored by Ronald Joseph Massawe and David R. Lentz.  

Chapter One provides a history of Cu skarn discovery and subsequent exploration 

activities in the MG area are discussed. A general introduction to skarn type deposits with 

emphasis on the deposits of the northern Appalachians, in the region and the MG area. 

Finally, the objectives and methods used to realize those objectives are presented.  
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Chapter Two discusses the petrochemical characteristics and UïPb (zircon) age of 

the two suites (i.e., plagioclaseïhornblende and quartzïplagioclase) of porphyry dikes in 

the MG area. On the basis of field relations, petrography, geochronology, and 

petrochemistry, this chapter discusses: 1) the classification of these dikes and constraints 

on their tectonic regime, 2) model for their origin, 3) magma source and evolution 

processes, 4) adakite geochemical characteristics as related to porphyry skarn Cu 

deposits, 5) magma ascent and emplacement mechanisms and related magmatic 

hydrothermal systems, 6) redox conditions as influenced by assimilation and 

contamination of wall rocks, as well as source controls, and 7) the potential of these 

magmas to produce porphyry Cu and skarn mineralization.  

Chapter Three presents an evaluation of crystallization and emplacement 

conditions of the McKenzie Gulch porphyry dikes, based on the chemistry of rock-

forming minerals, and implications for mineralization potential. Mineral chemistry 

provides an opportunity to estimate important intensive parameters (e.g., temperature, 

water content, oxygen fugacity, and fluorine-chlorine activity) prevailing during 

crystallization.  

Chapter Four complements Chapter Three and focuses on the trace element 

content and distribution, and cathodoluminescence of igneous quartz from porphyry dikes 

associated with CuïAg skarn mineralization in the MG area. This chapter also presents 

estimates on magmatic temperatures using different geothermometers and compares them 

to temperature estimates in Chapter Three.  

Chapter Five presents detailed examination of stable isotopes (S and Pb), fluid 

inclusions, mineral chemistry from prograde and retrograde skarn assemblages, and 
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geochronology (UïPb hydrothermal titanite) to estimate the age of skarn ore formation at 

MG. This chapter also suggests a genetic model for skarn evolution in the MG area, and 

compares it to other intrusion-related models. 

Chapter Six summarizes general conclusions of major findings in this study and 

outlines possible future work.  
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Figure 1.1a ï Simplified geologic map of the Québec-New England-New Brunswick sector of the northern 

Appalachians  modified from Malo et al. (2000), showing the location of study area (i.e., Fig. 1.1b). Porphyry Cu and 

Cu skarn deposits are compiled from Hollister et al. (1974), Williams-Jones (1982), Savard (1985), Malo et al. (1993), 

Lentz et al. (1995), Moore and Lentz (1996). Abbreviations: GP = Gaspé Peninsula, MG-PM = Mines GaspéïCopper 

and Porphyry Mountains, MM = Mines Madeleine, MPC = McGerrigle plutonic complex, SCS = Squaw Cap stock, SP 

= Sullipek prospect, NB = New Brunswick, NE = New England, NF = Newfoundland, NS = Nova Scotia, CBI, Cape 

Breton Island; NFL, Newfoundland S-QC = southern Québec. The northern Appalachian inset) map is comprised of 

tectonostratigraphic divisions in the Canadian Appalachians modified after Hibbard et al. (2006). 
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Figure 1.2 ï Aerial photograph with superimposed position of grid (picket lines of 25 m 

interval) and two base lines in the McKenzie Gulch area. Area ABCD is the same as Fig. 

1.1c. 
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Figure 1.3 ï Ground magnetic and residual aeromagnetic total field for the McKenzie 

Gulch area. See Figure 1.2 for grid location. 
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Figure 1.4 ï Induced polarization survey for the McKenzie Gulch area. Grid location is 

same as in Fig 1.2. 
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Figure 1.5 ï Ground resistivity survey for the McKenzie Gulch area. Grid location as in 

Fig 1.2. 
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Chapter Two 

Petrochemistry and UïPb (zircon) age of Porphyry Dikes at the McKenzie 

Gulch area, Northern New Brunswick, Canada: Implications for 

Emplacement age and Mineralization Potential 

Abstract 

North-northeast trending and steeply dipping intermediate to felsic porphyry dikes 

in the McKenzie Gulch (MG) area intrude the Upper Ordovician through Silurian 

calcareous sedimentary rocks of the Matapédia Group. The intrusive rocks are spatially 

and temporally associated with numerous copper ± silver skarn occurrences. In the study 

area, two distinct suites of dikes are recognized, namely: 1) plagioclaseïhornblende 

porphyry (PïH), and 2) quartzïplagioclase porphyry (QïP). These suites yielded UïPb 

(zircon) ages of 386.2 ± 3.1 Ma and 386.4 ± 3.3 Ma respectively, suggesting a coeval 

relationship and similar genesis despite slight geochemical and petrographical 

differences.  

Geochemical data indicate that these dikes are granodioritic to granitic to slightly 

tonalitic in composition with an I-type, volcanic-arc signature. In general, these data 

indicate a trend towards increasing SiO2 and Zr with decreasing TiO2, Al2O3, MgO, Sc, 

and V from the PïH through to the QïP porphyry. This is consistent with evolution by 

fractional crystallization of clinopyroxene, hornblende, magnetite, titanite, and 

plagioclase. Low Y and Yb concentrations and subsequent high Sr/Y and La/Yb ratios 

are adakitic geochemical signatures exhibited by the MG porphyry dikes. This signature 

is interpreted to be due to lower crustal melting and fractional crystallization (as opposed 

to partial melt of subducting oceanic slab) of minerals such as hornblende and 
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clinopyroxene (± titanite) that preferentially partition Y and HREE in the absence of 

significant plagioclase. Such conditions were achieved in water-rich (Ó 2 wt. % H2O) 

mafic to intermediate magmas due to suppression of plagioclase on the liquidus until 

after the appearance of olivine, clinopyroxene and hornblende. Geochemical 

characteristics of the MG porphyry dikes resemble the Early to Late Acadian, to Early 

Devonian plutons in GaspéïQuébec, and elsewhere in NW New Brunswick and their 

equivalents in Newfoundland. They constitute an Early to Middle Devonian calc-alkalic 

magmatic suite that has low incompatible-element contents similar to volcanic-arc rocks 

possibly because they formed from the interaction of depleted mantle magmas with a 

tectonically thickened, juvenile crust, i.e. Popelogan volcanic arc, during the terminal 

stages of the Acadian Orogeny. These geochemical (adakitic) characteristics have been 

proposed to be an important source for metals in porphyry Cu deposits and consequently 

are a target during mineral exploration in and around the MG area. 

2.1 ï Introduction  

Felsic to intermediate porphyry intrusive rocks at the McKenzie Gulch (MG) area 

are part of the voluminous Siluro ï Devonian bimodal (felsic-mafic) magmatism that 

occurs throughout the Canadian Appalachians (Whalen 1993; Wilson and Kamo 2008). 

This study presents petrochemical data and new UïPb (zircon) data that precisely 

constrain the ages of two geochemically and petrographically distinct suites of dikes 

recognized at this area, namely: 1) plagioclaseïhornblende porphyry (PïH), and 2) 

quartzïplagioclase porphyry (QïP), with the former being subdivided into: 1a) fine-

grained aplite, and 1b) an equigranular tonalite as additional textural phases. These 



 

37 

 

intrusions are spatially and temporally associated with numerous skarn occurrences in the 

area. The data presented herein are used to interpret their petrogenesis and tectonic 

setting at the time of emplacement along with their potential for porphyry and skarn 

mineralization. Field relationships and geochronological evidence indicate that the two 

suites of dikes are spatially and temporally related but do not show obvious cross-cutting 

relationships. Although generally assumed to be SiluroïDevonian (e.g. Moore and Lentz 

1996), like many other plutons in the region, the ages of these dikes were unknown prior 

to the present study. Based on geochemical characteristics these rocks had been thought 

to be similar to the Sugarloaf Porphyry (maximum age ~407.4 ± 0.7 Ma, UïPb zircon 

inferred from the overlying rhyolite; Wilson et al. 2005), Mount Squaw Cap stocks (415 

± 0.5; UïPb zircon; Wilson et al. 2004), Nicholas Dénys Granodiorite (381 ± 4 Ma; Uï

Pb zircon; Walker et al. 1991), the McGerrigle plutonic complex, (UïPb zircon age of 

391.3 ± 3.4 Ma; Whalen et al. 1991), and the Porphyry and Copper Mountain stocks at 

Mines Gaspé, Murdochville, yielded UīPb zircon ages of 384.9 Ñ 2.5 and 384.8 ± 2.8 

Ma, respectively (Stephenson et al. 1998; Simard et al. 2006). In addition, de Römer 

(1974) determined a KïAr age of 371 ± 11 Ma for Vallières-de-Saint-Réal Mountain and 

a 342 ± 10 Ma age for Hogôs Back Mountain. Therefore, the present study not only 

presents precise ages but also adds new information to models for northern Appalachian 

magmatic and tectonic evolution. 

The predominance of felsic to intermediate compositions over mafic compositions  

in this area, coupled with age data (386.3 ± 2.3 Ma) and absence of evidence for regional 

extension during this period, this study relates the MG intrusive rocks to Middle ï Late 

Devonian (395ï375 Ma) magmatism discussed by van Staal et al. (2009). This period of 
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magmatism may have been related to breakoff of the Acadian slab, which seems to have 

taken place immediately after the 400ï395 Ma docking of Meguma, rather than 

delamination or subduction of a plume as was proposed earlier (see Murphy et al. 1999). 

Moreover, the adakite geochemical characteristics of these rocks are commonly attributed 

to melting of subducted oceanic crust (e.g. Defant and Drummond 1990), but may also be 

a product of other magmatic processes such as melting-assimilation-storage-

homogenization (MASH) and assimilation-fractional crystallization (AFC) affecting 

normal arc magmas (Richards and Kerrich 2007 and references therein). Nevertheless, 

adakitic magmas are commonly associated with large-scale copper deposits in an 

extensional tectonic settings (e.g. Wang et al. 2006), and with numerous giant porphyry 

Cu deposits in subduction zone settings (Thiéblemont et al. 1997; Sajona and Maury 

1998; Oyarzún et al. 2001). 

2.2 ï Regional geology   

The voluminous Siluro-Devonian magmatism in New Brunswick, Newfoundland, 

Gaspé (Québec) and Maine (USA) are commonly associated with the Acadian orogeny 

although not all of the rocks are related to this orogeny (van Staal et al. 2009). This 

orogeny is generally attributed to accretion of Avalonia onto Laurentia (Bird and Dewey 

1970; Bradley 1983; Fig. 2.1); and can be divided into three phases of magmatism, 

namely: 1) Late Silurian ï Early Devonian (423ï416 Ma); 2) Early (416ï400 Ma) to 

Middle Devonian (Late Acadian); and 3) Middle ï Late Devonian (395ï375 Ma); (see 

van Staal et al. 2009). However, the actual start and duration of the orogenic event, 

location of the suture, and the polarity of subduction are still debated (Bradley 1983; 
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Robinson et al. 1998; Tucker et al. 2001; van Staal 2007). Nevertheless, van Staal et al. 

(2009) suggested that the polarity and timing of the Acadian orogeny, can be constrained 

by three observations: (i) geometry of Silurian arc and back-arc magmatism (442ï423 

Ma) on the trailing edge of Ganderia facing Avalonia; (ii) tectonic slivers characterized 

by 420ï416 Ma subduction related fore-arc high pressure-low temperature 

metamorphism, in southern New Brunswick (White et al. 2006); and (iii) Silurian shallow 

water shelf sedimentary rocks (Arisaig Group) deposited on Avalonia, which in-turn were 

overlain by a thick sequence of foreland basin deposits during the latest SilurianïEarly 

Devonian, due to tectonic loading of Avalonia (Waldron et al. 1996a). Therefore, 

Avalonia was the lower plate and subduction was to the west or northwest beneath 

Laurentia (van Staal et al. 2009). Interpretations made by van Staal et al. (2009) based on 

the timing of tectonic loading of Avaloniaôs leading edge suggests that the Avaloniaï

Laurentia collision had started during the Late Silurian at ca. 421 Ma in maritime 

Canada, and that this Acadian orogeny continued uninterrupted into the Early Devonian.  

The MG area occurs in the oldest part of a broad depositional belt referred to as 

the Aroostook-Matapédia Cover Sequence (Fyffe and Fricker 1987) or the Gaspé Belt 

(Bourque et al. 1995), which is underlain by clastic and subordinate calcareous 

sedimentary rocks of Upper Ordovician through Lower Silurian (Fig. 2.2). This Gaspé 

belt extends from Maine through northern New Brunswick into the Gaspé Peninsula, and 

overlies and parallels Taconian deformed Cambro-Ordovician rocks of the Dunnage 

Zone. 

The Gaspé Belt is divided into three northeast-striking tectonostratigraphic zones 

that, from northwest to southeast are: Connecticut Valley ï Gaspé Synclinorium (CVGS), 
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Aroostook ï Percé Anticlinorium (APA), and Chaleurs Bay Synclinorium (CBS) 

(Bourque et al. 1995; Fig. 2.2). The oldest rocks in the APA are late Katian to ca. 

Aeronian sedimentary rocks and include a lower siliciclastic sequence (Grog Brook 

Group) and overlying calcareous turbidite sequence (Matapédia Group) that together 

represent a gradual infilling of the (Salinic) fore-arc basin. East of the APA, the CBS is 

underlain by Aeronian to lower Lochkovian rocks of the Chaleurs Group, and Lower 

Devonian rocks of the Dalhousie and Tobique groups and Campbellton Formation 

(Wilson and Kamo 2008). The CBS comprises Silurian and Devonian rocks situated 

adjacent to the northern and western margins of the Miramichi Highlands. It is 

characterized by greater stratigraphic complexity and underwent a more complex tectonic 

evolution than either the CVGS or APA. Rocks of the CBS reveal evidence of 

transgressiveïregressive cycles, unconformities, and magmatic activity, all presumably 

related to crustal events that accompanied and followed Silurian accretion of Ganderian 

arc and back-arc terranes to the Laurentian craton farther west (Wilson et al. 2004). 

2.3 ï Deposit geology: 

The MG deposit occurs within Matapédia Group rocks along the southeastern 

flank of the Aroostook ï Percé Anticlinorium (Figs. 2.2 and 2.3). The oldest unit in the 

area is the Grog Brook Group, which is composed of silty argillite, sandstone, and 

greywacke. The Matapédia Group is separated from Grog Brook Group rocks to the 

northwest and younger Chaleurs Group rocks to the southeast by the McKenzie Gulch 

and Rocky Gulch faults, respectively. The Matapédia Group is generally composed of 

very thinly bedded, dark grey calcareous and non-calcareous siltstone with subordinate 
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volumes of limestone and has a characteristic ñribbon rockò texture, which consists of 

well-laminated interbedded limestone and calcareous argillite (Woods 1993). The 

youngest rocks in the MG area are the porphyry dikes, which intrude the Matapédia 

Group rocks. 

In the vicinity of the dikes, linear metamorphic aureoles marked by the 

development of fine-grained white marble, dark purplish grey hornfels and light green, 

calcic-hornfels and porcellinite are common. Locally the metamorphic aureoles contain 

patchy garnet ï pyroxene skarn that occurs as thick layer-parallel and discordant veins 

(Woods 1993).  CuïAg mineralization of the McKenzie Gulch deposit occurs most 

commonly within coarse-grained garnetïpyroxene skarn where it has retrograded to an 

assemblage of epidote, amphibole, chlorite, quartz, recrystallized calcite and subordinate 

vesuvianite.  

2.4 ï Field relations and dike petrology  

 Two major suites of dikes at the MG area intrude Upper Ordovician to Lower 

Silurian sedimentary rocks of the Matapédia Group, (limy argillite, calcareous shale and 

sandy limestone). The dikes are generally NE-striking (~030
o
 to 050

o
) and steeply (~85

o
 

to ~90
o
) east dipping, and range from a few cm (mostly apophyses) to few tens of m in 

width with the majority ranging from   1 to 4 m. On the outcrop scale the MG granitoids 

are commonly porphyritic and occur as dikes and apophyses that have undergone weak to 

strong hydrothermal alteration (Fig. 2.4).  

Several deformation events ranging from pre- to post-Acadian orogeny have been 

identified in the region (see Whalen 1993), but evidence of these events is absent to 
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rarely evident in the porphyry dikes. Igneous intrusive activity in the APA is restricted to 

isolated or swarms of felsic dikes along major Acadian faults (Fig. 2.2). The regional 

structural trend of the APA is northeast and so major east- to east-northeastïtrending 

dextral strike-slip faults cut this trend (Figs. 2.2 & 2.3). The emplacement of the felsic 

dikes and sills appears to have been structurally controlled since they follow this regional 

structural trend (see Malo and Pelchat, 1994; Doyon and Berger, 1997; Malo et al., 

2000). Structural domains between the major faults are moderately deformed and 

characterized by a dome and basin interference pattern resulting from two phases of 

folding (Malo and Béland, 1989). Open to gentle and upright northwest-trending F1 folds 

without associated cleavage preceded development of the regional northeast-trending F2 

folds that have a locally S2 cleavage. 

2.4.1 ï Plagioclase ï hornblende porphyry (PïH) suite 

At the micro-scale, the dikes exhibit a variety of textures ranging from aplitic, 

equigranular, seriate to porphyritic (Fig. 2.4a-c). The PïH porphyry suite consists of 

plagioclase (30ï50 vol.%), quartz (25ï35 vol.%), hornblende (2ï10 vol.%), biotite (0ï2 

vol.%) as phenocrysts or microphenocrysts, with diameters ranging from 1 to 5 mm for 

plagioclase and Ò 0.5 mm for quartz, and diameters < 0.5ï5 mm for hornblende. There 

are variable amounts of accessory minerals including magnetite, zircon, apatite, titanite, 

monazite, rutile, and ilmenite occurring as inclusions in the phenocrysts or as interstial 

phases. Minor clinopyroxene (0ï4 vol.%) is commonly euhedral to subhedral and occurs 

as aggregates and/or patches in some samples (Fig. 2.5d).  
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2.4.2 ï Quartz ï plagioclase porphyry (QïP) suite 

The QïP porphyry suite is characterized by larger, resorbed and embayed quartz 

phenocrysts (Fig. 2.5j-l), probably suggesting a slightly different crystallization and 

emplacement history relative to the PïH suite. Details of quartz texture and compositions 

are discussed and presented in Chapter Four of this thesis. Overall the QïP suite is 

similar in terms of mineralogy and texture to the PïH suite except that no visible 

magnetite or ferromagnesian silicates occur as pristine (unaltered) phases; however, 

pseudomorphs of amphiboles that have been replaced by intergrowths of chlorite and 

carbonates are ubiquitous (Fig. 2.5k). No visible biotite crystals and/or pseudomorphs are 

present in these rocks. This is likely due to strong hydrothermal alteration, but the 

possibility of its existence as a primary phase prior to alteration cannot be ruled out.  

Calcic amphibole is the most abundant ferromagnesian phase in the PïH suite. 

These amphiboles are generally euhedral to subhedral with distinct, well-developed 

zoning in some crystals, suggesting variable physicochemical conditions during 

crystallization. Amphiboles in the QïP suite are strongly altered and are commonly 

replaced by one or a combination of phases (i.e. biotite, calcite, chlorite, and/or rutile; 

Fig. 2.5k), whereas in the PïH porphyry suites amphibole is weakly to moderately altered 

(except for the inclusions which are fresh; Fig. 2.5e and g). Clinopyroxene and biotite are 

the second and third most abundant ferromagnesian silicate minerals, respectively and 

occur as euhedral to subhedral crystals ranging from ~0.2 mm to ~1 mm.  Clinopyroxene 

commonly occurs in clusters in some samples and rarely as evenly distributed grains in 

the groundmass. The preservation of clinopyroxene is due to the fact it can survive a 

strong hydrothermal alteration. Biotite is present in minor amounts and generally displays 
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reddish brown to greenish coloration indicative of oxidizing environment at the time of 

crystallization (Lalonde and Bernard 1993; Figure 2.5 a and c). In least-altered samples, 

biotite is locally to completely altered to either or a combination of chlorite, rutile, and/or 

titanite. Plagioclase occurs as phenocrysts and as a groundmass constituent and most 

commonly exhibit concentric zoning, suggesting evolving physicochemical conditions 

(Fig. 2.5 b and g). Itôs commonly weakly to strongly altered to sericite, calcite, and clay 

minerals. K-feldspar in these rocks commonly occurs as an interstial groundmass phase 

with few and rare crystals exhibiting tartan twinning a characteristic of microcline. K-

feldspar phenocrysts were not recognized in samples examined in this study, probably 

because they would have been destroyed by the strong hydrothermal alteration affecting 

the dikes. The silicate mineral assemblages of these suites, in particular the coexistence 

of K-feldspar and plagioclase, suggest that these are subsolvus granitoids formed under 

moderate to high volatile pressures.  

2.5 ï Analytical techniques  

This study is based on 100 samples collected from drill cores representing both 

the PïH and QïP porphyry suites. Polished thin sections of 100 samples were 

investigated by transmitted and reflected light microscopy. Of these 45 samples were 

selected and analyzed for major (Table 2.1) and trace-element (Table 2.2) contents (i.e., 

Appendix B). All geochemical samples were prepared by agate milling. Bulk rock 

compositions for the major element oxides and Rb, Ba, Nb, Zr, Cr, Th, U, Ce and Nd 

concentrations were determined by X-ray fluorescence (XRF) spectrometry on fused 

disks at the geochemical laboratory of the Geology Department at the University of 
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Ottawa. The other trace elements along with S and CO2 were analyzed at X-ray Assay 

Laboratories Ltd. (XRAL) of Don Mills, Ontario via the following techniques: S by Leco 

techniques; CO2 by coulometry; Bi, As, and Sb by hydride atomic absorption 

spectrometry; and Sr, Y, Ni, Co, V, Sc, Cu, La, Pb, Zn, Mo, Be, and Ag by inductively 

coupled plasma-emission spectroscopy (ICP-ES). Instrumental neutron-activation 

analysis (INAA) was done on a subset of ten samples by XRAL to determine Cs, Ta, Th, 

U, Hf, W, Br, Au, and REE. 

Data quality assessment was undertaken by submitting five (1:9 standard to 

sample ratio) in-house standard (RHY-1; Lentz 1995) for analyses along with other 

samples.  The results from these reference materials indicate that the geochemical data 

are ófit for purposeô with precision and accuracy both within 5% for major elements 

(except TiO2, MgO and CaO, which are less than 10%) and, in most cases less than 10% 

for trace elements. Values greater than 10% are typically associated with trace elements 

of very low concentration, where concentrations approach the detection limit. 

2.6 ï Geochemical characteristics 

2.6.1 ï Major elements  

Major- and trace-element analyses of least-altered samples for each of the 

intrusive phases from the MG area are presented on Tables 2.1 and 2.2, respectively. It 

should be noted that these dikes have been affected to some extent by hydrothermal 

alteration in which feldspars and ferromagnesian silicate minerals have been replaced by 

hydrous mineral phases and carbonates. These alteration effects are reflected in: (i) the 

strong positive correlation coefficient (Pearson Product; r = 0.82; Fig. 2.7h) between H2O 
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and CO2 contents suggesting that carbonatization and hydrolysis reactions were 

coincident and possibly related; (ii) the high LOI (loss on ignition) values (average 3.9%; 

Table 2.1); and (iii) the scatter in alkali-element values (K, Na; Fig. 2.7f and g). 

Nevertheless, when plotted on total alkalis versus Si diagram these dikes plot mainly in 

the granodioritic to granite and tonalite fields (Fig. 2.6a; Middlemost 1994). Both suites 

are characterized by intermediate silica composition with the PïH porphyry suite 

averaging 66.35 wt. %, whereas the QïP porphyry suite averages (68.26 wt.%; Table 

2.1). Both suites are sodic (Na2O > 4%) with low but variable K2O contents (< 2%) due 

to alkali-element exchange reactions. When plotted on the Alkali -Fe-Mg discrimination 

diagram (Fig. 2.6b), these rocks display a calc-alkaline affinity. The molecular 

Al/(Ca+Na+K) ratio for the data are quite variable (0.61ï1.15) but their average value of 

0.97 indicates that these phases are dominantly metaluminous with a few samples 

plotting in the peraluminous field (Fig. 2.6d). The scatter in this diagram and the trend 

towards Al/(Ca+Na+K) values > 1 (peraluminous field), are considered a result of alkali-

element leaching and resulting micaceous alteration, whereas Al /(Ca+Na+K) < 1 result 

from carbonatization (Ca addition).  

2.6.2 ï Trace elements  

The trace element contents of the McKenzie Gulch dikes, particularly the low Rb, 

Y, and Nb, are similar to granitoid rocks of volcanic-arc affinity (Pearce et al. 1984; 

Christiansen and Keith 1996). Although these suites have similar bulk compositions, they 

can be divided on the basis of immobile major- and trace- elements. There is a 

considerable range in the TiO2 data; the PïH porphyry and related phases have 
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consistently higher TiO2 and lower Zr/TiO2 values than the QïP porphyry (Fig. 2.7a). 

Consequently, the Zr/TiO2 ratio was chosen as the common axis with which to compare 

the distribution of the other geochemical data (Fig. 2.7 bïg). Compatibility differences 

between Zr and TiO2 during fractional crystallization make this ratio (Zr/TiO2) an 

important fractionation index (Winchester and Floyd 1977; Watson and Harrison 1983; 

Green and Pearson 1986). In general, the geochemical data exhibit a trend towards 

increasing SiO2 with increasing Zr/TiO2 consistent with increasing degree of fractional 

crystallization. 

The transition from the PïH porphyry (and its related phases) through to the QïP 

porphyry can be ascribed to a fractionation process. Specifically, as Zr/TiO2 increases 

there are decreases in TiO2, Al2O3, MgO, P2O5, Sc, V, Y, and Nb are consistent with 

fractional crystallization of clinopyroxene, hornblende, magnetite, titanite, apatite, and 

later plagioclase. TiO2, P2O5, Sc, V, and Y have strong negative correlations with 

Zr/TiO2, whereas Al 2O3, MgO, and Nb correlate weakly for both suites of porphyry dikes 

(Figs. 1.7 and 1.8).  The large ion lithophile elements K, Rb, Sr, and Ba do not correlate 

with Zr/TiO2, no doubt because of the high mobility of these elements resulting from the 

post-crystallization hydrothermal alteration that affects these rocks.  

In the QïP porphyry suite SiO2, Al2O3, and Na2O covary positively with Zr/TiO2 

even though plagioclase and quartz are liquidus phases, thus indicating fractionation of 

ferromagnesian silicates such as amphibole, biotite, clinopyroxene and titanite. This is 

supported by the negative correlations of V, Y, and Nb with Zr/TiO2, which also indicate 

hornblende, magnetite, and titanite fractionation (Shervais 1982; Green 1994), whereas 

MgO, P2O5, and Sc do not covary with Zr/TiO2.  
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The overall trends of decreasing TiO2, P2O5, Sc, and V from PïH to QïP dikes is 

consistent with the QïP porphyry being related to the PïH porphyry via fractional 

crystallization of  magnetite, titanite and apatite at depths in relatively deep magma 

chambers  (i.e. 13 to Ó 19 km as estimated from mineral chemistry). Variation in Zr, Y, 

and Nb versus Zr/TiO2 of the two suites (Fig. 2.8 c, e & f) preclude a direct parentï

daughter fractional-crystallization relationship; however, a similar geochemical affinity is 

implied with the QïP porphyry representing a more evolved end-member of this suite. 

Alternatively the two suites may represent an alternate crystallization history via different 

magma chambers during their evolution processes.  Variability in Y and Nb is further 

discussed under adakite affinity (section 1.10.2). The relatively low overall TiO2 (0.2ï0.4 

wt.%), V (20ï40 ppm), Sc (2ï5 ppm), and Nb (3ï7 ppm) contents are typical of oxidized 

calcïalkaline (I-type) magma systems, which have fractionated considerable magnetite 

and titanite (Moore and Lentz 1996). 

Rare-earth-element (REE) contents are similar for all intrusive phases and are 

characteristically low (average ×REE = 55 ppm) with steep negative slopes (average 

LaN/LuN = 18.31 ± 5.2; Fig. 2.8g) and weak positive Eu anomalies, which is atypical of 

calc-alkaline magmas (Cullers and Graf 1984). The strong negative correlation between 

Eu and CO2 (r = -0.74) and a weak positive correlation between Eu and Al2O3 (r = 0.53) 

shows that the positive Eu anomaly is magmatically derived and not caused by alteration. 

The combined effects of fractionating apatite, titanite, and hornblende, and low 

incompatible-element contents in the source magma account for the low total REE 

contents for both intrusive suites. The decrease in heavy REE (HREE) content is 

consistent with hornblende fractionation and probably hornblende and (or) garnet in the 
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source protolith (see Cullers and Graf 1984; see also adakitic characteristics section 

below).  

2.7 ï Geochronology 

2.7.1 ï Analytical methods  

Samples 15-RM-01 (quartzïplagioclase porphyry; ~1030g) and 15-RM-02 

(plagioclaseïhornblende porphyry; ~952g) were collected from the MG porphyry dikes 

and submitted for heavy mineral separation at the Overburden Drilling Management 

(ODM), in Ottawa. Prior to crushing, these samples were washed to remove possible 

exotic surface material, dried and weighed. Zircon grains from these samples were 

liberated by a combination of electro-pulse disaggregation and heavy mineral 

concentration. The clearest euhedral zircon grains were picked using a binocular 

microscope, mounted in epoxy, and polished to their centers. Backscattered electron 

imaging (BSEI) using a JEOL6400 scanning electron microscope (SEM) at the 

University of New Brunswick Microscopy and Microanalysis Facility revealed weak 

zoning between core and overgrowth, and microfractures developed at various stages of 

magma evolution including some due to high-U domains which were also noted.  

The targeted zircon grains in the mount were dated using a Resonetics Resolution 

Series M-50-LR 193 nm excimer laser ablation system coupled with an Agilent 7700x 

quadrupole ICPïMS equipped with dual external rotary pumps. These grains were 

analyzed with a crater size of 20 µm, 4 Hz repetition rate, and with a 27 s ablation time 

following 27 s of background collection. The grains were ablated with a laser fluence of 

3.5 J/cm
2
. This ablation sequence comprised up to six analyses of NIST610 and 19 
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analyses of FC-1 reference glasses throughout the sequence, and about 10 analyses of 

well-characterized UïPb age standard (Plesovice) for quality control. Ablated aerosols 

were carried out of the Laurin Technic two-volume sample cell using pure He at a flow 

rate of 750 mL/min. This was mixed with 650 mL/min of Ar carrier gas and 2.8 mL/min 

N2, which is used to enhance ionization efficiency in the ICPïMS plasma. Before 

entering the ICPïMS torch, the combined gas stream passes through a smoothing device 

(Laurin Technic ósquidô). The Agilent 7700x ICPïMS was operated at an RF power of 

1450W with ion lenses tuned to obtain < 0.3% ThO
+
/Th and U

+
/Th

+
 1.05 as measured on 

NIST610 reference glasses. One sweep of the ICPïMS quadrupole comprised a rapid 

(0.01 s) measurement of a guide mass (e.g. 
90

Zr for zircon) followed by 
204

Pb (0.08 s), 

206
Pb (0.03 s), 

207
Pb (0.07 s), 

208
Pb (0.01 s), 

232
Th (0.01 s), and 

238
U (0.02 s). This gave a 

total measurement time of ~0.25 s per sweep or ~120 measurements per 30 s ablation. 

The ICPïMS data file (data as counts/sec) and laser sequence log file were combined 

offline in Iolite v. 2.5 and ages calculated using the VizualAge UïPb geochronology data 

reduction scheme described by Petrus and Kamber (2012). The LAïICPïMS used in this 

study incorporates high-capacity (Vici Metronics) Hg traps that help reduce background 

204
Hg to <150 cps. In cases where net 

204
Pb counts were encountered within an ablation 

time series, a 
204

Pb-based common-Pb correction was applied using common-Pb 

composition estimates based on the equations given in Kramers and Tolstikhin (1997) 

(Table 2.3).  
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2.7.2 ï Results 

2.7.2.1 ï Crystallization age of the MG porphyry dikes 

Small zircons (commonly 60ï100 µm long and 20ï50 µm wide) extracted from 

samples 15-RM-01 and 15-RM-02 are slender light blue-green euhedral to slightly 

subhedral elongate prisms (2:1 to 3:1, length:width). Only a few monazite grains were 

extracted from the heavy mineral separate and these were mostly anhedral fragments. 

Internal zoning features in zircon include weak oscillatory-zoned terminations in a few 

grains with some highly resorbed and fractured crystals. The latter were avoided in 

favour of grains with clean, colorless terminations and core regions lacking visible 

inclusions. A total of 45 and 53 zircon analyses were obtained from zircon grains in the 

quartzïplagioclase and plagioclaseïhornblende samples 15-RM-01 and 15-RM-01, 

respectively and are included in the concordia diagrams (Fig. 2.9). Zircon analyses older 

than 400 Ma are interpreted to be xenocrystic in origin.  

The UïPb data for 44 analyses from quartzïplagioclase (sample 15-RM-01) and 

52 analyses from plagioclaseïhornblende (sample 15-RM-02) porphyry dikes give 

concordant, highly reproducible data. Thirteen (13) out of 44 and 22 out of 52 spots 

analyses (bolded rows), respectively for zircon from samples 15-RM-01 and 15-RM-02 

were used to calculate concordia ages. The two samples give a weighted mean 
206

Pb/
238

U 

age of 386.4 ± 3.3 Ma and 386.2 ± 3.1 Ma, respectively (Fig. 2.9; Appendix C: Table 2.3) 

and this is interpreted as the best age estimate for the MG dikes. 
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2.8 ï Discussion 

2.8.1 ï Classification and petrochemical constraints on tectonic regime  

Field, petrographical, mineralogic, and geochemical features of the MG porphyry 

dikes were used to classify these rocks and constrain their tectonic regime. The presence 

of ubiquitous calcic-amphibole, minor pyroxene, accessory magnetite, trace titanite and 

zircon in most of the dikes suggest that these rocks can be classified as Amphibole-rich 

Calc-alkaline Granitoids (ACG), based on the classification scheme of Barbarin (1999). 

In this scheme granitoids are classified on the basis of their mineral assemblages, field 

and petrographical features, and chemical and isotopic characteristics. This classification 

shares many similarities with the twenty most commonly used genetic classifications of 

granitoids. For example, both types of peraluminous granitoids are of crustal origin; the 

tholeiitic, alkaline and peralkaline granitoids are of mantle origin; and both types of calc-

alkaline granitoids are of mixed origin and involve both crustal and mantle materials. 

Each of these granitoid types is generated and emplaced in specific tectonic setting(s) at 

different stages of the Wilson cycle (Barbarin 1999). In this case the abundance and 

nature of amphiboles vary considerably from one type to another, with calcic amphibole 

becoming abundant, and pyroxene occurring in the granodiorites and tonalites. The 

abundance of calcic amphibole as a ferromagnesian phase in the MG dikes is consistent 

with experimental studies on water saturated calc-alkaline magmas that have shown that 

calcic amphiboles are the main ferromagnesian phase in the absence of olivine (see 

Grove et al. 2003). These ACG rocks are fairly common in many island arcs (Whalen 
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1985 and references therein), and generally form shallow level plutons, and are closely 

associated with volcanic rocks.  

On the Rb vs Y+Nb and Nb vs Y tectonic discrimination diagrams (Fig. 2.6 e and 

f), the MG rocks plot in the field of syn-collision and volcanic arc granitoids suggesting 

that these rocks formed in an arc setting. The Ta/Yb vs Th/Yb and Th/Ta vs Yb tectonic 

discrimination diagrams support an active continental margin tectonic setting (Fig. 2.10). 

The higher Na2O over K2O values in these rocks support the fact that they are mantleï

derived Iïtype granitoids (Esperanca et al. 1992). Collectively, the tectonic 

discrimination diagrams and geochemistry support the interpretation that the 

metaluminous to weakly peraluminous calc-alkaline magmas, which formed MG dikes, 

were generated from mixed origin involving both the upper mantle and the crustal 

material in an arc environment proximal to a subduction zone.  

2.9 ï Model for the origin  

The petrogenetic model for the origin of the MG intrusive rocks must be 

consistent with the complex history of the Appalachian orogeny. This includes the 

processes related to the Palaeozoic closure of the Iapetus and Rheic oceans, which 

resulted into the accretion of arcs, back arcs, and microcontinents to Laurentia (van Staal 

et al. 2009). Figures 2.14a and b, summarizes this complex history for the origin of 

magmatism and eventually extrusive and intrusive rocks in the region. Generation of 

these magmas, which occurred during the Acadian orogen, are associated with intra-

crustal shortening rather than regional extension and/or delamination of the lithospheric 

mantle (e.g. Dostal et al. 1989, 1993); however, emplacement of such magmas as dikes in 
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the study area might have been triggered by extensional processes caused by relaxation of 

the overriding plate at the time of slab break-off. Mafic magmas which likely supplied 

the thermal flux for the large-scale crustal melting, possibly intruded thickened crust 

during contraction, where they ponded and evolved at depth. Failure to ascend to crustal 

levels above the brittle-ductile transition may be due to the fact that the orogen was still 

under compression (e.g. van Staal et al. 2009). This hypothesis is consistent with depth 

estimates on the MG intrusive rocks (see Chapter Three), which suggest crystallization at 

depths ranging from 13.5 km to Ó 19.0 km prior to  their final emplacement as dikes at  

upper crustal levels.  This Middle ï Late Devonian Acadian magmatic pulse can possibly 

be associated with the boundary conditions imposed by the timing of separation and 

sinking of the oceanic slab that was originally attached to Avalonia (i.e. breakoff of 

Acadian slab), which would have signaled the end of the Acadian-related convergence.  

van Staal et al. (2009) related these Middle ï Late Devonian (395ï375 Ma) 

magmatism to breakoff of the Acadian slab due to: i) continuity of crustal shortening and 

lack of evidence for regional extension; ii) predominance of felsic over mafic 

compositions; and iii) the diverse signatures of granites e.g. volcanic arc granite (VAG), 

within plate granite (WPG), and syn-collisional granite (syn-COLG). This slab breakoff 

is interpreted to have occurred immediately after the 400ï395 Ma docking of the 

Meguma terrane. This interpretation is consistent with UïPb zircon ages (386.3 ± 2.3Ma) 

of the MG dikes.  If this estimate is correct the voluminous phase of syn-convergence 

Acadian magmatism (ca. 415ï395 Ma) was related to shallow or flat-slab subduction and 

a progressively widening zone of crustal shortening in the hinterland of the orogen (van 

Staal et al. 2009). Mafic rocks in New Brunswick that formed during this time period 
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exhibit calc-alkaline arc, continental tholeiite and non-arc signatures; whereas 

contemporaneous felsic rocks mostly show VAG signatures with some overlap with post-

COLG granites. This felsic magmatism exhibit elevated (La/Yb) values, which are 

indicative of formation under high-pressure metamorphism and partial melting of 

subducted fore-arc material as it entered the asthenospheric mantle wedge beneath the 

arc. The MG porphyry dikes exhibit geochemical characteristics similar to those reported 

by van Staal et al. (2009), and magmas with similar characteristics (adakitic) have been 

reported by Kay et al. (2005) to be a characteristic feature of central Chilean-Argentinian 

Andean flat subduction. 

2.10 ï Petrogenesis of the MG intrusive rocks  

2.10.1 ï Magma source and evolution processes 

Generally, the convergence of oceanic and continental lithosphere mainly 

generates abundant low-K and high-Ca calc-alkaline tonalites and granodiorites, i.e. 

amphibole-rich calc-alkaline granitoids (ACG) (Barbarin 1999), similar to the MG 

porphyry dikes. The latter exhibits a calc-alkaline trend (Fig. 2.6b), and moderate degrees 

of light rare-earth enrichment (La, Ce, Pr, Nd, Pm, Sm, and Eu; Fig. 2.8g), which may 

suggests derivation from a mantle source enriched in these elements (Murphy 2007). 

Magmas of this nature are characterized by flat heavy rare-earth (HREE) profile, which 

imply a source in the shallow (spinel lherzolite) mantle (i.e. < 50 km depth; Murphy 

2007), or can exhibit listric shaped REE pattern typical of adakitic (water-rich) magmas 

but possibly from the same (spinel lherzoliteïmantle) source.  

The MG magmas were generated mainly from the melting of the mantle wedge 
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above the subducting ocean lithosphere followed by subsequent ascent and ponding of 

these magmas at the interface between upper mantle and lower crust under a 

compressional tectonic regime. This likely occurred during closure of Iapetus Ocean, 

which involved the westward subduction of Avalonia beneath Laurentia. Upon ponding 

the magmas differentiated and mixed with crustal magmas produced by melting of the 

crust (induced by contact with large volumes of hot mafic magmas), leading to the 

development of intermediate composition calc-alkaline magmas, typical of the MG 

intrusive rocks.  

2.10.2 ï Adakite geochemical characteristics   

When plotted on Sr/Y versus Y and La/Yb versus Yb (Fig. 2.11a and b) and other 

major- and trace-element Harker diagrams (Fig. 2.12a through j), samples from the MG 

intrusive rocks plot in the adakite field. The term ñadakiteò was first used by Defant and 

Drummond (1990) following the work of Kay (1978), to refer to rocks with high 

concentrations of Sr (Ó 400 ppm) and low contents of Y (Ò 18 ppm) and Yb (Ò 1.9 ppm), 

and high Sr/Y (Ó 20) and La/Yb (Ó 20)  (i.e. high ratios of LREE to HREE). Adakite 

magmas are also characterized by high Ni (Ó 20 ppm) and Cr (Ó 30 ppm) SiO2 Ó 56 wt. 

%, Al2O3 Ó 15 wt. %, MgO commonly < 3 wt. %, and 
87

Sr/
86
Sr Ò 0.7045 compared with 

normal andesites. Kay (1978) suggested that these chemical signatures were consistent 

with an origin as partial melts of subducted, garnetiferous (i.e. eclogitized) oceanic crust, 

which had then reacted and partially equilibrated with the peridotitic asthenospheric 

mantle wedge during ascent. In this case, the intermediate bulk compositions roughly 

matched those of experimental partial melts of hydrated basalt, and it was later confirmed 
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by Rapp and Watson (1995) and references therein, that the HREE depletion (high 

La/Yb) indicated residual garnet in the source (which preferentially partitions Y and 

HREE relative to LREE); the high Sr concentrations reflected absence of residual 

plagioclase in the source (replaced by garnet and jadeitic pyroxene at high pressure, 

which do not preferentially partition Sr); and the nonradiogenic Pb and Sr isotope 

compositions precluded continental crustal contamination effects.  

However, while these magmas are commonly attributed to melting of subducted 

oceanic lithosphere (e.g. Thiéblemont et al. 1997; Sajona and Maury 1998; Oyarzún et al. 

2001), other workers have argued that not all high Sr/Y, La/Yb and low Y and Yb 

adakitic magmas need to be formed by slab melting. In support of this argument, several 

models have been proposed to account for their origin. These include: (1) crustal 

assimilation and fractional crystallization (AFC) processes from parental basaltic 

magmas (e.g. Castillo et al. 1999); (2) partial melting of mafic rocks in the lower part of a 

thickened crust (Atherton and Petford 1993; Muir et al. 1995; Petford and Atherton 

1996); (3) partial melting of delaminated lower crust (Kay and Kay 1993; Gao et al. 

2004); (4) partial melting of a stalled (or dead) slab in the mantle (Pe-Piper and Piper 

1994; Defant et al. 2002; Mungall 2002; Qu et al. 2004).  

2.10.2.1 ï Models 1 and 2: AFC processes and lower crustal melting 

Samples of the MG porphyries can be interpreted as showing a slight fractional 

crystallization trend in a plot of the compatible element Ni vs the incompatible element 

Th (Fig. 2.13a). Likewise, data plotted on the Sr/Y vs Y and La/Yb vs Yb discrimination 

diagrams suggest fractional crystallization of garnet, amphibole, clinopyroxene, titanite 
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and zircon (Figure 2.11a and b). The proposed mechanism for generating magmas with  

characteristics such as those at MG (i.e. those with elevated Sr/Y and La/Yb van Staal et 

al. 2009), is the fractional crystallization of minerals that preferentially partition Y and 

HREE in the absence of significant plagioclase fractionation. The limiting factor 

controlling plagioclase fractionation in mafic to intermediate magmas is water content; 

specifically, H2O-rich (Ó 2 wt.%) mafic to intermediate magmas suppress plagioclase on 

the liquidus until after the appearance of olivine, clinopyroxene, and hornblende (see 

Moore and Carmichael 1998; Kelemen et al. 2003). Several authors (e.g. Green and 

Pearson 1985; Rollinson 1993; Klein et al. 1997) have shown that both hornblende and 

clinopyroxene preferentially partition the HREE over LREE, although hornblende is 

more effective as it has higher HREE partition coefficients than clinopyroxene. This 

interpretation is supported by geochemical plots (e.g. Fig. 2.11a & b) and petrographic 

examination, which show the presence of ubiquitous hornblende and clinopyroxene as 

phenocrysts and in the groundmass composition of the MG dikes.  

The presence of clinopyroxene in some of these samples (e.g. CM-95-43, MC-92-

18D, 14-RM-48, MC-91-10, and MC-91-18J) suggests an early crystallization of this 

phase followed by its later reaction with the melt to form hornblende. Due to their 

hydrous and oxidized nature the MG magmas fractionated clinopyroxene + hornblende + 

zircon ± titanite, thereby preferentially partitioning middle-rare earth elements (MREE) 

and HREE (Fig. 2.8g). Fractionation of these phases generates magmas with 

progressively increasing Sr/Y and La/Yb values from sub-adakitic (normal arc magmas) 

to strongly adakitic (see Richards 2011 and references therein). Stability of hornblende in 

magmas requires a relatively high water content (H2Omelt Ó 4 wt.%; Ridolfi et al. 2010; 
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Richards 2011), consistent with water content estimates of the MG rocks which are on 

the order of ~5 wt.% (see Chapter Three). Consequently, it seems likely that hornblende 

fractionation suppressed the crystallization of plagioclase (which is known to fractionate 

Eu) resulting in early increase in Sr content, and positive Eu anomaly (avg. Eu/Eu* = 

1.45; Fig. 2.8g). This anomaly can also be a function of the extreme depletion of middle 

and heavy REE relative to LREE caused by same hornblende fractionation.  

On the other hand, the presence of inherited zircons (Fig. 2.9 & Table 2.3), and 

the diagram that plots La/Yb vs La (Fig. 2.13b), whose data are consistent with a partial 

melting trend suggests that the effects of source partial melting were equally important as 

fractional crystallization in controlling the compositional variation within the MG 

adakitic porphyries. As a result, these two processes are interpreted to be responsible for 

the evolution of the adakite magmas of the MG intrusive rocks. 

2.10.2.2 ï Models 3 and 4: Partial melting of stalled and/or delaminated slabs 

The MG magmatism is attributed to the breakoff of Avalonia slab in the northern 

New Brunswick area, western Ganderia (Fig. 2.14a & b; van Staal et al. 2009). If these 

adakitic magmas were generated by partial melting of stalled/stuck or delaminated slabs, 

then it is possible that they would have interacted with the mantle during ascent, and 

consequently they would exhibit higher MgO, Cr, Ni and Yb (see Rapp et al. 1999) for 

metabasaltic and eclogite experimental melts hybridized by peridotite). It is generally 

believed that reaction between pure slab melts and surrounding peridotite in the sub-arc 

mantle wedge results in the high Mg-number and/or MgO contents of adakites (e.g. 

Kepezhinskas et al. 1995; Stern and Kilian 1996; Rapp et al. 1999; Smithies 2000); 
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however, these same elements are low in the MG adakitic porphyry rocks. For example, 

most of the samples fall in the sub-adakite field in terms of Ni (< 10 ppm) and Cr 

(majority are < 30 ppm; Fig. 2.12g & h), decreasing the likelihood that they originated 

from a stalled or delaminated and/or subducting slabs. Nevertheless, geodynamic 

evidence for the existence of contemporaneous subduction at the time of formation of the 

MG magmas, i.e. Middle ï Late Devonian magmatism discussed by van Staal et al. 

(2009), and lower Th (< 4.5 ppm) and Th/Ce (generally < 0.2) typical of subducted slab-

derived adakites (Table 2.2), suggesting that the MG adakitic porphyries may have been 

produced by partial melting of subducted oceanic crust.   

2.10.3 ï Magma ascent and emplacement mechanisms 

Several models have been proposed for magma emplacement mechanisms, but a 

model that is becoming more prominent is that of magma being transported through the 

crust in dikes (Annen et al. 2015). Cloos and Sapiie (2013) suggested that diking is 

driven by pressure differences between the magma and the wall rock, whereas the 

diapirism is commonly driven by the density contrast between the magma and the wall 

rock. Therefore, to propagate a dike towards the surface the least compressional stress 

must be horizontal and driving force (primarily buoyancy) must be larger than resisting 

forces (Lister and Kerr 1991). The MG area is characterized by numerous and steeply 

(~85
o 

to vertical) dipping dike swarms oriented (NE), and perpendicular to the inferred 

NW directed subduction during closure of the Iapetus Ocean. These dike swarms are 

parallel to one another and may have been emplaced during the relaxation period 

associated with slab breakoff.  
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To investigate the possible ascent and emplacement mechanisms for the MG 

porphyry dikes, some components from a model developed by Burnham (1985) are 

considered. This model suggests that crystallization of granodiorite magmas (e.g. the MG 

magmas) that initially contain more than ~ 0.6 wt. % H2O will eventually lead to 

hypersolidus H2O saturation and exsolution of an aqueous fluid phase. The MG magmas 

are water rich (~ 5 wt. % H2O); therefore, exsolution of an aqueous fluid phase during 

second boiling of an H2O-saturated melt + crystals + aqueous fluid should result in an 

increase in the volume of the magma body. The magnitude of the volume increase is 

directly dependent on the initial H2O content of the magma and the deformability of the 

wall rocks, and inversely dependent upon depth (pressure). This process releases 

mechanical energy, which is expended primarily during brittle failure of wall rocks at 

depths Ò 8 to 10 km (see Burnham, 1985 and references therein). A consequence of wall 

rock failure is a decompression of both the H2O-saturated residual melts and previously 

exsolved aqueous fluid, the extent of which is at least as great as the internal overpressure 

required to cause failure. This decompression, which may be very rapid, results in further 

exsolution of aqueous fluid, expansion of previously exsolved fluid, and concomitant 

expenditure of additional PæV energy that may greatly exceed the energy expended, per 

unit mass of magma, in producing initial failure (Burnham 1985). 

As cooling and crystallization of the magma chamber continues from the walls 

and roof inward, second boiling is triggered and exsolve all of its initial H2O content, 

except for a small amount (< 0.6 wt.%) that may be structurally bound in hornblende and 

biotite at depths greater than ~2.3 km and temperatures below ~ 800
o
C (Burnham 1985). 

This process releases the maximum PæV energy resulting in the initial failure of the wall 
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rocks, which depends upon the temperature gradient in the near-roof portions of the 

magma body and the actual bulk tensile strength of the wall rocks (Burnham 1985). This 

initial failure takes the form of myriad, steeply dipping fractures that are more or less 

uniformly distributed in the roof rocks above the H2O-saturated carapace (Burnham 

1979), and may or may not display a preferred orientation i.e., perpendicular to the 

minimum principal stress direction and parallel to the maximum principal stress 

assuming no pre-existing planes of weakness such as faults (e.g. Anderson 1951). 

Development of such fractures in the MG area could have been triggered and (or) 

enhanced by tensional relaxation following slab breakoff. These fractures may extend 

downward into the marginal parts of the H2O-saturated carapace (Shaw 1980), where 

they tap fluids exsolving from interstial melt in response to decompression.  By this 

process magma transport through the lithosphere from depth takes place in dikes, which 

propagate upwards at speeds of up to a few metres per second (Burnham 1985). These 

speeds may be deduced from observations of the seismic signals associated with the 

advancing crack tip (e.g. Aki et al. 1977; Shaw 1980) or inferred from the size and 

composition of xenoliths carried by the flow (see Burnham 1985 and references therein).  

The fine-grained to aplitic textures exhibited by some of the MG porphyry dikes 

suggest that they underwent quench crystallization (low degrees of supercooling), 

possibly enhanced by vapour exsolution and depressurization (e.g. Fenn 1986; Lentz and 

Fowler 1992). Estimated depth and pressure of crystallization using hornblendeï

plagioclase barometry (see Chapter Three) for the MG porphyry dikes indicate that these 

magmas resided at depth of around 13.5 to Ó 19 km and pressure of ~ 5 kbar. Given the 

structural geology of the region, some of the pressure release due to movement along 
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large fault systems such as the McKenzie Gulch or Rocky Brook-Millstream structures 

(Fig. 2.2) canôt be ruled out because of the existing evidence for Late Silurian to Early 

Devonian movement along these fault systems in northern New Brunswick (see van Staal 

and Fyffe 1991). Nevertheless, this suggests that these magmas crystallized at these 

depths (or greater) prior to rapid emplacement as dikes which resulted in rapid cooling 

(quenching) in which hornblende phenocrysts were preserved and a fine-grained aplitic 

groundmass. This rapid injection (possibly due to fluidization) is consistent with the 

rounding and resorption of some plagioclase and most of the quartz phenocrysts (Figure 

2.5k & l ). 

2.10.4 ï Redox conditions  

The HïP porphyry suite contains a significant amount of magnetite, whereas the 

QïP porphyry suite is devoid of this phase. This may suggests that the QïP suite is a 

more fractionated derivative of the HïP suite or it might have had a different 

crystallization history in a separate magma chamber. Czamanske et al. (1981) briefly 

discussed the conditions necessary for development of magnetite-free and magnetite-

bearing granitoids and suggested that with few exceptions, most mantle-derived magmas 

are only slightly more oxidized than Quartz-Fayalite-Magnetite (QFM); if they crystallize 

in a closed system they will form a magnetite-free, ilmenite-bearing rock. If a mantle-

derived magma interacts with, and assimilates crustal material that has not undergone 

appreciable oxidation during or subsequent to intrusion, the hybrid magmas will still be 

magnetite free, but may have higher (
87

Sr/
86

Sr). Likewise, significant incorporation of 

graphite from assimilated crustal rocks will insure that derivative magmas are reduced 

and magnetite free (Czamanske et al. 1981).  
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Oxidized magmas may result from shallow emplacement of relatively reduced 

magmas, followed by devolatilization (H2O saturation) and differential loss of H2; in this 

case their (
87

Sr/
86

Sr) values will depend upon whether material has been assimilated in 

the lower crust and the age and Rb content of such material; or it may result from lower 

crustal environment if mantle-derived melts interact with materials that have been 

oxidized at the earthôs surface. Such magmas can be thought of as being intrinsically 

oxidized and rocks derived from them should show evidence of early crystallization of 

magnetite and titanite (see Czamanske et al. 1981). In addition, Miyashiro (1974) 

proposed that water derived from the subduction zone can result in oxidized melts. This 

interpretation is consistent with the early precipitation of magnetite in most calc-alkalic 

rocks.  

Petrographic examination and geochemical evaluation suggest that the magnetite-

bearing PïH porphyry suite from the MG dikes have been intrinsically oxidized due to 

the presence of early formed magnetite, and by the rare tiny titanite typically included 

within biotite, plagioclase and (or) amphibole grains. Some late magnetite and rare tiny 

titanite occur as small grains interstitial to plagioclase and amphibole, further suggesting 

oxidizing conditions during magma evolution. However, the presence of ilmenite (e.g., 

Fig. 2.5h) as an interstitial phase in some of these magnetite-bearing rocks may suggest 

both oxidized (early and dominant), and relatively reduced (late) environments. These 

reduced magmas could arise from significant interaction between the magma and host 

rocks, most likely by assimilation of graphite-bearing calcareous sedimentary rocks of the 

Matapédia Group. Thus the magnetite-bearing magma likely developed in a lower crustal 

environment where mantle-derived melts interacted with wall rocks that had previously 
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been oxidized at the Earthôs surface. Alternatively, the primary magma may have 

inherited its oxidation state from fluids derived from subducting oceanic slab and didnôt 

interact with the graphite-bearing units to reduce its oxidation state.  

The magnetite-free QïP porphyry suite is interpreted to have been derived from 

the same source (mantle followed by crustal contamination) as the PïH suite but has 

undergone significant fractional crystallization of pyroxene and magnetite. This suggests 

that all early-formed phases, e.g., pyroxene, reacted with melt to form hornblende prior to 

emplacement and crystallization as dikes. In this case compatible elements such as Fe 

were fractionally removed from the more evolved QïP porphyry melt by the crystal 

fractionation of magnetite. In addition, due to significant fractionation or its different 

fractionation history, quartz phenocrysts in the QïP porphyry are  significantly larger and 

developed textures (resorption and embayments) indicative of either disequilibrium 

conditions, or crystallization in different magma chambers followed by different 

emplacement/eruptive styles, or both (see Chapter Four). In summary the primary 

difference between these two suites is the presence or absence of magnetite, size and 

texture of quartz phenocrysts, the degree of fractionation, and the degree of alteration in 

which the QïP porphyry suite is seemingly altered than HïP porphyry suite. These 

differences can be explained by the two suites having crystallized at contrasting 

conditions such as different magma chambers.  

2.11 ï Potential for porphyry Cu and skarn mineralization  

Porphyry copper deposits are generally derived from sulfur-rich highly oxidized 

magmatic systems, with oxygen fugacities (fO2) somewhere between the nickelïnickel 
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oxide (NNO) or sulfideïsulfur oxide (SSO), and magnetiteïhematite oxygen (MH) 

buffers (Imai et al. 1993; Sillitoe 1997; Oyarzún et al. 2001; Mungall 2002). High Sr/Y 

and La/Yb ratios in the MG intrusive rocks reflect intensive variables such as pressure, 

oxidation state, temperature, and water content typical of arc magmas (e.g. Richards 

2011b). These arc magmas are commonly fertile in terms of ore metals and they tend to 

be water-rich and are commonly associated with magmatic-hydrothermal ore-forming 

systems. Their hydrous nature favours exsolution of a water-rich volatile phase upon 

emplacement and cooling in the upper crust (Burnham 1979; Richards 2011). These 

hydrothermal systems have the ability to generate economic mineralization due to its 

oxidized nature (see Blevin and Chappell 1992; Candela 1992) and ensures that the bulk 

of the sulfur dissolved in such magmas is present in oxidized form, thereby lowering the 

potential of the melt to saturate in sulfide phases. This is critical to the ability of the 

system to form a mineralizing fluid as early sulfide saturation will crystallize siderophile 

and chalcophile elements in the magma thereby precluding their incorporation into any 

evolving hydrothermal fluid (Hamlyn et al. 1985). The petrochemical characteristics 

presented above suggest that adakitic magmas derived by fractional crystallization 

processes and lower crustal melting could be just as favorable for the generation of 

porphyry Cu and skarn deposits as slab-derived adakitic magmas, provided that they 

contain the necessary ingredients for generating ore-forming hydrothermal fluids. 

Consequently, porphyry intrusive rocks of similar age with similar characteristics in 

northern New Brunswick should be investigated for their mineral potential.  
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2.12 ï Conclusions  

Middle Devonian intrusive rocks in the MG area are mostly calc-alkaline 

granodiorite with few samples having tonalite and granite compositions. They exhibit 

petrochemical features of oxidized I-type magmas generated in continental margin arc 

environment, and are similar to other Siluro-Devonian plutons in NW in New Brunswick, 

Gaspé Peninsula, and Newfoundland. 

The geochemical and geochronological (386.2 ± 3.1 Ma and 386.4 ± 3.3 Ma) 

similarities between the two suites indicate they are related to the same magmatic event. 

The Al2O3, TiO2, Sc, and V trends are generally consistent with a fractional 

crystallization of plagioclase, hornblende, and accessory minerals, such as magnetite, 

apatite, and possibly titanite. The major differences between the PïH and QïP suites are 

the presence or absence of magnetite, size and texture of quartz phenocrysts, the degree 

of fractionation (explained by crystallization in contrasting conditions such as different 

magma chambers), and the intensity of hydrothermal alteration whereby QïP suite is 

highly altered relative to PïH suite. The contemporaneous nature and petrochemical 

similarity between the two suites of dikes with the Mount Sugarloaf and Nicholas Dénys 

(Fig. 2.2) suggests that they share a similar petrogenetic history, and possibly share a 

common, or at least similar mantle source, and similar petrogenetic history with Copper 

Mountain Porphyry in Mines Gaspé.  

Mineral textures have been used to interpret possible magmatic evolution 

processes; for example abundant resorption and embayment textures in quartz 

phenocrysts may suggest local SiO2 ï undersaturation of the melt, which may be caused 

by (i) isothermal decompression due to magma ascent, or by (ii) increase in temperature 
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due to magma mixing or crystal settling, or both (e.g. Muller et al. 2003; also see Quartz-

CL imaging ï Chapter Four). Likewise, oscillatory zoning in plagioclase suggests 

dynamic magma chamber processes, i.e. abrupt changes in melt composition, brought on 

by magma replenishment of the chamber. Rapid ascent and quenching of the MG magma 

is supported by fine-grained to aplite textured groundmass common in these rocks. The 

presence of hornblende phenocrysts in these dikes requires rapid cooling of initially high 

pressure magma in order to preserve high pressure phases in a low-pressure environment. 

Consequently, it is likely that magma from which the MG dikes formed ponded at 

depth(s) of ~ 13.5 to Ó 19.0 km (~ 5 kbar) where they undergo significant fractional 

crystallization prior to rapid emplacements as dikes.  

High Sr, La, Sr/Y, and La/Yb of the MG porphyry dikes are typical of adakitic 

arc-magmas. Common upper plate magmatic processes such as assimilation-fractional-

crystallization (AFC) affecting normal arc magmas and lower crustal melting can explain 

these adakite-like chemistries. Adakitic magmas with positive Eu anomalies reflect 

hornblende + clinopyroxene (± titanite ± zircon) fractionation that suppressed early 

plagioclase fractionation in a hydrous, relatively oxidized arc magmas. As a result, 

geochemical evaluations of data from this study have associated the MG adakite intrusive 

rocks to the product of AFC processes and lower crustal melting rather than melting of 

subducting oceanic crust. However, this does not preclude slab melting which is 

commonly associated with generation of adakite-like magmas, and is supported by the 

occurrence of slab break-off at the time of magma generation (van Staal et al., 2009). 

Magmas with adakite characteristics are important source for metals in porphyry Cu 

deposits worldwide. Igneous rocks with this geochemical signature should be a target 
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during exploration for Cu in the MG area and elsewhere in northern New Brunswick and 

adjacent Québec.  
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Figure 2.1 ï Tectonostratigraphic divisions in the Canadian Appalachians modified after 

Hibbard et al. (2006) showing the location of Fig. 2.2 (red box) in Ganderia in northern 

New Brunswick. Abbreviations: NB, New Brunswick; NS, Nova Scotia; CBI, Cape 

Breton Island; NFL, Newfoundland.  
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Figure 2.2 ï Simplified geology map of the northern Chaleur Bay Synclinorium in New Brunswick 

modified from Wilson and Kamo (2008). Red stars represent porphyry and/or skarn occurrences 

associated with intrusive rock. Study area is presented in Fig. 2.3. Abbreviations: Sf, Silurian felsic; Df, 

Devonian felsic; Sdf, Silurian-Devonian felsic intrusive rocks  
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Figure 2.3 ï Geology of the McKenzie Gulch area, a) showing the location of the 

Legacy deposit with respect to other copper-silver skarn in the area. Area of (a) is 

located on Fig 1.2; and b) detailed geology of the Legacy deposit. Area of (b) is outlined 

on (a). A is modified after Gower and Walker (1993); Wilson and Kamo (2008); B 

results from this study. 
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Figure 2.4 ï Slab photographs of samples from the MG dikes: a) equigranular tonalite of 

P-H porphyry suite; b) granodiorite of P-H suite with fine grained (aplitic) texture; c) 

weakly altered granodiorite with elongate crystals of hornblende; and d) altered sample 

of Q-P porphyry suite with quartz and plagioclase phenocrysts. Green-gray coloration 

represents alteration of these rocks into sericite, chlorite, micas and carbonates. Core 

width in all is 4.6 cm.  
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Figure 2.5 ï Petrographic features of dikes from the MG area: a) through e) & g) are 

photomicrographs, whereas (f, h & i) are Backscattered Electron Imaging (BSEI) of 

plagioclase-hornblende porphyry (P-H) suite. Ferromagnesian phases labeled as 

clinopyroxene (Cpx); chlorite (Chl) replacing biotite (Bt); and hornblende (Hbl). Other 

phases in this suite include plagioclase (Plg), apatite (Ap), magnetite (Mt), ilmenite 

(Lmt), titanite (Tt), and zircon (Zr). Photomicrographs j , k and l are from quartz-

plagioclase (Q-P) porphyry suite; j  and l show resorbed quartz phenocrysts (Qtz) in fine-

grained (Fg) groundmass; whereas, k shows altered phenocrysts of plagioclase (Plg) and 

hornblende being replaced by sericite and chlorite (Chl), respectively. Field of view for 

photomicrographs is 4 mm across. 
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Figure 2.6 ï Discrimination diagrams for dikes from MG; a) Na2O+K2O versus SiO2 

diagram (fields from Middlemost 1994); b) AFM diagram field boundaries from Irvine 

and Baragar (1971); c) Na2O+K2O+CaO versus SiO2, d) Al2O3/(Na2O+K2O) versus  

Al 2O3/(CaO+Na2O+K2O). Field boundaries in c and d are from Frost et al. (2001); e) Rb 

against Y+Nb (ppm) and f) Nb against Y (ppm) tectonic discrimination diagrams. Field 

boundaries in e and f are from Pearce et al. (1984). Symbols are as in this d.  
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Figure 2.7 ï Geochemical discrimination diagrams for samples from PïH and QïP suites 

at McKenzie Gulch; a) TiO2 versus Zr/TiO2, b) Fe2O3T, c) Al2O3, d) MgO, e) SiO2, f) 

K2O and g) Na2O. h) H2O versus CO2 and i) Al2O3 versus Eu and j) CO2 versus Eu.  
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Figure 2.8 ï Geochemical discrimination 

diagrams for samples from PïH and QïP 

dikes at McKenzie Gulch; Zr/TiO2 versus 

a) P2O5, b) Sc, c) Nb, d) V, e) Y, and f) 

Zr); (g) chondrite-normalized, rare-earth 

element diagram (Normalization factors 

are from Sun 1982).  
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Figure 2.9 ï Concordia diagrams for Q-P (sample 15RM-01); and P-H (sample 15RM-02) 

porphyry dikes from the MG area. Ages were calculated using the VizualAge UïPb 

geochronology data reduction scheme described by Petrus and Kamber (2012). 
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Figure 2.10 ï Tectonic discrimination diagrams for samples from MG dikes; a) Th/Ta 

versus Yb diagram (field boundaries are from Gorton and Schandl 2000), b) Th/Hf versus 

Ta/Hf (field boundaries are from Pearce 1983), c) Th/Yb versus Ta/Yb diagram (field 

boundaries are from Pearce 1983), and d) Th versus Ta discrimination diagram (field 

boundaries are from Pearce 1983).  
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Figure 2.11: ï Scatterplots for samples from PïH and QïP dikes at the McKenzie Gulch 

area; a) Sr/Y versus Y, field boundaries from Defant and Drummond (1993), and b) 

La/Yb versus Yb, field boundaries from Castillo et al. (1999).  
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Figure 2.12: ï Geochemical discrimination diagrams for samples from PïH and QïP 

dikes at McKenzie Gulch; SiO2 versus a) Sr/Y, b) La/Yb, c) Y, d) Sr, e) Yb, f) MgO, g) 

Ni, h) Cr, i) Al2O3, j) FeO
t
. Arrows show fractionation trends defined by variations with 

increasing silica content (abbreviations: Qtz = quartz, plag = plagioclase, hbl = 

hornblende). Field boundaries are from references listed by Richards and Kerrich 2007.  
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Figure 2.13 ï Geochemical discrimination diagrams examining fractionation trends for 

samples from PïH and QïP dikes at McKenzie Gulch; a) Ni vs Th, b) and La/Yb vs La. 

Symbols as on Fig. 2.12 above. 
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Figure 2.14a ï  Tectonic models for the northern Appalachian orogen in the Silurian-Devonian 

and post-closure slab break-off-related magmatism within the Popelogan-Victoria arc (PVA) 

through to the Late Devonian: a) Salinic to Late Salinic orogeny showing the already accreted 

Popelogan-Victoria arc, amalgamation of the Brunswick Subduction Complex (BMC) and 

Ganderia; b) Devonian Acadian orogeny showing the collision of the leading-edge of Avalonia 

with composite Ganderia (including PVA and BMC); c) Accretion of Meguma, which is 

interpreted to have been accompanied by wedging and breakoff of the downgoing Rheic slab. 

Diagrams are modified after van Staal et al. (2008, 2009) and Whalen et al. (2006). Abbreviation: 

RIL; Red Indian Line, SCLM; sub-continental lithospheric mantle, VAG: volcanic-arc granitoids. 
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Figure 2.14b ï Schematic model to illustrate the emplacement of a granitic plutons and 

overlying dike swarms typical of the McKenzie Gulch area and related skarn deposits. 

The PïH and QïP porphyry suites are interpreted to have crystallized in separate magma 

chambers but from the same source. The saline aqueous fluid trapped along the roof of a 

cooling magma chamber is channeled upward along dikes. This model is a modification 

of different diagrams from Tosdal and Richards (2001). 
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Chapter Three 

Evaluation of Crystallization and Emplacement Conditions of the 

McKenzie Gulch Porphyry Dikes using Chemistry of Rock-Forming 

minerals: Implications for Mineralization Potential  

Abstract 

Electron microprobe analyses of rock-forming minerals in the MiddleïDevonian 

(386.2 ± 3.1 and 386.4 ± 3.3 Ma) intermediate to felsic intrusive rocks of the McKenzie 

Gulch (MG) area, in northern New Brunswick are used to constrain important intensive 

parameters such as fO2, temperature, pressure, water (H2Omelt) content of the magma 

during initial crystallization, and final emplacement. Biotite compositions plot just above 

the nickel-nickel oxide (NNO) buffer at fO2 values of (~ -12.22), which together with the 

presence of magnetite indicate oxidizing conditions during crystallization. When plotted 

on FeO
total
ïMgOïAl2O3 discrimination diagram biotite compositions plot on the calc-

alkaline, subduction-related field, consistent with petrochemical observations, whereas in 

terms of log(XF/XOH) versus log(XMg/XFe)  biotite plots in the moderately contaminated I-

type field, suggesting a possible interaction of these magmas with host rocks at some 

point during their  evolution.  

Pressure and temperature conditions of the magma estimated from aluminum-in-

hornblende barometry and amphiboleïplagioclase thermometry calibrations, suggest that 

hornblende phenocrysts in these rocks crystallized at temperatures between 698
o
C to 

807
o
C and pressures between 4.3 to 5.8 kbar. Depth estimates based on these pressures 

suggest that these magmas resided for some time at depths between ~13 and Ó 19 km 

prior to its final emplacement as dikes in the upper crust. The estimated water (H2Omelt) 
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content of the magmas that fed the dikes indicates that they were highly hydrous (up to ~ 

5.0 wt. %), consistent with the presence of hydrous phases such as hornblende and 

biotite. High magmatic water content is a prerequisite for the formation of magmatic-

hydrothermal ore deposits and can be used to assess the prospectivity of arc magmatic 

suites for porphyry and skarn mineralization.  

3.1 ï Introduction 

The McKenzie Gulch (MG) intermediate to felsic porphyry dikes (see Chapter 

Two) are interpreted  to be part of the MiddleïLate Devonian (395ï375 Ma) event 

responsible for voluminous and wide-spread magmatism in New Brunswick, 

Newfoundland, Gaspé and Maine (USA).  This magmatic event is commonly associated 

with the Acadian orogeny although not all rocks of this age are related to this orogeny 

(e.g. van Staal et al. 2009). These intrusions are associated with numerous occurrences of 

porphyry Cu and Cuïskarn mineralization in northern New Brunswick and the Gaspé 

Peninsula, Québec. Herein, mineral chemistry data from the MG porphyry dikes is 

presented. These data are used to estimate physicochemical conditions of crystallization 

(temperature, water content, oxygen fugacity, pressure, depth) and to assess their 

relationships with the existing Cu-Ag skarn mineralization in the study area.  

Mineral chemical equilibria are used to estimate the conditions of magmatic fluid 

evolution in porphyry copper deposits and intrusion-related gold systems (Yang and 

Lentz, 2005; Ayati et al. 2008, 2013; Panigrahi et al. 2008; Boomeri et al. 2009, 2010). 

The rationale of using mineral equilibria is the recognition that mineral assemblage and 

compositions of igneous rocks are closely related to the compositions and evolving 
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conditions of the melt during crystallization processes (see Abbott and Clarke 1979; 

Abbott 1985). Assessment of the physicochemical characteristics of magmatic rocks and 

minerals can also provide useful insights on magmatic evolution processes such as 

crystallization and emplacement depth (as estimated from pressure), temperature, fH2O, 

fO2, compositional variations of igneous rocks (Zhang et al. 2006a, 2006b; Xianwu et al. 

2009; Ayati et al. 2013), and crystallization depths (e.g., Ridolfi et al. 2010).  

3.2 ï Geological Setting 

3.2.1 ï Regional geology  

Detailed mapping, palynological studies, and some structural investigations of 

Late OrdovicianïMiddle Devonian successions in northern New Brunswick have been 

used to improve understanding of their stratigraphy and tectonic evolution (Wilson et al. 

2005 and references therein). These rocks form part of an extensive cover sequence, the 

Gaspé Belt of Bourque et al. (1995), which is floored by Early Paleozoic terranes that 

evolved within, and marginal to, the Iapetus Ocean (van Staal et al. 1998). The oldest 

rocks in northern New Brunswick belong to the Dunnage and Gander zones (Williams 

1979), that formed on the eastern Gondwanan margin of Iapetus and are collectively 

referred to as Ganderia (van Staal et al. 1998). Rocks of the Dunnage Zone are 

interpreted to be the basement to the Gaspé Belt (Fig. 3.1), on the basis of small to large 

inliers within the cover sequence. Smaller Dunnage zone inliers in New Brunswick 

include the Elmtree, Popelogan, and Oxford Brook (Fig. 3.1). The largest inlier of 

Dunnage and Gander rocks in the northern mainland Appalachians is the Miramichi 

Highlands that extends from northeastern New Brunswick to southwest into adjacent 
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Maine (Wilson and Kamo 2008).  

The Gaspé Belt extends southwestward from the eastern Gaspé Peninsula through 

northern New Brunswick and into northern and central Maine and is divided into three 

east-west striking structural zones on the basis of age and rock type (Fig. 3.1). From 

northwest to southeast, these are: the Connecticut ValleyïGaspé Synclinorium, 

AroostookïPercé Anticlinorium, and Chaleur Bay Synclinorium (Bourque et al. 1995). 

The oldest rocks are in the AroostookïPercé Anticlinorium, where upper Ordovician (late 

Katian) to Lower Silurian (middle Llandovery; Aeronian) sedimentary rocks, and include 

the lower siliciclastic (Grog Brook Group) and an overlying calcareous turbidite 

sequences (Matapédia Group) that together represents a gradual infilling of the (Salinic) 

fore-arc basin. The Matapédia Group is overlain by Lower Silurian through Middle 

Devonian rocks to the northwest and southeast (Fig 3.1). The Chaleur Bay Synclinorium 

borders the AroostookïPercé Anticlinorium to the south and east and is floored by 

Aeronian to lower Lochkovian rocks of the Chaleurs Group, which are overlain by Lower 

Devonian rocks of the Dalhousie and Tobique groups and Campbellton Formation (Fig 

3.1).  

3.2.2 ï Local geology 

The MG area is on the southeastern flank of the AroostookïPercé Anticlinorium 

(APA). The oldest rocks in this area (northwest part of Fig. 3.2) are assigned to the Grog 

Brook Group, which is dominated by silty argillite, sandstone, and greywacke. The Grog 

Brook Group is separated from younger Matapédia Group rocks to the southeast by the 

McKenzie Gulch Fault. The Matapédia Group is separated from younger Chaleurs Group 
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rocks further to the southeast by the Rocky Gulch fault (see Fig. 3.2). The Upsalquitch 

Formation gradationally overlies calcareous turbidites of the Matapédia Group (e.g., St. 

Peter 1978; Wilson et al. 2004). These are deeper water rocks, which consists of grey, 

thin-bedded, typically calcareous siltstones deposited in an upper slope to shelf 

environment. Although separated by faults these three groups (Grog Brook, Matapédia 

and Chaleurs Groups) are usually conformable in a more regional context.   

In the immediate vicinity of the MG deposit, Matapédia Group rocks consist of 

very thinly bedded, dark grey calcareous to non-calcareous siltstone with subordinate 

amounts of limestone and displays a characteristic ñribbon rockò texture, which consists 

of well-laminated interbedded limestone and calcareous argillite (Woods 1993).  

The youngest rocks in the MG area are the porphyry dikes. These dikes can be 

geochemically and petrographically divided into two suites, namely: 1) plagioclaseï

hornblende (P-H) porphyry suite (386.2 ± 3.1Ma; UïPb zircon), and 2) quartzï

plagioclase (Q-P) porphyry suite (386.4 ± 3.3Ma; UïPb zircon), with the former further 

divided into fine-grained aplite and an equigranular tonalite phases (Chapter Two). These 

dikes intrude Matapédia Group rocks (limy argillite, calcareous shale, sandy limestone) 

generally striking NE ~030
o
 to 050

o
 and dipping at ~85

o
 to ~90

o
.  The dikes range in 

thickness from few cm to few tens of m in width with the majority between 1 and 4 m 

thick. The dikes are variably affected by hydrothermal alteration forming a mixture of 

mineral phases including carbonates, micas, and clay minerals.   
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3.3 ï Analytical techniques 

Electron microprobe analyses of amphibole, biotite, plagioclase, and K-feldspar 

grains from the MG dikes was undertaken at the University of New Brunswick 

Microscopy and Microanalysis Facility, using the JEOL JXA-733 EMPA equipped with 

dSspec and dQant32 automation (Geller Microanalytical Laboratories). The instrument 

was operated with an accelerating voltage of 15 kV, and a probe current of 30 nA. 

Counting times on peaks were 30 s, except for sulfur (60 s) and high and low 

backgrounds were each counted for 15 s. Backscattered electron images were obtained 

with dPict32 (Geller Microanalytical Laboratories). Analytical accuracy was monitored 

by employing the following standards: (i) KKHBD and (ii ) MINM25-53 Kaersutite for 

amphiboles and biotite analyses; (i) PLGBYT, (ii ) ABTIB, and (iii ) OR1 for feldspars 

analyses. The concentration of the following elements, with their respective detection 

limits in brackets, were analyzed in amphibole and biotite:  Si (62 ppm), Mg (91 ppm), 

Na (110), Ti (285 ppm), Al (64 ppm), Fe (508 ppm), Ca (285 ppm), Mn (340 ppm), K (79 

ppm), Cr (149 ppm), Ba (1249 ppm), F (206 ppm), Cl (105 ppm), whereas feldspars were 

analyzed for ten elements Si (89 ppm), Mg (74 ppm), Na (116 ppm), Al (84 ppm), Fe 

(332 ppm), Ca (125 ppm), Mn (269 ppm), K (119 ppm), Sr (479 ppm), Ba (255 ppm). 

The concentrations of the elements analyzed in each mineral were converted to molar 

cation numbers standardized to the appropriate number of oxygen atoms in the mineral.  

3.4 ï Characteristics of rock-forming minerals  

Hydrothermal alteration processes associated with syn- to post- porphyry 

emplacement and CuïAg skarn mineralization has affected the porphyry dikes in the MG 
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area. Although primary rock forming minerals have been partially or completely replaced 

by secondary mineral assemblages associated with these subsolidus processes, weakly 

altered primary mineralogy is preserved locally. This section discusses the compositions 

of relatively fresh primary igneous minerals obtained by an Electron Probe Micro-

analyzer (EPMA). In all cases, the electron microprobe results were converted into molar 

amounts using conventional numbers of oxygen atoms in their formulae so that formal 

mineral compositions could be considered. The chemical characteristics of each of these 

minerals are discussed below. 

3.4.1 ï Biotite  

Relatively fresh primary igneous biotite is common in the plagioclaseïhornblende 

porphyry suite. Biotite in this suite may contain inclusions of accessory phases such as 

zircon, apatite, magnetite and ilmenite. It may also exhibit alteration along cleavages 

where it is commonly replaced by iron- and/or titanium-bearing phases such as chlorite, 

magnetite, sulfides, and ilmenite, and rutile. This biotite is characteristically green to 

greenish-brown (Fig. 3.3D-E).  

The compositional diversity of biotite in the rocks from the MG area is relatively 

low (Fig. 3.4). The results indicate that biotite is relatively high in Fe and Mg with values 

of Fe ranging from 17.04 to 21.17 wt. % and Mg ranging from 11.57 to 16.72 wt. % 

(Appendix D; Table 3.1). The relatively high Ti contents (2.22ï4.94 wt. %), together 

with high Fe and Mg might have influenced its color. However, the relationship between 

color and composition in biotite is complex and has been considered only qualitatively in 

most studies (see Lalonde and Bernard 1993). Nevertheless, studies have correlated the 
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color of biotite as observed in thin sections with concentrations of FeOtotal, MgO and 

TiO2 (e.g. Hall 1941) which concluded that high iron and titanium contents are 

responsible for the green and red colors, respectively. Results from the current study 

agree, in part, with Hallôs findings. A more detailed study similar to that of Hall (1941) 

was conducted by Hayama (1959), who compiled the colors of 96 specimens of biotite. 

He concluded that high contents of Ti are responsible for the red color and stressed that 

high Fe2O3/(FeO+Fe2O3) values cause the green color, and that Mg-contents are 

irrelevant in this respect. Another study of biotite by DePieri and Jobstraibizer (1977) 

concluded that Ti-contents are not responsible for the change from greenish brown to red 

absorption colors. They also insisted that the reduced form of Ti (Ti
3+

) may exert as much 

control on biotite color as the absolute abundance of Ti.  

Other studies concluded that red biotite is rich in Fe, has low Fe
3+

/(Fe
2+

+Fe
3+

), 

and is Ti-bearing, although total abundance of Ti need not be high (see Lalonde and 

Bernard 1993). This is a characteristic feature of reduced, generally peraluminous 

granitic rocks. On the other hand, green or greenish brown biotite is Mg-rich and has 

higher Fe
3+

/(Fe
2+

+Fe
3+

). This occurs more commonly in oxidized metaluminous granitic 

rocks. In general, red biotite is characteristic of many reduced peraluminous granites, 

whereas green or greenish brown biotite is commonly an indicator of arc-related granitoid 

suites, which is a characteristic color of biotite from the MG porphyry dikes (see Chapter 

Two). The red color appears to be caused by enrichment in both total Fe and Fe
2+

 and 

probably Ti, if present as Ti
3+

. Green biotite is enriched in Mg and Fe
3+

 (see Lalonde and 

Bernard 1993). 
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3.4.2 ï Amphibole 

Most amphibole grains analyzed as part of this study are euhedral and exhibit 

compositional zoning (dark cores and bright rims) indicative of complex and/or varying 

magmatic evolution history. These amphiboles commonly contain tiny inclusions of other 

phases e.g. apatite, rutile, zircon, epidote, ilmenite, and magnetite. Although generally 

fresh, some of the amphibole are slightly altered to chlorite on crystal margins (these 

were avoided during analyses; Fig. 3.3B-C).  

Table 3.2 (Appendix D) presents 47 spot analyses from 18 amphibole grains 

analyzed for this study. The results indicate that the compositional diversity of amphibole 

from the MG plagioclaseïhornblende porphyry dikes is relatively high, and ranges from 

tschermakite to magnesioïhornblende to minor actinolite (Fig. 3.5). All of the amphibole 

analyses are Ca-rich (up to 11.45% CaO) and Mg-rich (up to 17.25 wt.% MgO), which 

suggests crystallization from a relatively oxidized magma (Helmy et al. 2004).  

3.4.3 ï Plagioclase  

Plagioclase phenocrysts from the MG porphyry dikes exhibit oscillatory zoning, 

which may reflect abrupt changes in melt composition, temperature, and water content 

during crystallization.  Such changes may be brought on by periodic influx of magma 

into the chamber (see Murphy 2006). These plagioclase phenocrysts are commonly 

altered to sericite particularly on grain margins, whereas most groundmass plagioclase is 

completely altered to sericite and other clay minerals such as illite. The EPMA data for 

plagioclase from the MG porphyry dikes and their calculated formulae are presented on 
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Table 3.3. These phenocrysts have compositions ranging from oligoclase to andesine 

(An44-17; Fig. 3.6). 

3.4.4 ï K-feldspar  

Most of the K-feldspar examined in this study occurs as a groundmass 

component. Microprobe analysis indicates that K-feldspar is commonly replaced by clay 

minerals; however, in rare least-altered samples, it can be distinguished by its tartan 

twinning, which is typical of microcline, but microprobe analysis suggests that orthoclase 

grains are present in the groundmass.  

The EPMA compositions (wt. %) of K-feldspar in the MG intrusive rocks 

associated with CuïAg skarn mineralization are presented on Table 3.4 along with their 

calculated formulae. The results indicate that K-feldspar has relatively variable 

composition that ranges from pure orthoclase (Or95.3Ab4.7An0) to (Or80.3Ab16.9An2.8).  

These intra-intrusion variations can be ascribed to fractionation processes. 

3.5 ï Discussion  

The Matapédia Cover Sequence of northern New Brunswick contains abundant 

bimodal SiluroïDevonian plutonic and volcanic rocks that were emplaced during the 

Acadian orogenic event (Whalen 1993; Dostal et al. 1989; Yang et al. 2008; Wilson and 

Kamo 2008; Pilote et al. 2012; Moore and Lentz 1996 and references therein). Bimodal 

volcanic rocks are particularly well developed and intercalated with SiluroïDevonian 

sedimentary rocks of the Connecticut ValleyïGaspé Synclinorium i.e. in the Piscataquis 

volcanic belt in Maine (Dostal et al. 1989) and the Chaleur Bay Synclinorium (Tobique 

volcanic belt), and as bimodal subvolcanic intrusions mainly within Silurian and older 
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strata (McCutcheon and Bevier 1990). The felsic intrusions range in size from dikes less 

than 1 m wide to plutons several kilometers in diameter and have compositions ranging 

from tonalitic to granitic. These plutons are commonly amphibole (± biotite)-bearing, 

metaluminous and sodium-rich (Whalen 1993). Many workers believe these intrusions to 

have been emplaced within an extensional environment during the terminal stage of 

collision between the Laurentian and Gondwanan plates (Dostal et al. 1989; Whalen 

1993; Whalen et al. 1994; van Staal and de Roo 1995) but more specifically McCutcheon 

and Bevier (1990) argue that these intrusions are syn-tectonic and were emplaced from 

Late Silurian to Early Devonian time. 

The mineral chemical data presented above can be used to assess the 

physicochemical conditions associated with the evolution and emplacement of the MG 

porphyry dikes. Previous workers (e.g. Abbott and Clarke 1979; Abbott 1985) have 

shown that the mineral composition and the overall mineral assemblage of an igneous 

rock is closely related to the composition and changing conditions of the melt during 

crystallization processes. Therefore, the composition of certain co-precipitated minerals 

can be used to elucidate physicochemical parameters such as: (i) temperature, (ii) water 

content of the magma, (iii ) pressure and depth(s) of emplacement of magma, and (iv) 

oxygen fugacity that prevailed during crystallization of the magma. 

3.5.1 ï Temperature and pressure 

3.5.1.1 ï Hornblendeïplagioclase geothermometry  

Amphibole and plagioclase commonly coexist in calc-alkaline magmatic rocks 

and their usefulness as a geothermometer for various hornblende solid-solution models 
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based on the edenite-tremolite reaction [edenite + 4quartz = tremolite + albite; i.e. 

NaCa2Mg5Si4(AlSi3)O22(OH)2 + 4SiO2 = Ca2Mg5Si8O22(OH)2 + NaAlSi3O8] was 

assessed for a temperature range from 500ǓC to 1100ǓC (Blundy and Holland 1990).  

Initially this calibration resulted in high temperatures for some igneous compositions; 

consequently a recalibration of the geo-thermometer using the edenite-tremolite 

(thermometer A) and edenite-richterite (edenite + albite = richterite + anorthite: 

thermometer B) reactions, was conducted by Holland and Blundy (1994). These two 

thermometers perform well (± 40ǓC) in the range 400ï1000ǓC and 1ï15 kbar over a 

broad range of bulk compositions, including tschermakitic amphiboles from garnet 

amphibolites, which yielded problematic results  using the earlier geothermometer (see 

Blundy and Holland 1990). Anderson (1996) suggested that the edenite-richterite 

thermometer proposed by Holland and Blundy (1994) is preferable and gives more 

reliable temperature values than the other igneous thermometers by assuming different 

Al -in-hornblende thermometers from different plutonic rocks. In the present study we 

employ the [edenite + albite = richterite + anorthite i.e. NaCa2Mg5(AlSi3)Si4O22(OH)2 + 

NaAlSi3O8 = Na(CaNa)Mg5Si8O22(OH)2 + CaAl2Si2O8] geothermometer to calculate the 

crystallization temperature of hornblende and plagioclase from the MG dikes. These 

temperatures (T5 on Table 3.5) were calculated on a separate spreadsheet equipped with 

the calibrations, whereas T1 to T4 were calculated by using the WinAmphcal windows 

program (Yavuz 2007), and are included for comparison. The crystallization temperatures 

(T5) calculated on the basis of cogenetic amphibole and plagioclase compositions for the 

MG dikes range from 698ǓC to 807ǓC (average = 770ǓC), which lies above wet 
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granodiorite and granite solidi at 2 kbar (see Whitney 1988). These estimates are lower 

than the rest of other calibrations (see Table 3.5). Overall these values compare well to 

the apatite- and zircon-saturation temperatures calculated in Chapter Four whose average 

are 750ǓC and 745ǓC, respectively and are within error of the temperature indicated by 

the amphiboleïplagioclase geothermometer.  

3.5.1.2 ï Aluminum-in-hornblende geobarometry  

Amphibole group minerals can be used as geo-barometer and/or geo-thermometer 

in calc-alkaline igneous rocks because of their stability over a wide PïT range from 1 

kbar to 23 kbar and 400ǓC to 1150ǓC (Blundy and Holland 1990). Methods to determine 

the pressure of crystallization of hornblende have been discussed by various workers 

(Hammarstrom and Zen 1986; Hollister et al. 1987; Johnson and Rutherford 1989; 

Schmidt 1992; Anderson and Smith 1995; Anderson 1996; and Ague 1997). The essence 

of the technique is based on the fact that the aluminum concentration in amphibole 

increases with increasing pressure in the presence of a low-variance granitic phase 

assemblage (Candela 1997). The aluminum bearing exchange components responsible for 

the variation in the aluminum concentration in amphibole appear to be the edenite 

(NaAlSiï1) and Tschermak (Al2Mgï1Siï1) exchanges, which operate on the additive 

tremolite component (the pargasite component comprises equal proportions of these three 

components; see Candela 1997). Consequently, the compositional variation of amphibole 

under various pressure and temperature conditions record the oxidation state and values 

of critical magmatic intensive variables, as well as the alumina saturation of the 

solidifying magma (Ague 1989; Gualda and Vlach 2007).  Consequently, the Al content 
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of hornblende in calc-alkaline granitoids can be used to estimate the emplacement 

pressure of intermediate to felsic plutonic rocks. However, the application of this 

barometer to plutonic rocks of intermediate to felsic composition requires attention to 

several details, including the mineral assemblage (i.e. quartz + orthoclase + plagioclase + 

hornblende + biotite + FeïTi oxide + titanite), as well as an understanding of the 

temperature, and oxygen fugacity of the melt. Plagioclaseïhornblende porphyry dikes 

from the MG area meet these requirements and the calculated crystallization pressures 

based on amphibole compositions are listed in Table 3.5. This study utilized the 

calibration of Hammarstrom and Zen (1986) for crystallization pressures (P1), because 

the method has been tested with natural mineral and experimental data for pressures 

ranging from < 1 to 10 kbar (e.g. Stein and Dietl 2001 and references therein). The 

aluminum content of amphibole from MG used in geo-barometry calculations ranges 

between 1.635 and 1.942 apfu (average = 1. 783 apfu; Table 3.5).  

The results indicate that the MG dikes crystallized at pressures ranging from 4.3 

to 5.8 kbar (average = 5.0 kbar) using the calibration of Hammarstrom and Zen (1986; 

Table 3.5). Results obtained using calibrations of other workers, i.e. Johnson and 

Rutherford (1989) and Schmidt (1992) are slightly higher i.e. P2 = 4.5 to 6.2 kbar 

(average = 5.3 kbar) and P4 = 4.8 to 6.2 kbar (average = 5.5 kbar), respectively. In 

contrast results using the calibration of Hollister et al. (1987) are lower i.e. P3 = 3.5 to 4.8 

kbar (average = 4.1 kbar). Results based on the calibration of Anderson and Smith (1995)  

(P5 = ~ 4.6 kbar) take into account temperature and oxygen fugacity conditions and is 

slightly lower than P1. The calculated pressures can be used to infer emplacement depths 

based on the approach by Anderson and Smith (1995; Table 3.5). The results suggest that 
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two different magma chambers might have been responsible for the emplacement of the 

MG dikes with one at 13.5 to 16.4 km (average = 14.9 km), and another at Ó 19.2 km. 

Alternatively, only one large magma chamber with variable pressures and depths ranging 

from 13.5 to 19.2 km is possible. All these interpretations are supported by petrographic 

evidence, i.e. that amphibole phenocrysts in the MG dikes, which must have crystallized 

at deeper (see above depths) crustal levels, were subsequently emplaced as dikes at upper 

crustal levels and preserved due to rapid quenching of these dikes. The pressure 

quenching attributed to rapid ascent precluded re-equilibration of amphiboles at low 

pressure.  

3.5.2 ï Oxygen fugacity (fO2)  

Some inferences on the oxidation state of the magma can be made using the rock 

mineral assemblage and mineral chemistry (Helmy et al. 2004). The presence of biotite 

coexisting with K-feldspar, magnetite and ilmenite in the plagioclaseïhornblende 

porphyry suite provides an opportunity to assess important intensive variables such as 

fO2, temperature, and pressure conditions during magma emplacement and 

crystallization. Several studies (e.g. Wones 1980; Speer 1984; Lentz 1992, 1994; Yang 

and Lentz 2005; and Ayati et al. 2013) have used the calibration of Wones and Eugster 

(1965) to estimate the oxygen fugacity for the volcanic and subvolcanic rocks.  

Biotite is a common constituent of igneous and metamorphic rocks and 

knowledge of its stabilities and phase equilibria can aid in the determination of certain 

boundary conditions such as temperature, water content and oxygen fugacity, and 

compositional variations (Wones and Eugster 1965). Experimental work has shown that 
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biotite continuously equilibrates with the host liquid, thus the compositions of igneous 

biotite will actually reflect the magma compositions. An estimate of the fO2 of the MG 

porphyry magma was attained by calculating the Fe/(Fe + Mg) content of biotite in the 

fO2ïT space, whereby (T) represents crystallization temperatures calculated from 

plagioclaseïhornblende thermometry (Wones and Eugster 1965). The MG dikes can be 

seen to have equilibrated at oxygen fugacities of around 10
ï12.22

 bar (Fig. 3.7). These 

values suggest a higher oxidation state ~æ(NNO) during biotite crystallization.  

3.5.3 ï Implications of the fHF/fHCl, fHF/fH2O, and XMg/XFe from biotite  

By using the composition of primary igneous biotite as determined from electron 

microprobe analyses, Ague and Brimhall (1987) presented a classification scheme for 

batholitic granitic rocks. The rationale for choosing biotite is that it is widely distributed 

in granitic magmatic and hydrothermal systems, and it has complex crystal chemistry, 

with the metals Mg, Fe, Mn, Ti, and Al octahedrally coordinated to OH, F, and Cl. 

Biotite compositions, under the provision that other minerals enter into an array of useful 

equilibrium buffering relationships, relate directly to important magmatic and 

hydrothermal intensive variables such as fO2, fH2O, fHF/fHCl, and fHF/fH2O (Wones and 

Eugster 1965; Brimhall et al. 1983, 1985; Munoz 1984; Ague and Brimhall 1987).  

 Based on the biotite compositions determined from analyses of the MG porphyry 

dikes, mole fractions of Mg, Fe, OH, F, and Cl, were calculated on the basis of the 

revised equations of Munoz (1992) see Table 3.1. These results were used to plot 

log(XF/XOH) versus log(XMg/XFe) (Fig. 3.8) and used as a classification criteria for the 

MG dikes because these variables reflect the fO2 and fHF/fH2O conditions of biotite during 
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crystallization (see Ague and Brimhall 1988). The rationale of using these variables is the 

fact that, in the biotite structure, F and OH are the primary substitutional anions in the 

hydroxyl site, whereas Mg and Fe are the predominant elements in octahedral sites (Ague 

and Brimhall 1988). On this diagram (Fig. 3.8), porphyry dikes from the MG area plots 

on the I-WC type (weakly contaminated I-type) field suggesting that their source magma 

interacted with crustal material during magma evolution. Here the term contamination is 

used to refer to interactions of mafic I-type magmas (derived from the upper mantle, deep 

crust, or subducted slabs) with continental crustal source components (which may have 

variable characteristics), by such processes as partial melting, magma mixing, and 

assimilation.  

The log(XF/XCl) versus XMg discrimination diagram (Figure 3.9) is used to 

examine the interaction of biotite with subsolidus hydrothermal fluids; XF and XCl are the 

mole fractions of F and Cl, respectively on the hydroxyl site, whereas XMg represent the 

mole fraction of Mg on the octahedral site. Biotite from the MG dikes has high XMg 

expressed as Mg (0.43 ï 0.57; Table 3.1), and likely equilibrated with a fluid of relatively 

low log(fHF/fHCl)  i.e. -2.3 ~ -1.5) at 400
o
C.  

3.5.4 ï Estimation of water contents  

The H2O content of magma depends primarily upon the initial H2O content in the 

melt as it leaves the source region, and the degree of anhydrous mineral crystallization 

along the sidewalls during transit or residence in a chamber (Cloos 2001). Additional 

factors that increase or decrease H2O content are wall rock assimilation and magma 

mixing. Nevertheless, estimates for initial H2O content in primary arc magmas typically 
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range from 1 to 3 wt. % (Sobolev and Chaussidon 1996), but may reach 6 to 8 wt. % in 

some primitive arc basalts (see Wallace 2005; Kelley et al. 2010; Richards 2011). The 

reasons for this variability may reflect factors such as the rate and degree of subduction 

and degree, and the rate of devolatilized from the down-going slab (van Keken et al. 

2011; Richards 2011), subduction of sea-floor anomalies such as aseismic ridges, 

seamounts, or fracture zones (e.g. Cooke et al. 2005; Rodríguez et al. 2007; Parman et al. 

2011; Richards 2011), or location of magmatism relative to the main arc axis (Wallace 

2005). Initially water poor magmas may evolve toward more hydrous compositions by 

fractionation of anhydrous silicate minerals (Wallace 2005; Richards 2011). Therefore, 

while not all arc magmas may be sufficiently hydrous to efficiently form magmatic-

hydrothermal systems upon emplacement in the upper crust, a variety of tectonic and 

magmatic processes can be envisaged that might generate such high magmatic water 

contents (Richards 2011). 

Evidence for high magmatic water content in fertile, hydrous magmatic suites is 

the presence of amphibole and/or biotite phenocrysts, or pseudo-morphs of these phases 

i.e. hornblende phenocrysts commonly break down at low pressures (Browne and 

Gardner 2006; Ridolfi et al. 2010; Richards 2011). Experiments conducted by Rutherford 

and Devine (1988) indicate that the minimum water concentration in the melt needed to 

stabilize hornblende at T=750°C, partial pressure of water equal to total pressure, and f 

O2=NNO + 1, is on the order of 4ï4.5 wt. %, or water vapor pressures of 100ï140 MPa.  

Several lines of evidence support the interpreted hydrous nature of the MG 

magma prior to its final emplacement (see the SEM photomicrographs; Fig. 3.3 and 

Chapter One). Burnham (1979) and Holtz et al. (2001) suggested that water solubility in 
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felsic melts is a function of P, T, X and water activity, and can be estimated using the 

methodology developed by Holtz et al. (2001). Thus, by using average calculated 

crystallization temperatures (~ 770
o
C) and the average pressure of formation (~ 5.0 kbar) 

obtained by using Al in hornblende, the minimum water content of the melt which 

formed the MG dikes is estimated to be approximately 5 wt % (Fig. 3.10). This is 

consistent with the presence of hydrous phases such as amphibole and biotite, and is the 

simplest first-order indicator of the prospectivity of any magmatic arc suite for porphyry 

and skarn mineralization.  

3.5.5 ï Conclusions and implications for mineral exploration 

Most of the porphyry Cu ± Mo ± Au deposits are genetically related to 

intermediate to felsic calc-alkaline magmas in volcano-plutonic arcs associated with 

active subduction zones (Sillitoe and Hedenquist 2003; Richards 2009). They are directly 

linked to the petrogenesis of arc magmas, and derive their fundamental characteristics 

(e.g. relatively high oxidation state, and enrichments in alkalies, S, Cl, H
2
O, and some 

metals) from subduction processes (Richards 2009). Generally arc magmas are formed by 

partial melting of the metasomatized wedge of asthenospheric mantle between the down-

going oceanic crust and overriding oceanic or continental crust (Ringwood 1977; 

Richards 2009; Ayati et al. 2013). This type of hydrous basaltic magma evolves and 

interacts with the upper plate lithosphere to generate a hybrid andesitic magma, 

characterized by relatively high oxidation states (typically ~2 log f O2 units > Quartz-

Fayalite-Magnetite (QFM) buffer), and high (Ó 4 wt. %), water contents (Richards 2003, 

2009; Ayati et al. 2013) due to the release of fluids and/or melts from the subducting 
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oceanic slab (Tatsumi 1989; Peacock 1993; Arculus 1994). The high oxidation states and 

water content of magmas control the behavior of sulfur and metal partitioning into the 

fluid phases and are critical for the generation of magmatic-hydrothermal Cu ± Au 

deposits (Richards 2005, 2009; Candela and Holland 1984; Ayati et al. 2013). 

Consequently, oxidation state and water content play an important role in assessing the 

potential of an arc magmas to form ore deposits (e.g. Candela 1992; Mungall 2002; 

Richards 2003, 2005; Xianwu et al. 2009; Ayati et al. 2013). 

Rock forming silicate minerals such as feldspar, biotite, and amphibole from 

Middle Devonian (386.2 ± 3.1Ma) intermediate to felsic dikes in the MG area, were 

examined in this study. These phases exhibit variable petrochemical characteristics, 

suggesting a complex petrogenetic history as evidenced by textures such as zoning, 

resorption and embayment, and by intensive variables including pressure, temperature, 

fO2, fH2O, and fHF/fHCl recorded during magma emplacement and crystallization 

processes.   

Chemical compositions of primary igneous biotite suggest that this mineral 

equilibrated under relatively high fO2 (~10
ī12.22

 bar) conditions supporting an oxidized 

source magma for these rocks. This is supported by the presence of magnetite as 

inclusions in phenocrysts and as interstial phases in fresh plagioclaseïhornblende 

porphyry which require a minimum fO2 of fayalite-magnetite-quartz oxygen buffer 

(Vigneresse 2007). In addition, the biotite composition (Fig. 3.11) from the MG dikes 

plot in the field of calc-alkaline subduction-related magmas, consistent with 

petrochemical evidence presented in Chapter Two.  
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Aluminum-in-hornblende barometry and hornblendeïplagioclase geothermometry 

calibrations yield a geologically reasonable magmatic pressure of ~5 kbar and 

temperature of ~770
o
C. From these results it can be inferred that the MG porphyry dikes 

were fed by a deep level magma chamber(s) emplaced in continental crust at depths 

between ~13 and 20 km. Magmas generated at such depths are most likely sufficiently 

hydrous as to efficiently form magmaticïhydrothermal systems upon emplacement at 

shallower levels. The presumed hydrous nature of this melt is supported by the presence 

of hydrous phases (biotite and amphibole) and water content (H2Omelt) estimates of ~5.0 

wt. %. This amount of magmatic water is deemed a prerequisite for the formation of 

magmaticïhydrothermal ore deposits. This parameter can be used to evaluate the 

prospectivity of arc magmatic suites such as the MG porphyry dikes, which in this case 

are interpreted to be a precursor for the CuïAg skarn and weak porphyry mineralization 

in the study area.  
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Figure 3.1 ï Simplified geology map of the northern Chaleur Bay Synclinorium in New 

Brunswick modified from Wilson and Kamo (2008). Red stars represent porphyry and/or 

skarn occurrences associated with intrusive rock. Study area is presented in Fig. 3.2 

Abbreviations: Sf, Silurian felsic; Df, Devonian felsic; Sdf, Silurian-Devonian felsic 

intrusive rocks 
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Figure 3.2 ï Geology map of the McKenzie Gulch area showing various geological 

features and the location of the Legacy CuïAg skarn (study area) deposits along with 

other Cu skarn occurrences in the vicinity. 
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Figure 3.3 ï Backscatter Scanning Electronic Microprobe (BSE-SEM) images (a-d and f) 

and photomicrograph (e) of samples from the MG porphyry dikes; (A) zoned plagioclase 

(sample: 14-RM-48) with analysis locations (see Table 3.3; (B) and C) zoned amphibole 

(sample: CM-95-9); (D) biotite (sample CM-95-34), E) photomicrograph of biotite 

sample MC-92-21, :(F) relationship among magnetite-ilmenite-apatite (sample: CM-95-

34). 
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Figure 3.4 ï Biotite classification diagram based on Al (atom per formula unit - apfu) 

versus Fe/(Fe+Mg) for biotite from porphyry dikes in the McKenzie Gulch area. The 

orange squares represent the end member biotite composition. Field boundary biotite-

phlogopite is from Deer et al. (1992). 
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Figure 3.5 ï Amphibole classification diagram based on Si (apfu = atom per formula 

unit) versus Mg/(Mg+Fe
2+

) for  the porphyry dikes in the McKenzie Gulch  area. Field 

boundaries are from Leake et al. (2004). 
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Figure 3.6 ï Feldspar classification OrïAbïAn ternary diagram showing compositions of 

phenocryst and groundmass feldspars from the MG porphyry dikes. Field boundaries are 

from Deer et al. (1992).  
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Figure 3.7 ï logfO2 versus T diagram showing the stability field of the assemblage biotite 

+ sanidine + magnetite + gas equilibrium, at Ptot = 2070 bars.  Field boundaries are from 

Wones and Eugster (1965). Lines with circles that end with numbers on the Hmt-Mgt 

join are the contours of constant Fe/(Fe+Mg)*100 values. Orange shaded area is the MG 

dikes crystallizing conditions. (Abbreviations: Hmt = hematite, Mgt = magnetite).  
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Figure 3.8 ï Classification of magma based on log(XF/XOH) versus log(XMg/XFe) 

composition of biotite from the MG porphyry dikes (after Brimhall and Crerar 1987). 
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Figure 3.9 ï Log(XF/XCl) versus XMg discrimination diagram for biotite compositions 

from the McKenzie Gulch porphyry dikes. Contours are the logarithm of the fluorine-

chlorine fugacity ratios (fHF/fCl) for a fluid in equilibrium with biotite at 400
o
C (after 

Munoz 1992). 
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Figure 3.10 ï Pressure versus temperature discrimination diagram showing water content 

(wt.% H2Omelt) estimate for the initial melts for the MG porphyry dikes (orange field). 

The liquidus curves indicate the minimum water content that can be dissolved in felsic 

melts (after Holtz et al. 2001). Crystallization temperature and pressure ranges (see text) 

are 698 ï 807
o
C (average = 770

o
C) and 4.3 ï 5.8 kbar (average = 5.0 kbar), respectively.  
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Figure 3.11 ï Discrimination diagram for the determination of magma type based on the 

FeO
tot
ïMgOïAl 2O3 content of biotite. Field boundaries are from Abdel-Rahman (1994). 

Biotite from the McKenzie Gulch dikes plot in the calc-alkaline orogenic suites field. 
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Chapter Four 

Trace Elements Distribution and Cathodoluminescence of Igneous Quartz 

from the McKenzie Gulch Porphyry Dikes, northern New Brunswick: 

Insights into Magma Evolution  

Abstract 

Igneous quartz from two suites of Devonian (386.3 ± 2.3 Ma; U-Pb zircon) quartz 

ï plagioclase (QïP) and plagioclase ï hornblende (PïH) porphyry dikes in the McKenzie 

Gulch area were investigated by ChromaSEM-CL and electron probe micro-analysis 

(EPMA) in order to relate textural features with trace element compositions. These quartz 

crystals exhibit distinct zoning with the cores of most quartz grains generally bright under 

CL and enriched in Ti (~85 ppm), whereas the -rims are generally dark with  lower  Ti 

(~69 ppm). Other trace elements (e.g. Na, Fe, K, Ca, and Al) exhibit increasing 

concentrations from rim to core. In contrast, the Al content is lower in the core (~320 

ppm) than the rim (~793 ppm). Chromium is evenly distributed i.e. no obvious core to 

rim zoning, whereas Mn was below limits of detection throughout. 

Quartz from the two suites of dikes are similar in terms of chemical compositions 

and trace elements distribution, but differ in terms of CL characteristics (textural 

features). Samples from the PïH suite exhibit texturally complex crystallization features 

that are indicative of fluctuating P, T conditions which are commonly attributed to 

periodic magma replenishment. In contrast, quartz grains from the QïP suite have weak 

or no CL features, suggesting crystallization under a stable magmatic environment. High 

Ti (> 40 ppm) in quartz indicates a high crystallization temperature and pressure. 

Assuming TiO2 activity of 0.6, crystallization temperatures based on titanium-in-quartz 
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geothermometer indicate that quartz in the PïH dikes crystallized at an average 

temperature of ~790 °C, whereas quartz in QïP dikes crystallized at ~740°C. These 

results can be explained by the presence of two separate but possibly genetically-related 

magma chambers in order to explain the two spatially-related but distinct magma types.  

It seems likely that the quartz phenocrysts in these dikes initially crystallized 

gradually in a deep-seated magma chamber under conditions marked by increasing 

concentration of Al, Na, Fe, Ca, and K, and decreasing Ti in the magma. After a period of 

residence in the deep magma chamber(s), adiabatic ascent into and residence in a 

shallower magma chambers, and subsequently final emplacement as dikes is supported 

by the presence of resorption and embayment textures. The final residual melt was rich in 

water (~5 wt. %) and other volatiles, with high Al and low Ti contents. The hydrous 

nature of these magmas is consistent with ore-forming magmatic hydrothermal potential 

for CuïAg skarn and the vein type Au mineralization in the study area. 

4.1 ï Introduction  

Rock-forming minerals such as feldspar, quartz and mica have been used to 

elucidate magma evolution processes in granitic rocks (London, 1992; Charoy et al., 

1995; Breiter et al., 2005; Müller et al., 2005). However, because of interaction with late- 

to post-magmatic deuteric and hydrothermal fluids, feldspar and mica commonly undergo 

alteration resulting in the obliteration of primary igneous textures and the formation of 

secondary minerals. In contrast, quartz is resistant in this environment (Müller et al., 

2009), as it exhibits unique chemical stability and physical strength when compared with 

mica,  feldspar and other phases (Agangi et al., 2011); as a result, a primary trace element 
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signature of quartz is likely to be preserved (Müller et al., 2000; Monecke et al., 2002; 

Götze et al., 2004). Consequently, quartz can record detailed information regarding its 

growth history, and by extension magma evolution, through examination of fine-scaled 

zoning in individual grains. Zoning is identified by variations in cathodoluminescence 

intensity which is correlated with Ti concentration (Wark and Spear, 2005; Wark and 

Watson, 2006) and together with a Ti in quartz thermometer (see Wark and Watson, 

2006) has become a valuable tool for the elucidation of magmatic processes.  

Most of the disequilibrium textures such as crystal zoning, grain rounding, and 

resorption are evidence for crystal-melt reactions, and are used to elucidate processes of 

magmatic evolution (Anderson 1976, 1984; Ginibre et al., 2002; Agangi et al., 2011), 

such as magma mixing and crustal contamination (Tepley et al., 2000; Davidson et al., 

2007; Shane et al., 2008; Streck, 2008). Abundant information can be recorded and 

preserved in quartz due to its unique physical and chemical characteristics e.g. non-

stoichiometric substitutions in growth zones, crystal habit, coronas and inclusions (Sato, 

1975; Peppard et al., 2001; Müller et al., 2003b, 2005; Wark et al., 2007; Smith et al., 

2010).  

Following recent developments in micro-beam techniques, trace element 

concentrations in quartz can be determined precisely using an electron microprobe (e.g. 

Müller et al., 2002, 2003a, 2005; Donovan et al., 2011), laser ablation inductively 

coupled plasma mass spectrometry (LA-ICP-MS; Flem et al., 2002; Götze et al., 2004; 

Larsen et al., 2004; Breiter and Müller, 2009; Müller and Koch-Müller, 2009), and  

secondary ion mass spectrometry (SIMS; Watt et al., 1997; Müller et al., 2003b). The 

rationale for using EPMA in this study is its high spatial resolution in conjunction with 



 

143 

 

the ability to combine spot analyses with cathodoluminescence (CL) imaging. This 

method has proven  to be the most reliable in-situ method for obtaining quantitative trace 

element data of quartz at concentrations in excess of a few 10s of ppm and at the <1 cm 

scale (see Müller et al., 2003).  

The concentrations of trace elements in quartz are controlled by: i) their 

abundance in the melt, ii) the thermodynamic conditions of the system, and iii) the degree 

of partitioning among  the various crystallizing phases and the melt (e.g. Gurbanov et al., 

1999; Larsen et al., 2004; Jacamon and Larsen, 2009). The distribution of these elements 

in quartz in particular Al and Ti, have been shown to be an excellent indicator of the 

degree of fractionation of the various granite phases (Müller et al., 2002; Breiter and 

Müller, 2009). For example, Schrºn et al. (1988) suggested that high Ti contents (up to 

100 ppm) are characteristic of early quartz phenocrysts crystallized in deeper magma 

chambers prior to final emplacement at shallow levels. It has been suggested also that, 

high Al contents (500ï1000 ppm) are typical of quartz crystallized from highly evolved 

flux-enriched magmas (M¿ller et al., 2002; Gºtze et al., 2004; Breiter and M¿ller, 2009).  

Herein the trace elements distribution and CL characteristics of three types of 

quartz from Devonian (386.3 ± 2.3 Ma, UïPb zircon) porphyry dikes at MG are 

examined, 1) the groundmass quartz (Ò 0.1 mm); 2) microphenocrysts (0.4 ï 0.7 mm); 

and phenocrysts (> 0.7 mm). Optical microscopy and CL imaging are used to; i) examine 

variation of selected trace element contents with magma evolution; ii) correlate CL 

intensity with trace element variation (particularly Ti) in quartz crystals; iii) examine and 

relate primary and secondary textural features of quartz crystals with magma evolution 

processes; and iv) estimate magma temperatures corresponding to crystallization 
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conditions of each individual quartz population using ñTi-in-Quartzò thermometer. Each 

of these quartz types are interpreted to have formed at different stages during magma 

evolution, but are genetically related.  

4.2 ï Geological setting and dike characteristics  

The MG porphyry dikes represent part of the mid-Paleozoic Appalachian realm of 

Ganderia associated with Acadian orogeny. The latter is commonly attributed to accretion 

of Avalonia onto Laurentia (e.g. Bird and Dewey, 1970; Bradley, 1983; Fig. 4.1), and is 

generally related to voluminous magmatism in Newfoundland, New Brunswick, Gaspé 

and Maine although not all rocks of this age are associated with this orogeny (van Staal et 

al., 2009).  

In northern New Brunswick, the oldest rocks belong to the Dunnage and Gander 

zones (Williams 1979), that formed on the Gondwanan margin of Iapetus and are referred 

to collectively as Ganderia (van Staal et al., 1998). Rocks of the Dunnage Zone are 

interpreted to be basement to the Gaspé Belt (Fig. 4.1), and occur as small to large inliers 

within the cover sequence. Smaller inliers in New Brunswick include the Elmtree, 

Popelogan, and Oxford Brook (Fig. 4.1), whereas the Miramichi Highlands which 

borders the Gaspé Belt to the southeast is the largest Dunnage inlier in the northern 

mainland Appalachians.  

The Gaspé Belt extends southwestward from the eastern Gaspé Peninsula through 

northern New Brunswick and into northern and central Maine. It is divided into three 

structural zones (Fig. 4.1), namely: Chaleur Bay Synclinorium (CBS), AroostookïPercé 

Anticlinorium (APA), and Connecticut ValleyïGaspé Synclinorium (CVGS) (Bourque et 
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al., 1995). The McKenzie Gulch Study area straddles the boundary between the APA and 

the CBS (Fig. 4.1). 

In the study area, the oldest rocks occur in the west and are included in the APA, 

where a thick accumulation of late Katian to ca. Aeronian sedimentary rocks include a 

lower siliciclastic (Grog Brook Group) and overlying calcareous (Matapédia Group) 

turbidite sequences. Deposition of these rocks marks a gradual infilling of the (Salinic) 

fore-arc basin (Wilson and Kamo, 2012).  

To the east; the CBS comprises Silurian and Devonian rocks that are conformable 

on the APA and unconformable on the northern and western margins of the Miramichi 

Highlands. It is characterized by much greater stratigraphic complexity and underwent a 

more complex tectonic evolution than either the CVGS or APA. Rocks of the CBS reveal 

evidence of transgressiveïregressive cycles, unconformities, and magmatic activity, all 

presumably related to crustal events that accompanied and followed Silurian accretion of 

Ganderian arc and back-arc terranes to the Laurentian craton farther west (Wilson et al., 

2004).  

East of the APA, the CBS is underlain by Aeronian to lower Lochkovian 

sedimentary and bimodal volcanic rocks of the Chaleurs Group and Lower Devonian 

rocks of the Dalhousie and Tobique groups and Campbellton Formation (Wilson and 

Kamo, 2008). In the MG area the oldest rocks are the Silurian clastic sedimentary rocks 

of the Chaleurs Group. The youngest rocks in the MG area (Fig. 4.2) are the two suites of 

intermediate to felsic dikes, namely: 1) PïH, and 2) QïP porphyry dikes (Moore and 

Lentz, 1996; Chapter Two). These dikes intrude Matapédia Group sedimentary rocks 

(mostly limy argillite, calcareous shale, sandy limestone; Fig. 4.2) in a NE-trending 
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(~030
o
 to 050

o
) and dipping at ~85

o
 to ~90

o
. They range from few cm (commonly 

apophyses), up to 20 m in width with the majority ranging between 1 and 4 m. At the 

outcrop scale the MG granitoids are porphyritic, and occur as dikes and apophyses that 

have undergone weak to strong hydrothermal alteration (Fig. 4.3). 

Several deformation events ranging from pre- to post-Acadian orogeny have been 

identified in the region (see Whalen, 1993), but evidence of these events is absent to 

rarely evident in the porphyry dikes. Northwest-trending F1 folds without associated 

penetrative cleavage (Taconic event) followed by NE-trending F2 folds accompanied by 

a penetrative S2 cleavage recognized by Malo and Béland (1989) are also recognized in 

the Matapédia Cover Sequence in New Brunswick (see Wilson, 2017) and particularly in 

the Kedgwick-Saint Quentin area (Carroll, 2003), which comprises the MG study area of 

this dissertation. Igneous intrusive activity in the APA is restricted to isolated or swarms 

of felsic dikes along major Acadian faults (Fig. 4.1). As discussed above, the regional 

structural trend of the APA is northeast and major east- to east-northeastïtrending dextral 

strike-slip faults are oblique to this trend (Figs. 4.1 & 4.2). As a result, the emplacement 

of the felsic dikes and sills appears to have been structurally controlled since they follow 

this regional structural trend (see Malo and Pelchat, 1994; Doyon and Berger, 1997; Malo 

et al., 2000). Structural domains between the major faults are moderately deformed and 

characterized by a dome and basin interference pattern resulting from two (F1 and F2) 

phases of folding (Malo and Béland, 1989).  
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4.3 ï Methods and techniques  

One hundred samples from the MG dikes were collected for petrologic and 

lithogeochemical analyses. Four polished thin sections, two from each suite of dikes were 

selected and optically examined prior to the SEM-CL and EPMA analyses.  

Three populations of quartz, namely:  phenocrysts > 0.7 mm, microphenocrysts ~ 

0.2ï0.7 mm, and groundmass quartz  < 0.2 mm, were investigated by both ChromaSEM-

CL and EPMA at the Department of Earth Sciences, University of New Brunswick. 

Sample descriptions and nature of quartz crystals examined in this study are presented in 

Table 4.1. 

4.3.1 ï Cathodoluminescence (CL)  

The CL images of selected quartz grains were obtained using ChromaSEM-CL 

with a JEOL 6400 SEM at the University of New Brunswick. All back-scattered electron 

(BSE) images were conducted under the same analytical conditions (i.e. accelerating 

voltage of 15 keV and a beam current of 10 nA) using a Gatan Chroma CL digital image 

acquisition system. As system used cannot quantify the CL intensity, a three stage 

qualitative classification of luminescence intensity (bright, transitional or dark) is 

employed herein. 

4.3.2 ï Electron-probe microanalyser (EPMA)  

The concentrations of trace elements in quartz were determined using a JEOL 

SUPERPROBE-733 electron-probe microanalyser, equipped with dQant32 and dsSpec 

automation from Geller Microanalytical laboratories. Data was collected at an 
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accelerating voltage of 25 kV and a beam current of 300 nA, and counting times of 300 s 

on the peak and 150s on two background positions. Standards employed to monitor 

analytical accuracy included: Natural (orthoclase, jadeite, bytownite, bustamite) and 

synthetic (SrTiO3, Cr metal 2 and Fe metal 2). All quartz crystals were analyzed for eight 

elements at the following detection limits: Na (12 ppm), Al  (7 ppm), K (7 ppm), Ca (8 

ppm), Fe (31 ppm), Mn (10 ppm), Ti (11 ppm) and Cr (12 ppm). To monitor 

reproducibility of the data two analyses were done at each spot. Zones of different CL 

intensity in quartz crystals (bright, transitional and dark) were analyzed in order to relate 

CL intensity with trace element distribution. 

4.4 ï Results  

4.4.1 ï Textural features as observed on the Cl  

Quartz crystals from the QïP suite (samples MC-92-27 and MC-92-31), exhibit 

very weak to no CL zoning (Fig. 4.4 a, b, c & i). In contrast, quartz crystals from the PïH 

suite (samples MC-92-33 and MC-92-43), exhibit distinct CL and chemical zoning (Fig. 

4.4 d, e, f & g), whereas a few large phenocrysts (>3 mm) record a more complex growth 

pattern (Fig. 4.4 j & k). Groundmass quartz in these samples may or may not exhibit CL-

zoning, whereas phenocrysts and microphenocrysts have been variably resorbed and 

display embayments. Most of the three types of quartz crystals examined in this study 

exhibit both primary and secondary textural features. Primary growth textures are 

developed in early-magmatic quartz phenocrysts and include oscillatory zoning and 

truncations in crystal cores, and resorption and embayment of the then crystal rims (Figs. 

4.4 dïg, j, k; 4.5a ï h & 4.6f). Secondary textures revealed through CL imaging include 
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healed fractures and cracks, quartz partial resorption and embayments on the outer 

margins of quartz grains (Fig. 4.4a, b, i, j & k).  

4.4.2 ï Trace element distribution and CL pattern  

Most of the quartz crystals examined in this study (samples CM-95-33, CM-95-

43, CM-95-31, and CM-95-27, in order of decreasing abundance) exhibit CL structures 

and chemical zoning. A few quartz grains from QïP suite (samples CM-95-27 and CM-

95-31) exhibit weak CL zoning or they are CL-homogeneous (Fig. 4.4 a, b, c, i). The 

concentrations of trace elements in the various parts (core, rim or transition) of the quartz 

crystals analyzed are presented in Table 4.2.  Systematic variation in trace-element 

contents between the core and rim was recognized in most quartz grains. 

Cathodoluminescence intensity is here assigned a ñbrightò or ñtransitionò or ñdarkò zone 

again depending on the location of the analytical spot on that quartz grain. Generally the 

bright zones correspond well with high Ti concentrations consistent with high 

temperatures (Wark and Watson, 2006).  

The Mn contents are generally below the detection limits, whereas K and Fe 

contents were generally above limits of detection. The variation of Na, Ca and Fe with 

Al /Ti are illustrated in Fig. 4.7.  The groundmass quartz has elevated contents of all of 

the elements analyzed, except for Mn and Cr, and consequently can easily be 

distinguished from the other quartz types (Fig. 4.7k).  
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4.5 ï Discussion  

4.5.1 ï Textural features of igneous quartz 

Several studies have used cathodoluminescence to reveal cryptic intra-granular 

textures that cannot be detected by standard optical or back-scattered electron (BSE) 

microscopy (see DôLemos et al., 1997; Müller et al., 2009; Breiter et al., 2012). Quartz 

crystals (i.e., phenocrysts, microphenocrysts and groundmass) from the MG porphyry 

dikes exhibit distinct textures and zoning patterns in CL. These textures can be primary 

(formed during crystallization) or secondary (formed after crystallization), and include: i) 

resorption-related textures as indicated by intersection relationships between growth 

surfaces; ii) growth-related textures; oscillatory- and step- zoning and grain shapes; and 

iii) healed brittle deformation structures such as cracks and fractures (Fig. 4.4 a, b, i, j, k).  

Growth-related textures such as oscillatory zoning represents periodic, ɛm-scale, 

small-amplitude variations in CL, and are interpreted to reflect slow, diffusion-controlled 

crystallization under conditions of low oversaturation (Bottinga et al., 1966; Shore and 

Fowler 1996). Such conditions are possible in a relatively static magma, where diffusive 

boundary layers at the crystal-liquid interface are preserved (Sibley et al., 1976; All¯gre 

et al., 1981). Oscillatory zoning is attributed to local self-organisation of trace elements at 

the crystal-melt interface. In contrast, step zones are wide, non-periodic, and have larger 

(tens of ɛm) variations in CL intensity. These are interpreted to be due to ñexternalò or 

ñextrinsicò factors independent of local crystallization and reflect variations in intensive 

parameters such as P, T and magma composition and are affected by processes such as 
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reservoir replenishment, magma mixing, crystal settling, and magma convection (Shore 

and Fowler 1996; Breiter et al., 2012). 

Resorption surfaces have been well documented in quartz from early-magmatic 

phenocrysts in extrusive and plutonic rocks, and are generally attributed to profound 

changes in temperature and magma composition (M¿ller et al., 2003b, 2005, 2009). Very 

commonly foreign particles adhere to the freshly resorbed surface because of roughness 

and the high number of free bonds. These foreign particles may impede the planar growth 

of the crystal face, and result in growth- embayments and wavy textures after major 

resorption events that can be subsequently filled by melt droplets and foreign crystals; 

however, minor quartz resorption reflects small changes in the same parameters caused 

by local magma dynamics. M¿ller et al. (2003b, 2005) described two possible processes 

responsible for major resorption of quartz crystals; i) semi-adiabatic magma ascent, and 

ii) magma mixing and mingling by replenishment.  

Johannes and Holtz (1996) conducted an experiment which suggests that strong 

resorption of quartz crystals may occur during semi-adiabatic magma ascent in an 

energetically closed system. This experiment suggests that, depending on initial water 

content of the magma and P-T conditions during ascent, there are three possible paths 

that allow crystals in magma to undergo resorption. For example, crystals residing in 

magmas with high water activities and initial ascent conditions of 800 MPa and 820°C 

are likely to melt during ascent by decompression melting.  

Mixing a crystal-bearing magma with a hotter and a more primitive melt may lead 

to partial resorption of the crystals as well as to external corrosion of phenocrysts and the 

formation of deep embayments and channels (Gill , 2010). Major resorption of crystal 
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surfaces, which were affected by magma mixing and mingling have been reported for a 

number of late-Hercynian rhyolites and granites (M¿ller et al., 2005). Rock-forming 

minerals in these rocks have textures that are indicative of magma mixing, e.g. 

plagioclase-mantled K-feldspar, sieve-textured plagioclase, and mafic micro enclaves 

(M¿ller et al., 2005).  Although there is no direct chemical or textural evidence to 

indicate the existence of magma mixing in the  MG dikes: it is suggested that magma 

mixing and adiabatic ascent (as may have occurred in the MG dikes) go hand in hand 

during the magma evolution, as was demonstrated in the example of the Erzgebirge 

Granites (M¿ller et al., 2010).  

4.5.2 ï Trace element distribution in igneous quartz 

The variation of Ti and Al has been widely used as an indicator of granitic magma 

fractionation (M¿ller et al., 2010 and Breiter et al., 2012).  Other trace elements are also 

discussed under this section. Titanium distribution in quartz crystals from this study is 

discussed under titanium-in-quartz thermometry (Section 4.6.1).  

4.5.2.1 ï Quartz ï plagioclase porphyry dikes 

Most of the analyzed quartz grains from the QïP dikes are zoned in terms of Al  

(and Ti) content. Microphenocrysts have Al concentrations ranging   from 285 to 400 

ppm (average ~ 310 ppm) in the cores, whereas crystal rims have Al contents ranging 

from 300 to 525 ppm (average ~ 385 ppm).  The two highest Al analyses (1026 and 

17644 ppm) are thought to be due to contamination from the groundmass feldspars (too 

close to the grain boundary). Quartz phenocrysts also exhibit Al zoning with cores 

containing from 230 to 405 ppm (average 324 ppm), and rims containing from 295 to 630 
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ppm (average 414 ppm). Groundmass quartz crystals exhibit high Al concentrations (450 

to 3664 ppm); however, some of the highest values may be attributed to fine-grained 

intergrowth of Al rich phases in the groundmass.  

Figure 4.8aïk shows the variation of other elements (e.g., Na, Fe, Ca, Cr, K and 

Al)  plotted against Al/Ti for QïP dike samples. Sodium contents of most of the quartz 

phenocrysts range from 35 to 185 ppm, but there is no obvious zoning. Quartz 

microphenocrysts have well-developed Na zoning with cores  ranging from 30 to 170 

ppm (average 120 ppm) and rims ranging from 55 to 325 ppm (average 175 ppm). The 

highest rim value (1225 ppm; sample CM-95-31, grain G3-r) is considered to be an 

erroneous data point and is not included in the rim average. Likewise, analyses of 

groundmass quartz have returned the highest Na concentrations (270 to 1060 ppm); 

however, the fine-grained nature of this material raises the possibility that some of the Na 

may be coming from immediately adjacent and/or inter-grown feldspar.  

The K content of quartz micro-phenocrysts ranges from 10 to 48 ppm (Table 4.2); 

with cores and rims averaging 17 and 25 ppm, respectively. Quartz phenocrysts have K 

contents ranging from 7 to 95 ppm and there is no obvious zoning. Groundmass quartz 

tends to have higher K contents (34 to 213 ppm), some of which may be due to 

contamination from surrounding or intergrown K-feldspar. The calcium content of quartz 

phenocrysts ranges from 12 to 117 ppm and there is no obvious zoning, whereas quartz 

micro-phenocrysts are strongly zoned in terms of Ca with cores averaging ~28 and rims 

averaging 74 ppm. Groundmass quartz crystals have the highest Ca values ranging from 

80 to 695 ppm with no significant zoning. The Cr content of micro-phenocryst and 

groundmass quartz ranges from 12 to 45 ppm and 13 to 37 ppm, respectively and are not 
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obviously zoned.  In contrast, quartz phenocrysts are zoned with Cr content of cores 

averaging 60 ppm and rims averaging 12 ppm.  

Iron distribution is strongly zoned and exhibits an overall core to rim increase in 

quartz micro-phenocrysts with cores ranging between 45 and 90 ppm (average 70 ppm) 

and rims ranging between 40 and 305 ppm (average 140 ppm). Most of the quartz 

phenocrysts have Fe concentrations that are at or below the limit of detection. In contrast 

the Fe content of groundmass quartz varies over a wide range from 93 to 416 ppm but 

there is no significant zoning.  

4.5.2.2 ï Plagioclase ï hornblende porphyry dikes 

The Al content of quartz phenocrysts of the P-H dikes is  zoned with cores having 

Al contents ranging from 255 to 440 ppm (average 325 ppm), and rims ranging from 310 

to 490 ppm (average 385 ppm). Aluminum distribution in the quartz micro-phenocryst 

indicates zoning with core concentrations ranging from 330 to 490 (average ~ 383 ppm) 

and rim concentrations ranging from 330 to 510 ppm (average ~ 400 ppm). Groundmass 

quartz  in the P-H dikes have the highest Al concentration of  the three types of quartz 

examined with a range from 560 to 2490 ppm, much of which can be attributed to 

contamination from intergrown groundmass feldspar. 

The Na content of quartz micro-phenocrysts includes both the lowest (35 ppm) 

and highest (240 ppm) values in the data set, and have average Na contents for core and 

rims of 150 and 170 ppm, respectively. The concentration of Na in phenocrysts indicates 

zoning with an overall range 33ï190 ppm and average core and rim contents of 73 and 
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150 ppm, respectively. Groundmass quartz crystals show no obvious zoning but exhibit 

Na contents that range between 280 and 520 ppm.  

The K content in the quartz phenocrysts ranges from 10 to 38 ppm, with many 

analyses below the limits of detection. The distribution of K in micro-phenocrysts is 

irregular, with contents ranging from 8 to 33 ppm with no obvious zoning. Groundmass 

quartz has K contents that range from 33ï140 ppm and like the micro-phenocrysts there 

is no obvious zoning. Chromium distribution in micro-phenocrysts ranges between 13 

and135 ppm (with average values of 20 and 60 ppm for the rims and cores, respectively). 

In quartz phenocrysts have Cr contents ranging from 15 to 50 ppm with average core and 

rim contents of 23 and 27 ppm, respectively.  

The calcium content of quartz micro-phenocrysts ranges from 30 to167 ppm, and 

averages 45 and 75 ppm in the rims and cores, respectively.  Quartz micro-phenocrysts 

have variable Ca contents ranging from 9 to 130 ppm and average contents of 40 and 75 

ppm for the rims and cores, respectively. Groundmass quartz grains have Ca contents that 

are highly variable and range from 70 to 400 ppm.  The Fe content of quartz phenocrysts 

from the P-H  dike samples range from 37 to 345 ppm and have average core and rim 

contents of 60 and 120 ppm, respectively. Quartz micro-phenocrysts are zoned with 

respect to Fe and exhibit a wide range (40ï367 ppm) with average core and rim contents 

of 57 and 117 ppm, respectively. Groundmass quartz has Fe contents that range from 85ï

365 ppm and are rarely to weakly zoned. 

The overall trend of increasing Al/Ti  from the cores to rims of most of the quartz 

grains indicates that Ti is compatible during the formation of igneous quartz, whereas Al 

(and Fe, Na and Ca) are incompatible. The work conducted by Wark and Watson (2006) 
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showed that Ti
4+

 ï Si
4+

 substitution is temperature-dependent which explains the higher 

Ti content in early-magmatic quartz phenocrysts and microphenocrysts relative to later 

formed quartz on the rims phenocrysts (Fig. 4.4). This further supports the interpretation 

that the relatively stable and bright core-dominated CL and high Ti in early-magmatic 

quartz phenocrysts (cores; Fig. 4.4dïf) from the MG dikes reflect crystallization from a 

hot (Ò 915
o
C) melt. In addition, Dennen et al. (1970) showed that Al substitution for Si in 

tetrahedral sites in quartz is accompanied by charge compensation via incorporation of 

cations (e.g. Na
+
 and Ca

2+
).  This explains the positive correlation of Na and Ca with Al 

in the samples examined as part of this study (Figs. 4.4 & 4.6).  

Iron, Mn, Ca and Na, are potential activators and/or inhibitors (e.g., Marshall 

1988). The observed systematic co-variation (among most trace elements) on the grain 

scale might indicate some possible link between trace element concentration and magma 

evolution. Other studies (e.g. M¿ller et al., 2010 and references therein) have linked trace 

element content to CL signal. The oscillatory zoning (alternating bright and dark zones), 

and dominant bright bands on the rims of some quartz grains are attributed to periodic 

magma recharge  for the P-H dikes, and/or local convection as in the case of the Q-P 

dikes. Trace element variation and abundance in quartz grains of the two suites of dikes is 

quite similar (Fig. 4.7aïj). These similarities may suggest a common source and chemical 

composition of magmas for the two suites of dikes; however, the crystals may have 

resided in different reservoirs due to their CL and chemical zoning characteristics. 
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4.6 ï Magma temperatures  

Various geothermometers have been designed and applied in order to elucidate 

magmatic conditions in magmatic systems. Felsic (and intermediate) rocks of the 

continental crust such as the MG dikes contain a variety of accessory minerals, including 

ubiquitous zircon, apatite, titanite, allanite, and monazite that can be used in 

geothermometry (Harrison and Watson, 1984). The basic information required for 

reconstruction (i.e., modeling to unravel the past conditions) of accessory phase 

crystallization and resorption tendencies in magmatic systems is the concentration of 

dissolved components in the melt necessary to stabilize (i.e. reach saturation) the phase of 

interest. For phases such as zircon, apatite, and perhaps monazite, the concentration of a 

single, low-abundance element (e.g., Zr, P or Ce) may be the stability-controlling factor. 

Major phases such as quartz have also been widely used (see Wark and Watson, 2006 and 

references therein) to estimate magma temperatures during crystallization.  

4.6.1 ï Titanium-in-quartz geothermometer  

Wark and Watson (2006) conducted experiments using synthetic and natural 

quartz and a TiO2 powder source over the temperature range 600 ï 1000 °C in an attempt 

to measure Ti diffusion in quartz under dry conditions at 1 GPa. These experiments 

established the TitanQ (Ti in quartz) geothermometer, which provides an estimate of the 

crystallization of quartz in felsic rocks on the basis of Ti concentration and quartz CL 

zoning. According to the TitaniQ thermometer, the temperature of quartz equilibration 

can be determined from its Ti content in ppm (CTi) based on the equation:  

T (K) = ï3.765/[log (CTi/aTiO2) ï 5.69],  
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where aTiO2 is the activity of TiO2 relative to that required for rutile saturation 

(where aTiO2 = 1), assuming Henrian behavior. These experiments also considered the 

fact that rutile rarely forms part of the equilibrium assemblage in most granites and 

implies that Ti activity is typically below one. The Ti activity values < 0.5 are probably 

rare in most silicic magmas as a Ti-essential phase such as ilmenite or titanite is generally 

present (Wark and Watson, 2006). Since minor ilmenite and titanite are present in the 

MG porphyry dikes, an estimated Ti activity of 0.6 is used in the following calculations 

in order to estimate temperatures of quartz crystallization. If the actual TiO2 activity is 

higher or lower by 0.1, temperature estimates will be lower or higher, by about 20 °C, 

respectively (Wark and Watson, 2006).  

4.6.1.1 ï Quartz ï plagioclase porphyry dikes 

Titanium concentrations in phenocrysts from QïP porphyry dikes (Fig. 4.4i)  are 

quite variable and range from 12 to 110 ppm, in dark and bright zones, respectively and 

indicate crystallization temperatures between 585 and 825°C (see Table 4.2). A few low 

Ti concentrations (14 to 28 ppm)  from the rim and transition zones of quartz, are 

consistent with a temperature of 598ï660°C; however, these zones lack continuous and 

consistent oscillatory (primary) zoning, they are interpreted to be  secondary (post 

crystallization) in origin.  Nevertheless, the Ti concentration in most of the crystals 

analyzed indicates crystallization temperatures between 700 and 825°C. Due to absence 

of complex zoning, these crystals are interpreted to have formed in and had some 

residence time in a relatively stable magma chamber which was subsequently tapped and 
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rapidly emplaced as dikes (as evidenced from aplitic groundmass of most dikes which is 

indicative of rapid cooling).  

Quartz micro-phenocrysts display a general decrease in Ti concentrations from 

core (average ~100 ppm) to rim (average ~37 ppm), and are indicative of crystallization 

temperatures of ~800 to 700°C, respectively. A few anomalously high Ti concentrations 

(up to 85 ppm) from the bright zones of the rim are attributed to local magma convection 

rather than replenishment.  

In general the zoning of Ti in quartz micro-phenocrysts is consistent with crystal 

fractionation. The absence of well-developed zoning in quartz micro-phenocrysts are 

interpreted to have crystallized in a relatively quiet and stable magma chamber shallower 

than the magma chamber in which the cores of the quartz phenocrysts formed. Therefore, 

the average crystallization temperature of the quartz phenocrysts and micro-phenocrysts 

from the QïP dikes is ~740 °C (Table 4.2). In contrast, groundmass quartz has highly 

variable Ti concentrations that range from 30 to 250 ppm, and indicate crystallization 

temperatures ranging from 670 to 950 °C. These high Ti values (up to 250 ppm) and 

eventually high temperatures (up to 950 °C) for groundmass quartz might be attributed to 

contamination from the surrounding Ti-bearing phases.  

4.6.1.2 ï Plagioclase ï hornblende porphyry dikes 

Quartz phenocrysts (Fig. 4.4 g, h, j and k) in PïH dikes are complexly zoned with 

variable Ti concentrations (40 to 200 ppm), indicating a range of crystallization 

temperatures for the dark rims (~700 °C) and bright cores (~915 °C). Quartz 

microphenocrysts in these rocks are complexly zoned with generally bright cores and 
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dark rims (Fig. 4.4 d, e and f). The titanium concentration in microphenocrysts ranges 

from 27 to 150 ppm and indicate crystallization temperatures ranging from ~660 to 865 

°C. These crystals commonly have an alternating multiple outer growth zones that exhibit 

abrupt increases in Ti concentration and truncate inner zones. This suggests that these 

crystals were affected by multiple episodes of resorption followed by temperature 

increase in an alternating manner (outer zones truncates inner zones; Fig. 4.4 d, e, f). 

Higher Ti concentrations at the inner margin of each growth zone give way to lower Ti-

concentrations either gradually or abruptly outward, suggesting variably gradual or 

abrupt cooling after each resorption event. Overall, the average crystallization 

temperature calculated for the PïH dikes is ~790 °C (as determined by phenocryst and 

micro-phenocryst quartz) differs from results obtained from the QïP suite (see Table 

4.2), and suggests that dikes in the MG area were derived from two magma chambers.  

Titanium concentrations in the groundmass quartz range from 60 to 145 ppm, and 

are indicative of a crystallization temperature between 760 and 865 °C. Since the 

groundmass quartz crystallized at relatively shallow depths and lower temperatures, these 

higher calculated temperatures are explained by contamination from the groundmass 

which contains up to 60 % feldspar and trace amounts of Ti-bearing phases such as rutile 

and titanite. 

4.6.2 ï Apatite saturation temperatures  

The behavior of apatite, in particular its solubility in crustal melts, is well 

documented (e.g., Watson and Capobianco, 1981; Green and Watson, 1982; Watson and 

Harrison, 1984). The amount of dissolved P2O5 required for saturation of apatite is quite 
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low (0.02 ï 0.15 wt.%) in granitoid (Ó 70% SiO2) melts at  crustal melting temperatures, 

but increase systematically with decreasing SiO2 content below ~ 70 wt.% (Harrison and 

Watson, 1984). This study coupled with previous work (see Watson and Harrison, 1984), 

suggest that apatite solubility is a function of absolute temperature (T) and melt 

composition by the following expression:  

ln Dp
apatite/melt 

= [(8400 + ((SiO2 ï 0.5)2.64 X 10
4
))/T] ï [3.1 + (12.4(SiO2 ï 0.5))]   ----1; 

 
  

where SiO2 is the weight fraction of silica in the melt; Dp
apatite/melt 

 is the concentration  of 

P2O5 in stoichiometric apatite relative to P2O5 in apatiteïsaturated melt; T is in °K. This 

model appears to be valid for SiO2 concentrations between 45% and 75%, 0 and 10% 

water, and for the range of pressures expected in the crust.  

By applying apatite saturation systematics and the bulk composition (P2O5 and 

SiO2) to represent the melt composition (Table 4.3), apatiteïsaturation temperatures 

(TApatite) calculated for the MG dikes suggest that the average apatiteïsaturation 

temperature for both QïP and PïH suites is 750
o
C.  

4.6.3 ï Zircon saturation temperatures  

Hydrothermal experiments conducted by Watson and Harrison (1983) in the 

temperature range of 750 ï 1020
o
C and at pressure of 1.7 ï 6.0 kbar defines the saturation 

behavior of zircon in crustal anatectic melts (water saturated; M = 0.9 ~ 1.7, a measure of 

melt basicity) as a function of both temperature and composition. The results from these 

experiments provided a model of zircon solubility given by the equation: 

                 ln DZr
zircon/melt 

 = {ï 3.80 ï [0.85(M ï 1)]} + 12900/T          -----------  2;           
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where DZr
zircon/melt 

is the ratio of the concentration of Zr in stoichiometric zircon to Zr in 

the melt, T is the absolute temperature, and M is the cation ratio (Na + K + 2Ca)/(Al.Si) 

in the melt. In principal these studies have been successfully used to evaluate not only the 

timing and amount of zircon precipitation from a cooling magma, but also of the 

tendency for zircon to remain in the residue or consumed during anatexis (see Watson 

and Harrison, 1983). This equation is applicable to metaluminous and peraluminous 

granitoid melts, but is not applicable to peralkaline [mole (Na+K) > Al] melts that can 

dissolve considerably higher amounts of Zr due to complexing of  Zr
4+ 

with alkalis that 

are not associated with Al (Watson and Harrison, 1983). 

 Table 4.3 presents the bulk composition of Zr which is an analogue for melt 

composition which, when applied to equation 2, can be used to calculate zircon-saturation 

temperatures (TZircon) for the MG porphyry dikes. The results indicate that zircon 

crystallized at temperatures ranging from 668 to 767 
o
C (average ~ 745 

o
C) for P ï H 

suite, and 737 to 757 
o
C (average ~ 748 

o
C) for Q ï P suite.  

In general, apatite and zircon saturation temperature indicate that these suites 

crystallized within a range of  temperatures  that are in agreement with results obtained 

using the Titanium-in-quartz thermometer, with the exception of a few early quartz cores 

that returned  higher temperatures > 800 °C, and likely crystallized prior to apatite and 

zircon.  

4.7 ï Quartz Cl characteristics as a proxy to magma evolution 

Phenocrysts, micro-phenocrysts and most of the groundmass quartz crystals from 

QïP porphyry dike (MC-92-27 and MC-92-31) samples exhibit very weak to no CL 
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zoning (Figs. 4.4aïc, i & 4.6aïc). The absence of pronounced CL zoning is indicative of 

crystal growth in a relatively calm, chemically homogeneous environment. In contrast, 

quartz crystals from the PïH porphyry dikes (samples MC-92-33 and MC-92-43) are 

distinctly zoned in terms of CL and trace elements, which suggests a complex magma 

evolution history (Fig. 4.4d, e, f, h). In addition, some of the large (> 1 mm) phenocrysts 

that are more complex probably reflect a longer more complicated crystallization history 

(Fig. 4.4g, j, k). Consequently, quartz crystals from the two suites (QïP and PïH) of 

dikes are interpreted to have different crystallization histories, and may have been 

sourced from two magma chambers.   

Chemical zonation and precise measurement of the Ti content of quartz crystals 

coupled with the application of the Ti-in-quartz thermometer allows for the 

differentiation of the two suites of dikes. The chemistry of quartz crystals from the two 

suites of dikes suggests that crystallization began gradually in the primary deep-seated 

(13 to Ó 20 km; Chapter Three) magma chamber at temperatures ranging between 750 

and 915 °C. The magma evolved in an environment marked by gradually increasing 

concentration of Al (and other flux agents), and a decreasing Ti, and is consistent with 

typical fractionation trends.  

Although the two suites of dikes may have common magma source, early-formed 

quartz crystals subsequently underwent an adiabatic ascent and emplacement in a 

shallower magma chambers at temperatures between about 700 and 750 °C. This resulted 

in the rounding of quartz crystal cores, and the development of resorption and 

embayment textures. The quartz crystals continued to grow in this shallower magma 

chamber with a residual melt rich in water and flux agents and lead to the development of 
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outer zones rich in Al and poor in Ti. Complex textural and chemical zoning suggests that 

the reservoir(s) for plagioclaseïhornblende crystals were recharged from time to time 

during the evolution processes. After a resident time sufficient for the growth of 

phenocryst and microphenocryst quartz, the residual magma became enriched in Al, 

water and other flux agents then followed a final adiabatic ascent and emplacement as 

dikes in the near surface. Adiabatic ascent could have been triggered by higher gas 

pressures in the magma brought on by the injection of a hotter (more mafic) magma at the 

deeper levels of a magma reservoir (see Blake et al., 1992; Smith et al., 2004). Injection 

of mafic magma and higher gas pressure prior to dike emplacement explains the presence 

of cracks and fractures, resorption textures, grain rounding and embayments on the 

margins of quartz crystals, and the formation of quenched groundmass quartz. The fluid 

composition resulting from these processes is consistent with the hydrous nature of these 

magmas (~5 wt.%), which is also in agreement with its demonstrated ore-forming 

magmatic hydrothermal potential  i.e.,  CuïAg skarn and the vein style Au mineralization 

at the MG area.  

4.8 ï Conclusions  

Below is a summary of the main results of this investigation in relation to the 

evolution of the MG porphyry dike swarms based on quartz chemistry and textural 

features.   

(i) Quartz crystals from PïH porphyry dikes at the MG area were affected by 

multiple magma recharge events resulting in magma mixing and mingling 

as evidenced by CL characteristics. The quartz crystals exhibit complex 
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chemical and textural zoning with cores commonly enriched in Ti relative 

to rims, whereas Al, Na, Ca and Fe are commonly enriched on crystal rims 

relative to their cores (Fig. 4.8aïf).  

(ii)  Quartz crystals from QïP porphyry dikes exhibit chemical zoning and 

trends that are similar to the PïH dikes but have weak or homogeneous 

CL zoning, suggesting crystallization in a relatively calm chemically 

closed magma chamber.  

(iii)  The three types of quartz examined in this study can be attributed to at 

least three different environments of crystallization. These are: 1) a higher 

temperature environment (up to 915 
o
C) as recorded by cores of 

phenocrysts with high Ti concentrations (up to 200 ppm); 2) a moderate to 

high temperature (Ó 700 Ò 750 
o
C) environment as recorded by the 

transition zones present in some quartz phenocrysts and most of the 

microphenocrysts; and 3) a low temperature environment in which 

groundmass quartz quench crystallized during dike emplacement in the 

near surface. 

(iv) The two suites of dikes can be discriminated on the basis of their CL 

characteristics and average temperatures of crystallization. These 

characteristics further argue for two magma chambers. 

(v) The flux-rich fluids exsolving from the final melt were the result of 

magma mixing and decompression, and are consistent with the ore-

forming magmatic hydrothermal potential for CuïAg skarn and the vein 

type Au mineralization in the study area. 
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Figure 4.1 ï Simplified geology map of the northern Chaleur Bay Synclinorium in New 

Brunswick modified from Wilson and Kamo (2008). Red stars represent porphyry and/or skarn 

occurrences associated with each intrusive. Study area is presented in Fig. 4.2.   
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Figure 4.2 ï Local geology map of the McKenzie Gulch area showing various geological 

features including dike swarms and the location of the Legacy CuïAg skarn and Au 

occurrences in the vicinity. 
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Figure 4.3 ï Slab photographs of samples from the MG dikes: a) equigranular tonalite of P-H 

porphyry suite; b) granodiorite of P-H suite with fine grained (aplitic) texture; c) weakly altered 

granodiorite with elongate crystals of hornblende (black); and d) altered sample of Q-P porphyry 

suite with quartz and plagioclase phenocrysts. Core width in all is 4.6 cm. 
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Figure 4.4 ï ChromaSEM-CL images of quartz from the MG area: a, b & c, are micro-

phenocryst quartz  from quartzïplagioclase dikes (samples CM-95-27 and CM-95-31); a) 

micro-phenocryst quartz  weakly zoned with healed fractures and cracks, b) homogenous 

micro-phenocryst quartz with healed fractures,  c) homogenous micro-phenocryst quartz with 

interesting resorption texture; d) micro-phenocryst quartz from PïH porphyry with a bright 

core overgrown by an oscillatory zone and a dark rim (sample CM-95-43); e) micro-phenocryst 

quartz from PïH porphyry (sample CM-95-33) with a large bright core that was 

corroded/resorbed, trancated and later overgrown with oscillatory zones of darker and bright 

rim; f) micro-phenocryst quartz from PïH porphyry (sample CM-95-43) with a bright core, 

overgrown by an oscillatory zones and dark rim; g) quartz phenocryst from PïH porphyry 

(sample CM-95-33) with a large bright core that was resorbed and embayed, and later 

overgrown by an oscillatory zone and finally dark rim; h) quartz phenocrysts from PïH 

porphyry (sample CM-95-33) with large bright core that was corroded (possibly truncated) and 

later overgrown with dark rim; i) quartz phenocrysts from QïP porphyry (sample CM-95-27) a 

large phenocryst with post magmatic and discontinuous zoning some of which is related to 

fractures; j) a large quartz phenocryst indicating complex oscillatory zones with truncations. 

The surrounding material is mostly feldspars and groundmass quartz (sample CM-95-43). 



 

179 

 

 
 

Figure 4.5 ï Cross-polarized photomicrographs of some of the weakly to strongly altered 

samples from PïH (a) and PïQ (b) porphyry dikes indicating some textural features, commonly 

rounded/resorbed and embayed surfaces with some fractures. Both phenocrysts and micro-

phenocrysts are surrounded by groundmass quartz and feldspars. Field of view in all is 6 mm.  

a 
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Figure 4.6 ï SEM-CL-zoning of groundmass quartz crystals a (sample CM-95-43), b and c 

(sample CM-95-27); micro-phenocrysts d (sample CM-95-33) and e (sample CM-95-43); and 

phenocryst quartz f (sample CM-95-33) and the corresponding concentration plots of Al, Fe and 

Ti (ppm) measured by the EPMA.  
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Figure 4.7 ï Discrimination diagram for trace 

elements variation in quartz phenocrysts, micro-

phenocrysts and groundmass from quartzï

plagioclase porphyry and plagioclaseïhornblende 

porphyry dikes both from the MG area. Al/Ti 

versus a) and e) Al2O3; b) and f) Na2O; c) and g) 

FeO; d) and h) CaO; i) and j) Cr2O3 and K) Al2O3 
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Figure 4.8 ï Lithogeochemical discrimination diagrams comparing the rims and cores in quartz 

from the MG porphyry dikes. Al 2O3 versus a)  Na2O, b) CaO, c) FeO, d) TiO2 and Al/Ti versus e) 

Na2O and f) Al2O3.
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Chapter Five 

Petrogenesis and UïPb (titanite) age of CuïAg Skarn Mineralization in 

the McKenzie Gulch area, Northern New Brunswick, Canada 

Abstract 

Copperïsilver skarn occurrences in the McKenzie Gulch (MG) area are spatially 

and temporally associated with the Middle Devonian (386.0 ± 2.3 Ma; UïPb zircon) 

intermediate to felsic dike swarms. Mineralization occurs as mineralized veins and 

stockwork veinlets, disseminated, patchy, and locally as replacement of calc-silicate 

skarns in argillaceous limestone. This skarn was developed in three stages: the earliest 

contact metamorphic stage resulting in hornfels developed from calcareous mudstone 

and/or very fine-grained clastic sedimentary rocks (Stage I); this was followed by 

metasomatic replacement resulting in prograde anhydrous skarn (Stage II) containing 

grossular-andradite (grandite), diopsidic pyroxene, and wollastonite; increasing fluid/rock 

interaction results in retrograde skarn (Stage III) dominated by epidote, green amphibole, 

chlorite, sulfide minerals, subordinate titanite, andradite and hedenbergite commonly 

along veins and veinlets. Minor amounts of sphalerite and pyrite occur in late veins cross-

cutting both porphyry dikes, skarns and hornfels zone.  

Fluid inclusion data from the MG deposit suggest that hydrothermal systems 

associated with the skarn formation evolved from an early magmatic-dominated stage to 

a late formation/meteoric-dominated stage. An early prograde endoskarn and exoskarn 

formed from high-temperature (444 ï 865 
o
C) and high-salinity (36 ï 40 wt.% CaCl2 + 

NaCl) fluids, whereas retrograde skarn formed from low temperature (97 ï 257
 o

C) and 
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low salinity (1 ï 15 wt.% NaCl equiv.). Fluid inclusion data from Au-bearing quartz-

calcite-sulfide veins adjacent to skarn formed at relatively high temperature (150 ï 317
 

o
C) and low salinity (2 ï 6 wt.% NaCl) than retrograde skarn possibly suggesting a 

greater dominance of meteoric water. The salinity gap between prograde and retrograde 

fluids (~ 4-fold dilution) may be due to throttling in the magmatic-hydrothermal system 

resulting in a pressure regime, which alternated between dominantly lithostatic and 

hydrostatic. This facilitates an influx of huge amounts of meteoric water to cause such 

dilution, which is also supported by the presence of vesuvianite and wollastonite 

assemblage. 

Prograde garnets in this skarn belongs to the grossular-andradite solid solution 

ranging in composition from Adr16Gr82 to almost pure andradite - Adr99Gr1, with the 

other garnet end-members collectively constituting less than 5%. Pyroxenes belong to 

diopside-hedenbergite solid solution with composition ranging from Di31Hd60 to Di93Hd7, 

whereas other pyroxene members collectively account for less than 10%. These garnets 

and pyroxenes exhibit chemical zonation patterns generally characterized by a rim of Fe 

enrichment relative to cores of grains i.e., grandite and diopsidic cores are rimmed by 

more andradite and hedenbergitic compositions for garnet and pyroxene, respectively. 

There is also a general tendency for increasing andraditic and hedenbergitic components 

from the prograde to retrograde garnets and pyroxenes, respectively. Epidote formed 

during the retrograde stage exhibits oscillatory zoning similar to retrograde andradite and 

indicates Fe enrichment increasing from core to rim. Combining the major element 

composition of garnets with their textural and optical characteristics, this study concludes 

that grandites (Al-rich) formed under low water/rock ratios, in equilibrium with 
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metasomatic fluids whose composition was locally buffered by the host rocks, whereas 

andradite (Fe-rich) resulted from rapid growth, with relatively high water/rock ratios that 

were in equilibrium with a magmatic-derived fluid. Oscillatory zoning and 

hydrofracturing observed in these skarn facies are some of the features that reflect the 

chemical and physical variability of the system. In general, there is a relationship 

between the composition of pyroxenes and garnets of the skarn alteration facies and the 

dominant metal of the mineralized skarns. These facies plot in the compositional field of 

Cu-dominated skarns.  

The ŭ
34

S isotopic compositions for sulfides from the skarn deposit fall in the 

range +4.6 to +9.1 ă. These values are isotopically lighter than the corresponding ŭ
34

S 

values from the adjacent gold-bearing quartz-calcite-sulfide veins whose values fall in the 

range +7.9 to +10.0 ă. These high positive isotopic values suggest that magmatic 

hydrothermal fluids had interacted and incorporated significant amount of sulfides from 

sedimentary rocks, which typically have higher ŭ
34

S isotopic values in the region. 

Hydrothermal titanites from retrograde skarn ores were successfully dated by laser 

ablation-inductively coupled plasma-mass spectrometry (LAïICPïMS) in an effort to 

constrain the timing of mineralization. These analyses yield weighted mean 
206

Pb/
238

U 

age of 387.2 ± 3.6 Ma, in agreement with 
206

Pb/
238

U age of 386.3 ± 2.3 Ma of zircon 

from associated porphyry dikes. Felsic dikes spatially associated with CuïAg skarn at 

MG coupled with fluid inclusion data provides evidence for magmatic activity coincident 

with the mineralizing events. In addition, Pb isotope compositions of galena and other 

sulfides (chalcopyrite, pyrite and pyrrhotite) are compatible with a model linking the 

skarns to Early to Middle Devonian magmatic activity at depth. As a result, this study 



 

187 

 

concludes that the MG CuïAg skarn mineralization occurred contemporaneously with the 

intrusion of porphyry dike swarms.  

5.1 ï Introduction  

The McKenzie Gulch (MG) CuïAg skarn occurrences are part of the northern 

Appalachian porphyry-skarn province that stretches from northern Maine to northwestern 

New Brunswick and Gaspé Peninsula (Fig. 5.1; Hollister et al., 1974; Hollister, 1978; 

Williams-Jones, 1982). Other occurrences in the region include the Mines Gaspé and 

Mines Madeleine deposits in Québec and several polymetallic Cu-Pb-Zn-Ag-Au 

prospects that have been the subject of detailed mapping and sampling in the past four 

decades (Savard, 1985; Malo et al., 1993; Malo et al., 2000). Numerous studies (e.g., 

Girard, 1971; Allcock, 1982; Shelton and Rye, 1982; Shelton, 1983; Williams-Jones, 

1986; Procyshyn, 1987; Williams-Jones et al., 1989; Wares and Brisebois, 1998) have 

shown that porphyry Cu and skarn occurrences at Mines Gaspé and Mines Madeleine are 

related to intrusive rocks occurring proximal to these deposits; there is limited 

information about the genesis of the base-metal occurrences in southern Gaspé 

Appalachians, because there are no exposed intrusion within the immediate vicinity of 

these base-metal prospects. Nevertheless, these base-metal prospects are spatially 

associated with the Grand Pabos and Restigouche faults (Savard, 1985; Malo et al., 1993; 

Fig. 5.1), and felsic dike swarms are sporadically situated along the main faults and their 

subsidiary faults (Doyon and Berger, 1997). Investigations of some of those prospects, 

suggest a porphyry and/or skarn affinity (Williams-Jones, 1982; Roy, 1991; Malo et al., 

1993; Moritz et al., 1993; Moore and Lentz, 1996). Data from a regional magnetic survey 
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indicates an anomaly in the southwestern Gaspé Appalachians, which might suggest a 

pluton at depth, is centered on the New Brunswick part of the Mid-Patapédia prospect on 

the western side of the Patapédia River (Malo et al., 2000). 

In northern New Brunswick abundant contact metasomatic CuïAu skarn deposits 

are proximal to small SiluroïDevonian intermediate to felsic intrusions (Lentz et al., 

1995). Copperïsilver skarn mineralization in the McKenzie Gulch (MG) area occurs in 

four zones: the Woden Brook occurrence to the northeast, the McKenzie Gulch and the 

Legacy skarn occurrences in the central part of the area, and the Burntland Brook 

occurrence to the southwest (Fig. 5.2). These occurrences are localized between two 

northeast-trending, dextral strike-slip fault systems, the McKenzie Gulch Fault to the 

west and the Rocky Gulch Fault to the east (Fig. 5.2). All four zones are hosted by 

carbonate-bearing sedimentary rocks of the Upper Ordovician to Lower Silurian 

Matapédia Group and they are spatially associated with swarm of sub-vertical northeast-

trending Devonian intermediate to felsic dikes (Moore and Lentz, 1996).  

Stable isotopes and fluid inclusions in porphyry and skarn systems have been 

studied extensively to determine sources of ore metals and the physico-chemical 

conditions of ore formation and accompanying wall-rock alteration (Einaudi et al., 1981; 

Shelton and Rye, 1982; Shelton, 1983; Kwak, 1986; Williams-Jones and Samson, 1990; 

Hedenquist and Lowenstern, 1994; Moritz and Malo, 1996; Bowman, 1998; Meinert et 

al., 2003; Rusk et al., 2008). These studies have suggested that ore formation in these 

systems involve interactions among fluids, particularly those of magmatic (Giggenbach, 

1997) and meteoric (Taylor, 1997) origin. Most skarn deposits exhibit an intimate spatial 

relationship with intrusions; consequently, skarn minerals can recorded the fluid(s) that 
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were present in the intrusive environment during ore skarn formation (Meinert et al., 

2003). Two distinct mineral assemblages are common in skarns: 1) an early prograde 

stage containing anhydrous minerals (e.g. garnet and pyroxene), which forms from 

relatively high-temperature, hypersaline liquid (cf. Kwak, 1986), and 2) late retrograde 

stage containing hydrous minerals (e.g. epidote, amphibole, and chlorite), and forms from 

lower temperature, lower salinity fluids (cf. Kwak, 1986). The later stage hydrous 

assemblage is commonly associated with ore minerals (Cu-Ag sulfides) and is considered 

to be the main mineralizing stage in most skarn systems.  

Efforts were made to constrain the absolute timing of ore mineralization in the 

MG area by using the mineral titanite (CaTi2SiO5). Jeffries et al. (2003) demonstrated a 

relatively simple and inexpensive analytical set-up for producing in situ UïPb zircon ages 

that compare favourably in terms of cost, precision, sample through-put, and spatial 

resolution with well-established and costly HRïSIMS (high (mass) resolutionïsecondary 

ionization mass spectrometry) methods, such as SHRIMP (Sensitive High Resolution Ion 

MicroProbe). The equipment comprised a commercially available New Wave UP213 

aperture imaged frequency quintupled (k =213 nm) laser ablation system coupled to a 

Thermo Elemental PlasmaQuad 3 quadrupole-based ICPïMS. The capabilities of this 

simple analytical set-up were applied to dating titanite as another accessory phase that 

contains common Pb within their lattice (see Storey et al., 2006). The results are 

compared with UïPb zircon ages obtained from the spatially associated intermediate to 

felsic porphyry dikes (Chapter Two).  

The stable isotope, fluid inclusion, mineral chemistry, and geochronological 

studies described herein were undertaken in order to elucidate the relationships among 
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the skarn occurrences and their associated porphyry dikes.  Specifically, 1) to determine 

the timing of ore formation relative to dike emplacement; 2) to document the 

physicochemical conditions of the hydrothermal fluid flow that bears ore metals and 

sulfides; and 3) documentation of mineralization and alteration styles in the MG area. 

These new data are compared with previous research, elsewhere in the region (e.g., 

Mines Gaspé and Mines Madeline deposits). This data is also used to formulate a genetic 

model for the CuïAg skarn mineralization which can then be used to develop mineral 

exploration strategies in northern New Brunswick, specifically in the MG area.  

5.2 ï Geologic setting   

The study area occurs in the oldest part of a broad depositional belt referred to as 

the Aroostook-Matapédia Cover Sequence (Fyffe and Fricker, 1987) or the Gaspé Belt 

(Bourque et al., 1995), which is underlain by clastic and subordinate calcareous 

sedimentary rocks of Upper Ordovician through Lower Silurian (Figs. 5.1 and 5.2). The 

Gaspé belt extends from Maine through northern New Brunswick into the Gaspé 

Peninsula, and overlies and parallels Taconian deformed Cambro-Ordovician rocks of the 

Dunnage Zone. This belt is divided into three northeast-striking tectonostratigraphic 

zones that, from northwest to southeast, are: Connecticut Valley ï Gaspé Synclinorium 

(CVGS), Aroostook ï Percé Anticlinorium (APA), and Chaleurs Bay Synclinorium 

(CBS) (Bourque et al., 1995; Fig. 5.2).  

The oldest rocks are in the APA, where late Katian to ca. Aeronian sedimentary 

rocks include a lower siliciclastic (Grog Brook Group) and overlying calcareous 

(Matapédia Group) turbidite sequences that represent a gradual infilling of the (Salinic) 
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fore-arc basin. East of the APA, the CBS is underlain by Aeronian to lower Lochkovian 

rocks of the Chaleurs Group and Lower Devonian rocks of the Dalhousie and Tobique 

groups and Campbellton Formation (Wilson and Kamo, 2008; Wilson, 2017). The CBS 

comprises Silurian and Devonian rocks situated adjacent to the northern and western 

margins of the Miramichi Highlands. It is characterized by much greater stratigraphic 

complexity and underwent a more complex tectonic evolution than either the CVGS or 

APA. Rocks of the CBS reveal evidence of transgressiveïregressive cycles, 

unconformities, and magmatic activity, all presumably related to crustal events that 

accompanied and followed Silurian accretion of Ganderian arc and back-arc terranes to 

the Laurentian craton farther west (Wilson et al., 2004).  

The Matapédia Group is divided into the Pabos Formation and overlying White 

Head Formation (see Wilson, 2017 and references therein). In northern New Brunswick, 

the Pabos Formation is considered to be a transitional unit between underlying 

siliciclastic rocks of the Whites Brook Formation (Grog Brook Group), and overlying 

carbonate rocks of the White Head Formation (Matapédia Group; Fig. 5.3). It consists of 

two dominant lithological facies in northern New Brunswick: 1) a sandstone turbidite 

association consisting of light grey, weakly to strongly calcareous, thin- to medium-

bedded, medium- to coarse-grained sandstone and siltstone, intercalated with dark grey 

calcareous shale and minor conglomerate; and 2) a calcareous siltstone association 

comprising thin-bedded (0.2ï4.0 cm), medium- to dark-grey or greenish grey, calcareous, 

parallel-laminated siltstone or mudstone, interstratified with thin beds (2ï6 cm) of 

calcareous to non-calcareous, fine-grained sandstone, and medium- to dark-grey 
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calcilutite or shaly calcilutite (Wilson, 2002; Carroll, 2003; Wilson et al., 2004; Wilson, 

2017).  

The White Head Formation is a carbonate mudstone flysch sequence constituting 

the upper part of the Matapédia Group. The White Head Formation consists of thinly 

interbedded (0.5ï5.0 cm) medium- to dark-grey, very fine-grained calcilutite (carbonate 

mudstone) and calcareous shale or siltstone. Together these rocks form a distinct 

macroscopic texture that has been referred to as óribbon rockô or óribbon limestone 

(Woods, 1993; Wilson, 2017). The óribbonô appearance have been enhanced by 

differential weathering of more resistant shaly beds relative to less resistant  calcitic or 

ankeritic calcilutite beds. Thin (0.5ï10.0 cm) interbeds, lenses, or laminae of fine-grained 

calcarenite, calcareous sandstone, or calcareous siltstone are also normally present 

(Wilson, 2017). Much of the White Head consists of thin-bedded, fine-grained calcilutite 

with planar contacts and microlaminations, commonly alternating with thin beds of 

mudstone or shale, similar to ómuddy contouritesô and hemipelagic slope sediments 

(Stow and Lovell, 1979; Mcllreath and James, 1984). 

Middle Devonian felsic to intermediate porphyry dikes are the youngest rocks in 

the area (with the exception of rare younger lamprophyres; David R. Lentz, personal 

communication) and are part of voluminous magmatism in New Brunswick, 

Newfoundland, Gaspé and Maine, associated with the Acadian orogeny (van Staal et al., 

2009). This orogeny is generally attributed to accretion of Avalonia onto Laurentia (Bird 

and Dewey, 1970; Bradley, 1983; Fig. 5.1); and can be divided into three phases of 

magmatism, namely: 1) Late Silurian ï Early Devonian (423ï416 Ma); 2) Early 

Devonian (416ï400 Ma) to Middle Devonian (Late Acadian); and 3) Middle ï Late 
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Devonian (395ï375 Ma; van Staal et al. (2009). The actual start and duration of the 

orogenic event, location of the suture, and the polarity of subduction are still debated 

(Bradley, 1983; Robinson et al., 1998; Tucker et al., 2001; van Staal et al., 2007), 

although van Staal et al. (2009) suggested that the polarity and timing of the Acadian 

orogeny, can be constrained by three observations: (i) geometry of Silurian arc and back-

arc magmatism (442ï423 Ma) on the trailing edge of Ganderia facing Avalonia; (ii) 

tectonic slivers characterized by 420ï416 Ma subductionïrelated fore-arc high pressure-

low temperature metamorphism, in southern New Brunswick (e.g., White et al., 2006); 

and (iii) Silurian shallow water shelf sedimentary rocks (Arisaig Group) deposited on 

Avalonia, which in-turn were overlain by a thick sequence of foreland basin deposits 

during the latest SilurianïEarly Devonian, due to tectonic loading of Avalonia (see 

Waldron et al., 1996a). Therefore, Avalonia was the lower plate and subduction was to 

the west or northwest beneath Laurentia (van Staal et al., 2009). Interpretations made by 

van Staal et al. (2009), based on the timing of tectonic loading of Avaloniaôs leading 

edge, suggests that the AvaloniaïLaurentia collision started during the Late Silurian at 

ca. 421 Ma in Maritime Canada, and that the Acadian orogeny continued uninterrupted 

into the Early Devonian.  

5.3 ï Deposit geology: 

The MG deposit is hosted by Matapédia Group rocks along the southeastern flank 

of the Aroostook ï Percé Anticlinorium (Fig. 5.2). The oldest rocks in the study area 

belong to the Grog Brook Group, which is composed of silty argillite, sandstone, and 

greywacke. The Matapédia Group is separated from Grog Brook Group rocks to the 
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northwest and younger Chaleurs Group rocks to the southeast by the McKenzie Gulch 

and Rocky Gulch faults, respectively. Middle Devonian felsic dikes occur throughout the 

MG area, where they intrude the Matapédia Group rocks, and are commonly concentrated 

in swarms (Fig. 5.2). These dike swarms range from intermediate to felsic in composition 

(Moore and Lentz, 1996; Chapter Two), and represent both weakly and highly altered 

components of the intrusive suites in the study area. Igneous textures in the highly altered 

dikes are almost completely obliterated and igneous mineralogy has been replaced by 

secondary mineral assemblages such as sericite, clay, calcite, and chlorite. This alteration 

also represents bleaching that introduces a white coloration in some dikes and results 

from abundant clay minerals and subordinate secondary quartz. 

Linear contact metamorphic aureoles marked by the development of fine- to 

medium-grained white marble, dark purplish grey hornfels and light green, calcic 

hornfels are common adjacent to dikes in the study area. Locally, these metamorphic 

aureoles contain patchy garnet ï pyroxene skarn that occurs as thick, layer-parallel or 

discordant veins (Woods, 1993).  Copperïsilver mineralization of the MG deposit occurs 

most commonly within coarse-grained garnetïpyroxene skarn, where it has retrograded 

to an assemblage of epidote, amphibole, chlorite, calcite, quartz, and subordinate 

vesuvianite.  

5.4 ï Skarn alteration and evolution 

The MG deposit consists mainly of exoskarn with minor endoskarn zones. The 

latter formed as irregular pods and discordant veins and is limited to the margins of 

porphyry dikes, namely: 1) QïP, and 2) PïH suites. The presence of numerous dikes 
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complicates the alteration patterns of the MG skarn system relative to other skarn 

deposits. For example, drill hole # MC-92-19 (200 m in depth) intersects 8 intervals of 

felsic dikes and 9 layers of skarns among argillaceous limestones. The percentage volume 

of dikes intrusion within skarn alteration and mineralization zones is estimated to be 

between 30 and 40 %. Although an estimated mineralization occurs within a 10 m thick 

envelop that extends to a depth of 500 m, skarn alteration is wide spread and it varies 

from 50 m to 100 m thick on surface, and extends down to a depth of about 500 m. Other 

small and sporadic patches of mineralized and barren skarn alteration zones do occur in 

the study area as evidenced in some drill cores (e.g., sulfide-bearing hornfels zone 

intersected by DDH #: MBL-14-07). The endoskarn alteration mainly consists of pale 

brown to colorless, medium- to coarse-grained garnet and pyroxene, chlorite, calcite, 

sericite, quartz, and pseudomorphs of the primary feldspar (Fig. 5.4J). The composition 

of garnet from the MG ranges from dominantly grossular (Adr16Gr82) in the early 

prograde skarn to almost pure andradite ï (Adr99Gr1) in late prograde to retrograde 

stages. This compositional data indicates that óhoney coloredô grandite dominates the 

prograde stage, whereas andradite dominates the late prograde to retrograde stages. Most 

of these grandite garnets do contain inclusions of diopside are interpreted to form after 

diopside. To crystallize Al-Fe grandite garnet in the prograde skarn requires an addition 

of Al to the system. The stability of early andradite-grossular solid solution (Adr16Gr82) 

can occur at ~650
o
C and 2 kbar (Taylor and Liou, 1978), and provides an upper 

temperature limits for grandite formation. However, mineral reactions involving the 

intermediate grandite garnets are more complex than those involving either grossular or 

andradite end-members (Taylor and Liou, 1978). Nevertheless, grandite garnet in Fe-rich 
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metasomatic skarns may be replaced by mineral assemblages including calcic 

plagioclase, epidote, and amphibole in addition to quartz, calcite, and iron oxide. Fe-

bearing sulfides may also form, depending on the äS2 in the fluid, and sphene or titanite 

may be present as a replacement product of Ti-bearing garnet. These skarn garnets are 

typically zoned with respect to Al and Fe, resulting in certain zones being selectively 

replaced during retrograde reactions with metasomatic fluid(s) (Taylor and Liou 1978). 

The MG grandite exhibits similar Al- and Fe-zoning and titanite in addition to Fe-bearing 

sulfides (pyrrhotite and pyrite), are present in both prograde and retrograde stages. 

Clinopyroxene composition ranges from diopsidic (Di93Hd7) in the early prograde 

skarn to more hedenbergitic compositions (Di31Hd60) during retrograde stages. The latter 

are typically enriched in Fe relative to the former suggesting increasing dominance of Fe 

as the systems evolves. Late or retrograde garnet and pyroxene, which are commonly Fe-

rich, have been documented in several skarn systems. For example, Meinert (1997) 

presented both garnet and pyroxene compositions from the Big Gossan Cu-Au skarn 

deposit, Ertsberg mining district, Irian Jaya, Indonesia, in which he observed Fe 

enrichment in the late and distal pyroxene (more hedenbergitic) compared to proximal 

and early pyroxene which is nearly pure diopsidic. Other studies include Einaudi et al. 

(1981); Nakano et al. (1989); Meinert (1992, 1997); Logan (2000); Gasper et al. (2008); 

and Xu et al. (2016). The presence of early contact-metamorphic wollastonite and almost 

pure diopside and grandite (Fig. 5.5N) in the exoskarn zone (in contact with the intrusion) 

can be accounted for by the interaction of argillaceous limestone and hydrothermal fluids 

containing dissolved silica. These fluids interacted with anorthite from plagioclase in the 

intrusions at temperatures > 600 
o
C (wollastonite stability) via equations 1 and 2 
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(Bowman, 1998; Whitney and Olmsted, 1998; Chowdhury and Lentz, 2011). In these 

reaction equations; Cc, Wo, Dol, Qtz, and Di represents calcite, wollastonite, dolomite, 

quartz, and diopside, respectively. In addition subordinate dolomite in argillaceous 

limestone was recognized in the whole rock geochemical data analyzed during 

exploration activities:    

 

Cc + SiO2 (aq)   =  Wo + CO2 (g)                                                  (1) 

and 

Dol + 2Qtz = Di + 2CO2                                                               (2) 

 

The massive bodies of exoskarn are divided into prograde (Fig. 5.4E, F & J) and 

retrograde (Fig. 5.4D, G, H, I & K) assemblages. Skarn alteration was preceded by an 

early contact metamorphic event that formed a fine-grained calc-silicate hornfels 

envelope. The hornfels was developed for the most part within calcareous mudstone 

and/or very fine-grained clastic sedimentary rocks, whereas limy argillite was altered to 

coarse-grained, dark to reddish-brown skarn, consisting of > 85 vol. percent garnet, 

following dikes emplacement. This contact metamorphic event was also responsible for 

the local formation of marble from argillaceous limestone immediately adjacent to 

intrusive contacts (e.g., Fig. 5.4J). The early hornfels formed primarily by intergranular 

fluid diffusion processes, and has a mineralogy controlled by temperature and protolith 

composition. This assemblage includes fine-grained clinopyroxene, garnet, localized 

feldspars, magnetite, and secondary calcite and quartz crystals within the calcareous 

sedimentary rocks (Matapédia Group), as well as the development of localized skarnoid 
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in patchy, banded and (or) spotted textures, and associated small fractures (Figs. 5.4G & 

H; 5.5C,G & K). Reactions 3-5 can account for the development of hedenbergite (Hd) 

and magnetite (Mt) in hornfels zone;  

 

Cc + SiO2 (aq) = Wo + CO2 (g)                                         (3) 

 

2Wo + Fe
2+

 (aq) = Hd + Ca
2+

 (aq)                                     (4)  

 

Hd + CO2 (g) = Mt + Qtz + Cc                                         (5) 

 

Iron enrichment in hornfels (as indicated by garnet and pyroxene) is manifested 

by the presence of magnetite. The hornfels stage in the MG area was followed by 

metasomatic replacement dominated by massive fine- to medium-grained pyroxene 

skarn, which marks the beginning of prograde stage. Medium- to coarse-grained garnet 

immediately follows pyroxene and together they define a typical calc-silicate prograde 

skarn assemblage (see paragenetic sequence of minerals, Fig. 5.6). This metasomatic 

replacement exhibits complex textures and mineralogy as a result of the compositional 

variability of the fluids, fluid dynamics, and structural framework. The distribution of 

these skarn assemblages is structurally controlled in part, and their textural relationships 

and chemistry suggest a dynamic system marked by multiple fluid pulses. Opaque 

minerals related to this prograde alteration include trace pyrite and pyrrhotite.  

Contact metamorphic and prograde skarns were overprinted by veinlets and vein 

envelopes of hydrous phases (amphibole, chlorite, and epidote) in addition to quartz and 
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calcite, which are commonly associated with sulfide deposition, and represents the 

commencement of retrograde alteration (Figs. 5.4 & 5.5). One possible reaction leading 

to the formation of pure andradite (Adr; Fe
3+

-rich garnet) during late prograde to 

retrograde stages involves the interaction of argillaceous limestone with silica-bearing 

fluids under locally oxidized conditions (modified after Logan, 2000). Mineral 

abbreviations as in reactions 1 to 5 above:  

 

9Cc + 9Qtz + 2Mt + 1/2O2 = 3Adr + 9CO2                               (6) 

 

Also, if the exsolved magmatic hydrothermal fluids carried soluble Fe in the form 

of FeCl2 complexes, pure andradite in the late prograde to retrograde stage may have 

occurred via reactions (9) and (10) in Section 5.12.1. Retrograde alteration is pervasive 

and fracture controlled and developed during three successive sub-stages: i) early 

retrograde alteration related to the transition of hornfels and anhydrous skarn (i.e., 

grandite, pyroxene, and subordinate wollastonite) to hydrous skarn assemblages 

(amphibole, epidote, chlorite, sericite, vesuvianite, sulfide minerals, titanite, secondary 

calcite, and quartz). During this stage epidote and amphibole replaced grandite and 

pyroxene, respectively. In the presence of H2O-rich fluids grandite can be replaced by 

epidote via reaction 7 (reversed from Taylor and Liou, 1978), whereas pyroxene can be 

replaced by actinolite via reaction 8.  

 

Gr + Cc + H2O = Epd + CO2                                                  (7) 
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5Px +H2O+ 3CO2 = Act + 3Cc + 2Qtz                                 (8) 

 

These retrograde assemblages (epidote, amphibole, sulfides) can occur along millimeter- 

to centimeter-scale veins cutting all skarn types. These veins have amphibole halos and 

minor but variable amounts of chlorite, recrystallized calcite, quartz, and retrograde 

garnet and pyroxene (Figs. 5.4 & 5.5). Apart from introducing silica/quartz along veins, 

this alteration affected wide zones of limy argillite and/or selected strata within 

calcareous rocks of the White Head Formation (Figs. 5.9 & 5.4N), resulting in alternating 

silica rich and silica poor strata yielding a typical of ózebra-pattern; ii) a late phyllic 

alteration in intrusive intermediate to felsic rocks, resulted in replacement of hornblende 

with calcite, biotite, and/or chlorite, and feldspar with sericite and fine-grained calcite; 

and iii) a late veinlets controlled silicification and secondary calcite ± sulfides (sphalerite, 

pyrite, chalcopyrite, and pyrrhotite; Fig. 5.4G, I, E & O). The late-stage veins and 

veinlets alteration affects metamorphosed, metasomatized, porphyry dikes and previously 

unaltered calcareous sedimentary rocks of the White Head Formation. 

5.5 ï Mineralization and lithological control  

The main stage of CuïAg skarn mineralization is retrograde and coincides with 

the development of fluid inclusions that are free of daughter minerals of salt (Fig. 5.10), 

suggesting that sulfide precipitation did not take place until the system was diluted by 

fluids with lower salinities and cooled below the temperature of early stage skarn 

formation. Mineralization is principally hosted within the Matapédia Group that consists 

of thin-bedded, dark grey argillaceous limestone and calcareous siltstone (Lentz et al., 
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1995; Fig. 5.3). In the MG area skarn contains between 3 to15 % total sulfides and minor 

oxides, whereas the hornfels zone may contain 0-15 % magnetite, locally reflecting an 

oxidized environment during hornfels formation. In some cases magnetite is retrograde as 

it replaces garnet, and occurs in association with pyrite and chalcopyrite (Fig. 5.4E). 

Sulfide minerals overprint all skarn assemblages. Pyrrhotite and chalcopyrite are 

most dominant, together they comprise about 3-10 % of all sulfides, whereas pyrite 

constitutes 1-5 %. These sulfides occur most commonly as veins or a stockwork of 

veinlets, or as disseminated, patchy and locally as replacement bodies within calc-silicate 

skarn in argillaceous limestone (Fig. 5.4). Minor late sphalerite is associated with pyrite 

or pyrrhotite and occurs within endoskarn veins, proximal to intrusive contacts or cross 

cutting skarn or hornfels (Fig. 5.4). Metalliferous skarns associated with the MG 

occurrences are Cu-rich and contain significant amounts of Ag. The relationship between 

the composition of pyroxene and garnet within the skarn and the dominant metals has 

been discussed by several authors (e.g., Meinert, 1983; Ray and Webster, 1997; Malo et 

al., 2000). Garnets from the MG area have a composition that falls along the grossular ï

andradite solid solution, and plot in the compositional field of Cu-dominated skarns (Fig. 

5.7a). Likewise, pyroxene composition falls between diopside and hedenbergite, and also 

plot in the field of typical Cu-dominated skarns (Fig. 5.7b). In addition, gold-bearing 

quartz-sulfide veins adjacent to skarn deposit (Fig. 5.4A), are up to 50 cm wide with the 

majority ranging between 5 and 25 cm. The sulfides phases in these veins are dominated 

by pyrrhotite, chalcopyrite and pyrite, with subordinate sphalerite and galena. The 

exposed hypogene skarn and Au-bearing sulfides in the MG area were locally subjected 

to supergene processes which replaced primary sulfide minerals by hematite, Fe-
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hydroxides (goethite) and Cu-carbonates (malachite), to form small leached caps and 

patches as oxide zones (Fig. 5.4B). The spatially and temporally associated felsic to 

intermediate dikes in the MG area are generally unmineralized except locally where they 

are in contact with skarn.  

5.6 ï Conditions during sulfides deposition  

The majority of the sulfide mineralization in the MG deposit   was formed post 

crystallization of pyroxene and garnet skarns during the retrograde stage; however, some 

sulfides formed early during the prograde stage synchronously with calc-silicates. The 

earliest formed sulfide (pyrite), was partially to completely replaced by pyrrhotite. 

Magnetite also formed early and is most commonly associated with the hornfels zone and 

later in the retrograde stage in association with ore minerals (Fig. 5.4E). The presence of 

sulfides (pyrrhotite, pyrite, chalcopyrite, and sphalerite) and magnetite can be used to 

constrain the äS2, äO2, pH and temperature conditions during the formation of 

mineralization. Micro-thermometric data from fluid inclusions in grandite and diopside 

provide an estimate of temperature of formation for the MG skarn. The homogenization 

temperatures suggest formation temperatures between 440 and 870°C for the prograde 

skarn assemblage (Table 5.1). In contrast homogenization temperatures (Th) from calcite 

and quartz in the retrograde skarn assemblage are generally between 100°C and 250°C 

(Appendix E; Table 5.2), whereas Th of inclusions in calcite and quartz from Au-bearing 

veins indicate temperatures between 150°C and 317°C. It is likely that most sulfide 

mineralization occurred at temperatures greater than 200°C (Fig. 5.8b). Since pyrrhotite 

and pyrite crystallization initiated in the prograde stage, we assume an upper limit of 
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sulfide formation less than 750°C (Fig. 5.8a). The presence of abundant pyrrhotite and 

absence of hematite indicate that during sulfide deposition the hydrothermal fluid was 

less-oxidized (i.e., lower äO2) and less sulfidized (lower äS2) than fluids of typical of 

porphyry Cu systems (see Einaudi et al., 1981; Zahedi et al., 2014). The presence of 

pyrrhotite also supports a lower fS2 and fO2 of the Cu (Ag) mineralization in the MG 

deposit relative to most Cu-porphyry systems (e.g., Sillitoe, 2010). The lower redox 

nature in the MG deposit assemblages may be attributed to the presence of carbonaceous 

argillite in the host sedimentary rocks.  

5.7 ï Structural control  

Several deformation events ranging from pre- to post-Acadian Orogeny have been 

identified in the region (see Whalen, 1993; Kirkwood and Malo, 1993; Wilson, 2017); 

however, evidence for these are rarely evident in the porphyry dikes. Craggs (2008) 

conducted a detailed structural study of Campbellton region (~70 km north of MG). This 

work examined five  major faults (Black Lake, Squaw Cap, Sugar Loaf, Sellarsville and 

Sellarsville East faults) as well as their associated damage zones, and concluded that 

during the Middle Paleozoic the region was part of a large dextral transpressive system 

that extends into the Gaspé Peninsula. Based on the timing and style of fault development  

the boundary conditions during deformation restricted lateral extension of the region, 

which indicates that the Middle Silurian Salinic Orogeny had only a minor effect on 

rocks of the Campbellton area (Craggs, 2008). Nevertheless, three distinct deformation 

events are recorded in the Late Silurian to Middle Devonian rocks of northern New 

Brunswick (van Staal and de Roo, 1995), whereas only two phases are recognized in 
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northern Maine in rocks of the same age (Hibbard, 1994; Malo et al., 1995). van Staal 

and Fyffe (1991) presented evidence for Late Silurian to Early Devonian movement 

along the transcurrent Rocky BrookïMillstream fault system in northern New Brunswick. 

In the Gaspé Peninsula, the main tectonic pulse of the Acadian orogeny is restricted to the 

Devonian and occurred later than areas farther south in the Canadian Appalachians 

(Kirkwood and Malo, 1993).  

Numerous studies have established the relationship between structures and 

magmatic hydrothermal ore deposits. For example, Richards (2001) indicated that most 

hypabyssal plutons related to magmatic hydrothermal ore deposits are emplaced in 

tensional or transtensional arc environments, perhaps within a broadly compressional 

regime. In these settings, structural controls on the localization of ore-forming 

magmatism are evident, as illustrated by the restriction of several of the worldôs largest 

porphyry copper deposits to a single fault belt in northern Chile and southern Peru, and 

more specifically to lineament intersections along its length (see Richards, 2001 and 

references therein). In northern New Brunswick, igneous intrusive activity in the APA is 

restricted to isolated intrusion or locally developed swarms of felsic dikes along major 

Acadian faults. The regional structural trend of the APA is northeast and major eastï to 

eastïnortheastïtrending dextral strikeïslip faults cut this trend (Figs. 5.1 and 5.2). As a 

result, the emplacement of the felsic dikes and sills appears to have been structurally 

controlled since they follow this regional structural trend (see Malo and Pelchat, 1994; 

Doyon and Berger, 1997; Malo et al., 2000). Structural domains between the major faults 

are moderately deformed and characterized by a dome and basin interference pattern 

resulting from two phases of folding (Malo and Béland, 1989). Open to gentle and 
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upright northwest-trending F1 folds without associated cleavage preceded development of 

the regional northeast-trending F2 folds that locally have an associated S2 cleavage in 

APA (Carrol, 2003; Wilson, 2017). The main structural features at the MG area are the 

regional northeast-trending fault systems, namely; the McKenzie Gulch and the Rocky 

Brook-Millstream fault systems located to the northwest and southeast of MG, 

respectively (Fig. 5.2). The distribution of mineralized skarns is commonly controlled by 

these complex brittle structures, which acted as conduits for high-temperature fluids 

evolved from the intrusions during crystallization (Lentz et al., 1995). Most of these 

structures are parallel or perpendicular to the regional northeast structural trend of the 

region (Roy, 1991; Malo et al., 1993; Malo and Pelchat, 1994).  

5.8 ï Mineral chemistry  

Electron microprobe analyses of prograde (garnet, pyroxene, and wollastonite) 

and retrograde (epidote, amphibole, and vesuvianite) skarn assemblages from MG was 

undertaken at the University of New Brunswick Microscopy and Microanalysis Facility, 

using the JEOL JXA-733 EMPA equipped with dSspec and dQant32 automation (Geller 

Microanalytical Laboratories). The instrument was operated with an accelerating voltage 

of 15 kV, and a probe current of 30 nA. Counting times on peaks were 30 s, except for 

sulfur (60 s) and high and low backgrounds were each counted for 15 s. Backscattered 

electron images were obtained with dPict32 (Geller Microanalytical Laboratories). A 

variety of synthetic and natural standards were used for monitoring analytical accuracy. 

These include: orthoclase, jadeite, bytownite, bustamite, olivine, ilmenite, hematite, Cr 

metal, CPX511 for clinopyroxene, amphibole, and vesuvianite with an additional three 
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standards (barite, tremolite and tugtupite) for the latter two minerals. Clinopyroxene and 

amphibole crystals were analyzed for ten and thirteen elements, respectively at the 

following detection limits: Na (136 ppm), Mg (89 ppm), Al (73 ppm), Si (87 ppm), K (93 

ppm), Ca (102 ppm), Fe (416 ppm), Mn (245 ppm), Ti (108 ppm), Ti
3+

 (305 ppm), Cr 

(140 ppm), Ba (1282 ppm), F (199 ppm), and Cl (104 ppm).  

The concentration of the following eight elements, with their respective detection 

limits in brackets, were analyzed in garnet: Si (78 ppm), Mg (81 ppm), Al (76 ppm), Ca 

(73 ppm), Fe (380 ppm), Mn (316 ppm), Cr (161 ppm), Ti (127 ppm), whereas epidote 

were analyzed for twelve elements Mg (75 ppm), Al (85 ppm), Si (87 ppm), Ti (128 

ppm), Mn (774 ppm), Ca (152 ppm), Fe (562 ppm), Y (270 ppm), La (1682 ppm), Ce 

(1517 ppm), Th (690 ppm), and U (938 ppm). Analytical accuracy for garnet and epidote 

was monitored by employing the following standards: GRTPYR, GRTGM, CPX511, 

ilmenite, Cr metal, bustamite, and hematite for garnet, whereas bytownite, bustamite, 

olivine, ilmenite, hematite, CPX511, U metal, Th metal, PhosCe, PhosLa, and Yag were 

analyzed for epidote. The concentrations of the elements analyzed in each mineral were 

converted to molar cation numbers standardized to the appropriate number of oxygen 

atoms in the mineral.  

5.8.1 ï Garnet  

Electron probe microanalyses (EPMA) show that garnets from the MG skarn 

deposits mostly belong to the grossularïandradite (grandite) solid solution. Generally, 

crystal, compositions vary from Adr16Gr82 to almost pure andradite - Adr99Gr1 (Fig. 5.7a; 
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Appendix F; Table 5.3), with spessartine, pyrope, uvarovite and almandine, collectively 

less than 5%.   

Garnet formula unit- and end-members were calculated based on 12 oxygens and 

with Fe
2+

/Fe
3+

 calculated assuming full site occupancy. Garnet from prograde skarn has 

high Al 2O3 contents ranging from 13.78 to 17.47 (average 15.77 wt.%) compared to 

retrograde garnet, which exhibits low Al2O3 values ranging from 0.24 to 14.76 (average 

6.90 wt.%). Prograde garnet is low in FeO (6.84 ï 11.89 wt.%; average 9.04 wt.%) 

compared to retrograde garnets that have FeO contents ranging from 10.45 to 27.92 wt.% 

(average 19.71 wt.%). Hornfels contains the highest FeO (22.32 ï 27.18 wt.%; average 

23.42 wt.%) and the lowest Al2O3 (1.43 ï 5.53 wt.%; average 4.62 wt.%) values. High 

FeO in hornfels is attributed to the presence of magnetite. These MG garnets are 

commonly zoned with grandite cores and andraditic rims which are typical of garnets in 

porphyry-related copper skarns (e.g., Einaudi, 1982). The variation in garnet composition 

from core to rim coupled with oscillatory zoning and hydrofracturing reflect the chemical 

and physical variability of the system with time (Fig. 5.7c).  

5.8.2 ï Pyroxene  

Clinopyroxene from the MG skarn deposit forms a solid solution series between 

diopside and hedenbergite with a composition from hedenbergitic (Di31Hd60) to diopsidic 

(Di93Hd7; Appendix F; Table 5.4), whereas other pyroxene compositions collectively 

account for less than 10% of the pyroxenes. Like the garnets, the pyroxenes exhibit an 

intracrystalline chemical zonation, with diopsidic cores and hedenbergitic rims. Pyroxene 

also exhibits a wide compositional range from prograde to retrograde stage. This 
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pyroxene from prograde skarn is Mg-rich with MgO ranging from 13.07 to 17.38 wt.% 

(average 15.85 wt.%), whereas retrograde pyroxene exhibits lower MgO and ranges from 

7.05 to 11.78 wt.% (average 9.60 wt %). In terms of FeO content pyroxene from prograde 

skarn is low (FeO 1.34 ï 7.42 wt.%, average 3.11 wt.%) compared to retrograde  

pyroxene where FeO  ranges from 9.95 to 16.73 wt.% (average 12.98 wt.%). Iron 

enrichment in pyroxene from prograde to retrograde is a result of continuous substitution 

of Mg with Fe as the hydrothermal system evolves (Fig. 5.7d).  Similar to garnet, 

pyroxene from the hornfels zone contains the highest FeO (14.49 ï 25.38 wt.%; average 

19.45 wt.% FeO and lowest MgO (0.07 ï 8.49 wt.%; average = 4.91 MgO wt.%) values.  

5.8.3 ï Wollastonite, amphibole, vesuvianite, and epidote 

Wollastonite in the MG skarn occurs sporadically as a minor constituent in 

massive pyroxene in areas proximal to dike contacts and/or in endoskarn. It is close to its 

stoichiometric composition (CaSiO3), with minor amounts of Fe, Al, Mg, Mn, and Na 

oxides (Appendix F; Table 5.5). According to classification by Leake et al. (2004), 

calcic-amphiboles in the MG skarn system belong to magnesio-hornblende, ferro-

tschermakite, and actinolite with the dominant substitution being Fe-Mg-Mn for Ca (Fig. 

5.7E, and Table 5.6). Most of the amphibole occurs as retrograde alteration product of 

pyroxene, typically in association with quartz, carbonate, and sulfides. Other phases 

include minor vesuvianite that occurs sporadically and contains significant amounts of 

Mg, Al, and Fe oxides (Table 5.7). Epidote occurs most commonly in veins and veinlets 

in association with amphibole, calcite, quartz and sulfides. Epidote from MG contains 

pistacite (Ps) component that ranges from Ps15 to nearly pure-Ps31 Fe-end-member 
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(Table 5.8; Fig. 5.7F). The epidote commonly exhibits zoning, i.e., Fe-enrichment toward 

crystal rims, although reverse zoning does occur due to physico-chemical variations of 

the fluids. Sulfide minerals are commonly associated with this type of alteration in 

addition to amphiboles, quartz, and calcite.  

5.9 ï Isotopic studies 

5.9.1 ï Stable isotope (sulfur ) 

5.9.1.1 ï Sample preparation and Methods 

Samples from CuïAg skarn occurrences and adjacent gold-bearing quartz-calcite-

sulfide veins were selected for sulfur isotope analysis. Sulfur separates were obtained by 

handpicking after crushing the host lithology to release sulfides, and then checked for 

purity under a binocular microscope. Separates were then hand-ground in an agate mortar 

in order to homogenize the sample. Analyses were made at Queenôs Facility for Isotope 

Research, Department of Geological Sciences at Queen's University, Ontario, Canada. 

Samples were weighed into tin capsules and the sulfur isotopic composition was 

measured using a MAT 253 Stable Isotope Ratio Mass Spectrometer coupled to a 

Costech ECS 4010 Elemental Analyzer. These ŭ
34

S values were calculated by 

normalizing the 
34

S/
32

S ratios in the sample to that in the Vienna Canyon Diablo Troilite 

(VCDT) international standard. Values are reported using the delta (ŭ) notation in units of 

permil (ă) and are reproducible to 0.2 ă. The latter is based upon primary or secondary 

standard analyses (Table 5.9). Results are calibrated to certified reference materials, 



 

210 

 

reported in standard permil notation (ă) and relative to the international standards (i.e., 

ŭ
34

S relative to VCDT). Precision is based upon duplicate sample analyses.  

5.9.1.2 ï Results 

The ŭ
34

S values for sulfides associated with gold-bearing quartz-calcite-sulfide 

veins (n= 22) range from +7.9 to +10.0 ă. Chalcopyrite samples have average ŭ
34

S = 9.1 

ă, whereas pyrrhotite has an average ŭ
34
S = 9.4 ă, and pyrite has ŭ

34
S = 9.2 ă 

(Appendix G; Table 5.9). The ŭ
34

S values for sulfides from the skarn fall in the range 

+4.6 to +9.1 ă. This includes six chalcopyrite grains with ŭ
34
S average value of 5.4 ă), 

three pyrite grains (average = +6.6 ă), and five pyrrhotite samples (average = 6.3 ă).  

These data indicate that the average ŭ
34

S of various mineral phases are 

significantly different. However, there is little evidence for systematic variation in 

isotopic composition of a specific sulfide between CuïAg skarn and Au-bearing quartz-

calcite vein deposits. Nevertheless, the results do indicate that the sulfur isotopic 

compositions of sulfides from gold-bearing quartz-calcite veins have higher ŭ
34

S relative 

to sulfides from skarn (Appendix G; Fig. 5.11). This suggests that fluids responsible for 

vein formation had a greater interaction with sedimentary sulfides relative to skarn 

sulfides. In both cases the results suggest a primary igneous sulfur source that had 

variably interacted and incorporated sedimentary sulfur from host rocks.  
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5.9.2 ï Radiogenic isotope (lead) 

5.9.2.1 ï Chalcopyrite, pyrite, and pyrrhotite  

Sulfide samples were crushed to separate individual grains (i.e., chalcopyrite, 

pyrite, and pyrrhotite) from host lithology, and then checked for purity under a binocular 

microscope. This was followed by hand-grinding in an agate mortar for homogenization.  

Analyses were performed at the stable isotope laboratory (SIL) of Memorial 

University, Newfoundland, Canada. Approximately 0.2 g of powder was dissolved in 

Savilex Teflon beakers using a mixture of HF ï HNO3 acids. After five days of digestion, 

the solution was evaporated to dryness and then taken up in 6 N HCl acid for two days.   

The solution was then evaporated again and taken up in HBr.  Pb elution and recuperation 

was achieved using the standard anionic HBr ï HCl chromatography. All reagents were 

purified by sub-boiling in order to ensure a low contamination level. All isotopic ratios 

were obtained using a multicollector Finnigan Mat 262 mass spectrometer in static mode.  

All reported Pb isotopic ratios were corrected for mass fractionation by a factor of 0.129 

% per amu, which was obtained by measuring the deviation from repeated (n=11) 

analyses of the NBS 981 standard (see Todt et al., 1996).  In-run precisions on all 

isotopic ratios are given at 95% confidence level. 

5.9.2.2 ï Results 

Lead isotopic analyses were performed on eight sulfides samples, four from gold-

bearing quartz-calcite veins, and four from CuïAg skarn at MG. Data from these sulfides 

(i.e., chalcopyrite, pyrite, and pyrrhotite) are presented in Table 5.10 in order to 

characterize the source rocks to the MG skarn. The majority of lead isotopic values for 
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sulfides (other than galena) from the MG CuïAg skarn deposit have 
206

Pb/
204

Pb values 

that range between 18.124 and 18.303, 
207

Pb/
204

Pb values that range between 15.539 and 

15.576, and 
208

Pb/
204

Pb values that range between 37.967 and 38.184 (Table 5.10). The 

gold-bearing quartz-calcite sulfide veins have 
206

Pb/
204

Pb values that range from 18.085 

to 18.699, 
207

Pb/
204

Pb that range from 15.535 to 15.577, and 
208

Pb/
204

Pb values that range 

from 37.892 to 38.742. These lead isotopic compositions of sulfides (chalcopyrite, pyrite, 

and pyrrhotite) from Cu-Ag skarn and Au-bearing quartz-calcite are similar to lead 

isotopic values of galena obtained only from the gold-bearing quartz-calcite veins. All 

plot within the field of the initial lead isotope compositions of SiluroïDevonian plutonic 

rocks of the northern Appalachians (i.e., Maine stocks, Mount McGerrigle Complex and 

northern group plutonic rocks; Fig. 5.12).  

5.9.2.3 ï Galena  

Galena grains in polished thin sections from selected gold-bearing sulfides veins 

deposit from gold-bearing quartz-calcite veins at the MG area were analyzed by in-situ 

laser ablation quadrupole inductively coupled plasma mass spectrometry (LA Q-ICP-MS) 

at the Department of Earth Sciences, University of New Brunswick, Fredericton, Canada. 

This instrumentation includes an ASI (formerly Resonetics) ResolutionÊ M-50 193 nm 

ArF (excimer) laser system (Canberra, Australia) synchronized to an Agilent 7700x 

quadrupole inductively coupled plasma mass spectrometer equipped with dual external 

rotary pumps. The system has been described in detail in a number of previous 

publications (e.g., McFarlane and Luo, 2012; McFarlane and McKeough, 2013). The 

analysis of galena grains was conducted following the procedures outlined by McFarlane 
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et al. (2016). Data acquisition was optimized by adjusting spot size, energy density, and 

ablation time to obtain near steady-state low relative standard deviation (% RSD) signals. 

Standard-sample bracketing using in-house Broken Hill galena as external reference 

standard was used and offline data reduction was carried out using VizualAge for Iolite3 

(see McFarlane et al., 2016).  

5.9.2.4 ï Results  

The lead isotope compositions for galena from the gold-bearing quartz-calcite 

veins at the MG area are presented in Table 5.11. Galena from these veins has lead 

isotopic values 
206

Pb/
204

Pb values ranging from 18.036 to 18.116, 
207

Pb/
204

Pb values 

ranging from 15.510 to 15.591 for and 
208

Pb/
204

Pb values ranging from 37.840 to 38.020 

for. These data plot below the orogen growth curve of Stacey and Kramers (1975) 

207
Pb/

204
Pb vs 

206
Pb/

204
Pb (Fig.5.13d). Previously published data from galena in gold and 

base metal occurrences in Gaspé Peninsula have yielded similar results (see Moritz and 

Malo, 1996). These data are generally consistent with isotopic reservoirs defined in the 

Plumbotectonics model of Zartman and Doe (1981). The MG data plot within the field of 

the initial lead isotope compositions of Siluro-Devonian plutonic rocks of the northern 

Appalachians (Ayuso and Bevier, 1991; Fig. 5.12).  

5.10 ï Fluid inclusion microthermometry 

5.10.1 ï Methodology 

Fluid inclusion microthermometry was carried out at the Department of Geology, 

Saint Maryôs University, Halifax, Canada using a calibrated Linkam FTIR600 heating-
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freezing stage mounted on Olympus BX51 microscope and a TS1500 Linkam high 

temperature fluid and melt inclusion stage for observations in visible and ultraviolet light 

from -190°C to 1500°C. Total uncertainties with thermometric measurements range from 

±2 to 3ºC for temperatures near the extremes of working conditions (-190º to 560ºC), to < 

0.2ºC for temperatures recorded near 0ºC (0.9865x + 0.2959). A higher heating rate 

(5
o
/min on the Linkam stage and 10

o
/min on the Leitz stage) was used to study garnet and 

pyroxene-hosted inclusions. This resulted in uncertainties of ±10
o
C for Tmeasured above 

560
o
C.   

5.10.2 ï Fluid inclusion descriptions  

Except in cases where there is direct evidence of alteration, prograde skarn 

minerals are unlikely to trap  low temperature and low salinity retrograde fluids; 

therefore, careful selection of fluid inclusion samples can provide direct evidence for the 

temperature and salinity shift in most skarn systems as they evolve from  prograde to 

retrograde (Meinert et al., 2003). At least six fluid inclusion types were recognized in 

carefully selected pyroxenes from prograde skarn:  I) liquid + solid + vapor + opaque 

crystal; II) solid + liquid + vapor; type; III) two solids + liquid + vapor; IV) solid + 

liquid; V) liquid + vapor; VI) liquid + vapor + opaque crystal. Other fluid inclusion types 

containing (vapor + solid + opaque crystal) and (liquid + solid + opaque crystal) were 

also encountered. Types V and VI inclusions are liquid and vapor-rich with no soluble 

solid phases (Fig. 5.10 pyroxene). These inclusions range in size up to 30 µm with the 

majority aligned parallel with the pyroxeneôs optical axis. Types I and IV inclusions are 

characterized by the presence of small opaque or translucent daughter phases.  These 
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daughter phases could not be identified by optical microscopy; but they are inferred to be 

hematite but could be sulfide (Fig. 5.10), based on oxidation and petrochemical 

characteristics of the intrusions (see Chapter Two). Types I, II, V and VI fluid inclusions 

are the most abundant and range in size from < 5 to 30 µm and are generally aligned 

parallel to optical axis of the pyroxene crystals, and all are interpreted to be primary. 

Types I, II, III, and IV inclusions are salt-saturated with some containing more than one 

salt crystal(s). These inclusions range in size up to 25 µm and have vapor/fluid ratio of 

1:3 to 1:4 and generally accounts for between 33 and 50% of total inclusions. The 

variation in vapor fluid ratios suggests that inclusion entrapment occurred during fluid 

boiling. Most of these fluid inclusion types occur in multiple inclusions assemblage.  

A single large garnet crystal yielded a wealth of micro-thermometric data 

collected from core to rim and divided into inner, intermediate and outer zones. The fluid 

inclusion data from this garnet reveals hydrothermal fluid evolution from early- to late-

prograde stage (Appendix E; Table 5.1; Fig. 5.10 garnet). Three major fluid inclusion 

types were observed in this garnet from prograde skarn: i) liquid + vapor + one solid; ii) 

liquid + vapor + solid + opaque crystal; and iii) multiphase inclusions (at least five 

phases; Fig. 5.10). Other inclusion types containing assemblages such as liquid + vapor + 

two solids, and vapor + liquid assemblages were also identified but are rare. All three 

types of inclusions from garnet range in size from < 5 µm to 50 µm and generally occur 

in bands parallel to the growth zones (see Fig. 5.10) and are also interpreted to be 

primary. Type II and III inclusions in garnet are characterized by the presence of small 

opaque or translucent daughter phases, and are interpreted to be hematite or sulfide, for 
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the same reasons cited for fluid inclusions in pyroxene. Types I and II inclusions are the 

most abundant inclusions in garnet.  

 In retrograde skarn two fluid inclusion types ranging up to 15 µm were observed 

in both calcite and quartz crystals; type i) liquid + vapor; and type ii) vapor only. Type I 

is the most common, whereas type II inclusions are rare and were not considered for 

micro-thermometric analyses. The quartz and calcite crystals are associated with 

amphibole, epidote and sulfides in skarn veins and replacements zones and may have 

experienced multiple phases of fracturing and fluid injection. As a result, these inclusions 

are likely to contain primary and/or pseudosecondary and/or secondary fluids. In most of 

the fluid inclusions observed aqueous brine surrounds a CO2 fluid bubble.  

Fluid inclusions from the Au-bearing, quartz-calcite-sulfide veins are up to 15 µm 

in size and exhibit characteristics that are similar to those of retrograde skarn except that 

they are not associated with skarn mineral assemblage (epidote, amphibole) (Fig. 5.10 aï

d). 

5.10.3 ï Results 

Heating and freezing experiments were conducted to determine the 

homogenization temperature (Th) and final ice melting temperatures (Tm) of the various 

fluid inclusion types/groups from retrograde (calcite + quartz) and prograde (garnet + 

clinopyroxene) skarns. These results indicate that the salinity from fluid inclusions in the 

prograde skarns is mainly NaCl and CaCl2 with the latter being dominant; however, 

retrograde inclusions contain only aqueous solution (with dissolved NaCl) with gas 

bubble (Table 5.1).  



 

217 

 

Temperatures of homogenization from fluid inclusions in the inner zone (i.e., 

zone 1) of prograde garnet average 648 
o
C, whereas Th for fluid inclusions in the 

transitional and outer zones (i.e., zones 2 and 3) averages 613 
o
C and 571 

o
C, 

respectively. The average salinities from these inner, transitional, and outer zones (i.e., 1, 

2, and 3) are 38.53 wt.%, 37.76 wt.%, and 36.66 wt.%, respectively. These results 

indicate a slight decrease in Th and salinity from inner to outer zone (Table 5.1) and 

imply evolving conditions in terms of cooling and dilution (see Kwak, 1986).  

Fluid inclusions in pyroxene from prograde skarn have homogenization 

temperatures ranging from 585 to 866 
o
C, and salinities ranging from 36.3 to 38.8 wt%. 

Fluid inclusions in the prograde skarn (garnet and pyroxene) have freezing temperatures 

ranging from -50 to�-53 
o
C suggesting the presence of solid CaCl2·6H2O. Final ice 

melting temperatures (Tm) for  inner, intermediate and outer zones in prograde garnet  

(Table 5.1) averages 14
 o

C, 12
 o

C, and 6 
o
C, respectively, and are consistent with the 

presence of phases such as antarcticite CaCl2·6H2O (Fig. 5.11). The fluid inclusions in 

clinopyroxene have Tm between 4 and 15 
o
C; these results are consistent with FI data 

from garnet and also suggest the presence of antarcticite (CaCl2·6H2O) during prograde 

skarn formation. 

5.11 ï Geochronology 

5.11.1 ï Methodology 

Because of its presence in skarn (see Romer and Soler, 1995) and various types of 

hydrothermal alteration (Frost et al., 2000), titanite can be a useful tool for dating these 

systems using a U-Pb isotopic system. Titanite associated with CuïAg mineralization at 






























































































































































