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ABSTRACT

Northern New Brunswick and the adjacent Gaspé Peninsula of Québec host
numerous contact metasomatici@u skarn deposits commonly in proximity to small
Siluroi Devonian intermediate to felsic stocks and/or dikes. In this region, specifically
northrern New Brunswick, skarn occurrences are principally hosted within the late
Ordovician to early Silurian Matapédia Group, which consists oflibaoided, dark grey
argillaceous limestone and calcareous siltstone.

This thesis investigated CAg skarn occuences at the McKenzie Gulch (MG)
area in northern New Brunswick by integrating field observations, petrographic,
petrochemical, electreprobemicroanalysiSEPMA), laser ablation inductively coupled
plasmamass spectrometry (LACP-MS), fluid inclusions,geochronology (UPb zircon
and titanite), stabl& isotopes, andradiogenicPbisotopeswith the main objective being
to understand the petrogenesis of skarn occurrences and edtadilisblationshipto the
intrusive rocks. This investigation involvetiet evaluation of porphyry dikes that are
spatially and temporally related to these skarn systems by examining potential parameters
that are known to bassociated with the genesis iotrusionrelated deposits. These
magmatic aspeciaclude oxidation statof the magma, water content,TPconditions, 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 areaduring this evaluation: {1plagioclaséhornblende (PH), and (2) quariz
plagioclase (QP) porphyry suites. These Middle Devoni&860 + 2.3 Ma) intrusive
rocks are mildly oxidizedl-type granitoids with calalkaline affinity that range in

composition from granodioritic to tohi@gc (with few granitic) based on their
i



petrochemical features. These dikes also exhibit adakite characteastieochemical
feature that has been widely associated widimyporphyry Cu (and skarrsystems

Petrochemical features and cathodolumiease (CL) characteristics of quartz
crystals from these suites of dikes suggest that two magma chambers were responsible for
evolution of these intrusive rocks. Ttieeetypes ofquartzcrystals with contrasting CL
features have been attributed tdests three different environments of crystallizatidr)

a higher temperature environment (up to 9C3 as recorded by cores phenocrysts

with high Ti concentrations (up to 200 ppm
750 °C) environment as recorded by the transition zones within quartz phenocrysts and
microphenocrysts; and 3) a low temperature environment in which dmass quartz

guench crystallized duringypalyssaldike emplacement.

Studies of the mineral chemistry showed that composition ofstiatates (i.e.,
garnets and pyroxene) have intimakationship with the dominant metal of the
mineralized skarns. Thesalcsilicatephase®plot in ther respectivecomposiional fields
of Cu-dominated skarndlhe investigation conducted on fluid inclusion, geochronology,
stable isotope, and mineralization supports field obsengtidmnch indicates that skarn
formatiors at the MG area haven associatiowith the intruding porphyry dikes and that
this skarn is very similar to and shows no difference withdimeracteristics obther
world-class intrusionrelated skarn systems. Geochronological studies based Bh U
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 magméiidrothermal activity.
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Figure 2.1171 Scatterplots for samples froni I? and @ P 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.
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Figure 2.127 Geochemical discrimination diagrams for samples frénd Bnd @G P
dikes at McKenzie Gulch; Siyversus a) Sr/Y, b) La/Yb, ¢) Y, d) Sr, e)
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Figure 2.14ai Tectonic models for the northern Appalachian orogen in the Siturian
Devonian and postlosure slab brea&ff-related magmatism within the
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PopelogarVictoria arc (PVA) through to the Late Devonia):Salinic

to Late Salinic orogeny showing the already accreted PopeMigtoria
arc, amalgamation of the Brunswick Subduction Complex (BMC) and
Ganderiap) Dewvonian Acadian orogeny showing the collision of the
leadingedge 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.
Diagramsare modified after van Staal et 2008, 2009) and Whalen et

,,,,,,,,,,,,,,,,,

Figure 2.14b7 Schematic model to illustrate thermation of granitic plutonand
overlying dike swarms typical of the McKenzie Gulch area alada@
skarn deposits. The plagioclasernblende and quaraagioclase
porphyry suites are interpreted to have crystallized in different magma
chambers but from the same source. The saline aqueous fluid trapped
along the roof of a cooling magma chambeshianneled upward along
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Figure 3.11 Simplified geology map of the northern Chaleur Bay Synclinorium in New
Brunswick modified from Wilson and Kamo (2008). Red stars represent
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area is presented in Fig. 3APbreviations: Sf, Silurian felsic; Df, Devonian
felsic; Sdf, SiluriarDevonian felsic intrusive rocks é € é € é é ....129
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zoned plagioclase (sample:-BM-48) with analysis locations (see Table
3.3; (B) and C) zoned amphibole (sample:-8#9); (D) biotite (sample
CM-95-34), E) photomicrograph of biotite sample M@-21, (F)
relationship among magnetitenenite-apatite (sample: CM5-34) ....... 131

Figure 341 Biotite classificatiordiagrambased orAl (atom per formula unit apfu)
versus Fe/(Fe+Mdpr biotite from porphyry dikesn the McKenzie Gulch
area. The oranggjuares represetite end member biotite composition.
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Figure 351 Amphibole classification diagram based on Si (apfu = atom per formula
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Figure 361 Feldspar classificatio®ri Abi An ternary diagram showing compositions of
phenocryst and groundmass feldspars from the MG porphyry dikes. Field
boundaries are from Deete al . (199 268 ¢ &.é.é.éax¥84

Figure 3.7 1 logfO, versusT diagram showing the stability field of the assemblage biotite
+ sanidine + magnetite + gas equilibriumPgt= 2070 bars. Field
boundaries are from Wones and Eugsi®&p). Lines with circles that end
with numbers on the Hri¥lgt join are the contours of constant
Fe/(Fe+Mg)*100 values. Orange shaded area is the MG dikes crystallizing
conditions. (Abbreviations: Hmt=hami t e, Mgt = magnetite

Figure 3.81 Classification of magma based log(Xr/Xow) versus [0gXmg/Xre)
composition of biotite from the MG porphyry dikes (after Brimhall and
CrerarP87) €eééeéeéeéeéeéecécéecéeeéddd

Figure 391 Log(Xe/Xcy) versusXyg discrimination diagram for biotite composit®n
from the McKenzie Gulch porphyry dikes. Contours are the logarithm of
the fluorinechlorine fugacity ratiosfiie/fc)) for a fluid in equilibrium with
biotite at400C (afer Munoz 1992) ¢ééééééééééé. éé.

Figure 3.107 Pressureversus temperature diserination diagram showingater content
(Wt.% H:Oner) 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). Cryzaithn
temperature and pressure ranges (see text) are 898C (average =
770C)and4.35. 8 kbar (average = 2.01KBBar) ,

Figure 3.1171 Discrimination diagram for the determination of magma type based on the
Fed° MgOi Al,O; coneent of biotite Field boundaries are from Abdel
Rahman (1994). Biotite from the McKenzie Gulch dikes plot in the calc
al kaline orogenic suiteséféel H3E eé¢éééc¢
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Figure 4.11 Simplified geology map of the northern Chaleur Bay $godum in New
Brunswick modified from Wilson and Kamo (2008). Red stars represent
porphyry and/or skarn occurrences associated with each intrusive. Study
area I s presented iéreéerkiegeedel7ddecece.
Figure 4.21 Local geology map of the Mckeie Gulch area showing various geological

features including dike swarms and the location of the Legatpg@skarn
and Au occurrenceas éi.éné étéhéeé évéiéc.i.nli7tby . €
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Figure 4.31 Slab photographs of samples from the MG dikg@quigranular tonate of
P-H porphyry suitep) granodiorite of PH suite with fine grained (aplitic)
texture;c) weakly altered granodiorite with elongate crystals of hornblende
(black); andd) altered sample of @ porphyry suite with quartz and
plagioclase phenocy st se.é ééée éééééeeeeéeé. ... 176

Figure 4.47 ChromaSEMCL images of quartz from the MG aee& € € € € .. 178

Figure 4.517 Crosspolarized photomicrographs of some of the weakly to strongly altered
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groundmass quartz andéfe€élédspae9l éééé

Figure 4.617 SEM-CL-zoning of groundmass quartz crystalsanple CM-95-43),b and
c (sample CM95-27); microphenocrystsl (sample CM95-33) ande
(sample CM95-43); and phenocryst quartZsample CM95-33) and the
corresponding concentration plots of Al, Fe and Ti (ppm) measured by the
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Figure 4.71 Discrimination diagram for trace elements variation in quartz phenocrysts,
micro-phenocrysts and groundmass from quantagioclase porphyry and
plagioclaséhornblende porphyry dikes both from the MG area. Al/Ti
versus a) and e) ADs; b) and f) NaO; c) and g) FeO; d) and h) CaO; i) and
DCr0sand K)ALO;. ééééééééeéecééeééeécéée. . . 182

Figure 4.81 Lithogeochemical discrimination diagrams comparing the rims and cores in
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Figure 5.117 Simplified geologic map of the Québalew EnglaneNew Brunswick
sector of the northern Appalachians modified from Malo et al. (2000).
Porphyry Cu and Cukarn deposits are compiled from Hollister et al.
(1974), WilliamsJones (1982), Savard (1985), Malo et al. (1993), Lentz et
al. (1995), Mooreand Lentz (199@).¢ . . . ééééééééeeeée. . 268

Figure 5.21 Geologyof the McKenzie Gulch area: a) the location of tlegacy deposit
with respect to other G\g skarn in the area. Modified from Gower and
Walker (1993); Wilson and Kamo (2008). Area of (a) is located on the inset
map, and b) detailed geology of the Legacy McKenzie Gulch deposit (MG)
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Figure 5.31 Stratigraphy of the Upsalquitch Domain located in northern New
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Figure 5.41 Corephotographs of samples from the Marn and adjacent Albearing
guartz veins(A) calcareous ardite crosscut by Aubearing quartzalcite
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for the paragerti relation includes microand macretextural data (i.e.,
field & drill core observations, microscopic examination, and EPMA
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Chapter One

Generallntroduction

1.17 History of copger discovery in the MG area

Copper mineralization in th®lcKenzie Gulch (MG) areavas discovered in 1968y a
prospector Raoul Legacy. The prospector discovered cdygaeing float in the valley of
the McKenzie Gulch(Derosier,2014). Below is a list of ompanies and their specific

time interval related to exploration activities in the area since its discovery.
1.1.17 From 1968 to 1980

1.1.1.17 Legacycoppersilver property

Following this discovery Copperfields Mining Corporation Limited (a subsidsrhe

Keevil Mining Group Limited) drew attention to the area asigned 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 holesth the excepton 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 coppeibearing zones were encountered in this hole:



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 o these results, the Company drilled an additional 22 hold® (iR R40)
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
resouce estimateof 444,000 tons grading 1.6% Cu and 0.30 oz Ag (Legacy Copper
Deposit) over astrike lengthof 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 incompliance with NI 4301 standardsln the following year the

property was optioned to Ajax Minerals Limited.

1.1.1.21 Ajax Minerals Limited (197-2975)

Ajax Minerals Limitedbored 4 drill holes with a total of 917 m (A series) on the
Legacy deposit. B diamond drill record was submitted as assessment work at this time,
however,the location of the holes ieportedby Derosier 2014. The property again

remained dormant for three years and finally optioned to SiwaderMines Ltd.

1.1.1.3i Silver Leader Mines Limited (1975978)

Silver Leader Mines Ltd. acquirethe 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 programd@ndond drill holes

with a total length of 986 m was executed during summer 1976 &ries). Drill hole #

2



S-75-01 intersected six mineralized zones between 317.81 m and 388.01 m and the
results are presented in page 21Dmrosier 2014. The three otheholesfailed to
intersect significant mineralizationintersection however, this drilling programdid
indicate that the favourable skamorizon widenswith depth and the coppéas well as
silver and gold) gradessoincrease with deptfseeDerosier,2014).

In 1977, SilverLeader undertook a second drilling progreuich consisted of 6
holes with a total of 777.54 .nThis drillingwas successful in extending the limits of the
depositlaterally, vertically and down rakdo the 426.72 m level. This is @it 184 m
deeper than theolume considered iICopper fi el dés egstinm@eé&heand t
mineralized zone rakes easterly5® ¢, and di ps s ttosvargN y5 1reo rEt h
(magnetic)and isconformable tdedding The results from this (1977) drilling program
are presented ipage 22 of the 201&sessmeneport(see Derosier, 2Q1).

The 1978 drilling campaign comprised 8 holes with a total length of 3220 m
(Moody, 1978) This programfurther extended the zone down plunge to abo®i20 m
extra The drilling in 1978eturnedsimilar assay resultsom all holesall holes,with the
excepionof DDHS7801 whi ch apparentl y endaherdorki n t he

wasconducted by the Keevil Mining Growp its subsidiaries after 1978.

1.1.27 From 1980t0 198

1.1.2.1i Noranda Exploration Ca_td/ Brunswick Mining and Smeltingmited

(19891998)

In 1989, Noranda Exploration Co Ltd. staked 58 claims coverind@timatland

Lake area, south of the Legacy copper depg@uwer and MacDonald, 1990 1991,
3



Norandaods McKenzie Gulch property ndeompri s
several license dates during 1991 and regrouped into one large contiguous block. The
claim group covers approximately 20 km of strike lengtha 3 km wide belt of
interbedded #fAlimestoneso and | imey <clastic
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 waliscoveredn a trench, hosted by sheared

and silicified fAlimestoneo;

2) Seveal low- to high- grade Cu bearing garndiopsidemagnetitechlorite

skarn intervals were intersected in dinij.

The 1991 work program consisted of an airboeM, magnetometer, and VLF
surveyed(277 km) flown by Aerodat at 200 m intervals; line cugtirsoil sampling,
prospecting, dipolelipole and gradient I.P. surveys (total of 102 km), ground
magnetometer (107.7 km) and VAEM surveys followed by a trenching and drilling
program.Significant linearCu and Agsoil anomalies r e n d i ramgd exdenohg40b &
km are parallel to the glacial transport directideak Au and As anomalies occurs
throughout the grid.

A total of 3,758 m of trenchintargetingCu soil anomalies with coincident IP
anomalieswas completedThe second trench excavated uncoveadll6 m wide zone
containing 4.82% CuThe 199192 drilling targeted bedrock Cu occurrences from the
trenching program, as well as Gail anomalies witfrcoincidentchargeabilityanomalies

Twenty two (22) holes totedg 3454 mwere drilled Low grade chiaopyrite and
4



magnetitebearing garnetliopside skarn units were encountered. The best interval was
5.44 m grading 1.56% Cu. Garrdibpside skarn thicknesses exdegd40 m were
encountered twicen MC-92-18, located approximately 5km northeast of McKene
Gulch (MG). Only four ofthe 22 drill holes are located within the limits of the present
Murray Br ook Mi nenamely™MG-9110% MGEA-§7, MG Ai-t1k asd
MC-92-20 that collectivelytotal 396.33 m. The later hole, bored on the west loditke
McKenzie Gulch returned the best gold values ever obtained in the Legadyuareas

not followed upThese Awr esul t s are not discussed 1in
however,gold, silver, and copper values wedentified during the digitakation of the
diamond drill holes bMu r r ay B r o oMBMMdonswdtingageadogis(Derosier,
2014). The core of this hole is storedl the New Brunswick drill core repository located

in Madran New Brunswick.

1.1.2.2i Raoul Legacé

In September 199Raoul Legacé retacked the Legacy Deposit. The two claims:
358590 and 358591 constitute the Block #2232. Limited prospecting and a VLF
survey were carried out by Lone Pine Exploration Services Ltd. on behalf of Raoul
Legacé A singlemetre long chamel sample was taken across a serassive stockwork
zone, which returned 10.97% Cu, 0.016% Pb, 0.15% Zn, and 81.60 g/T Ag. The VLF
survey gae a good response over the sldfzone.

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.

t



Weak responses were recorded.lecieavanthd\ BB hor i
condu¢ o r fitBetresudtsiviere negative. In 1996, Golden Bay Resources on behalf of
Raoul Lagaé, established a 3.3 km grid over the Legacy Deposit in preparation for an

Induced Polarization survekliat wasneverconducted

1.1.2.3i 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 compilatiorof previous workreport was prepared by Géogic from Saing-

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 contaegda mineral resourcef about 1.5 million tonnes

at an average grade of 0.85% Qinese resources (not compliant with NI-431) are
estimated within a 10 m thicknvelop that extends to a depth of 500Te 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 effaridease the tonnage close to the surface
and consider the possibility of a future extraction by ep&nSearch of the extension of
the mineralized zone on the other side of the interpreted fault and identification of new
zones are the prioritiebowee r the companyés inability to

to the dropping of the exploration agreementBecause of the Brexos



has not been able to raise the funds necessary to the application of the recommendations

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

1.1.247 Period from 1998 to 2012

From 1998 to 20080 exploration occurred ithe McKenzie Gulch are#n 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 immedidteiyrrake
to the northnortheast of the Legacy DeposhA 1.9 km long poledipole 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 theatgg
mineralized zone dowreke to thenorth-northeasfor at least 195 m strike length. Two

conductors were algdentified,oneon each sidef the McKenzie GulcliMann, 2009.

1.1.257 Murray Brook Mineralq2013to present

After signing the option agement with the three prospectors, Murray Brook
Minerals undertook an exploration program on the Legacy Claims Block. This work was
under thesupervision ofChristian DerosierGéologueConseil Inc Surfacework started
with the rehabilitation of th8 kmaccess road leading to the Leg&lydeposit, in order
to permit better accesy heavy equipment and crews to the site. In addition to providing
access, this work helped to identify several old drill collBxgring this workthe collars

of the 65 previos drill holeswere located by GRS



The 2013 exploration program included four diamond drill holes with a total
length of 848.65 mand excavation of three (3) trenches totaling 135 m in lefgta
results obained from trench and driltore assayingire pesented inDerosier 2013,
2014) These drillcoresshowed that copper and silver mineralization do not seem to
correlate withthe degree of silicification or skarnificatipand suggests that tectonic
displacementstructural controlynay have played aignificant role in the concentration

or remobilization of the sulfides.

1.1.267 2014 Exploration program

The 2014 exploration program comprised some drilling on the J.J. Gold Zone
located west of McKenzie Guldfirig. 1.1c). Below are the majoexploraton activities

conductedht the MGduring the2014- exploration program.

1 Line cuttingand surveying of a grid that covered a tatake length of 28
km (Fig. 12)

1 Magnetometer surveywhich covered all cut and surveyed lines
representing a total distee of 24.8 kn{Fig. 13).

1 Induced Polarization Survey that covemetbtal of 20 km ofall cut and
surveyedines The objective of the survey was to determine chargeability
and resistivity responses at surface atddeth on the Legacy Claim
Block.

1 Chargeability Survey (Fig. 4). From the NW to the SE, the survey

delineated six anomalous zones which are deschip&krosier 2014).



1 Resistivity Survey (Fig. ) was conducted ancbughly delineated the

same anomalous areastlaschargeability surey.

1.27 A review ofporphyrycopperskarnsystens

1.2.17 Global perspective

Porphyry Cu systems are known toeir large volumesusually 10 tomorethan
100 kn? of hydrothermally altered rock centered on porphyry Cu stocks that may also
have relategkarn, carbonateeplacement, sedimehbsted, and highand intermediate
sulfidation epithermal base and precious metal mineralizggdhitoe, 2010) Most of
theseporphyry deposit®ccurabove subduction zones (Chiaradia, 2014; Chiaradia et al.,
2012 GonzalezPartida et al., 2003; Hedenquist et al., 1998; Kesler, ;108&, 2014;
Richards 1999, 2013; Sillitoe2010;Sunet al., 2011; Wilkinson, 2013) in convergent
plate margins (Cloos and Housh, 2008ith a fewdeposits occurringt postcollisional
or other tectonic settings (Sillitoe, 201®jost porphyry Cu + Mo + Au systems are
initiated by injection of oxidized adakitic magrttzat aresaturated with aqueous fluids
and areS- and metatich, i.e., the parental magmas must be water rich andzexigee
Ballard et al., 2002; Burnham and Ohmoto, 1980; Garrido et al., 2002; Imai, 2002; Liang
et al., 2006; Mungall, 2002; Sillitoe, 2018ternet al., 2007; Sun et al., 2013 owever
controversy remains with respect to the reasonfs) high oxygerfugacity iscritical to
the formation ofporphyry depositshow oxidized the magmaustbe to generate these
deposits whether adakitic magmeompositions are essentialr porphyry and why the
porphyry Mo deposits areommonlyassociated with highly ogtizedmagmagqe.g., Sun

et al., 2015)



1.2.1.1i Roles ofa @anda gin the formation oporphyryskarn systems

Oxygen f u)gsao impoytantgéoldgical parameter affecting the stability
of minerals, the evolution of magmas, and-fmening pracessesStudies 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 diusuykee Sun et al2015). This
suggests that treamount of residual sulfide is inversely proportionahitial Cu contents
in primary magmase(g.,Lee et al. 2012; Sun et al., 2004, 201&xperiments show that
sulfate is much more soluble than siéfiin magmagsee Beermann et al., 2011; Jugo,
2009). Consequentlyconsiderably more sulfur is removed in the form of sulfate under
highera @ (Lee et al., 2012; Liangt al., 2009; Sun et al., 2013ulfides remain
undersaturateduring the evolutiorof oxidized magmas, such that no sulfide segregation
is expected (Suret al., 2012a; Sun et al., 2013As a result Cu, Mo and Auare
moderately incompatible elements (McDonough and Sun, 1995; Sun et al., 2003a,b,c),
which becomeincreasinglyenriched durig the early stage of magma evolution, and
subsequently partitionnto magmatic fluid during magnetite crystadition (Sun et al.,

2004, 2013

1.2.1.2 Ro | e ,®ihtheddrnation oporphyryskarn systems

The release of water frosubducting slab(at convergenplate margirs) has the
capacity to extract soluble elements from the slab, transport and grosshelementis
the overlying mantle wedgenaintain highmagma temperaturand promote fracturing

in the overlyingcrustalrocks, (see Murphy2006and references thereifjhe exsolution
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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 possibleg(eCloos, 2001)in the case of magma associated
with porphyry systemsyater content must be high enoughriduceextensive fracturing

at a depth of b6 km and to keep the magnbaioyancy (dependent on P, T,.¥), at

levels sufficient foemplacementta< 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 isx function of theli Py,o-depth relatioships. At the onset of partial
melting, the concentration afnetak in the meltrelativeto the source rocks is high but
decreases as melting progresssse(illes, 19&; Whitney, 1988; Candela, 1989
Experimentalwork has shown that melting only 20% of an average niefgaltic
anmphibolite containing 80 ppm copp®&rould produce a melt with approximatelpGt
ppmcopper (Baras, 1979; Burnham, 19Y. This is why some experimerisds maintain
that there is no dficulty in obtaining a copperich magma rom an average maf
basaltic amphibolite (e.gBrimhall and Cerar, 1987).

Most Cu skarn deposjtavhich are generally formed in a manner similar to
porphyry Cu systemsre associated with ca#tkaline granodiorite to quartz monzonite
stocks emplaced in continental margin orogenic belts. These deposits occundlitcug
broad range of geologiome 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 magmatttydrothermal activity associated with granitpiditonic rocks in
orogenic belts (Einaudi and Burt, 1982). Generally, calcic Cu skarn depossizatiedly

associatedavith hypabyssaporphyry stocks of felsic (to intermediate) compositiand
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have high garnet to pyroxene ratios, relatively oxidizedesmsblages (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 wollastonjteare commonly
zoned relative to intrusive or sedimentary conta€ist example, ifwollastonite is
preent, it occurs with minor garnet, idocrase, and clinopyroxene in an outer zone, near
marble. Ingeneral, garnets are granditic (andragitessularitesolid solution series) with
negligible amounts of spessartiaknandine. Clinopyroxenes typically diopsdic and
contairs 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-bBfXPconditions duing skarn
evolution (e.g., Einaudi et al., 1981). These studies suggested that initial skarn formation
occurs at temperaturesbetween 650 and 408C; higher temperatures are more
characteristic of deepé&ormation(1 to 3 kb)as opposed tehallowerformaton (< 1 kb).

The metasomatic fluid is characterized by low ,G©ntent (XCQ less than 0.1) and
moderateto highsalinities (10 to 45 wt.% NaCl equivalent). Boiling appears to be more
characteristic of shallower environments, but the number of studiesiied. Similar
studies have ascribed the source of sulfur in skarn deposits to magmatic -sedsep

rather thanshallow and/odocal sources, and theurceof H,O rangefrom magmatic
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during the earlyprograde skarn formatiol® magmatic + meteoric ithe late retrograde

skarn formation.

1.2.2i1 Regional perspective

Areas stretching from northern Mainleraughnorthwestern New Brunswicto
the Gaspé Peninsula of Québkee within the northern Appalachian porphysskarn
province(Hollister et al.,1974; Hollister, 1978Williams-Jones, 1982). The most famous
Cu deposit in the region occuis Mines Gaspélocated at Murdochville, Gaspé
Peninsula, Québec, which comprise of two different but genetically related kinds of
deposits. One type is a classic goyry CuMo type, the other a skarn type. Other
deposits in the region include tihdines Madeleine in the northest of Mines Gaspé
depositsand abundantpolymetallic CuPb-Zn-Ag-Au prospectsthat have been an
explorationtarget over theast fourdecadegFig. 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 Or@&8npe&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 kivieinert et al., 2003).

At Mines Gapé Lower Devonian carbonaceous silty limestone, calcareous
siltstone, shale and minor tuff beds of the Forillon, Shiphead, and Indiarf@ovations
(Gower and Walker, 1993), were gently folded during the Acadian orogenytanded

by Upper Devoniamuartz 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 aloedding planes the host
rock sequenceBoth stock have been intensely altered by the addition of secondary K

feldspar and biotiteandminor late quartsericitepyrite (Meinert et al., 2003).

1.2.2.17 Skarn alteration and mineralization at Mines Gaspé

Proximal to the Porphyry Mountain intrusion, diagieous limestondnas been
altered to coarsgrained, dark reddishrown skarn, consisting of > 90 vol. % garnet,
whereas more clastic units were altered to dmden pyroxene hornfels (Meinert et al.,
2003). With increasing distance from the intrusiekarn in limestone becomes more
pyroxene rich and the cafilicate hornfels in more clastic units becomes lighteiior.
Iron-rich skarns formed in the most calcic units surrounding the Copper Moshdai
(Bell, 1951; Bell and Scott, 1954; Brumm@g55, 1966; Allcock, 1978, 1982; Shelton
and Rye, 1982). The skarn at Mines Gaspé was overprinted by veinlets anthvgimal
envelopes of hydrous minerals such as amphibole, chlorite, and epatmteare
commorty associated with sulfide minerals. Twdages of sulfide mineralization
followed: 1) early skartype replacement ore mineralization, and 2) late porptypg
ore mineralization (Shelton and Rye, 1982).

The early stage of pyrrhotite + chalcopyrite + sphalerite and minor pyrite +
chalcopyrite nmeralization is associated with the alteration @frimary CaFe-Mg
igneoussilicates to tremolite, epidote, and chlorite, throughout the Copper Brook aureole
(Shelton and Rye, 1982Early pyrrhotite + chalcopyrite + sphalerite mineralization,

localized n faulted domal structures at Needle Mountain and Needle East (see Shelton
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and Rye, 1982 for Figs.), formed skaype orebodies in pyroxeneand garnetich units
some distance from the Copper Mountstiock

Late porphyrntype mineralization was cenegt on the Copper Mountastock
and includes five distinct stages of porphyype vein mineralization (seghelton and

Rye, 1982.

1.2.2.2i Fluid inclusion and stable isotope studies at Mines Gaspé

Investigations on fluid inclusion and stable isotopethe Copper Mountain
porphyry copper deposit at Mines Gaspé have been conducted by \aurthoss(e.qg.,
Shelton and Rye, 1982; Meinert et al., 2003 and references therein). Theakthdtse
studies indicate a predominance of magmatic fluid, except feelatively late, post
mineralization influx of meteoric water (e.g., Meinert et al., 2088 ble isotope studies
indicate that the proximal porphyry ore at Copper Mountain formmeaharily from
magmaticfluid (see Shelton, 1983). Fluid inclusion rksufor skarn (Shelton, 1983)
indicate high temperatures (£ 3349506°C) and high salinities (156 wt % NaCl

equivalent; Meinert et al., 2003)

1.37 Why this study is importartt

Variousinvestigationsdescribed in the previous sectiac®vera rangeof topics
from field relations, structural analyses, petrochemical, geochrontdaiyyid inclusion
and stable isotope systematics. These investigatiame successfully established the
nature and style of metal occurrences, at MiGaspé and Mines Madshe (seealso

Girard, 1971; Allcock, 1982; William3ones, 1986; Procyshyn, 1987; Williadenes et
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al., 1989; Wares and Brisebois, 1998; Malo et al.,, 200Beseinvestigationsalso
indicate that both mines apeoximalto granitic to intermediate intsions.

Little is known regardingthe genesis of the base metal prospects in southern
Gaspéand adjacent New Brunswigkcluding MG area), although some studies of those
prospects suggest a porphyry and/or skarn affiM§lliams-Jones, 1982; Roy, 1991,
Malo et al., 1993Moritz et al., 1993)few have demonstrably related intrusions within
their immediate vicinity; however, many aspatially associated with the Grand Pabos
and Restigouche faudystem(Savard, 1985; Malo et al., 1993, 200B¢lsic dikeswarms
are sporadicallydistributedalong many ofthe main faultsas well astheir subsidiary
structurs (Doyon and Berger, 1997).

As described above the economic potential for skarn mineralization in the
Appalachian porphyrgkarn province (Hollister edl., 1974) is high; however, there is a
significant absence of detail regarding the genesis eAgskarn and related Aearing
quartzcalcite vein mineralization in the MG area. This knowledge gap necessitated that
the present study be undertakerider to fully assess the economic potential of the MG
area. As a result, his study started by undertaking geological mappingfuity
appreciates andonstrain field relationamong lithological units at the MG arée.g.,
intruding dikes versus skarn oagences) This mapping programvas carried out by the
author and it covered the entire gad well agehabilitated tractor roads and drill pads.
At the end oflhis program a geological mabong with a report was produced. This map
hasbeen usedsFigure 1.1bandin 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 structurak.control
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Core logging m conjuctionwith diamond drilling in 2014includeddrilling of five (5)
exploration holes on the J.J. Gold Zone (i.e., onbAaring quartzalcite veins;
McKenzie Gulch) with a total 650 meteBour (4) otherdevelopment holes were drilled
on the Legay Cu-Ag depositwith a total length of 880 meters. The total length of all DD
holeslogged during2014 exploration programs was estimated to be 1,538amples
from these drill cores, trencheasnd floats were collected for further study at the
University of New Brunswick and other laboratories outside UNBble 1.1 (Appendix
A) presents all the driltores logged during the course of this studifis thesis will

specifically address the followinyg points by the methods outlined below:

1.3.17 Methods ofinvestigation

To achieve thébelowmentioned objectives a combination of field observation,
petrographical, electron probe mieanalyser (EPMA), geochemical analysis (major and
trace elements), laser ablation inductively coupled plasma mass spectrmetyP-

MS), radiogenic isotope studies-@b), 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 p¥gfséroical coditions of
prograde and retrograde skarn forming fluids as well as sources of sulfur and metals,
reveal the timing of igneous emplacementsRof zircon) and mineral formation {Rb

of hydrothermal titanite) and resolve magma composition, formation ggeseand

source material. Below is a breakdown of the objestvel how they weraddressed
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Objective i): Tasks To undertake thorough studies on magma systems and their
evolutionary processes, and how they relate to the metallogenic potential of the
McKenzie Gulcharea. This includes relating these occurreroestructural featureso
assesshow these structuresvere involved in localization of magmatic hydrothermal
systems and mineralization.

Methods:

T Mapping(including trenchesand sampling irorder to establish field relations
among the various rodigpes in the MG deposit.

i Drill core logging of approximately 7440 nmand sampling through the
stratigraphic sectiorto evaluate the subsurface gegjyoof the MG deposita

total of 300 samples wereollectedfrom 45 drill cores, outcrops, and trenches
These includ®00 samples from supervis@rarchivesand 100 samplesollected

by author fromthe Department oEnergy andResourcePevelopmen{DERD),
Madran corerepository,and the McKenzie Guldrea;

I Petrographic analysesf 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);

T Electron Probe Micreanalyser (EPMA) was ndertak@é to elucidate the
chemistry ofdike-forming mineralsthornblende feldspars quartz and biotiteto

help constrain important magmatic intensive variables such as water content,
crystallization temperatures and redox conditions

T Evaluation of whole rock geochemical data (i.e., majnd trace-element

analysis) to understand magma compositemurces, and evolution history.

Objective i): Tasks i To determine the absolute timing of porphyry dike
emplacement and o$ulfide formation. This will help to constrain the relationship
between the two angrovide an estimate of the longevity of timagmatic hydrothermal
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systems at MG

Methods:
T Geochronological studiesvere undertakeron two suites ofdikes andore
minerals
0 Selected samples fronmtrusions were sent to Overburden Drilling
Management (ODM) in Ottawa for heavy mineral separation;
o Ui Pb dating was carried out on zircon grainsounted on epoxgy
LA-ICP-MS at the University of New Brunswick. Hydrothermal titanite
dating by similar isotopic system was done bylCR-MS through in

situ methods.

Objective 1i): Tasksi To undertake detailed studies prograde and retrograde
alteration and sulfide assemblages occurring at the McKenzie Gulch area. This detailed
information improves understanding of the metal diversiagnd alteration stylat the
depositandcan be used as exploration tools to locate mineralizatsawherg

Methods:

I Petrographic investigations were conducted representativeskarn alteration
minerds and metakulfides andimportant featuresire documented

i Electron Probe Micreanalyser (EPMA) was conducted on both prograde and
retrograde assemblages understand chemistry of skdiarming mineralssuch as
garnet pyroxene amphibole, vesuvianitand epidde in order to constrainthe
variation in the physicehemical conditions prevailing during skarn formation

T The above information wadso used to establish a paragenetic sequence of both
ore (i.e., supergene and hypogene), and skarn (i@atact metamorphism,

hornfels, prograde and retrograde) minerals;

Objective iv): Task§ To undertakestable isotope and fluid inclusion studies on
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samples from prograde skarn and hydrothermal alteration products associated with
sulfide mineralization;

Methods:

T Representative samples for S and Pb isotope studies were selected from pyrite,
chalcopyrite, pyrrhotite, and galena from @&y skarn and Adpearing quartz

calcite veins;

T Representative samples for fluid inclusion studies were selected fograge
(garnet and pyroxene), retrograde (quartz and calcite), anebéaring quartz

calcite veins;

1.3.21 Thesisorganization

This thesis consists sfx Chapters (One to Six). Out of these, f(0haptes Two
throughFive) are written apapersy Ronatl Joseph Massawe and-authored by David
R. Lentz,andwill shortly be submitted for publication. The processes are underway to
add two more papers; one with thevisionalt i tRbbaist liydrothermal garneti Bb
geochronology by 193nm LACP-MSO the abstact of which was presented at
Goldschmidt 20171 Conference. This paper will be -emthored by Ronald Joseph
Massawe, Christopher R. M. McFarlane and David R. Lentz; and arpzther which is
provisionally entitlediMassbalance analysis d@ui Ag skarnmineralization at the MG
area: Implications for carbonatelissolutionand permeabilityevolutiord .This is co
authored by Ronald Joseph Massawe and David R. Lentz.

ChapterOneprovides a history o€u skarndiscovery and subsequent exploration
activities n theMG areaare discussed 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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Chaper Two discussethe petrochental characteristics andiBb (zircon) age of
the two suites (i.e., plagioclddernblende and quaitglagioclase) of porphyrdikes in
the MG area On the basis offield relations, petrography, geochronology, and
petrochemist, this chaptediscussesl) theclassificationof these tkesand constraints
on their tectonic regime 2) model for thé origin, 3) magma source and evolution
processes 4) aakite geochemical characteristies related to porphyry skarn Cu
deposits 5) magma ascent and emplacement mechanismd related magmatic
hydrothermal systems6) redox conditions as influenced by assimilation and
contamination of wall rocksas well as sourcecontrok, and 7) the mwtential of these
magma to produceporphyry Cuand skarn mineralization

Chapter Three presentan evaluation of crystallization and emplacement
conditions of the McKenzie Gulcporphyry dikes based onthe demistry of rock-
forming minerals and mplications for mineralization potential Mineral chenistry
providesan opportunity to estimate important intensive paramdtrs, temperature,
water content, oxygen fugacity, and fluoHdaorine activity prevaiing during
crystallization

Chapter Fourcomplemerg Chapter Threeand focuseson the tace element
content andlistribution, andcathodoluminescence ajneousjuartz fromporphyrydikes
associated with QuAg skarnmineralization inthe MG area. This chapter alpoesents
estimats on magmaic temperaturessingdifferent geothermometers andnspares them
to temperature estimates in Chapter Three.

ChapterFive presentsietailedexamination ofstable isotopes (S and PIfyid

inclusons, mineral chemistry from prograde and retrograde skarn assemblages, and
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geochronology (UPb hydrothermal titaite) to estimate the age of skarn ore formation at
MG. This chaptemlsosuggesta genetic model for skavolutionin the MG areaand
comparest to other intrusiorrelated model

ChapterSix summarize general conclusionsf major findings in thistsidy and

outlines possible future work.
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Chapter Two

Petrachemstry and Ui Pb (zircon) ageof Porphyry Dikes at the McKenzie
Gulch area, Northern NewBrunswick, Canada: Implicatiors for
Emplacement agand Mineralization Potential

Abstract

North-northeastrendingandsteeply dippingntermediate to felsiporphyrydikes
in the McKenzie Gulch (MG) area intrudéet Upper Ordovician througilurian
calcareous sedimentary rocks of the Matkg Group The intrusive rocks arspatially
and temprally associated witmumerouscopperz silver skarn occurrencek the study
area, wo distinct suitesof dikes are recognized, namely) plagioclaséhornblende
porphyry (Pi H), and 2) quart4 plagioclase porphyryQi P). These suitesyielded Ui Pb
(zircon) ages of 386.2 + 3.Ma and 386.4t 3.3 Ma respectively suggestinga coeval
relationship and similar genesigespite slight geochemicabnd petrographical
differences

Geochemical data indicatkatthesedikes are granodioritito graniticto slightly
tonalitic in composition with an-tiype, volcaniearc signatureln general these data
indicate a trend towards increasing S#nd Zr with decreasing T¥DQAI,Oz, MgO, Sc,
and V from thePi H through to theQi P porphyry This isconsistent with evolutioty
fractional crystallization of clinopyroxene, hornblende, magnetite titanite, and
plagioclaseLow Y and Yb concentrations arslibsequenhigh Sr/Y and La/Yb ratios
are adakitiogeochemical signatureshibited bythe MG porphyrydikes. This signature
isinterpreted to be du® lower crustal melting anffactional crystallizatior{as opposed

to partial nmelt of subducting oceanic slal)f minerals such as hornblende and
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clinopyroxene(z titanite) that preferentially partition Y and HREMB the absence of
significant plagioclaseSuch ®nditionswere achieved in waterich @ 2 wWhQ) %
mafic to intermediate magmas due to suppressioplagioclase on the liquidus until
after the appearance of olivine, clinopyroxene and hornbler@eochemical
charactestics of theMG porphysy dikes resemblethe Early to Late Acadiartp Early
Devonian plutondn Gasgi Québec and elsewhere iNW New Brunswick andheir
equivalens in Newfoundland They constitute an Early to Middle Devonian ealkalic
magmatic suitehtat has low incompatiblelement contents similar to volcaracc rocks
possibly because they formed from the interaction of depleted mantle magmas with a
tectonically thickened, juvenile crust, i.&2opelogan volcanic arc, during the terminal
stages of th Acadian OrogenyThesegeochemicaladakitiq characteristics have been
proposed to be an important source for metals in porphyry Cu depositsrmsetjuently

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

2.17 Introduction

Felsic b intermediatgorphyryintrusive rocks at th&¥cKenzie Gulch KG) area
are part of thevoluminousSiluro i Devonianbimodal (felsiemafic) magmatismthat
occurs throughout the Canadian Appalachi@iibalen 1993; Wilsorand Kamo2008)
This study presentspetrochemicaldata and new WPb (zircon) data thaprecisely
constrain the ageof two geochemically and petrographically distinct suites of dikes
remgnized at this area, namely) plagioclaséhornblende porphyry ({#H), and 2)
quarti plagioclase porphyryQi P), with theformer being subdivided into: 1a) fine

grained aplite, and k) an equigranular tonalite as additional textural phashsse
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intrusionsarespatiallyand temporallyassociated with numerous skamccurrences the
area. The datapresentedherein are usedto interpret their petrogenesis and tectonic
setting at the time of emplacement along with their potential for porphyry and skarn
mineralization.Field relatioshipsand geochronologicavidenceindicatethat thetwo
suites of dikes arepatially and temporally relatdaut do not shovobvious crossutting
relationshipsAlthough generally assumed to be Silub@vonian(e.g. Moore and Lentz
1996) like many other plutons in the region, the ages of these dikes wiemewmprior
to the preent study. Based on geochemichhracteristics these rocks haglen though
to be similar tothe Sugarbaf Porphyry (naximum age-407.4+ 0.7 Ma, Ui Pb zircon
inferred from the overlying rhyolite; Wilson et &005),Mount Squaw Captecks(415
+ 0.5; U Pb zircon;Wilson et al 2009, Nicholas Dénys Granodiorite (381 + 4 M4
Pb zircon;Walker et al. 1991)the McGerrigle plutonic complex, (Bb zircon age of
3913 £ 3.4 Ma; Whalen et al. 1991gndthe Porphyry and Copper Mountain stocks at
Mines GaspéMur dochvi l l e, vyielded UTPb z#i2lBcon
Ma, respectively (Stephenson et al. 1998nard et al. 2006)ln addtion, de Rémer
(1974) determined ai¥Ar age of 371+ 11 Ma for Vallieresde-SaintRéal Mountain and
a342+10Maag f or Hog 6s TBharefdre, theopuesentasiudy .not only
presents precise agjbut alsoadds new information to models for northern Appalachian
magmatic and tectonic evolution.

The predominance of felsio intermediat&eompositionover maficcompositiorns
in this areacoupled with age dat@86.3 +2.3 Mg andabsencef evidence for regional
extension during this peripthis study relats the MG intrusive rocks to Middlé Late

Devonian(395 375 Ma)magmatisndiscussed by van Staal et al. (2P0ehis period of
37
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magmatisnmay have been related to breakoff of theadianslab, which seems to have
taken placeimmediately after the 40895 Ma docking of Megumarather than
delamhation or subduction of a plunas was proposed earliGsee Murphy eal. 1999).
Moreover the adakitegeochemicatharacteristis of these rocks are commordgtributed
to melting of subducted oceanic crust (e.g. Defant and Drummond 199@)apatiso be
a product of other magmatic processes such as meklisgmilationstorage
homogenization (MASH)and assimilatiofiractional crystallization (AFC) &cting
normal arc magmasR{chard and Kerrich 208 and references therein). Nevertheless,
adakitic magmas areommonly associated with largecale copper deposits in an
extersional tectonicsetting (e.g.Wang et al. 2006)andwith numerousgiant porphyry
Cu depositsin subduction zonesettings(Thiéblemont et al 1997; Sajona and Maury

1998;0Oyarain et al. 2001).

2.27 Regionalgeology

The voluminousSiluro-Devonianmagmaism in New BrunswickNewfoundland,
Gaspé(Québec) and Maine(USA) arecommony associated witlthe Acadian orogeny
although not allof the rocks are related to thigrogeny (van Staal et al. 2009)his
orogeny is generally attributed to accretion of Avadonto Laurentia Bird and Dewey
1970; Bradley 1983Fig. 21); and can be divided into three phaset magmatism
namely: 1) Late Silurian Early Devonian (428416 Ma);2) Early (416 400 Ma) to
Middle Devonian l(ate Acadiay and 3)Middle i Late Devaian @95 375 Ma); (see
van Staal et al. 2009However, he 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 2008)ertheless, 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 daackmagmatism (44223

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

by 420416 Ma subduction related feegc high pressurslow temperature
metamorphism, in southern New Brunsw(@khite et al. 2006); and (iii) Silurian shallow
water shelf sedimeaty rocks(Arisaig Group) depositedoAvalonia, which iaturn were
overlain by a thick sequence of foreland basin deposits during the latest SHanign
Devonian, due to tectonic loading of Avalon{&/aldron et al. 199). Therefore,
Avalonia was the lower platand subduction was to theest or northwest beneath
Laurentia (van Staal et al0@9). Interpretations made by van Staal et al. (2009) based on
thet i mi ng of tectoni c | edyasugggsts that thé Avaldn@ani a 6 s
Laurentia collision had started during the Late $luratca. 421 Ma in maritime
Canadaand that this Acadian orogeny continued uninijeted into the Early Devonian.

The MG areaoccurs inthe oldest part of a broad depositional belt referred to as
the AroostookMatapédia CoverSequencdFyffe and Fricke 1987) or the GaspéBelt
(Bourque et al. 1995)which is underlain byclastic and subordinate calcareous
sedimentary rocks of Upper Ordovician through Lower Silu(faig. 22). This Gaspé
belt extends from Maine through northern New Brunswick into trep&®&eninsula, and
overlies and parallels Taconian deformed Canrdovician rocks of the Dunnage
Zone

The Gaspé Beli divided into threenortheassstriking tectonostratigraphic zones

that, from northwest to southeast a@nnecticut Valley Gasgg Synclinorium (CVGS),
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Aroostook T Percé Anticlinorium (APA), and Chaleurs Bay SynclinoriurfCBS)
(Bourque et al. 1995Fig. 22). The oldest rocks in the APAre late Katian toca.
Aeronian sedimentary rockand includea lower siliciclastic sequence(Grog Biook
Group) and overlying calcareousrbidite sequencéMatapédia Group}hat together
represent a gradual infilling of the (Salinic) fearc basin. East of the APA, the CBS is
underlain by Aeronian to lowedtochkovian rocks of the Chaleurs Grouand Lower
Devonian rocks of the Dalhousie and Tobique groapd 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 byrgater stratigraphic complexity and underwent a more complex tectonic
evolution than either the CVGS or APA. Rocks of the CBS reveal evidence of
transgressivigegressive cycles, unconformities, and magmatic activity, all presumably
related to crustal evesnthat accompanied and followed Silurian accretion of Ganderian

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

2.37 Depositgeology:

The MG depositoccurswithin Matapédia Grougocks along the southeastern
flank of the Aroostooki Percé Anticlinorium(Figs 2.2 and2.3). The oldest unit in tle
areais the Grog Brook Group, which is composed of silty argillite, sandstone, and
greywacke.The MatapédiaGroup is separated from Grog Brook Groupcksto the
northwest andyounger Chaleurs Group rocks to the southeast by the McKenzie Gulch
and Rocky Gulch faults, respectivelyhe Matapédia Group is generally composed of

very thinly bedded, dark grey calcareous awd-calcareous siltstone witbubordinate
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volumesof limestane andhasa c har act er i stéxture whichh gomsisteaf r o c k

well-laminated interbedded limestone and calcareausllite (Woods 1993).The
youngest rocksn the MG area are thporphyry dikes which intrude the Matapédia
Group rocks.

In the vicinity of the dikes linear metamorphic aureoles marked by the
developmenbf fine-grained white marble, dark purplish grey hornfels and light green,
calcichornfels and porcellinite are commdrocally the metamorphic aureoles contain
patchy garnet pyroxere skarn that occurs as thick laymarallel and discordant veins
(Woods 1993). Cui Ag mineralizationof the McKenzie Gulch deposiiccurs most
commorty within coarsegrained garnépyroxene skarn wdre it hasretrogradd to an
assemblage of epidote, ampdis, chlorite,quartz, recrystallizedalcite andsubordinate

vesuvianite

2.471 Field relations anddike petroogy

Two major suites ofdikes at the MG areantrude Upper Ordovicianto Lower
Silurian sedimentary rocks afie Matapedia Group,(limy argillite, calcareous shakend
sandylimestong. Thedikes aregenerdly NE-striking (~030° to 050) andsteeply €85’
to ~90°) eastdipping andrangefrom a few cm (mosty apophyses) to few tens of im
width with the majority ranging from 1 to 4m. On theoutcrop scale the MG granitoids
arecommonlyporphyriticandoccurasdikes and apophyses that have undergeeak to
strong hydrothermal alteratidfig. 24).

Severaldeformation events ranging from pte postAcadian orogeny have been

identified in the region (see Whalen 1993put 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 fa#lig. 22). The regional
structural trend of the APA is northeast and so major-dgasteastnortheasttrending

dextral strikeslip faults cut this trend (Fig2.2 & 2.3). The emplacement of the felsic
dikes and sills appears to have been structurally controlled since they folkonedtanal
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%pen to gentland uprighnorthwesttrending k folds

without associated cleavage preceded development of the regional netrivedisig F

folds thathave docally S, cleavage.

2.4.17 Plagioclasei hornblende porphyry(Pi H) suite

At the micrascale the dikes exhibit a variety of textures ranging from aplitic,
equigranular, seriate tporphyritic (Fig. 24a-c). The PiH porphyry suite consists of
plagioclase (3060 vol.%), quartz (2535 vol.%), hornblende (210 vol.%), biotite (O’ 2
vol.%) as phenocrystsr microphenocrystswith diametergangingfrom 1 to 5 mm for
plagioclase an® 0 . 5 quantz,dna diameters 0.55 mm for hornblendeThere
are \ariable amourstof accessory minerals including magnetite, zircoratitg titanite,
monazite, rutile, and ilmeniteccurring as inclusions in the phenocrystsas interstial
phasesMinor clinopyroxeng0i 4 vol.%) is commonlyethedral to subhedral and occurs

as aggregateandbr patchesn somesamplegFig. 25d).
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2.4.271 Quartzi plagioclaseporphyry(Qi P) suite

The Qi P porphyry suiteis characterized by larger, resorbed and embayed quartz
phenocrysts Kig. 25j-1), probably suggesting a slightly different crystallization and
emplacement history relative toe Pi H suite. Details of quartz texture and compositions
are discussea@nd presentedh ChapterFour of this thesis Overall theQi P suite is
similar in terms of mineralogy and texture to tR&H suite except that no visible
magnetite orferromagmsian silicates ocaur as pristine(unaltered) phass; however,
pseudomorphs of amphiboldéisat have beemeplaced byintergrowths ofchlorite and
carbonatesire ubiquitougFig. 25k). No visible biotitecrystals and/opseudomorphare
present in these rockdhis is likely due to strong hydrothermal alteratjoout the
possibility of itsexistence as a primary phas@or to alterationcannot beuledout

Calcic amphibole is the most almlant ferromagnesian phasethe PiH suite
These amphiboles are generally euhedoalstibhedral withdistinct, weltdeveloped
zoning in some crystals suggesting variable physicochemical conditions during
crystallization Amphiboles in the QP suite are strongly altere&nd are commonly
replaced by one or a combination ases (i.ebiotite, calcite, chlorite, and/or rutile
Fig. 25k), whereas inthe Pi H porphyry suiteamphibole isveakly tomoderatelyaltered
(except for the inclusionshich are freshFig. 25eandg). Clinopyroxene and biotite are
the second and third most abundé&romagnesian silicate mineralespectivelyand
occur as euhedral to subhedral crystals ranging from ~0.2 mm to ~10Wmopyroxene
commonly occursn clusters in some samples and rar@bevenly distributedyrainsin
the groundmass. The preservatiminclinopyroxene is due to the faitt can survive a

strong hydrotheral alterationBiotite is present in minor amounts and generally displays
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reddish brown to greenish coloration indicative of oxidizing environragtite time of
crystallization (Lalond and Bernard 1993; Figu&5 aandc). In leastaltered samples,
biotite is locally to completely altered &theror acombinationof chlorite, rutile, and/or
titanite. Plagioclaseccursas phenocrysts and as a groundmass constituent and most
commonly exhibit concentric zoning, suggesting evolving physicochemical conditions
(Fig. 25 band 9.1 t 6 s c oveakhotm dtrgngly altered to sericite, calcite, and clay
minerals. Kfeldspar in theseocks commonly occurs as an intersgabundmasghase

with few and rare crystals exhibiting tartan twinning a characteristic of micro&line.
feldspar phenocrysts were n@cognizd in samples examined in this stydyobably
because¢heywould have been destroyday thestrong hydrothermal alteratiaffecting

the dikes The silicate mineral assemblages of these suitgsarticular the coexistence

of K-feldspar and plagioclassuggest that these are subsolvus granitoids formed under

moderate to high volatile pressures.

2.57 Analytical techniques

This stug is based o100 samples collectefom drill coresrepresentingoth
the PiH and Qi P porphyry suites Polished thin sections ofl00 samples were
investigated by transmitted and reflected light microsc@plythese45 sampleswere
selected and analyzedrfmajor (Table 21) and traceslement(Table 22) contens (i.e.,
Appendix B) All geochemicalsampks were prepared by agate millinggulk rock
compositions for the \mjor elemenxidesandRb, Ba, Nb, Zr, Cr, Th, U, Ce and Nd
concentrations were deterreth by Xray 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 elemendélong with S and CQwere analyzed aiX-ray Assay
Laboratories Ltd. (XRAL) of Don MillsOntariovia the following techniquesS by Leco
techniques; C® by coulometry; Bi, As and Sb by hydrideatomic absorption
spectrometry; and Sr, Y, Ni, Co, V, Sc, Cu, La, Pb, Zn, Mo, Be, and Ag by inductively
coupled plasmaemission spectroscopy (IGFS) Instrumental neutroractivation
analysis (INAA) was done on a subset of ten samples by XRAletermine Cs, Ta, Th,
U, Hf, W, Br, Au, and REE

Data quality assessment was undertaken by submifiveg (1:9 standard to
sample ratio)in-house standard (RH1; Lentz 1995) for analyses along with other
samples. The results from these reference materials indicate that the geochemical data
are Of it with precigionang acauedpoth within 5% for major elements
(except TiQ, MgO and CaO, which atess than 10%) and, in most cases less than 10%
for trace elements. Values greater than 10% are typically assowidiettace elements

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

2.617 Geochemical baracteristics

2.6.17 Major dements

Major- and traceelement analysesof leastaltered sampledor each of the
intrusive phasefrom the MG area are presented Tables 2.1 and 2.2, respectivelylt
should be noted thahesedikes have been affected to some extentHygrohermal
alteration in which feldspars and ferromagnesian silicate minerals have been replaced by
hydrous mineral phases andrbonats Thesealterationeffects are reflected ir(i) the

strong positive correlation coefficie(@earson Product; r = 0.8Rig. 27h) between HO
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and CQ contents suggesting that carbonatization and hydrolysis reactions were
coincident and possibly relate@i) thehigh LOI (loss on ignition)values average3.9%;
Table 21); and (iii) the scatter in alkalelementvalues (K, Ny Fig. 27f and g).
Neverthelesswhen pbtted on otal alkalis versu$i diagramthesedikes plot mainly in

the granodioritic togranite andonalte fields (Fig. 26a; Middlemost 1994)Both suites
are characterized by intermediate silica compositiith the PiH porphyry suite
averaging 66.35vt. %, whereashe Qi P porphyry suite average (68.26 wt.% Table
2.1). Both suitesare sodic (N2O > 4%) with low but variable ¥O contents (< 2%glue

to alkali-element exchange reactiowhen plottedon the Alkdi-Fe-Mg discrimination
diagram (Fig. 26b), these rocksdisplay a calcalkaline affinity The molecular
Al/(Cat+Na+K) ratio for the dataare quite variable (0.61.15) buttheir average value of
0.97 indicates that thesghases arelominantly metaluminouswith a few samples
plotting in theperaluminoudield (Fig. 26d). The scatter in this diagram and the trend
towards A/(Cat+Nat+K) values> 1 (peraluminous field)are considered a result of alkali
element leaching and resulting micaceous alteratitreres Al/(Ca+rNat+K) < 1 result

from carbonatization (Ca addition).

2.6.21 Traceelements

The race element contents the Mdenzie Gulch dikesparticulaly the low Rb,
Y, and Nb, are similar to granitoid rocks of volcaaic affinity (Pearce et al. B2,
Christiansen and Keith 19R6\Ithough these suites have similar bulk compositions, they
can bedivided onthe basis ofimmobile major and trace elements. Theras a

considerable range in the TiQdata; the PiH porphyry and related phases have
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consisterly higher TiQ, and lower Zr/TiQ valuesthan the Qi P porphyry (Fig. 273a).
Consejuently, the Zr/TiQ ratio was chosen as the common axis with which to compare
the distibution of the other geochemicdhta(Fig. 27 b g). Compatibility differences
betweenZr and TiQ during fractional crystallizatiormake this ratio (Zr/TiOz) an
important fractionation indexXWinchester and Floyd 1977; Watson and Harrison 1983;
Green and Pearson 1986) general, the geochemical data exhibit a trémaards
increasing Si@ with increasingZr/TiO, consistent withincreasing degree dfactional
crystallization.

The transition from th& H porphyry(and its related phasethrough to theQi P
porphyry can be ascribed to a fractionatfmocess.Specifically, as Zr/TiO, increags
there aredecreasein TiO,, Al,Os;, MgO, BOs, Sc, V, Y, and Nhare consistent with
fractional crystallization otlinopyroxene hornblende, magnetite, titanitepatite and
later plagioclaseTiO,, P,Os, Sc, V, and Y have strong negative correlatiovith
ZrITiO,, wherea®Al,03, MgO, and Nb correla weaklyfor bothsuites ofporphyrydikes
(Figs. 1.7 and 1.8)The large ion lithophile elemenk§ Rb, Sr, and Ba do naborrelate
with Zr/TiO,, no doubt because of the high mobility of these elenresdi#ting from the
postcrystallizationhydrothermahlterationthat affects these rocks

In the Qi P porphyrysuite SiO,, Al,O3, and NaO covary positively with Zr/TiQ
even thouglplagioclase and quartz are liquidus phases, thus indicating fractiowétion
ferromagnesian silicatesuch asamphibole biotite, clinopyroxeneand titanite This is
supportedoy the negativeorrelations of V, Y, and Nb witlr/TiO,, whichalsoindicae
hornblende, magnetite, and titanftactionation (Shervais 198%reen 1994 whereas

MgO, R.Os, and Salo not covaryith Zr/TiO».
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The overall trends of decreasing Bi®.0s, Sc, andV from PIH to Q P dikes is
consistent with theQi P porphyry being related to thEBiH porphyry via fractional
crystallization of magnetite,titanite and apatite at depthin relatively deep magma
chambers(i.e. 13 to ©19 km as estimated from mineral chemistryjariation inZr, Y,
and Nb versus Zr/TiQof the two suites(Fig. 28 c, e & f) preclude a direct parént
daughteffractionatcrystallization relationshighowever,a similar geochemical affinitys
implied with the Qi P porphyry representing more evolved@ndmemberof this suite
Alternatively the two suitemayrepresentin alternaterystallization historyia different
magma chambers during their evolutiprocesses Variability in Y and Nb isfurther
discuissed under adakite affinifgection1.10.2). The relativelylow overall TiG, (0.2°0.4
wt.%), V (201 40 ppm), Sc (25 ppm), and Ni§3i 7 ppm) contents are typical of oxidized
cald alkaline (type) magma systems, which have fractionated considerable magnetit
and titaniteMoore and Lentz 1996)

Rareearthelement (REE) contents are similar for all intrusive phases and are
characteristically low (averageREE = 55 ppm)with steep negative slopes (average
Lan/Luy = 18.31 +5.2; Fig. 28g) andweak positive Eu anomalies, which istypical of
calcalkaline magmas Cullers and Graf 1984)he strong negative correlation between
Eu and CQ(r =-0.74) anda weakpositivecorrelation between Eu and &3 (r = 0.53
showsthat the positive Eu anomaly is magmaticalgrivedand not caused by alteration
The combinedeffects of fractionatng apatite, titanite, and hornblendand low
incompatibleelement contents in the sourceagma account for the low total REE
contents for both intrusive suiteShe decrease inheavy REE (HREE) contents

consistentwvith hornblende fractionation andgbably hornblende and (or) garnet in the
48



source protolith (see Cullers and Graf 198&ealso adakitic characteristics section

below).

2.717 Geochronolay

2.7.17 Analytical methods

Samples 18RM-01 (quartiplagioclase porphyry; ~1030g) and -BB51-02
(plagioclaséhornblende porphyry; ~952g) were collected from the MG porphyry dikes
and submitted for heavy mineral separation at the Overburden Driling Management
(ODM), in Ottawa. Prior 1o crushing thesesamples were asted to remove possible
exotic surface material, drd and weigled. Zircon grains from these sampleswere
liberated by a combination of elecipolse disaggregation and heavy mineral
concentration. The clearest euhedralcair grains were picked using a binocular
microscope, mounteth epoxy, and polished to thegentes. Backscattered electron
imaging (BSEIl) using a JEOL680scanning electron microscop€SEM) at the
University of New Brunswick Microscopy and Microahais Facility reveatd weak
zoning betweertore andovergrowth and microfracturesdeveloped at various stages of
magma evolutiomcludingsome due ttiigh-U domainswhich werealsonoted

The targetd zircon grainsin the mountvere dated using a ResonetiRasdution
Series M50-LR 193 nm excimer laser ablation system coupled with an Agilent 7700x
quadrupole ICPMS equipped with duakxternal rotary pumpsThese grains were
analyzed with a crater size 80 um, 4 Hz repetition rate, and with2¥ s ablationtime
following 27 s of background collectionThe grains werablated with a laserdence of

3.5 J/c. This ablation sequence comprised upsia analyses ofNIST610 and 19
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analyses ofFC-1 reference glasses throughout the sequenceabadt10 analysesof
well-characterized UPb age standard (Plesovide)y quality control Ablated aerosols
were carried out of the Laurin Technic twolume 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 2/8mL

N2, which is used to enhance ionization efficiency in theil@8 plasma. Before
entering the ICPMS torch, the combined gas stream passes through a smoothing device
(Laurin Technic ©6squiMSwas operated at AngRFIp@vertof 7 7 0 0
1450W with ion lenses tuned to obtaind3% ThO/Th and U/Th* 1.05 as measured on
NIST610 reference glasses. One sweep of thé M3 quadrupole comprised a rapid
(0.01 s) masurement of a guide mass (€¥r for zircon)followed by?°*Pb (0.08 s),

20%pp (003 s),%’Pb (0.07 s)**%b (0.01 s)?**Th (0.01 s), and®®U (0.02 s). This gave a

total measuremeritme of ~0.25 s per sweep o0r120 measurements per 3@klation.

The ICHMS datafile (data as counts/sec) and laser sequéogdile were combined
offline in lolite v. 2.5 and agesalculated using the VizualAgei Bb geochronology data
reductionscheme describday Petrusand Kambe(2012). The LAT ICPi MS usedn this

study incorporates higbapacity (Vici Metronics) Hg trapthat help reduce backgrodin

?%Hg to <150 cps. In cases where A¥Pb counts were encountered within an ablation
time series, a’*Pbbased commo#®b correction was applied using comrein
composition estimates based on the equations given in Kraandr3olstikhin (1997)

(Table2.3).
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2.7.21 Results

2.7.2.11 Crystallization ageof the MG porphyry dikes

Small zircons ¢ommorty 60i 100 um long and 2060 um wide) extractedrom
samples15-RM-01 and 15-RM-02 are slenderlight blue-green euhedral to slightly
subhedrakelongateprisms (2:1 to 3:1,lengthwidth). Only a few monazite grains were
extracted from the heavy mineral separate and these were mostly anhedral fragments.
Internal zoning features in zircanclude weak oscillatoryzoned terminationg a few
grains withsome higly resorbedand fracturedcrystals The latter were avoideth
favour of grains withclean, cololess terminations and core regions lacking visible
inclusions A total of 45 and 53zircon analyses were obtained fraincon grains irthe
guarti plagioclase am plagioclaséhornblende sampls 15-RM-01 and 15RM-01,
respectivelyand are includeth the concordia diagras(Fig. 2.9). Zircon analyseslder
than400Ma are interpreted to beenocrysic in origin.

The U Pb data for 4 analyses fronquarti plagioclag (sample 18RM-01) and
52 analyses from plagioclaseornblende (samplel5-RM-02) porphyry dikes give
concordant, highly reproducible dafghirteen (13) out of 44 and 22 out of 52 spots
analyses (bolded rows), respectively for zircon from sampldRM®1 and 15RM-02
were used to calculate concordia ages. The two samples gielglatedmean?**Pb/*%U
ageof 386.4 £3.3 Maand386.2 +3.1 Ma respectivelyFig. 29; Appendix C Table2.3)

and thisis interpreted athe best age estimate for the Mes.
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2.81 Discussion

2.8.171 Classification andpetrochemicalconstraints on tectonicegime

Field, petrographial, mineralogic, and geochemidalatures of the MG porphyry
dikes were used tolassify these rocks armbnstrain the tectonic regimeThe presnce
of ubiquitous calcieeamphibole,minor pyroxeneaccessorynagnetite trace titaniteand
zircon in mostof the dikes suggest that the rockscan beclassifiedas Amphibolerich
Calcalkaline Granitoids (ACG), based dime classification scheme d@arbarin (1999)
In this schemegranitoidsare classifiedbn the basis ofheir mineralassemblagedield
and petrogaphical features, anthemical and isotopic characteristics. This classification
shares many similarities with the twenty mostmmonlyused g@nett classifications of
granitoids.For example both types of peraluminous granitoids are of crustal origin; the
tholeiitic, alkaline and peralkaline granitoidee of mantle origin; and both types of calc
alkaline granitoids are of mixed origin and ahwe both crustal and mantle materials.
Each of these granitoid types is generated and emplaced in specific tectoni¢seiting
different stages othe Wilson cycle (Barbarin 1999) In this casethe abundance and
nature of amphibokevary considerablyrbm one type to anothewith calcic amphibole
becoming abundant, and pyroxene occurring in the granodioritesomatites The
abundance ofalcic amphiboleasa ferromagnesian phase in tMG dikesis consistent
with experimental studies on water satadacalealkaline magmas that have shown that
calcic amphiboles are the main ferromagnesian phase in the absence of skéne (

Grove et al. 2003)TheseACG rocks arefairly commonin many island arc§Whalen
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1985and references therejrgnd generally brm shallow level plutonsand are closely
associated with volcanic rocks

On theRb vs Y+Nb and Nb vs Yectonic discrimination diagran{gig. 26 e and
f), the MG rocksplot in the field ofsyncollision and volcanic arc granitoigsiggesting
that theseocksformedin anarcsetting The Ta/Ybvs Th/Yb and Th/Tarss Yb tectonic
discriminaton diagramssupportan active continental margitectonic settingFig. 210).
The higher NgO over KO values in these rocks support the fact that they are rhantle
deived Ilitype granitoids (Esperanca et al. 1992Follectively, the tectonic
discrimination diagramsand geochemistrysupport the interpretation thathe
metaluminous to weakly peraluminous ealkaline magmas, which formed MG dikes,
were generatedrom mixed origin involving both the upper mantle and the crustal

materialin anarc environmenproximal toa subduction zone

2.97 Modelfor the origin

The petrogeneticmodel for the origin of the MG intrusive rocksust be
consistent withthe complex historyof the Appalachianorogery. This includes the
processes related to the Palaeozoic closure oflapetus and Rheic oceanshich
resulted into the accretion of arcs, back arcs, and microcontieebésirentia (van Staal
et al. 2009. Figures 2.14a andb, sunmarizes this complex history for the origin of
magmatism and eventually extrusive and intrusive rocks in the reGeneration of
these magmaswvhich occurredduring the Acadiarorogen,are associated with intra
crustal shortening rather than regioeatension and/or delamination of tlignospheric

mantle ¢.g.Dostalet al 1989,1993); however, emplacement of such magraadikesin
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the study area might have been triggered by extensional procassesl by relaxation of
the overriding plateat thetime of slab brealoff. Mafic magmaswhich likely supplied
the thermal flux for the largscale crustal melting, possiblgtruded thickened crust
during contractionwhere theyponded and evolvd at depth Failure toascend to crustal
levels above the litle-ductile transitiormay bedue to the fact that the orogen was still
undercompressior(e.g.van Staal et al. 2009This hypothesis is consistent wittepth
estimates on the MG intrusive rodsee Chapter fireg, which suggstcrystallizationat
depghsranging from1 3. 5 k m t griorQo the¥r findl erkplacemerdsdikes at
upper crustal levelsThis Middle i Late Devonian Acadian @gmatic puls&an possibly
be associated witlthe boundary conditions imposed by the it of separationand
sinking of the o®anic slab that was origilly attached to Avalonia (i.ébreakoff of
Acadian slab)which would have signaled the end of Awadiarrelated convergence
van Staal et al. (2009elated these Middle i Late Devonian (398375 Ma)
magmatism to breakoff oheé Acadian slaklueto: i) continuity of crustal shortening and
lack of evidence for regional extension; ii) predominance of felsic over mafic
compositions; and iii) thdiverse signatures of granitegg.volcanic arc granite (VAG),
within plate granite WPG), and systollisional granite (SWCOLG). This slab breakoff
is interpreted to haveccured immediately after the 40895 Ma docking ofthe
Meguma terranerThis interpretation isonsistent with UPb zircon ages3g863 +2.3Va)
of the MG dikes. If this estimate is corred¢he voluminous phase of syionvergence
Acadian magmatisr(ca. 415 395 Ma)was related tshallow or flatslab subduction and
a progressively widening zone of crustal shortening in the hinterland of the dx@gen

Staal et al2009) Mafic rocksin New Brunswickthat formed during this time period
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exhibit calcalkaline arc, continental tholeiite and nrarc signatures; whereas
contemporaneous felsic rocks mostly show VAG signatures with some overlap with post
COLG granites This felsc magmatism exhibitelevated (La/Yb) valugswhich are
indicative of formation underhigh-pressure metamorphism and partial melting of
subducted fore@rc material as it entered the asthenospheric mantle wedge beneath the
arc TheMG porphyrydikes exhibitgeochemical characteristics similar toskereported

by van Staal et al. (2009and magmas withsimilar characteristics (adakitic) have been
reported byKay et al. (2005)o be acharacteristic feature of central ChileArgentinian

Andean flat subduatin.

2.1071 Petrogenesis of the MGtrusiverocks

2.10.17 Magmasourceand evolution processs

Generaly, the convergence of oceanic and continental lithosphere mainly
generates abundant lelv and highCa calcalkaline tonalites andjranodiorite, i.e.
amphibolerich calcalkaline granitoids(ACG) (Barbarin 1999 similar to the MG
porphyrydikes. Thelatterexhibits a alc-alkalinetrend(Fig. 26b), andmoderate degrees
of light rareearthenrichment(La, Ce, Pr, Nd, Pm, SmandEu; Fig. 28g), which may
suggest derivation from a mantle source enriched in these elenm&fusphy 2007.
Magmasof this natureare characterized by flat heavy ra@th (HREE) profile, which
imply a source in the shallow (spinel lherzdlitmantle (i.e.< 50 km depth;Murphy
2007, or can exhibit listric shaped REE pattern typical of adakitic (waté) magmas
but possiblyfrom the saméspinel Iherzolitémantle)source

The MG magmaswere generatedainly from the melting of the mantle wedge
55



above the subducting ocearhbisphergollowed by subsequent ascent and ponding of
these magmasat the interface between upper mantle doder crug under a
compressioal tectonic regime.This likely occured during closure of lapetus Ocean,
which involved thewestwardsubduction ofAvalonia beneathLaurentia.Upon pondng
the magmaglifferentiatel and mixed with crustal magmas pdoiced by melting othe
crust (induced by contact with large volumes of hot mafic magmiasding to the
development of intermediateomposition calcalkaine magmastypical of the MG

intrusive rocls.

2.10.27 Adakite geochemicatharacteristics

When plotted orSr/Y versus Y and Lalb versusYb (Fig. 211a and B and other
major and traceclement Harker diagran(§ig. 212a through ), samples from theMG
intrusiverocks plot in the adakite fieldThet e r m i avasdirktiugea by Defant and
Drummond (1990)following the work of Kay (1978)to refer to rocks withhigh
concentratonso8r (O 4 0 Gow goptenjsofa n(dO 18 ppm) and Yb
andhighSr / Y2006@®d La/ Yb High rath® of LREE to HREE)Adakite
magmasarealso characterized by higi 20 @bm) andCr 30 @m)Si0, O 56 wt .
%, Ab0sO 15 wt .conpnly¥Myvd. %, and’srf’sr O  Bompated \Bith
normd andesitesKay (1978) suggested th#tese chemical signatures were consistent
with an origin as partial melts slibducted, garnetiferous (ieclogitized) oceanic crust
which had then reacted and partially equilibrated with the peridotitic asthemimsph
mantle wedge during ascenih 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 Watso (1995) and references therethat the HREE depletionhjgh
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, wile thesemagmas areommonly attributed to melting of subducted
oceanidithospherg(e.g. Thiéblemon et al. 1997; Sajona and Maut998;Oyarain et al.
2001) other workers haveargued that not alhigh Sr/Y, La/Yb and low Y and Yb
adakiticmagmas neetb be formedby slab meltingIn support of this argumengeveral
models have been proposed @&ccount fortheir origin Theseinclude: (1) crustal
assimilation and fractional crystallization (AFC) processes from parental basaltic
magmas (e.g. Castillo et 41999); (2) partiamelting of mafic rocks in the lower part of a
thickenedcrust (Athertm and Petfordl993; Muir etal. 1995; Petford and Atherton
1996); (3) partial melting of delamated lower crust (Kay and KaiQ93; Gao et al.
2009); (4) partial melting of a stalled (or dead) slab in the mafRiePiperand Piper

1994; Defant et aR002 Mungall2002; Qu et al2004)

2.10.2.17 Models 1and 2 AFC processsand lower crustal melting

Samples of theMG porphyries an be interpreted as showing a slight fractional
crystallization trend in a plot dhe compatible element Ni vs the incompkg element
Th (Fig. 2139. Likewise,data plotted on th&r/Y vs Y and La/Yb vs Ylaliscrimination

diagramssuggestfractional crystallization of garnet, amphibotdinopyroxene, titanite
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and zircon(Figure2.11a and p The poposedmechanism for genating magmas with
characteristicsuch as those at Gi(i.e. those withelevated Sr/Y and La/Yb van Staal et
al. 2009), isthe fractional crystallization of minerals that preferentially partition Y and
HREE in the absence of significant plagioclase fraeimn The imiting factor
controlling plagioclase fractionation in mafic to intermediate magmas is water content;
specifically, HO-r i ch (O 2 wt . %) maf suppressplagiodaseeon me d i &
the liquidus until after the appearance of olivinehapyroxene, and hornblende (see
Moore and Carmichael 1998; Kelemen et al. 2003). Sevethbes (e.g.Green and
Pearsornl985; Rollinson 1993; Klein et al. 1997) hasieown that both hornblende and
clinopyroxene preferentially partition the HREE over REalthough hornblende is
more effectiveas it has higher HREE partition coefficieritean clinopyroxene. This
interpretation is supported by geochemigphts €.g.Fig. 211a & b) andpetrographic
examination, which show the presence of ubiquitous hendla and clinopyroxene as
phenocrysts and in the groundmass composition of theliWe€s.

The presence of clinopyroxene in soafighesesamplege.g.CM-95-43, MC-92-
18D, 14RM-48, MC-91-10, and MG91-18J) suggestan early crystallization of this
phase dllowed by its later reaction witithe melt to form hornblende. Due to their
hydrous and oxidized nature the MG magmas fractionated clinopyroxene + hornblende +
zircon ztitanite thereby preferentially partitioning middrare earthelementsMREE)
and HREE (Fig. 28g). Fractionation of these phases generates magmas with
progressively increasing Sr/Y and La/Yhlues from subadakitic (normal arc magmas)
to strongly adakiti¢see Richards 201dnd references thereinStability of hornblende in

magmas reqtes a relatively high watercontent(H,Oner © 4 WRidoIfi%®t al. 2010;
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Richards 201}, consistent withwater content estimatesf ahe MG rockswhich are on
the order of ~5 wt.%see Chapterhreg. Consequently, it seems liketiiat hornblende
fractionation suppressedtle crystallization oplagoclase(which is known to fractionate
Eu) resultingin early increase in Sr content, and positive Eu anomaly (avg. Eu/Eu* =
1.45;Fig. 28g). This anomaly can also be a function of the extreme depletion of middle
and heavy REE relative to LREfaused bygamehomblende fractionation.

On the other handhe presencef inherited zirconsKig. 29 & Table2.3), and
the diagranthatplots La/Yb vsLa (Fig. 213b), whosedata are consistemtith a partial
melting trend suggesthat the effects of source pattmelting wereequallyimportantas
fractional crystallization in controlling the compositional variation within the MG
adakitic porphyriesAs a result, these two processes are interpreted to be responsible for

theevolution of the adakite magmas of & intrusiverocks.

2.10.2.27 Models3 and4: Partial melting of stallegandor delaminatedslabs

The MG magmatisms attributed to the breakoff of Avalonia slab in the northern
New Brunswick area, western Gandgiidg. 2.14a & b;van Staal et al. 2009lf these
adakitic magmas were generated by partial meltingaded'stuckor delaminatedlabs,
then it is possible that they would have interacted with the mantle during asadnt,
consequetty they would exhibit higher MgO, Cr, Ni andb (seeRapp ¢ al. 1999)for
metabasaltic and eclogite experimental melts hybridized by periddtitss generally
believed that reaction between pure slab melts and surrounding peridotite in-dme sub
mantle wedge results in the high Mgmber and/or MgO contentsf adakites(e.g.

Kepezhinskas et al. 1995; 8teand Kilian 1996; Rapp et al999; Smithies 2000)
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however,these same elements &oev in the MG adakitic porphyry rock&or example
most of the samples fall in the saldakite field in @rms of Ni(< 10 ppm) and Cr
(majority are< 30 ppm;Fig. 2.12g & h), decreamg the likelihood that they originated
from a stalledor delaminated and/or subductinglals. Nevertheless geodynamic
evidence for the existence of contemporaneous subduction at the tiammafiéon of the
MG magmas, i.eMiddle 1 Late Devonian magmatismdiscussedby van Staal et al.
(2009, and lower Th(< 4.5 ppm) and Tl&e (generally< 0.2) typical of subducted slab
derived adakitesTi@able 22), suggestinghat the MG adakitic porphyriasay have been

produced by partial melting suibducted oceanic crust

2.10.37 Magma ascent ad emplacement echanisms

Several mods have been proposed for magma emplacement mechanisms, but a
model thatis becomingmore prominent is that of magma beingnsported through the
crust indikes (Annen et al2015). Cloos and Sapiie (2013) suggested that diking is
driven by pressure differences between the magma and the wall roekeasthe
diapirism is commonly driven by the density contrast between the magchthe wall
rock. Therefore,d propagate alike towards the surfacthe least compressionatress
mustbe horizontal and driving forcgiimarily buoyancy) must be larger than resisting
forces (Lister and Kerr 1991)The MG area is characterized by namusand steeply
(~85° to vertica) dipping dike swarms oriented (NEjand perpendicular tdhe inferred
NW direced subduction duringclosure of the lapetus Oceanhesedike swarmsare
parallel to one another anchay have been emplacetlring the relaxaion period

associated witlslab breakoff

60



To investigatethe possibleascent and emplacement mechanisorstiie MG
porphyry dikes, some components from a mod#dveloped by Burnham (1985) are
consideredThis model suggesthatcrystallization of granadrite magmasé€.g.the MG
magmasj that initially contain more than ~ 0.6 wt. %,® will eventually lead to
hypersolidus HO saturationandexsolution of an aqueous fluid pha3&e MG magmas
are water rich« 5 wt. % HBO); therefore, gsolution ofan aqueus fluid phase&luring
secondboiling of an H,O-saturatedmelt + crystals + aqueous flughouldresult in an
increase inthe volume ofthe magma body The magnitude othe volume increases
directly dependent on thaitial H,O content of the magma anget deformability of the
wall rocks, and inversely dependent upon depth (presstite}. processreleases
mechanical energywhich is expendegrimarily during brittle failure of wall rocksat
depthsO8 to 10 km(see Burnhamil985 and references thereif) consequece of wall
rock failure is a decompression of bothe HO-saturatedesidual meltsand previously
exsolved aqueous fluithe extent of whiclis at least as great as the internal overpressure
required to cause failure. This decompression, wirialg be very rapid, results in further
exsolutionof aqueous fluidexpansion of previously exsolved fluid, and concomitant
expendi ture of atdatmay greatly exceedPlze énergynesperglgd, per
unit mass of magma, in producing initial fail{Burnham 1985)

As cooling and crystallizain of the magma chamdr continuedrom the walls
and roof inward, second boiling is triggered andolveall of its initial HO content,
except for a small amount 0.6 wt.%) that maybe structurally bound in hornblende and
biotite at depths greater than ~2.3 km and tempezatbelow ~80°C (Burnham 1985)

This process releaseseth ma x i mu m [Pesalting|e theinitigl yailure of the wall
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rocks, which depends upon the temperature gradietihe nearroof portions of the
magma body and the actual bulk tensile strength of the wall (Bckaham 1985)This
initial failure tales the form of myriad, steeply dipping fractures that are more or less
uniformly distributed in the roof rocks above theQHsaturated carapace (Burnham
1979),and may or may not display @referred orientation.e., perpendiculato the
minimum principal stress direction and parallel to the maximum principal stress
assunng no preexisting planes of weakness such as faults (e.g. Anderson.1951)
Development of such fracturas the MG area could have been triggeradd (or)
enhancedoy tensional relxationfollowing slab breakoff.These fractures may extend
downward into the marginal parts of theQHdsaturated carapace (Shaw 1980), where
they tap fluids exsolving from interstial melt in response to decompresdgnthis
processmagmatransportthrough thdithosphere from depth takes placedikes which
propagate upwards at speedsupfto afew metres per second (Burnham 198H)ese
speeds may be deduced from observations of the seismic signals associated with the
advancing crack tip (e.g. Aki et al. 4B, Shaw 1980)pr inferred from the size and
composition of xenoliths carried by the flow (see Burnham 1985 and references therein)
Thefine-grainedto aplitic textures exhibitedby some ofthe MG porphyrydikes
suggestthat they underwentquench crystéization (low degrees of supercooling),
possibly enhanced byapour exsolution and depresgation €.g.Fenn 1986; Lentz and
Fowler 1992) Estimated depth andpressureof crystallization using hornblendé
plagioclase barometriseeChapter Tireg for the MG porphyrydikes indicatethatthese
magma residedat depth ofaround13.5 to O19 km and pressure of ~ kbar. Given the

structural geology of the regiospme of the pressure release due to movement along
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large fault systems such as the McKenzie GucliRocky BrookMillstream structures

(Fig. 2.2) ¢ a n 0 tled lowigbecause of thexiging evidence for Late Silurian to Early
Devonian movement along these fault systems in northern New Brunswick (see van Staal
and Fyffe 1991) Nevertheless,his suggest that hese magmascrystallized at these
depths(or greater)prior to rapid emplacenentas dikes which resuled in rapid cooling
(quenching)in which hornblendephenocrystavere preservednd a fine-grained aplitic
groundmassThis rapidinjection (possibl due tofluidization) is consistentwith the
rounding andesorptionof some plagioclase and most of the quahznocrystgFigure

2.5k &1).

2.104 7 Redox onditions

The Hi P porphyry suite containa significant amount of magnetiteshereas the
Qi P porphyry suite is devoid ofhis phase This may suggest that theQi P suiteis a
more fractionatedderivative of the HiP suite or it might have hada different
crystallization history in a separate magma cham@Beamanskeet al. (1981) briefly
discussed th conditions necessary for development of magrigite and magnetite
bearing granitoideind suggested thatitlv few exceptionsmost mantlederived magmas
are only slightly more oxidized tharu@rtzFayalite Magnetite (QFM)if they crystallize
in acloxd systenthey will form a magnetitdree, ilmenitebearing rock. Ifa mantle
derived magma interacts with, and assimdateustal material that has not undergone
appreciableoxidation during or subsequent to intrusion, the hybrid magmas will still be
magqnetite free, bumay havehigher £’SrP®Sr). Likewise significant incorporation of
graphite fromassimilatedcrustal rocks will insure that derivative magmas are reduced

and magnetite fee(Czamansket al.1981).
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Oxidized magma may result fromshallow emplacemenbf relatively reduced
magmas, followed by devolatilization {8 saturation) and differential loss of;Hn this
casetheir ¢’SrP®Sr) vaueswill dependupon whether material has been assimilated in
the lower crust and the age and Rb contérduchmaterial; @ it may resultfrom lower
crustal environmenif mantlederived melts interact with materials that have been
oxidized a t the earthoés surface. Such magmas ¢
oxidized and rocks derived from them sl show evidence of early crystallization of
magnetite and titanitédsee Czamanskeet al. 1981). In addition, Miyashiro (1974)
proposed that water derived from the subduction zone can result in oxidizedTrhislts.
interpretation is consistent with therlgaprecipitation of magnetite in most cadtkalic
rocks.

Petrograpic examinatiorand geochemical evaluatisuggesthatthe magnetite
bearingPi H porphyry suitefrom the MG dikeshave been intrinsically oxidized due to
the presence of early formed nma&gjte and by theraretiny titanite typically included
within biotite, plagioclase antbr) amphibole grainsSomelate magnetite andaretiny
titanite occurassmall graingntersttial to plagioclase and amphibolirther suggeshg
oxidizing conditions during magma evolutioflowever, thepresence of ilmenitée.g,
Fig. 25h) as an interstitial [pasein some ofthese magnetitebearingrocks may suggest
both oxidized (earlyand dominant and relatively reduced (late) environmernifese
reduced magas couldarise from significaninteractionbetween the magma and host
rocks,most likelyby assimilation of graphitéearingcalcareousedimentary rocksf the
Matapédia Group Thusthe magnetitebearingmagma likelydeveloped in a lower crustal

environnent wheremantlederived melts interacted witlvall rocks that had previously
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been oxidized at th&car t h 60 s. Akernatively,ctlee primary magma malyawe
inherited its oxidatiorstatefrom fluids derived from subducting oceanic siid i d n 6 t
interactwith the graphitebearing units to reduce its oxidation state

The magnetitefree Qi P porphyry suitels interpreted tdhavebeenderived from
the same source (mantlellowed by crustal contaminationasthe PiH suite buthas
undergonesignificantfractional crystallizatiorof pyroxene and magnetit&his suggats
thatall earlyformedphasese.g, pyroxenereacted with melt to form hornblengeor to
emplacement and crystallization as dikisthis casecompatible elemnts such as-e
were fractionally removed fron the more evolvedQi P porphyry melt by the crystal
fractiondgion of magnetite In addition, due tosignificant fractionatioror its different
fractionation historyquartz phenocrysts ithe Qi P porphyryare significantlylargerand
develomd textures (resorption and embayments) indicativeeitier disequilibrium
conditions or crystallization in different magma chamberfollowed by different
emplacemeriferuptive styles or both (see Chapter Four). In summarythe primary
difference between hese two suitesis the presenceor absence of magnetitgjze and
texture ofquartz phenocrystthe degree of fractionatipmand the degree of alteration in
which the QP porphyry suite isseemingly altered thanil® porphyry suite These
differences can d explained bythe two suiteshaving crystallized at contrasting

conditions such as different magma chambers

2.117 Potential for prphyry Cu and skarmmineralization

Porphyry copper deposits agenerallyderived from sulfurich highly oxidized

magmaitc systems, with oxygen fugacitieBOf) somewherebetween the nickéehickel
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oxide (NNO) or sulfidesulfur oxide (SSQ)and magnetihematite oxygen (MH)
buffers (Imai et al.1993; Sillitoe1997; Oyarzin et al. 2001; Mungal2002).High Sr/Y
and La/Ybratios inthe MG intrusive rocls reflect intensive variables such as pressure,
oxidation statetemperature, and water contegpical of arc magmas(e.g. Richards
20110. These & magmasarecommonlyfertile in terms ofore metalsand they tend to
be waterrich and are commonly associatedvith magmatiehydrothermal ordorming
systems Ther hydrousnaturefavours exsolution ofh watefrich volatile phase upon
emplacement@nd coolingin the upper crus{Burnham 1979; Richards 2011These
hydrothermalsystens have the abilityto generate economic mineralizatidoe to its
oxidized naturgseeBlevin and Chappell992;Candela 199pandensures that the bulk
of the sulfur dissolveth such magmass present in oxidized fornthereéoy lowering the
patential of he melt tosaturate in sulfide phaseshis is critical to the ability of the
system to form a meralizing fluid as early sulle saturation wilkrystallizesiderophile
and chalcophile elements the magma thereby precluding their incorporation into any
evolving hydrothermal fluid(Hamlyn et al. 1985)The petrochemicalcharacteristics
presented above suggest that adakitiagmas derived by fractional crystallization
processes and lower crustal melting could be just as favorable for the generation of
pomphyry Cu and skarn deposits as sthrived adakitic magmagrovided that they
contain the necessary ingredientfor generang oreforming hydrothermal fluids.
Consequently, @rphyry intrusive rocksof similar agewith similar characteristicsn

northernNew Brunswickshouldbe investigated for their mineral potential
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2.1271 Conclusions

Middle Devonian intrusive rocksn the MG area are mostly calcalkaline
granodioritewith few samples havingonalite and granitecompositions.They exhibit
petrachemi@l featuresof oxidized I-type magmasgeneratedn continental margin arc
environmentand aresimilar toother SilureDevonian plutons in NW in New Brunswick,
Gaspe Peninsuh, and Newfoundland.

The geochemicahnd geochronological386.2 + 3.1 Ma and 386.+ 3.3 Mg
similarities between the two suites indicate they are related to the same magmatic event.
The ALO; TiO, Sc, and V trends are generally consistent with a fractional
crystallization ofplagioclase,hornblende, and accessory minerals, such agnetite,
apatite, and possibly titanit€he major differencebetween thd H and Q P suitesare
the presence or absence of magnetite, size and texture of quartz phentherydtgree
of fractionation(explained by crystallation in contrasting condibns sich as different
magma chambeysand the intensity of hydrothermal alteration wherelhy QGuiteis
highly altered relative to 1P suite. The contemporaneous nature apétrochemical
similarity betweerthetwo suites ofdikes with the Mount SugarloaihdNicholasDénys
(Fig. 2.2) suggest that they share a similar petrogenetic histayd possibly share a
common, or at least similar mantle source, and similar petrogenetic history with Copper
Mountain Porphyry in Mines Gaép

Mineral textureshave ben used tointerpret possible magmatic evolution
processes; for exampla@bundant resorption and embaymentextures in quartz
phenocrystsnay sugget local SiQ1 undersaturation of the melt, which may be caused

by (i) isothermal decompression due to magrseent, or by (ii) increase in temperature
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due to magma mixing or crystal settling, or b@dlg.Muller et al. 2003alsosee Quartz
CL imaging i Chapter Foun. Likewise, cscillatory zoningin plagioclasesuggest
dynamicmagma chamber processes. abupt changes in melt compositiobrought on
by magma replenishment the chamberRapid ascent and quenching of the MG magma
is supported by fingrained to aplitedexturedgroundmass common in these rackke
presencef hornblendegphenocrysts in thesdikes requiresrapid coolingof initially high
pressuranagma in ordeto preservéiigh pressure phases icav-pressureenvironment.
Consequentlyjt is likely that magma from whichthe MG dikes formed poned a
depti(s)of ~ 13 . 5 t o(~ ®kbak) Wvhefe thkeynundergo significant fractional
crystallizationprior torapidemplacemerstas dikes

High Sr, La, Sr/Y, and La/Ybof the MG porphyry dies aretypical of adakitic
arc-magmas.Common upper plate magmatic processesh as assimilatiefiactional
crystallization (AFC) affecting normal arc magnaaxl lower crustal meltinganexplain
these adakitelike chemistries Adakitic magmaswith positive Eu anomalies reflect
hornblende + clinopyroxenet (titanite + zircon) frationation that suppressed early
plagiodase fractionationin a hydrous relatively oxidized arc magma#\s a result,
geochemical evaluations of data from this study have associated the MG adakite intrusive
rocks to the product of AFC processes and lowestal melting rather than melting of
subducting oceanic crustiowever, this does not precludslab melting which is
commonly associated with generation of adakike magmasandis supported by the
occurrenceof slab brealoff at the time of magma geration (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 elsewlrerorthern New Brunswickand

adjacent Qébec.
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Figure 2.471 Slab photgraphs of samples from the MG dik@3:equigranular tonalite o
P-H porphyry suite;b) granodiorite of FH suite with fine grained (aplitic) texture)
weakly altered granodiorite with elongate crystals of hornblendedpattered sample
of Q-P porphyy suite with quartz and plagioclase phenocrysts. Ggeay coloration
represents alteration of these rocks into sericite, chlorite, micas and carbonate

width in all is 4.6 cm.
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Figure 2.57 Petrographic features of dikes from the MG awmdathroughe) & g) are
photomicrographswhereas(f, h & i) are Backscattered Electron Imaging (BSEf)
plagioclasenornblende porphyry(P-H) suite Ferromagnesian phases labeled
clinopyroxene (Cpx); chlorite (Chl) replacing biotite (Bt); and hornblefiiid). Other
phases in this suite include plagioclase (Plg), apatite (Ap), magnetite (Mt), iln
(Lmt), titanite (Tt), and zircon (Zr). Photomicrographsk and | are from quartz
plagioclasgQ-P) porphyry suitej andl showresorbed quartz phenoctyqQtz) in fine
grained (Fggroundmasswhereask shows altered phenocrysts of plagioclase (Plg)
hornblende being replaced by sericite and chlorite (Chl), respectively. Field of vie
photomicrographs is 4 mm across.
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Figure 2.12: 7 ceochemical discrimination diagrams for samples froitl _Rnd QP
dikes at McKenzie Gult, Si0, versusa) Sr/Y, b) La/Yb, ¢) Y, d) Sr, e) Yb, f) MgQy)
Ni, h) Cr, i) AlOs, j) FeO. Arrows show fractionation trends defined by variations v
increasing silica content (abbreviations: Qtz = quartz, plag = plagioclase,
hornblende). Field boundaries are from referencesllisyeRichards and Keriic2007.
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(a) WENLOCKIAN - PRIDOLIAN; ca. 428-416 Ma (LATE SALINIC OROGENY)
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Figure 2.14al Tectonic models fothe northern Appalachian orogen in the Silwievonian
and postlosure slab brea&ff-related magmatism within the Popelogéietoria arc (PVA)
through to the Late Devoniaa) Salinic to Late Salinic orogeny showing the already accr
PopelogasVictoria arc, amalgamation of the Brunswick Subduction Complex (BMC)
Ganderiajp) Devonian Acadian orogeny showing the collision of the leadihge of Avalonia
with composite Ganderia (including PVA and BMQ)) Accretion of Meguma, which i
interpreted @ have been accompanied by wedging and breakoff of the downgoing Rhei
Diagrams are modified after van Staal et al. (2008, 2009) and Whalen et al. (2006). Abbre
RIL; Red Indian Line, SCLM; subontinental lithospheric mantle, VAG: volcaraec granitoids.
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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 ReEkrming
minerals: Implications for Mineralization Potential

Abstract

Electron microprobe analyses of refdkming minerals inte Middlei Devonian
(386.2 + 3.1 and 3864 3.3 Ma) irtermediate to felsic intrusive rocks of the McKenzie
Gulch (MG) area, in northern New Brunswiake used t@onstrain important intensive
parametersuch asfO,, temperature, pressure, water,Qrer) content of themagma
during initial crystallization andfinal emplacement. Biotite compositions plot just above
the nickelnickel oxide (NNO) buffer atO, values of (~12.22) which togethewith the
presence of magnetitadicak oxidizing conditions dring crystallization When plotted
on Fed®?@ MgOi Al,O; discrimination diagram biotite compositions plot the cale
alkaling subductiorrelated field consistent with petrochemicabservationswhereasn
terms oflog(Xe/Xon) versus logkmg/Xee) biotite plotsin the moderately contaminated |
type field, suggesting a possible interaction ofsdmmagmas with host rockat some
pointduringtheir evolution

Pressure antemperature conditionsf the magma estimated froaluminunzin-
hornblende barometrgnd amphiboléplagioclase thermometry calibrations, suggest that
hornblende penocrysts in these rogkerystallized atemperatures betwee98’C to
807°C and pressures betwediB to 5.8 kbarDepth estimaes based on these pressures
suggest that theseagmas resided for some time at depths betweena~tdd O 19
prior to its final emplacement as dikes in the upper crust. The estimated w#dgk§H
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content of the magmas that fed the dikes indicates thawtaeyhighly hydrousup to ~
5.0 wt. %), consistent with the presence of hydrous phasesasutiornblende and
biotite. High magmatic water content is a prereqadior the formdon of magnatic
hydrothermal ore depositndcan be used tassess the prospectivity of arc nvedic

suitesfor porphyry and skarn mineralization.

3.17 Introduction

The McKenzie Gulch (MG) intermediate to felsic porphyry dikese Chapter
Two) are interpreted to be part of tiiddlei Late Devonian (395 375 Ma) event
responsible for voluminous and widspread magmatism in New Brunswick,
Newfoundland, Gaspé and MaiidSA). This magmatic event is commonly associated
with the Acadian orogeny although not all rocks of this age are related torbgeny
(e.g.van Staal et al. 2009 hese intrusions are associated with numerous occurrences of
porphyry Cu and Qiskarn nineralization in northern New Brunswick and t@aspé
Peninsula,Québec Herein, mineral chemistrydata from the MG porphyry dikes is
presented. These dateeaised taestimatephysicochemical conditions of crystallization
(temperature, water contentxymen fugacity, pressure, depttand to assesstheir
relationships withthe existingCu-Ag skarnmineralization in the study area.

Mineral chemical equilibria are uséal estimate the conditions of magmatic fluid
evolution in porphyry copper deposits andrusionrelated gold systeméYang and
Lentz, 2005 Ayati et al.2008, 2013; Panigrahi et &008; Boomeri et al. 2009, 2010)
The rationaleof using mineral equilibrias therecognition that mineral assemblaged

compositionsof igneous rocks are closelrelated to the compositions and evolving
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conditions of the melt during crystallization processe=e @bbott and Clarke 1979;
Abbott 1985. Assessment of the physicochemical characteristics of magmatic rocks and
minerals can lao provide useful insight©on magmatic evolution processes such as
crystallization and emplacemedépth (as estimated fropressurg temperaturefH,0,

fO,, compositional variations afineous rocks (Zhang et al. 2006a, 2006b; Xiaetval.

2009; Ayatiet al.2013), and crystallation depths (g., Ridolfi et al. 2010).

3.21 Geological Setting

3.2.17 Regional geology

Detailed mapping, palynological studies, and some structural investigations of
Late OrdoviciainMiddle Devonian successions in northern New Brunswick have been
usal 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 tetrates
evolved within, and marginal to, the lapetus 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 lapetlisare collectively
referred to as Ganderia (van Staal et al. 1998). Rocks of the Dunnagea#pne
interpretedto be thebasement to the Gaspé Betig. 31), on thebasis of small to large
inliers within the cover sequence. Small®unnage zonenliers in New Brunswick
include the Elmtree, Popelogan, and Oxford Broékg( 31). The largest inlier of
Dunnage and Gander rocks in the northern mainland Appalactsaihe Miramichi

Highlandsthat extends from northeastern New Brunswick to southwest into adjacent
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Maine Wilsonand Kama2008)

The Gaspé Belt extends southwestward from the eastern Gaspé Peninsula through
northern New Brunswick and into northern and central Mammgis divided into three
eastwest strikingstructuralzones on the basis of age and rock t{pig. 3.1). From
northwest to southeast, these athe Connecticut ValldyGaspé Synclinorium
Aroostook Percé Anticlinorium,and Chaleur Bay SynclinoriuniBourque et al. 1995
The oldest rocks are in the Aroostd&lercé Anticlinorium, where upper Ordoviciaaté
Katian) to Lower Silurian (middle Llandovery; Aeronian) sedimentary roakdinclude
the lower siliciclastic (Grog Brook Group) and an overlying calcareous turbidite
sequences (Matapédia Groupat togetherepresents a gradual infilling of the (Bat)
fore-arc basin. The Matapédia Group is overlain by Lower Silurian through Middle
Devonian rocks to the northwest and southeast3HAig The Chaleur Bay Synclinorium
borders the Aroostodlkercé Anticlinoriumto the south and east ansl floored by
Aeronian to lower Lochkovian rocks of the Chaleurs Gyeupch are overlain byower
Devonian rocks of the Dalhousie and Tobique groups and Campbellton Formation (Fig

3.1).

3.2.27 Local geology

The MG area is on the southeastern flank of the Aroos®&é Anticlinorium
(APA). Theoldest rocks in this area (northwest part of. Big) are assigned to the Grog
Brook Group, which is dominated by silty argillite, sandstone, and greywacke. The Grog
Brook Group is separated from youndéatapédiaGroup rocksto the southeast by the

McKenzie Gulch Fault. Th®atapédiaGroup is separated frogpungerChaleurs Group
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rocksfurtherto the southeast by the Rocky Gulch fault (Bege 32). The Upsalquitch
Formation gradationally overlies calcareous turbidites ofMagpédia 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 faulteese three grogp(Grog Brook,Matapédia
and Chaleurs Groups) are usually conformable in a more regional context.

In theimmediatevicinity of the MG depositMatapédia Groupocks consist of
very thinly bedded, dark grey calcareawsnoncalcareous siltstone with suldinate
amounts of | imestone and displays ascharac
of well-laminated interbedded limestone and calcaraogdlite (Woods 1998

The youngest rocks the MG area are the porphyry dik8$ese dikes can be
geochemically and petrographically viied into two suites namely: )} plagioclasé
hornblende (FH) porphyry suite (386.2 + 3.1Ma; i®b zircon), and R quarti
plagioclasgQ-P) porphyrysuite (386.4+ 3.3Ma; U Pb zircor), with the formerfurther
divided intofine-grained apliteand an equigranular tonalite phagébapterTwo). These
dikes intrude Matagglia Group rockglimy argillite, calcareous shale, sandy limesjone
generdly striking NE ~030 to 05¢° and dipping at ~85to ~90°. 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

mineralphases including carbonates, micas, and clay minerals.
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3.31 Analytical techniqies

Electron microprobe analyses of amphibole, biotite, plagioclase, detdgpar
grains from the MG dikes was undertaken at the University of New Brunswick
Microscopy and Microanalysis Facility, usitige JEOL JXA733 EMPAequipped with
dSspec and dQarz3automation (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 counfied 15 s. Backscattereglectron images were obtained
with dPict32 (Geller Microanalytical Laboratories). Analytical accuracy was monitored
by employing the following standards) KKHBD and (i) MINM25-53 Kaersutite for
amphiboles and biotite analyses; PLGBYT, (i) ABTIB, and {ii) 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 (6ppm), Fe (508 ppm), Ca (285 ppm), Mn (340 ppm), K (79
ppm), Cr (149 ppm), Ba (1249 ppm), F (206 ppm), CI (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 mp 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.

3.41 Characteristics of rockforming minerals

Hydrothermal alteration processes associated with- $gn post porphyry

emplacement and €Ag 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
analzer (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.

3.4.17 Biotite

Relatively fresh primary igneous biotite is common in the plagioctasablende
porphyry suite. Biotite in this suite may contain inclusions of accessory phaseassuch
zircon, apatite, magnetitand ilmenite. It may also exhibit alteration along cleavages
where it is commonly replaced by iroand/or titaniurbearing phases such as chlorite,
magnetite,sulfides, and ilmenite, and rutile. This biotite is characteristically green to
greenishbrown (Fig. 33D-E).

The compositional diversity of biotite in the rocks from the MG area is relatively
low (Fig. 34). 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 16.7%
(Appendix D; Table 31). The relatively high Ti contents (2.22.94 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 onlatijely 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,fe®gO and
TiO, (e.g. Hall 1941) which concludethat high iron and titanium coets are
responsible for the green and red colors, respectively. Resultstifi@rourrentstudy
agree, I n part ,A moe tetailetH study somdar to that df iHall §1941)
was condcted by Hayama (1959), wiemmpiled the colors of 96 specineof biotite.
He concluded that high contents of Ti are responsible for the red color and stressed that
high FeOs/(FeO+FgO3) values cause the green color, and that-ddgtents are
irrelevant in this respect. Another study of biotite by DePieri and rdobiger (1977)
concluded that Fcontents are not responsible for the change from greenish brown to red
absorption colors. They also insisted that the reduced form of ) (ay exeras much
control on biotite coloas the absolute abundance of Ti.

Other studies concluded thegd biotite is rich in Fe, has low EEF& +Fe™),
and is Tibearing, 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 othethand, green or greenish brown biotite is-Ntth and has
higher F&"/(F€*+Fe’™). This occurs more commonly in oxidized metaluminous granitic
rocks. In general, red biotite is characteristic of many reduced peraluminous granites,
wheras green or greenish brown biotite@mmonly an indicator of anelated granitoid
suites, which is a characteristic color of biotite from the MG porphyry dikes(sapter
Two). The red color appeats be caused by enrichment in battal Fe and Fé and
probably Ti, if present as Ti Green biotite is enriched in Mg and¥ésee Lalonde and

Bernard 1993).
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3.4.217 Amphibole

Most amphibole grains analyzed as part of this study are euhedral and exhibit
compositional zoning (dark cores and bright rinmg)icative 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 amphibosee slightly altered to chlorite on crystal margins (these
were avoided duringnalysesFig. 33B-C).

Table 32 (Appendix D) presents 47 spot analysésm 18 amphibole grains
analyzed ér this study The results indicate that the compositional diversity of ampdhibol
from the MG plagioclagénornblende porphyry dikes is relatively high, and ranges from
tschermakite to magnesioornblende to minoactinolite Fig. 35). All of the amphibole
analyses are Gach (up to 11.45% CaO) and Mgch (up to 17.25 wt.% MgO), wbh

suggests crystallization from a relatively oxidized maghherly et al. 2004).

3.4.31 Plagioclase

Plagioclase phenocrysts from the MG porphyry dikes exhibit oscillatory zoning,
which may reflect abrupt changes in melt composition, temperature, ded coatent
during crystallization. Such changes may be brought on by periodic influx of magma
into the chamber (seMurphy 2006). These plagioclase phenocrysts are commonly
altered to sericite particularly on grain margins, whereas most groundmass|pkgis
completely altered to sericite and other clay minesalsh as illite. The EPMA dafar

plagioclase from the MG porphydikes and their calculated formulae are presented on

106



Table 3.3.Thesephenocrystshave compositionsranging from oligoclase @ andesine

(Anga17;, Fig. 36).

34471 K-feldspar

Most of the Kfeldspar examined in this study occurs as a groundmass
component. Microprobe analysis indicates thdtkispar is commonly replaced by clay
minerals; however, in rare leastered samplest 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 -keldspar in the MG intrusive rocks
associated with @ Ag skarn mineralization are presented on Table 3.4 along with their
calculated formulae. The results indicate thatfekispar has relatively variable
composition that ranges from pure orthocla€go{sAbs7ANg) to (Orgp3AbigdAny.g).

These intrantrusion variations can be ascribed to fractionation processes.

3.5T1 Discussion

The Matapédia Cover Sequenakenorthern New Braswick contains abundant
bimodal Siluroi Devonian plutonic and volcanic rockbat were emplaced during the
Acadian orogenic everftVhalen 1993; Dostal et al. 1989; Yang et al. 2008; Wiksath
Kamo 2008; Pilote et al. 2012Moore and Lentz 19and references thereirBimodal
volcanic rocksare particularly well developed andtercalated with SilufidDevonian
sedimentary rocks dhe Connecticut ValleyGaspé 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 (McCutcheoand Bevierl990). The felsic intrusionsngein size from dikes less

than 1 m wide tglutons gveral kilometers iiameterand have compositions rangi

from tonalitic to granitic. Thesplutonsare commonly amphibole (+ biotitéearing,
metaluminous rad sodiumrich (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.9B4; van Staal and de Roo 1995) but more specifically McCutcheon
and Bevier (1990) argue that these intrusions aretesstonic 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 (efbbott and Clarke 1979; Abbott 198%gve
shown that themineral compositiorand the overall mineradssemblag®f an igneous
rock is closely related to the composition andangingconditions of the melt during
crystallizationprocessesTherefore the composition of certaioo-precipitatedminerals
can be used telucidatephysicochemical arameters such as: (i) temperatyig, wate
content of the magmdiii) pressure and depth(s) of emplacement of magma(iend

oxygen fugacity that prevailed during crystallization of the magma

3.517 Temperature angressue

3.5.1.17 Hornblendé plagioclase geothermometry

Amphibole and plagidase commonly coexist in ca#dkaline magmatic rocks

and their usefulness as a geothermomieterarioushornblende soligolution models
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based on the edeniteemolite reaction [edenite +qdartz = tremolite + albitei.e.

NaCaMgsSiy(AlISiz)Ox(0OH), + 4Si0, = CaMgsSigO(OH), + NaAlSkOg] was

assessedor a temperature range from év()ZOto 110& (Blundy and Holland 1990)
Initially this calibration resulted in high temperatures for sogmeous compositions
consequentlya recalibration ofthe gecthemometer using the edenitetremolite
(thermometer A) and edenitehterite (edenite + albite = richterite + anorthite:

thermometer B) reactionsvas conductedy Holland and Bundy (1994) These two

thermometers perform well (+ L;30) in the range 40(100&: and 115 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 retgerichterite
thermometerproposed byHolland and Blundy (1994) is preferabéd gives more
reliable temperature values than the other igneous thermonbgtessuming different
Al-in-hornblende thermometers from different plutonic rodksthe presenstudy we
employ the [edenite + albite = richterite + anorthite i.e. NMga(AlSi3)SisO.x(OH), +
NaAISizOg = Na(CaNa)MgSisO.,(OH), + CaALSi,Og] geothermometer to calculate the
crystallization temperature of hornblendedaplagioclase from the MG dikeJhese
temperaturesTg on Table 3.5)were calculated on a separate spreadsheet equipped with
the calibrations, wheredk, to T, were calculatedy using the WinAmphcalvindows
program(Yavuz 2007)and are included for comparison. The crystallization teatpees

(Ts) calculated on the basis of cogenetic amphibole and plagioclase compositions for the

MG dikes range from 69€ to 807C (average = 7?@&2), which lies above wet
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granodiorite and granite solidi at 2 kbae¢ Whitney 1988). Thesstimatesare lower
than therest of other calibrations (see Table 3.5). Overall these values compare well to

the apatiteand zircorsauration temperatures calculated in Chajpteur whoseaverage

are 750t and 745&, respectively and are within error of the temperature indicated by

the amphiboléplagioclase geothermometer.

3.5.1.21 Aluminumin-hornblendegeobaranetry

Amphibole groupmineralscan be used as géarometeandor gecthermometr

in calcalkaline igneous rocks becausttheir stabilityover a widePi T range from 1

kbar to 23 kbaand 40&: to 115&3 (Blundy and Holland 1990Methods to determine

the pressure of crystahtion of hornblende have been discussed by various workers
(Hammarstrom and Zei986 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 thectf that the aluminum concentration in amphibole
increases with increasing pressure in the presence of adoance granitic phase
assemblage (Candela 199¥healuminum bearing exchange components responsible for
the variation in the aluminum conceritoa in amphibole appear to be the edenite

(NaAlISi;,) and Tschermak (AMg;,Si;) exchanges, which operate on the additive

tremolite component (the pargasite component comprises equal proportions of these three
componentssee Candela 1997 .onsequentlythe compositional variation of amphibole
undervariouspressure and temperature conditions record the oxidation state and values
of critical magmatic intensive variables, as well as the alumina saturation of the

solidifying magmalAgue 1989; Gualda and \dh 2007) Consequently, the Al content
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of hornblendein calcalkaline granitoidscan be usedo estimate the emplacement
pressure ofintermediate tofelsic plutonic rocks However, theapplication of this
barometerto plutonic rocksof intermediateto felsic compositionrequires attention to
several details, including the mineral assemblagequartz + orthoclase + plagioclase +
hornblende + biotite + Fdi oxide + titanite),as well as an understanding of the
temperature, and oxygen fugaciy the mel. Plagioclaséhornblende porphyry Hes
from the MG area meet these requirements ardctticulated crystallization pressures
based on amphibole composit@are listedin Table 35. This study utilized the
calibration ofHammarstrom and Zen (198&)r crystallization pressured?(), 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 4p@@ometry calculations ranges
between 1.635 and 1.94pfu(average = 1. 788pfu Table 35).

The results indicate that the MG dikes crystallized at pressures ranging from 4.3
to 5.8 kbar (average = 5.0 kbar) using the calibratiorlahmarstrom and Zef1986
Table 3.5. Results obtained using calibrations of other workers, Jadinson and
Rutherford (1989)and Schmidt (1992) are slightly highee. P, = 4.5 to 6.2 kbar
(average = 5.3 kbar) an, = 4.8 to 6.2 kbar (average = 5.5 kbar), respectivetly. |
contrast results using the calibration of Hollisterl.(1987) are lower.e. P;= 3.5 10 4.8
kbar (average = 4.1 kbar). Results based on the calibration of Anderson and Smith (1995)
(Ps = ~ 4.6 kbar) takento account temperature and oxygen fugaciyditions and is
slightly lower thanP,. 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
111



two different magma chambers might have been responsibtad@mplacement of the

MG di kes with one at 13.5 to 16.4 km (avel
Alternatively, only one large magma chamber with variable pressures and depths ranging

from 13.5 to 19.2 km is possible. All these interpretatioessapported by petrographic

evidence, i.e. that amphibole phenocrysts in the MG dikes, which must have crystallized

at deepe(see above depths) crustal levels, were subsequently emplaced as dikes at upper
crustal levels and preserved due to rapid quewchof these dikes. The pressure
guenching attributed to rapid ascent preclude@qalibration of amphiboles at low

pressure.

3.5.21 Oxygen fugacity (fQ)

Some inferences on the oxidation state of the magma can be made using the rock
mineral assemblagend mineral chemistrgHelmy et al. 2004)The presence of biotite
coexisting with Kkfeldspar, magnetite and ilmenite ithe plagioclaséhornblende
porphyry suiteprovides an opportunity to assess importaténsive variable such as
fO,, temperature, a@h pressure conditions during magma emplacement and
crystallization. Several studi€s.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 fagity 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, wateteobnand oxygen fugacity, and

compositionalvariations (Wones and Eugster 1965). Experimentak 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 compositiods estimate of thd¢O, of the MG
porphyrymagmawas attained by calculating the Fe/(Fe + Mghtentof biotite in the
fO.i T space whereby T) represerg crystallization temperatures calculated from
plagioclaséhornblende thermometrfWones and Eugstdl965) The MG dikescan be
seen to have equilibrated at oxygen fugacitésround10 %% bar (Fig. 37). These

values suggestlagher oxidation state #&INO) duringbiotite crystallization

3.5.31 Implications of the #ir/fHci, fHF/fH,0, and Xvg/XrFe from biotite

By using the composition of primary igneous biotite as determined from electron
microprobeanalyses, Ague and Brimhall (198@)esented a ctsification scheme for
batholitic granitic rocks The raticale for choosing biotite ighat itis widely distribued
in granitic magmatic and klyothermal systemsandit has complex crystal chemistry,
with the metals Mg, Fe, Mn, Ti, andl Actahedrally oordinated to OH, F, an@l.
Biotite compositions, under the provision that other mineraksréntto an array of useful
equiibrium buffering relationships, relate dictly to important magmatic and

hydrothermalintensive variables such safO,, fH>0O, fue/fici, and fue/fH.o0 (Wones and

Eugster 1965; Brimhall et al. 1983, 1985; Munoz 1984ue and Brimhall 1987

Based on the biotite compositions determined from analyses of the MG porphyry
dikes, mole fraction®f Mg, Fe OH, F, and Cl were calculated othe basis of the
revised equation®f Munoz (1992)see Table 3.1. These results werged to plot
log(Xe/Xown) versus log(kg/Xre) (Fig. 38) and used as a classification criteria for the

MG dikes becausthese variables reflect ti®, andfye/fy20 conditions of biotiteduring
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crystallization (see Ague and Brimhall 1988e rationale of using these variables is the
fact that, in thebiotite structure, F and OH are the primary substitutional anions in the
hydroxyl site, whereas Mg and Fe are the predontielments iroctahedral sites (Ague

and Brimhall 1988)On this diagram Fig. 38), porphyry dikes from the MG area plots
onthe FWC type (weakly contaminateetype)field suggesting that their source magma
interacted with crustal material during magmeolution. Here the term contamination is
used to refer to interactions of mafitype magmas (derived from the upper mantle, deep
crust, or subducted slabs) with continental crustal source components (which may have
variable characteristics), by such pesses as partial melting, magma mixing, and
assimilation.

The log(X#Xc)) versus X discrimination diagram (Figure 9. is used to
examine the interaction of biotite with subsolidus hydrothermal fluidsind X, are the
mole fractions of F and ClI, npsctively on the hydroxyl site, whereaggdepresent the
mole fraction of Mg on the octahedral sitiotite from the MGdikes has highXyg
expressed as M@.4371 0.57 Table 31), andlikely equilibratel with a fluid of relatively

low log(fue/fuc) i.e. -2.3 ~-1.5) at 406C.

3.5.471 Estimation of water contents

The HO content oilmagma depends primarily upon the initigO content in the
melt as it leaves the source regiamdthe degreeof anhydrous mineral crystallization
along the sidewalls durg transit or residence in éhamber(Cloos 2001) Additional
factors that increase atecrease pD content are wall rock assimilation anthgma

mixing. Nevertheless, ®imates for initiaH,O content in primary arc magmas typically
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range from 1 to 3 wt. %Sobolev and Chaussidon 1996it may reach 6 to 8 wt. % in
some primitive arc basaltsgeWallace2005; Kelley et al. 2010; Richards 201The
reasons for this variability may reflect factors suchhasrate and degree stilduction
and degree, andhe rate ofdevolatilized from the dowgoing slab(van Keken et al.
2011; Richards 2011)subduction of sedloor anomaliessuch as aseismic ridges,
seamounts, or fracture zones (e.g. Cooke et al. 2005; Rodriguez et al. 2007; Parman et al.
2011; Richards @11), or location of magmatism relative to the main arc axis (Wallace
2005). Initially water poor magmas may evolvemvard more hydrous compositions by
fractionation of anhydrous silicate minerals (Wallace 2005; Richards .2Uké)efore
while not all arcmagmas may be sufficiently igous to efficiently form magmatic
hydrothermal systems upon emplacement in the upper crust, a variety of tectonic and
magmaticprocesses can be envisaged that might generate such high magmatic water
contents (Richards 2011).

Evidence for high magmatic water contémtfertile, hydrous magmatic suités
the presence admphibole and/or biotite phenocrysts, or pseotwphsof these phases
i.e. hornblende phenocrysts commonly break down at low presg@mesvne and
Gardner 2006Ridolfi et al. 2010; Richards 2011). Experimectsductedy Rutherford
and Devine (1988indicate that theninimum water concentration in the melt needed to
stabilize hornblende at=750°C, partial pressure of water equal to total pressuref and
O,=NNO + 1, is on the order ofi4.5 wt. %, or water vapor pressures of 1080 MPa.

Several lines of \@dence support theinterpretedhydrous nature of the MG
magma prior toits final emplacemen{see the SEM photomicrographisig. 33 and

Chapter One Burnfam (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 activiipd can be estimatagsingthe
methodlogy developed by Holtz et al. (2001). Thus, by using averegeulated
crystallization tenperatures (~ 77Q) and the average pressafeformation(~ 5.0 kbar)
obtained by using Al in hornblendéhe minimum water content of the melt which
formed the MG dikes is estimated to be approximately 5 wt % (Fi).3This is
consistent with the psence of hydrous phases such as amphibole and biotites ted
simplest firstorder indicator of the prospectivity of any magmatic arc suite for porphyry

and skarn mineralization.

3.5.51 Conclusions and implications for mineral exploration

Most of the porphyry Cux Mo %= Au deposits are genetically related to
intermediate to felsic calalkaline magmas in volcarautonic arcs ssociated with
active subduction zoneSi(litoe and Hedenquist 2003; Richards 2009)ey are directly
linked to the petrogeses of arc magmas, and derive theindamental characteristics

(e.g.relatively high oxidation stateaind enrichments in alkalies, S, Cl,& and some

metals) from subduction procesgBichards 2009)Generallyarc magmas are formed by
partial melting 6 the metasomatized wedge of asthenospheric mhetieeen the down
going oceaniccrust and overriding oceanic or continentafust (Ringwood 1977;
Richards 2009; Ayati et al. 2013)his type ofhydrous basaltic magma evolves and
interacts with the uppeplate lithosphere to generate a hybrid andesitic magma,
characterized by relatively high oxidation states (typicalylog f O, units > Quartz
FayaliteMagnetite (QFM) buffer)a n d  h # \gti%), waber content§Richards 2003,
2009; Ayati et al. 2013Yue tothe release of fluids and/or melts from the subducting
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oceanic slalfTatsumi 1989; Peacock 1993; Arculus 1994). igh oxidation states and
water content of magas control the behavior of sutf and metal partitioning to the

fluid phases iad are critical for the generatiorof magmatiehydrothermal Cu £ Au
deposits (Richards 2005, 2009; Candela and Holland 1984; Ayati et al. 2013)
Consequentlyoxidation state and water content play an important role in assessing the
potential ofan arcmagmasto form ore deposits (e.gCandela 1992; Mungall 2002;
Richards 2003, 2005; Xianwat 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 dikeshm 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 pretsumerature,
fO, fH.O, and fue/fuc) recorded during magma emplacement and crystallization
processes.

Chemical compositions of primary igneous biotite suggest that this mineral

equilibratedunder relatively higHO, (~1OT He .b%?) conditionssupportirg 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 plagiduwaselende
porphyry which require aminimum fO, of fayalitemagnetitequartz oxygen bdié&r
(Vigneresse2007). In addition,the biotite compositiorfFig. 3.1) from the MG dikes

plot in the field of calcalkaline subductiomelated magmas, consistent with

petrochemicagvidencepresented ilChapterTwo.
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Aluminum+in-hornblende barometry and hbtandé plagioclase geothermometry
calibrations vyield a geologically reasonablenagmatic pressureof ~5 kbar and
temperaturef ~770C. From these results it can be imést that the MG porphyry dikes
were fed by a deep level magma chamber(s) emplacedntineatal crust at depths
between ~13 and 20 km. Magmas generated at such depths are most likely sufficiently
hydrous as to efficiently form magmatitydrothermal systems upon emplacement at
shallower levels. The presumed hydrous nature of this melt pogeg by the presence
of hydrous phaseiotite and amphibolednd water cotent(H2Omer) estimatesof ~5.0
wt. %. This amount ofmagmatic water igleemeda prerequisé for the forméon of
magmatit¢ hydrothermal ore depositsThis paraneter can be usetb evaluag the
prospectivity of arc mapatic suitessuch as the MG porphyry dikes, which in this case
are interpreted to be a precursor for thé 8y skarn and weak porphyry mineralization

in the study area.
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Figure 39 1 Log(Xe/Xc)) versusXyg discrimination diagram for biotite compositior
from the McKenzie Gulch porphyry dikes. Contours are the logarithm of the fluc
chlorine fugacity ratiosfge/fc) for a fluid in equilibrium with biotite at 40C (after
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Chapter Four

Trace Elemens Distribution and Cathodoluminescence of Igneous Quartz
from the McKenzie Gulch Porphyr{pikes,northern New Brunswick:
Insights into Magma Evolution

Abstract

Igneous quartz from two suites of Devon{@86.3 +2.3 Mg U-Pb zircon) quartz
T plagioclase (QP) and plagioclase hornblende (PH) porphyry dikes in thélcKenzie
Gulch area were investigated by ChromaSEM and electron probe mictanalysis
(EPMA) in order to relate textural features with trace element compositions. These quartz
crystals exhibit distinct zoning with the cores of most quartz grains ggnleright under
CL and enriched in Ti (~85 ppm), whereas thims 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 lowerearcdne (~320
ppm) than the rim (~793 ppmEZhromiumis evenly distributed i.eno obviouscore to
rim zoning,whereas Mn wabelowlimits of detection throughout.

Quartz from the two suites of dikes are similar in terms of chemical compositions
and trace lements distribution, but differ in terms of CL characteristics (textural
features). Samples from thé HP suite exhibittexturaly complex crystallizatiorfeatures
that areindicative of fluctuating P, T conditionsvhich are commonlyattributed to
periodicmagma replenishmenih contrast, quartz grains from thé B) suite have weak
or no CL features, suggesting crystallization under a stable magmatic enviroRingént.

Ti (> 40 ppm) in quartz indicatea high crystallization temperature and pressure.

Assumirg TiO, activity of 0.6, crystallization temperatures based on titafinsuartz
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geothermomier indicate that quartz irthe PiH dikes crystallized at an average
temperature o790 °C, whereaguartz in QP dikes crystallized at ~740°Clhese
results can & explained by the presence of two separate but possibly genetatatsd
magma chambers in order to explain the two spatralted but distinct magma types.

It seems likely that the quartz phenocrysts in these dikes initially crystallized
gradually in a deepseated 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 magmahambers, and subsequently final emplacement as dikes is supported
by the presence of resorption and embayment textures. The final residual melt was rich
water (~5 wt. %) and other volatiles, with highAl and low Ti contens. The hydrous
nature of thes magmas is consistent with dgeming magmatic hydrothermal potential

for Cui Ag skarn and the vein type Au mineralization in the study area.

4.17 Introduction

Rockforming minerals such as feldspar, quartz and mica have been used to
elucidatemagma evlution processes in gramgtrocks (London 1992; Charoyet al.,
1995; Breiteret al.,2005; Mulleret al.,2005).However becausef interaction with late
to postmagmatic deuteric and hydrothermal fluids, feldspar and mica commonly undergo
alteration esulting inthe obliteration of primaryigneoustexturesand the formation of
secondary minerals. In contrast, quartzrasistant in this environment (Millest al.,
2009), as it exhibits unique chemical stability and physical strength when compared with

mica feldspar and othgsghasegAgangiet al.,2011); as a result, a primary trace element
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signatureof quartzis likely to be preserved (Mullest al.,2000; Moneckeet al.,2002;
Goétzeet al.,2004). Consequently, wprtz can record detailedinformation regardingits
growth history and by extension magma evolution, through examinatidmefscaled
zoning in individual grainsZoning isidentified by variations in cathodoluminescence
intensity which is correlated with Ti concentratiofWark and Spear2005 Wark and
Watson 2006) and together witha Ti in quartz thermometesée 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
reorption are evidenckor crystatmelt reactions, andreused toelucidate processes of
magmatic evolutionAnderson 1976, 1984; Ginibret al.,2002; Agangiet al.,2011),
such asnmagma mixing and crustal contaminati@repleyet al.,2000; Davidsoret al,
2007; Shane et al.,, 2008; StrecRP08. Abundant information can be recorded and
preserved in quartz due to its unique physical and chemical characteristicore.qg.
stoichiometric substitutions in growth zones, crystal habit, coronas and incl{Saias
1975; Pepparet al.,2001; Milleret al.,2003, 2005; Warket al.,2007; Smithet al.,
2010).

Following recent developments in micimeam techniques, trace element
concentrations in quartz can be determined precisely using an electron micrapgobe (
Muller et al., 2002, 2003a, 2005; Donoveet al., 2011), laser ablation inductively
coupled plasma mass spectrometry {IG*-MS; Flem et al.,2002; Goétzeet al.,2004;
Larsenet al., 2004; Breiter and Muller2009; Mduller andKoch-Muller, 2009) and
secondary ion mass spectrometry (StMatt et al.,1997; Miilleret al.,2003b). The

rationale for usingcPMA in this study is its higlspatial resolution in conjunction with
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the ability to combine spot analyses with cathodoluminescence (CL) imabimg
method has proven to ltee most reliable ksitu method for obtaining quantitative trace
element data of quartz at concentrations in excess of a few 10s of p@ahtardd cm
scale (see Millleet al.,2003).

The concentrations of trace elements in tuaare controlled by: i) their
abundance in the melt, ii) the thermodynamic conditions of the system, and iii) the degree
of partitioningamong the various crystallizingphasesand the mel{e.g. Gurbanoet al.,

1999; Larseret al., 2004; Jacamon and kan,2009). Thedistribution 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 phadégliér et al., 2002; Breiter and

Mdaller,2 00 9) . For mreta (93B)esyggesSad thathigh dontents (up to

100 ppm) are characteristic ehrly quartz phenocrysts crystallized in deeper magma
chambers prior to final emplacement at shallow levels. It has been suggested also that,
high Al contents (500L000ppm) are typical of quartz crystallized from highly evolved
flux-enriched magmas M¢, lefak,2 0 0 2 ; et@P,2 Q04 ; Br ei 12609). and My

Herein the trace elements distribution and CL characteristics of three types of
quartz from Devonian3863 + 2.3 Mg Ui Pb zircon) porphyry dikesat MG are
examinedl) the groundmass quartz (GO008mm);, mm);
and phenocrysts (> 0rim). Optical microscopy an@L imaging are used to; i) examine
variation of selectedrace elemet 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) estte magma temperatures corresponding to crystallization
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conditions of each i ndi vin-Quwaarlt zqou atrht ezr npoonpeut!
of these quartzypes are interpreted to have formed at different stages during magma

evolution, but are genetilbarelated

4.21 Geological gtting anddike characteristics

The MG porphyry dikes represent part of tméd-Paleozoic Appalachian realm of
Ganderia associated with Acadian orogeny. The latsstommorty attributed to accretion
of Avalonia onto Lauretia (e.g. Bird and Dewey970; Bradley1983; Fig.4.1), and is
generally related to voluminous magmatism in Newfoundland, New Bruns@iépé
and Maine although not all rocks of this age are assoamtkdhis orogeny yan Staakt
al., 2009).

In nothern New Brunswick, the oldest rocks belong to the Dunnag&>ander
zones (Williams 1979), thérmed on the&Gondwanan margin of lapetus ase referred
to collectively as Ganderia (van Staal al., 1998). Rocks of the Dunnage Zoaee
interpretedo bebasement to the Gaspé Belt (HMdl), and occur asmall to large inliers
within the cover sequence. Smaller inliers in New Brunswick include the Elmtree,
Popelogan, and Oxford BrookFif). 41), whereasthe Miramichi Highlandswhich
borders theGaspéBelt to the southeast ithe 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 Main& divided into three
structural zonesKig. 41), namely Chaleur Bay Synclinorium (CBS), Aroostddkercé

Anticlinorium (APA), and Connecticut Vallégaspé Synclinorium (CVGSB6urque et
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al., 1995. The McKenzie Gulch Study area straddles the boundary between the APA and
the BS (Fig. 41).

In the study area, the oldest rodccur in the west and are includedthe APA,
wherea thick accumulation ofate Katian toca. Aeronian sedimentary rocks inckid
lower siliciclastic (Grog Brook Group) and overlying calcareous (Maiap&toup)
turbidite sequence®Peposition of these rocks marksgradual infilling of the (Salinic)
fore-arcbasin (Wilson and Kam@012.

To theeast the CBS comprises Silurian and Devonian rotkst are conformable
on the APA and unconformable ¢ime 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 transgressiwegressivecycles, unconformities, and magmatic activity, all
presumably related to crustal events that accompanied and followed Silurian accretion of
Ganderian arc and baekc terranes to the Laurentian craton farther west (Wisa.,

2004).

East of the APA,the CBS is underlain by Aeronian to lower Lochkovian
sedimentary and bimodal volcaniocks 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 raclare the Silurian clastic sedimentary rocks
of the Chaleurs Groug.he youngest rockis the MG aredFig. 4.2) are the two suites of
intermediate to felsiaikes namely: 1)PiH, and 2)Qi P porphyry dikes (More and
Lentz, 1996; ChapterTwo). These dikesntrude Matapédia Groupsedimentary rocks

(mostly limy argillite, calcareous shale, sandy limestdrig, 42) in a NEtrending
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(=030 to 050) and dipping at ~85to ~9CF. They rangefrom few cm (commonly
apophyses)up to 20 min width with the majority ranging betweerl and4 m. At the
outcrop scale the MG granitoids are porphyriiod occur as dikes and apophyses that
have undergone weak to strong hydrothermal alteration4REy

Severaldeformation events ranging from pte postAcadian orogenyave been
identified in the region (se¥/halen 1993), but evidence of these events is absent to
rarely evident inthe porphyry dikesNorthwesttrending F1 folds without associated
penetrative cleavag@aconic eventjollowed by NEtrending F2 folds a@mpanied by
a penetrative S2 cleavage recognized by Malo and B¢l##89 are also recognized in
the Matajgdia Cover Sequence in New Brunswick (see Wilson, 2017) and particularly in
the KedgwickSaint Quentin area (CartpRP003), which comprises the M@udy area of
this dissertdon. Igneous intrusive activity in the APA is restricted to isolated or swarms
of felsic dikes along major Acadiglaults (Fig. 4.1). As discussed abovehé regional
structural trend of the APA is northeastdmajor eastto eat-northeagttrending dextral
strike-slip faultsare oblique tdhis trend (Figs4.1 & 4.2). As a result, the emplacement
of the felsic dikes and sills appears to have been structurally controlled sindelliney
thisregional structural trendé€e Maloand Pelchat, 1994; Doyon and Berger, 1997; Malo
et al.,2000). Structural domains between the major faultsvavderately deformed and
characterized by a dome and basin interference pattern resulting fro(fkivand F2)

phases of folding (Malo and BélantP89).
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4.31 Methods and techniques

One hundred samplesrom the MG dikeswere collected for petrologic and
lithogeochemical analyses. Four polished thin sections, two from each suite of dikes were
selected andptically examired prior to the SEMCL and EPMA analyses.

Threepopulations ofjuartz namely: phenocrysts > 0.7 mmmicrophenocrysts
0.210.7 mm, and groundmass quarz0.2 mm were investigated by botbhromaSEM
CL and EPMA at the Department of Earth Sciences, University of New Brunswick.
Sample descriptions and nature of quartz crystals examined in thisastuggesented in

Table 41.

4.3.11 Cathodoluminescence (CL)

The CL images of selected quartz grains were obtained @ingmaSEMCL
with a JEOL 6400 SEM at the University of NewuBswick.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 systemAs system used cannot quantifige CL intensity a three stage
qualitative classification ofluminescenceintensity (bright, transitional or dark) is

employed herein.

4.3.27 Electron-probe microanalyser (EPMA)

The concentrations of trace elements in quartz were determined usingLa JEO
SUPERPROBE/33 electrorprobe 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 pel and 150s on two background positiolstandards employed to monitor
analytical accuracy included¥atural (orthoclase, jadejtdytownite, bustamite) and
synthetic (SrTiQ, Cr metal 2 and Fe metal. All quartz crystals were analyzed feight
elementsat the following detection limitsdNa (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 quartzrystals (bright, transitional and dark) were analyzed in order to relate

CL intensity with trace element distribution.

4.47 Results

4.4.17 Textural features as observed on the CI

Quartz crystals from th@i P suite (samples M®2-27 and MCG92-31), exhbit
very weak to no CL zoning-(g. 44 a, b, ¢ & i).In contrast, quartz crystals frotine Pi H
suite(samples M@2-33 and MG92-43), exhibit distinct CL and chemical zonirngid.
4.4 d, e, f & g), whereas a few large phenocrysts (>3 mm) record a mopdezognowth
pattern Fig. 44 j & k). Groundmassguartzin these samplasay or may noexhibit CL-
zoning, whereas phenocrysts and microphenocrysts have been variably resorbed and
display embayments. Most of the three types of quartz crystals examinéds istady
exhibit both primary and secondary textural featuf@smary growth texturesare
develomd in earlymagmatic quartz phenocrysts and include oscillatory zoning and
truncations in crystal cores, and resorption and embayment tifaherystalrims (Figs.

4.4digq, |, k;4.5ai 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 (Fid.4a, b, i, ] & k).

4.4.21 Trace element ditribution and CL pattern

Most of thequartz crystals examined in this study (sam@&4-95-33, CM-95-
43, CM95-31, and CM95-27, in order of decreasing abundance) exhit structures
and chemical zoning. A few quartz grains fromR@uite (samples CM5-27 and CM
95-31) exhibit weakCL zoning or they are GhomogeneousHg. 44 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 Taf2 Systematic variatio in traceelement
contents between the core and rim wascognized in most quartz grains.
Cathodoluminescence intensity is here assi
again depending on the location of the analytical spot on that quartz@eaiarally the
bright zones correspond well with high Ti concentrations consistent with high
temperatures (Wark and Watson, 2006).

The Mn contents are generalbelow the detection limitswhereasKk and Fe
contents were generally abolmnits of detection The variation of Na, Caand Fe with
Al/Ti are illustrated irFig. 47. The groundmass quartes elevatedcontentsof all of
the elements analyzedexcept for Mn and Crand consequentlycan easily be

distinguishedrom theother quartz typef=ig. 47k).
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4 .57 Discussion

4517 Textural features of igneous quartz

Several studies have used cathodoluminescence to reveal cryptigraricdar
textures that cannot be detected by standard optical ordoatiered electron (BSE)
mi croscopy (tsleX97Mdlleretnab, 200% 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 crystllization) or secondary (formed after crystallization), and incljde:
resorptionrelated textures amdicated by intersection relationships between growth
surfaces; ii) growtirelated texturesoscillatory and step zoningand grain shapes; and
iii) healed brittle deformation structures such as crackgrantiires Fig. 44 a, b, i, j, k).

Growthrelated textures such ascillatory zoing representp e r i o0 dscate, em
smallamplitude variatioain CL, andare interpreted teeflectslow, diffusiorrcontrolled
crystallization under conditions of low oversaturatiddo{tingaet al., 1966; Shore and
Fowler 1996).Such conditions are possible in a relatively static magmarendiffusive
boundary layers at the crysfaduid interface are preserve8ilfleyet al., 1976 A1 | —gr e
et al.,1981). Oscillatory zoring is attributed tdocal selforganisation of trace elements at
the crystatmelt interface In contrast, ®p zones are wide, ngueriodic andhavelarger
(tens of em) wvariations tiend QLo ibnet echuisa ttya
Aextrinsico factor s zationdaedpeflecdvariations afintersivec a |

parametersuch asP, T and magma compositi@amd are affectedly processes such as
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reservoir replenishment, magma mixing, crysttlmg, and maga convection (Shore
and Fowlerl996; Breiteret al.,2012).

Resorption surfacebave been well documented in quartz frearlymagmatic
phenocrysts in extrusive and plutonic racksd are generallyattributed to profound
changes in tempature and magma compositi@v ¢, | ketalr,2003b, 2005, 2009V ery
commonly foreign particleadhee to the freshly resorbed surfabecause ofoughness
and the high number of free bondfieseforeign particles may impede the planar growth
of the crysal face and result in growthembayments and wavy textures after major
resorption eventshat canbe subsequently filledby melt droplets and foreign crystals
however, minor quartz resorption reflects small changes in the same parameters caused
by localmagma dynamicM ¢, | ketalr(2003b, 2005escribedwo possible processes
responsibldor major resorption of quartz crystaiy semitadiabatic magma ascent, and
i) magma mixing and mingling by replenishment.

Johannes and Holtz (1996pnducted an experiment whisluggests that strong
resorption of quartzrystals may occur during sewmadiabatic magma ascem an
energetically closedystem.This experiment suggests that, depending on initial water
content of the magma andTPconditions during ascent, there aheee 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 af@ 820
are likely to melt during ascent by decompression melting.

Mixing a crystalbearing 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 aokannels Gill, 2010. Major resorption of crystal
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suifaces, which were affected by magma mixing andghmg have been reported for a
number of lateHercynian rhyolites and granite6 M¢, | | e r200%) tRoclkafdrming
minerals in these rocké&ave textures that areindicaive of magma mixing,e.g.
plagioclasemantled kfeldspar, sievaextured plagioclaseand mafic microe nc | av e s
( M¢ | et al.r2005). Although there is no direathemical or textural evidencw®

indicate the existence e@hagma mixingin the MG dikesit is suggested that magma
mixing and adiabatic ascefds may have occurred in the MG dikg®) hand in hand

during the magma evolution, as was demonstrated in thm@r of the Erzgebirge

Granitestal(2019)l | er

4521 Trace element distribution in igneous quartz

The variation of Ti and Al has been widely useddan indicadr of granitic magma
fractionation M ¢, | Etalr,2010 and Breiteet al.,2012) Other trace elementseanlso
discussed under this section. Titanium distribution in quartz crystals from this study is

discussed under titanium-quartz thermometrgSection4.6.1).

4.5.2.17 Quartzi plagioclase porphyry dikes

Most of the analyzed quartgrainsfrom the Q P dikes arezoned interms ofAl
(and Ti) contentMicrophenocrysts havAl concentrations ranging fro85 to 400
ppm (average ~ 310 ppmih the coreswhereas crystal rimBave Al contents ranging
from 300 to525 ppm (average~ 385 ppm). The two highestl 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 norgdrom 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 grdined
intergrowth of Al rich phases in the groundmass.

Figure 48a k shows thevariaion of other elementé.g.,Na, Fe, Ca, Cr, K and
Al) plotted against Al/Tifor Qi P dike samplesSodium content®f most of thequartz
phenocrystsrange from 35 to 185 ppm, but there is noobvious zoning. Quartz
microphenocrys have weldeveloped Naoningwith cores rangng from 30 to 170
ppm (average 12ppm) andrims ranging from 55 to 325 ppaveragel75 ppm) The
highestrim value (225 ppm sample CM95-31, grain G-r) is considered to be an
erroneous data point and is not incldde the rim averagelikewise, analyses of
groundmass quartz have returned the highest Na concentrations (270 to 1060 ppm);
however, the fingrained nature of this material rassbe possibility that some of the Na
may be coming from immediately adjat@md/or intergrown feldspar.

TheK content of quartz micrphenocrystsanges from 10to 48 ppm (Tablet.2);
with cores and rins averaging 17 and 25 ppmespectivey. Quartz phenocrysts have K
contents ranging from 7 to 95 ppm and there is no obviongg. Groundmass quartz
tends to have higher K contents (34 to 213 ppsome of which may be due to
contamination from surrounding or intergrowrfédspar.The calciumcontentof quartz
phenocrysts rangdrom 12 to 117ppm and there is no obvious zoginwvhereas quartz
micro-phenocrysts are strongly zoned in terms of Ca with cores averagignd rims
averaging 74 ppm. Groundmass quartz crystals have the highest Ca values ranging from
80 to 695 ppm with no significant zoninghe Cr content of micro-phenocryst and

groundmass quartz ranges frda to 45ppmand13 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 strogly zoned and exhibits an overall core to rim increase in
guartz micrephenocrysts with cores ranging between 45 and 90 ppm (average 70 ppm)
and rins ranging between 40 and 305 ppm (average 140 ppm). Most of the quartz
phenocrysthiaveFe concentrations & are at or below the limit of detection. In contrast
the Fe content ofgroundmasgjuartz vaies overa wide range fron®3 to 416 ppm but

there is no significant zoning

45.2.21 Plagioclasel hornblende porphyry dikes

The Al content of quartz phenoctgof the PH 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 ppmdluminum distribution in thequartz micro-phenocryst
indicates zoning with core concentrasoranging from 330 to 490 (average ~ 383 ppm)
and rim concentrations ranging from 330 to 510 ppm (average ~ 400 @poondmass
guartz in the M dikes have the highest Al concentration of the three types of quartz
examined with a range from 560 to 24pPm, much of which can be attributed to
contamination from intergrown groundmass feldspar.

The Na content of quartz micghenocrysts includes bothe lowest (35 ppm)
and highestZ40 ppm) values in the data sahd have average Na contents for core and
rims of 150 and 170 ppm, respectivelynelconcentrationf Na in phenocrysts indicate

zoning with an overall range BB90 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 exhibi
Na contents that range between 280 and 520 ppm.

The K contentin the quartz phenocrystanges from 10 to 38 ppm, with many
analyses below the limits of detectiofihe distribution ofK in micro-phenocrystss
irregular, withcontents ranging fror8 to 33 ppmwith no obvious zoningGroundmass
guartz has K contents that range fromi B& ppm and like the micfphenocrysts there
is no obvious zoning. Chromium distribution in migbenocrystsange betweenl3
and135ppm (with average values of 20 and pPm for the rims and cores, respectively).

In quartz phenocrysts have Cr contents ranging from 15 pp&0with average core and
rim contents of 23 and 27 ppm, respediive

The caleum content of quartmicro-phenocrystsange from 30 tol67ppm, and
averages 45 and 75 ppnin the rims and cores, respectively. Quartz mghenocrysts
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 caattents th
are highly variable and range from 70 to 400 ppithe Fe contendf quartzphenocrysts
from theP-H dike samples rangerdm 37 to 345 ppmand haveaveragecore and rim
contents of60 and 120 ppm,respectively.Quartz micrephenocrystsare zoned with
respect to Fandexhibita wide range40i 367 ppm) withaveragecore and rim contents
of 57and117 ppm respectivelyGroundmass quartzas Fe contents thaange from 8b
365 ppmand are rarely to weakly zoned.

The overallirend ofincreasng Al/Ti from the cores to rimsf most of thequartz
grains indicates that Ti is compatible during the fornmatbigneous quartz, whereas Al

(andFe, Na and Qaare incompatible. The wordonductedoy Wark and Watson (2006)
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showed that Tt* i Si** substitution is temgraturedependentvhich explains the higher
Ti content in earlymagmatic quartz phenocrysts amicrophenocrystselative to later
formed quartz on the rims phenocry@tsy. 44). This further spportsthe interpretation
that the relativelystable and bght coredominated CL and high Ti in earlpagmatic
quartz phenocrysts (cores; Fg4di f) from the MG dikes reflect crystallization from a
hot © Q) Belt. In addition, Denneet al.(1970) showed that Al substitution for Si in
tetrahedral sites in quartz is accompanied by charge compensation via incorporation of
cations (e.g. Naand C4"). This explains the positive correlation of Na andwith Al
in the samples examined as part of this study (Bigs& 4.6).

Iron, Mn, Ca and Naare potential activators rad/or inhibitors (e.g.Marshall
1988) The observed systematic-gariation (amongnost trace element®n the gran
scale might indiate some possible link between trace element concentratiomagra
evolution. Other studies (e.yl¢ | ktalr,2010and references therein) have linked trace
element content t€L 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 rechargefor the RH dikes, and/or local convection as in the case of tHe Q
dikes. Trace elementariation and abundance in quartz graohthe two suites of dikes is
quite similar Fig. 4.7ai j). These similarities may suggest a common source and chemical
compodion 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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4.617 Magma temperatures

Various geothermometers have been designed and applied in ordecitatel
magmatic conditions itmagmatic systems. Felsic (and intermediateyocks of the
continental crussuch as the MG dikesontain a variety of accessory mineratgluding
ubiquitous zircon, apatite, titanite, allanite, and monaziteahat can be usedn
geothermometry(Harrison and Watsqn1984) The basic informationrequired for
reconstruction(i.e., modeling to unravel the past conditionsf) accessory phase
crystallization and resorption tendencies in magmatic systems isotieentrationof
dissolved components in the h@ecessary to stabilize (i.eeach saturatigrthe phase of
interest. For phases such as zircon, apatite, and perhaps monazite, the concentration of a
sinde, low-abundance element (e.dgr, Por Ce) may be the stabiligontroling 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.

4.6.171 Titanium-in-quartz geohermometer

Wark and Watson (2006) conductegpeiments using synthetic and natural
quartz and a Ti@powder sourcever the temperature rang®01 1000 °Cin an attempt
to measure Ti diffusion in quartz under depnditions atl GPa. These experiments
established the TitanQ (Ti in quartz) geothermometdich provides amstimate othe
crystallization ofquartz infelsic rockson the basis offi concentration ad quartz CL
zoning. According to ta TitaniQ thermometer, the t@@rature of quartz equilibration
can be determined from its Ti content in pf@4) based on the equation:

T (K) =13.765/[log Cri/atio,) 7 5.69],
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where ario, Is the activity of TiO, relative to that required for rutile saturation
(where aTiQ = 1), assuming Henrian behavidmhese experiments also considered the
fact that rutie rarelyforms part of the equilibrium assemig@ in most granites and
implies thatTi activity is typically below oneThe Ti activity values< 0.5 are probably
rare in most silicic magmas a Ti-essential phase such as ilmeitditanite is generally
present(Wark and Watson2006). Since minor ilmenite and titanite are present in the
MG porphyry dikes, an estimatdd activity of 0.6 is used in the following calculations
in orderto estimate temperatures of quartz crystallizatibthe actual TiQ activity is
higher or lower by 0.1, temperature estimates will beeloav higher, by about 20°C,

respectively(Wark and Watsor2006)

4.6.1.17 Quartzi plagioclase porphyry dikes

Titanium concentrations phenocrysts from (P porphyry dikegFig. 44i) are
quite variableandrange from 12 to 110 ppm, in dark and bright zones, respectanely
indicatecrystallization temperatures between 585 and 825°C (see Z&Dl& few low
Ti concentrationg14 to 28 ppm from the rim and transition zones of qtm are
consistent witha temperature of 59860°C however, lhese zones lack continuoasd
consistent oscillatoryprimary) zoning, they are interpretéd be secondary(post
crystallization) in origin. Nevertheless,hie Ti concentratn in most of tke crystals
analyzedindicates crystallization teperatures betweer00 and 5°C. Due to absence
of complex zoning, these crystals are interpreted to htorened in and had some

residence time i relatively stable magn@hambemvhich wassubsequently tagedand

158



rapidly emplaced as dikeg®s evidenced from aplitic groundmass of most dikes which is
indicative of rapid cooling

Quartz micrephenocrysts display a general decrease in Ti concemisatiom
core (average ~100 pprtg rim (average ~37 ppmard are indicative of crystallization
temperatures of ~800 to 700 respectivelyA 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 zang of Ti in quartz micrephenocrysts is consistent with crystal
fractionation. The absence of welkveloped zoning in quartz miephenocrysts are
interpreted to have crystallized in a relatively quiet and stable magma chamber shallower
than the magmahamber in which the cores of the quartz phenocrysts formed. Therefore,
the average crystallization temperature of the quartz phenocrysts andphacracrysts
from the QP dikes is ~740C (Table 4.2). In contrast, groundmass quartz has highly
variable Ticoncentrations that range from 30 to 250 ppm, and indicate crystallization
temperatures ranging from 670 to 98D. These high Ti values (up to 250 ppm) and
eventually high temperatures (up to 9%F) for groundmass quartz might be attrigaito

contaminabn from thesurrounding THbearing phases.

4.6.1.271 Plagioclasel hornblende porphyry dikes

QuartzphenocrystgFig. 44 g, h, jandk) in P'H dikes are complexly zoned with
variable Ti concentrationg40 to 200 ppry indicating a range otrystallizaton
temperaturesfor the dark rims(~700 °C) and bright cores(~915 °C). Quartz

microphenocryst in these rocksare complexy zored with generally bright cores and
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dark rims Fig. 44 d, eandf). The itanium concentratiorin microphenocrysts ranges
from 27 to 150 ppmandindicat crystallization temperaturganging from~660 to 865
°C. Thesecrystalscommonlyhavean alternatingnultiple outergrowthzonesthat exhibit
abrupt increases in Ti concentratiand truncate inner zoned his sugges that these
crystals were affected by multiple episodes of resorptimtiowed by temperature
increasein an alternating manndgouter zones truncates inner zonegy. 44 d, e, f).
Higher Ti concentrations at the inner margin of eacbwth zonegive way to lower T
concentrations eithegradually or abruptly outvard suggesting variably gradualr
abrupt cooling after each resorption evenOverall, the average crystallization
temperature calculated for thé&HP dikes is ~79C0°C (as determined by phenocryst and
micro-phenocryst quartz) differs from results obtained from i€ suite (se€lable
4.2), and suggests that dikes in the MG area were derived from two magma chambers.
Titanium concentrations in tlgroundmass quartz range from 60 to 145 ppm, and
are indicatve of a crystallization temperature between 760 and ®B5Since the
groundmass quartz crystallized at relatively shallow depths and lower temperatures, these
higher calculated temperatures amgplained by contamination from the groundmass
which containsup to 60 % feldspar and trace amounts ebd@aring phases such as rutile

and titanite

4.6.27 Apatite saturation temperatures

The behavior of patite in particular itssolubility in crustal meltsis well
documentede.g, Watson and Capobianc©981;Green and Watsori982; Watson and

Harrison 1984).The amount of dissolved,®s required for saturation of apatite is quite
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low (0.02i 0. 15 wt . %) i n gynelsiatt ooustal meltidy temPevaturds, O
but increase systematically with decregsbiG content below ~0 wt.% (Harrison and
Watson 1984) This study coupled with previowgork (see Watson and Harrisot984),
suggest that apatite solubility is a function of absolute temperaijrear(d melt
composition by the following expression:

In Dp***""™e!= [(8400 + ((SiQi 0.5)264 X 10%)/T] i [3.1 + (12.4(SiQi 0.5)] ----1;

apatite/melt ;

where SiQ is the weight fraction of silica in the meld, is the concentration of
P,Os in stoichiometric apatite relative ta®;s in apatité saturated melty is in °K. This
model appears to be valfdr SiO, concentrations between 45% and 75%, 0 and 10%
water, and for the range of pressures expected in the crust.

By applying apatitesaturation systematics and the bulk compositioi®©{Rnd
SiO,) to represent the meltomposition Table 43), apatitésaturationtemperatures

(Tapaite calculated for the MG dile suggest that the average apasiéduration

temperature for both i@ and PH suites is 75{C.

4.6.31 Zircon saturation temperatures

Hydrothermal experimentsonducted by Watson and Harrison (1983) in the
temperature rangaf 7507 1020C andat pressure of.77 6.0 kbardefines the saturation
behavior of zircon in crustal anatectic melts (water saturdded0.9 ~ 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:

In Dz "*°"™et = (i 3.801 [0.85M i 1)]} + 12900 ---------- 2;
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zircon/melt:

whereDz, is the ratio of the concentration @f in stoichiometric zircon to Zr in

the melt, T is the absolute temperature, ads the cation ratio (Na + K + 2Ca)/(Al.Si)

in the melt. In principal these studies have been ssftdBsused 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 residueconsumed during anatexis (see Watson
and Harrison 1983). Thisequationis applicableto mealuminous and peraluminous
granitoid melts, but is not applicable peralkaline [mole (Na+K) > Al] melts that can
dissolveconsideably higher amounts ofZr due tocomplexing of Zt* with alkalis that
arenot associated with AWatson and Harrisqri983).

Table 43 presentghe bulk compositiorof Zr which is an analogue famelt
compositionwhich, when applied t@quation 2can be used to calculatgconsaturation
temperatures Tgicon) for the MG porphyry dikesThe results indicate that zircon
crystallized at temperatures ranging from 668 to @7average ~ 745C) for P1 H
suite, and 737 to 75C (average ~ 74%) for Qi P suite.

In general, apatite and zircon saturation temperature indicate that these suites
crystallized within a range otemperatures that are in agreement with results obtained
using the Titaniumin-quartz thermometer, with the exception of a few early quartz cores
that returned higher temperatures > 800 and likely crystallized prior to apatite and

zircon.

4.71 Quartz Cl characteristics as a proxy to magma evolution

Phenocrysts, micrphenocrysts and most of the groundmass quartz crystals from
Qi P porphyry dike MC-92-27 and MC-92-31) samples exhibivery weakto no CL
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zoning(Figs.4.4aic, i & 4.6a c). The absencef pronounced CL zoning indicaive of
crystal gowth in a relatively calmchemicallyhomogeneous environment. In contrast,
quartz crystals fronmthe HH porphyry dikes gamplesMC-92-33 and MCG92-43) are
distincly zored in terms ofCL andtrace elemets, which suggests a complex magma
evolution history Fig. 44d, e, f, h). In additionsome of thdarge(> 1 mm) phenocrysts
that are more compleprobably reflect a longanore complicatedrystallization history
(Fig. 44q, |}, k). Consequentlyquartzcrystals from the two suite€i P and PH) of
dikes are interpreted to have differectystallization histories, and may have been
sourced from two magma chambers.

Chemical zonation and precisgeasurement of the Tiontent ofquartz crystals
coupled wih the application of the dTin-quartz thermometer allasv for the
differentiationof the two suites of diked'he chemistry of quartz crystals from the two
suites of dikesuggests thatrystallization began gradually in thgimary deepseated
( 13 t &m; Chapeffhred magma chambeat temperatures ranging between 750
and 915 °C. The magma evolveth an environmentarked by graduallyncreasng
concentration of Al (and other flux agentahd a decreasy Ti, and is consistenwith
typical fractionatbn trends

Although the two suites of dikes may have common magma sourcef@ankd
quartz crystals subsequentlyunderwent an adiabatic asceahd emplacemenin a
shallower magma chamlssat temperatures between about 700 @68 °C This resulted
in the rounding of quartzcrystal cores, and the development of resorption and
embayment textureslThe quartz crystals contindgo grow in ths shallowermagma

chamber wth a residual melt rich in water and flux ageatsl lead to thdevelopnent of
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outer zaes rich in Al and poor in TComplex textural and chemical zoning suggests that
the reservoir(s) for plagioclaseornblende crystals were recharged from time to time
during the evolution processes. After a resident time sufficient for the growth of
phenaryst 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 triggereighsy gas
pressure the magmadrought on byhe injection of a hotter (more mafic) magma at the
deeper levels of a magma reservoir (see Beka.,1992; Smithet 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 Gherftrid
composition resulting from these procesisesonsistent wittihe hydrous nature ohése
magmas (~5 wt.%), which is also in agreement with its demonstratefbroriag
magmatic hydrothermal potential i.e., 1&g skarn and the vein style Au mineralization

at the MG area.

4.81 Conclusions

Below is a summary of the main results of thigestigation in relation to the
evolution of the MG porphyry dike swarms based on quartz chemistry and textural
features.

0] Quartz crystals fron®i H porphyrydikes at the MG area were affected by

multiple magma rechargeventsresulting in magma mixing anmingling

as evidenced by CL characteristidhe quartz crystal exhibit complex
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(ii)

(iii)

(iv)

(v)

chemical and textural zoning with cores commaegichedin Ti relative

to rims, wherea#\l, Na, Ca and Fare commonly enriched on crystal rims
relative to their core@~ig. 4.8ai f).

Quartz crystals fromQi P porphyry dikes exhibit chemical zoning and
trends that are similar to thé I? dikes but have weak or homogeneous
CL zoning, suggesting crystallization in a relatively calm chemically
closed magma chamber.

The threetypes ofquartzexamined in this study can be attributed to at
least three different environments of crystallizatibhese are: 1) a higher
temperature environment (up to 9T&) as recorded by cores of
phenocrysts with high Ti concentrations (up to 200 p@Eha moderate to
high temper at ufCeenyradmeiit0ad recorded ByOthe
transition zones present in some quartz phenocrysts and most of the
microphenocrysts; and 3) a low temperature environment in which
groundmass quartz quench crystallizedinly dike emplacement in the
near surface.

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.

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 fori&yg skarn and the vein

type Au mineralization in the study area.
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CM-95-34

Figure 4.31 Slab photographs of samples from the MG dik&sequigranular tonalite of -
porphyry suite;b) granodiorite of FH suite with fine grained (aplitic) texture) weakly altered
granodiorite with elogate crystals of hornblende (black); afjdaltered sample of @ porphyry
suite with quartz and plagioclase phenocrysts. Core width in all is 4.6 cm.
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Figure 4.417 ChromaSEMCL images of quartz from the MG area; b & ¢, are micre

phenocryst quéz from quartzplagioclase dikes (samples G327 and CM95-31); a)

micro-phenocryst quartz weakly zoned with healed fractures and cragksymogenous
micro-phenocryst quartz with healed fractures, homogenous micrkphenocryst quartz wit
interesthg resorption textureg) micro-phenocryst quartz fromiPl porphyry with a bright
core overgrown by an oscillatory zone and a dark rim (sampl€©&#B); e) micro-phenocryst
quartz from PH porphyry (sample CM533) with a large bright core that wi
corraded/resorbed, trancated and later overgrown with oscillatory zones of darker anc
rim; f) micro-phenocryst quartz fromiPl porphyry (sample CM5-43) with a bright core
overgrown by an oscillatory zones and dark rgjp;quartz phenocryst fromilP porphyry
(sample CM95-33) with a large bright core that was resorbed and embayed, anc
overgrown by an oscillatory zone and finally dark rih); quartz phenocrysts fromiH

porphyry (sample CM5-33) with large bright core that was corroded (possihlyp¢ated) anc
later overgrown with dark rim) quartz phenocrysts fromi® porphyry (sample CNM5-27) a
large phenocryst with post magmatic and discontinuous zoning some of which is rel:
fractures;j) alarge quartz phenocryst indicating complexiltetory zones with truncations
The surrounding material is mostly feldspars and groundmass quartz (samgie 43yl
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Figure 4.57 Crosspolarized photomicrographs of some of the weakly to strongly ali
samples from PH (a) and PQ (b) porphyrydikes indicating some textural features, comma
rounded/resorbed and embayed surfaces with some fractures. Both phenocrysts ant
phenaocrysts are surrounded by groundmass quartz and feldspars. Field of view in allis 6 r
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Figure 4.6 T SEM-CL-zoning of groundmass quartz crystal{sampleCM-95-43), b and c
(sampleCM-95-27); microphenocrystad (sampleCM-95-33) and e (sample CM95-43); and
phenocryst quartk (sampleCM-95-33) and the corresponding concentration plots of Al, Fe
Ti (ppm) measured by the EPMA
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Chapter Five

Petrogenesis and [Pb (titanite) age of CUAg Skarn Mineralization in
the McKenzie Gulch area, Northern New Brunswick, Canada

Abstract

Coppet silver skarn occurrences in the McKenzie @u(MG) area are spatially
and temporally associated with the Middle Devonian (386.0 + 2.3 NI&blWircon)
intermediate to felsic dike swarms. Mineralization occurs as mineralized veins and
stockwork veinlets, disseminated, patchy, and locally as reptadenf calesilicate
skarns in argillaceous limeston&his skarn was developed in three stages: the earliest
contact metamorphic stage resulting in hornfels developed from calcareous mudstone
and/or very finegrained clasticsedimerary rocls (Stage I); his was followed by
metasmatic replacement resulting jprograde anhydrous skarn (Stage Il) containing
grossularandradite (grandite), diopsidic pyroxene, and wollastonite; increasing fluid/rock
interaction results in retrograde skarn (Stage 1ll) doméhbteepidote, 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 hornfelse.

Fluid inclusion data from the MG deposit suggest that hydrothermal systems
associated with the skarn formation evolved from an early magohatiinated stage to
a late formation/meteorddominated stage. An early prograde endoskarn and exoskarn
formed from hightemperature (444 865 °C) and highsalinity (367 40 wt.% Cad] +

NaCl) fluids, whereas retrograde skarn formed from low temperaturé 2867 °C) and
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low salinity (17 15 wt.% NaCl equiv.). Fluid inclusion data from Aearing quartz
calcite-sulfide veins adjacent to skarn formed at relatively high temperaturei (3320
°C) and low salinity (2i 6 wt.% NaCl) than retrograde skarn possibly suggesting a
greater dominance of meteoric water. The salinity gap between prograde and retrograde
fluids (~ 4fold dilution) may be due to throttling in the magmatiydrothermal 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 grossothadite solid solution
ranging in composition from AgiGrs, to almost pure andradite AdregGry, with the
other garnet enchembers collectively constituting less than 5%. Pyroxenes belong to
diopsidehedenbergite solid solution with composition ranging fromyHudgoto DigsHdy,
whereas other pyroxene members collectively account for less than 10%. Thexte gar
and pyroxenes exhibit chemical zonation patterns generally characterized by a rim of Fe
enrichment relative to cores of grains i.e., grandite and diopsidic acgesnmed by
more andradite and hedenbergitic composititmrsgarnet and pyroxene, resgively.
There is also a general tendency for increasing andraditic and hedenbergitic components
from the prograde to retrograde garnets and pyroxenes, respectively. Epidote formed
duringtheretrograde stage exhibits oscillatory zoning similar to readgrandradite and
indicates Fe enrichmenhcreasingfrom core to rim. Combining the major element
composition of garnets with their textural and optical characteristics, this study concludes

that grandites (Afich) formed under low water/rock ratios, iequilibrium with
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metasomatic fluids whose composition was locally buffered by the host rocks, whereas
andradite (Feich) resulted from rapid growth, with relatively high water/rock ratios that
were in equilibrium with a magmataerived 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 aftdeaties and the
dominant metal of the mineralized skarns. These facies plot in the compositional field of
Cu-dominated skarns.

T h €S isotopic compositions for sulfides from the skarn deposit fall in the
range +4.6 to +9.1 &l ITyhelsieghvtaelru etsh®anr et hies c
values from the adjacent gelebaring quartzalcitesulfide veins whose values fall in the
range +7.9 to +10.0 a. These high positi
hydrothermal fluids had interacted andarmorated significant amount of sulfides from
sedi mentary rocks, wh?< ibotopicyvplies i Ithe yegidmav e h
Hydrothermal titanites from retrograde skarn ores were successfully dated by laser
ablationinductively coupled plasmmass spetrometry (LA ICPi MS) in an effort to
constrain the timing of mineralization. These analyses yield weighted H&nf**U
age of 387.2 + 3.6 Ma, in agreement WitAPb#*®U age of 386.3 + 2.3 Ma of zircon
from associategorphyry dikes. Felsic dikes dqpaly associated with QuAg 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 pyrrhiel are compatible with a model linking the

skarns to Early to Middle Devonian magmatic activity at depth. As a result, this study
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concludes that the MG @©Ag skarn mineralization occurred contemporaneously with the

intrusion of porphyry dike swarms.

5.17 Introduction

The McKenzie Gulch (MG) QuAg skarn occurrences are part of the northern
Appalachian porphyrgkarn province that stretches from northern Maine to northwestern
New Brunswick and Gaspé Peninsula (Fig. 5.1; Hollister et al., 1974; HolliS%s;
Williams-Jones, 1982). Other occurrences in the region include the Mines Gaspé and
Mines Madeleine deposits in Québec and several polymetalliPbBEAn-Ag-Au
prospects that have been the subject of detailed mapping and sampling in the past four
decaes (Savard, 1985; Malo et al., 1993; Malo et al., 2000). Numerous studies (e.g.,
Girard, 1971; Allcock, 1982; Shelton and Rye, 1982; Shelton, 1983; Wilimmss,

1986; Procyshyn, 1987; Williamkones 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 basetal occurrences in southern Gaspé
Appalachians, becaeghere are no exposed intrusion within the immediate vicinity of
these basenetal prospects. Nevertheless, these -n@sl prospects are spatially
associated with the Grand Pabos and Restigouche faults (Savard, 1985; Malo et al., 1993;
Fig. 5.1), and faic 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 (Williasdenes, 1982; Roy, 1991; Malo et al.,

1993; Moritz et al., 1993; Moore and Lentz, 1996). Data from a regional magnetic survey

187



indicates an anomaly in the southwestern Gaspé Appalachians, which might suggest a
pluton at depth, is centered on the New Brunswick part of theRdtdpédia prospect on
thewestern side of the Patapédia River (Malo et al., 2000).

In northern New Brunswick abundant contact metasomatidGskarn deposits
are proximal to small Siluidevonian intermediate to felsic intrusions (Lentz et al.,
1995). Coppdrsilver skarn mineralation 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).e3& occurrences are localized between two
northeastrending, dextral strikslip 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
carbonatébearing sedimentary rocks of thdpper Ordovicianto Lower Silurian
Matapédia Group and they are spatially associated with swarm -okestital northeast
trending Devonian intermediate to felsic dikes (Moore and Lentz, 1996).

Stable isotopes and fluid inclusions in porphyry and skastesys have been
studied extensively to determine sources of ore metals and the phlgsitical
conditions of ore formation and accompanying wadlk alteration (Einaudi et al., 1981;
Shelton and Rye, 1982; Shelton, 1983; Kwak, 198@liams-Jones and 3ason, 190;
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 magnitiggnbach,

1997) and meteoric (Taylor, 1997) origin. Most skarn depeghgbit an intimate spatial

relationship with intusions;consequentlyskarn minerals can recorded the fluid(s) that
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were present in the intrusive environment during ore skarn fmméMeinert et al.,
2003). Two distinct mineral assemblages are common in skarns: 1) an early prograde
stage containing anhydrous minerals (e.ginga and pyroxene), which formsom
relatively hightemperature, hypersaline liquid (cf. Kwak, 1986), &)date retrograde
stage containing hydrous minerals (e.g. epidote, amphibole, and chimd&rms from
lower temperature, lower salinity fluids (cf. Kwak, 1986). The later stage hydrous
assemblage is commonly associated with ore mineralg\{Csulfides) 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 (Cg8i0s). Jeffries et al. (2003) demonstrated a
relatively simple and inexpensive analytical-sgtfor producingn situ Ui Pb zircon ages
that compare favourably in terms of cost, precision, sample thowighand spatial
resolution with welestablished and costly HBIMS (high (mass) resolutioeecondary
ionization mass spectrometry) methods, such as SHRIMP (Sensitive High Resolution lon
MicroProbe). The equipment comprised a commercially available New Wave UP213
aperture imaged frequency quintupled (k =213 nm) laser ablation system coupled to a
Thermo Elenental PlasmaQuad 3 quadrupbksed ICPMS. The capabilities of this
simple analytical setip 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 withUi Pb zircon ages obtained from the spatially associated intermediate to
felsic porphyry dikes@GhapterTwo).

The stable isotope, fluid inclusion, mineral chemistry, and geochronological

studies described herein were undertaken in order to elucidateldtienships 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 beaesnoetals 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 t¢aterangenetic

model for the CUAg skarn mineralization which can then be used to develop mineral

exploration strategies in northern New Brunswick, specifically in the MG area.

5.27 Geologic setting

The study area occurs in the oldest part of a brepdgitional belt referred to as
the AroostookMatapédia 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 Silu¢iEigs. 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 Cabmbowician rocks of the
Dunnage Zone. This belt is divided into three northetiting tectonostratigraphic
zones that, from northwest to southeast, are: Connecticut Malkgspé Synclinorium
(CVGS), Aroostooki Percé Anticlinorium (APA), and Chaleurs Bay Synclinorium
(CBS) Bourque et al., 1995-ig. 5.2).

The oldest rocks are in the APAhere late Katian toca. Aeronian sedimentary
rocks includea 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 C&Sunderlain by Aeronian to lower Lochkovian
rocks of the Chaleurs Group and Lower Devonian rocks of the Dalhousie and Tobique
groups and CampbelltonroFmation (Wilson and Kamo, 2008Yilson, 2017). The CBS
comprises Silurian and Devonian rocks situatdgh@ent 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 transgvessegressive cycles,
unconformities, and magmatic activity, all presumably related to crustal events that
accompanied and followed Silurian accretion of Ganderian arc andabac¢&rranes 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 rocksof 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 condisg of light grey, weakly to strongly calcareous, thin medium
bedded, mediumto coarsegrained sandstone and siltstone, intercalated with dark grey
calcareous shale and minor conglomerate; and 2) a calcareous siltstone association
comprising thirbedded (0.24.0 cm), mediumto darkgrey or greenish grey, calcareous,
paralleHlaminated siltstone or mudstone, interstratified with thin bed$ (@m) of

calcareous to nonalcareous, fingrained sandstone, and mediurto darkgrey
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calcilutite or shaly dailutite (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 (0i%.0 cm) mediumto darkgrey, very finegrained calcilutite (carbonate
mudstone) and calcareous shale or siltstone. Together these rocks form a distinct
macroscopic texture that has been referre
(Woods, 1993; Wilson 2017) . The 6ri bbond appear anc
differential weathering of more resistant shaly beds relative to less resistant calcitic or
ankeritic calcilutite beds. Thin (0.%0.0 cm) interbeds, lenses, or laminae of-fyn@ined
calcarenite, daareous sandstone, or calcareous siltstone are also normally present
(Wilson, 2017). Much of the White Head consists of #h@uded, finegrained calcilutite
with planar contacts and microlaminations, commonly alternating with thin beds of
mudstone or shae , similar to O6muddy cont ey it esd
(Stow and Lovell, 1979; Mleath and James, 1984).

Middle Devonian felsic to intermediate porphyry dikes are the youngest rocks in
the area(with the exceptiorof rare younger lamprophyre®avid R. Lentz, personal
communicatiop 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 Avalonialanicentia (Bird
and Dewey, 1970; Bradley, 1983; Fig. 5.1); and can be divided into three phases of
magmatism, namely: 1) Late Siluriagih Early Devonian (423416 Ma); 2) Early

Devonian (416400 Ma) toMiddle Devonian(Late Acadian; and 3) Middlei Late
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Devonian (395375 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 (44223 Ma) on the trailing edge of Ganderia facing Avalonig; (ii
tectonic slivers characterized by 4206 Ma subductidirelated forearc high pressure

low temperature metamorphism, in southern New Brunswick (e.g., White et al., 2006);
and (iii) Silurian shallow water shelf sedimant rocls (Arisaig Group) depositedn
Avalonia, which inturn were overlain by a thick sequence of foreland basin deposits
during the latest Siluridicarly Devonian, due to tectonic loading of Avalonia (see
Waldron et al., 1996a). Therefore, Avalonia was the lower plate and subduction was t
the west or northwest beneath Laurentia (van Staal et al., 2009). Interpretations made by
van St aal et al . (2009) , based on the tim
edge, suggests that the Avaldriaurentia collision started during the Ladurian at
ca.421 Ma n Maritime Canada, and that tAeadian orogeny continued uninterrupted

into the Early Devonian.

5.37 Deposit geology:

The MG deposit is hosted by Matapédia Group rocks along the southeastern flank
of the Aroostooki Percé Anticlhorium (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 Groogks to the southeast by the McKenzie Gulch

and Rocky Gulch faults, respectively. Middle Devonian felsic dikearatroughout the

MG area, wheré¢hey intrude the Matapédia Group rocad are comnmdy concentrated

in swarms (Fig5.2). These dike swarmange from intermediate to felsic in composition
(Moore and Lentz, 1996ChapterTwo), 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 ldbrated andigneous mineralogyas been replaced by
secondary mineral assemblages such as sericite, clay, calcite, and chlorite. This alteration
also represents bleaching that introduaeshite coloration insomedikes and results

from abundant clay merals and subordinate secondary quartz.

Linear contact metamorphic aureoles marked by the development eftdine
mediumgrained white marble, dark purplish grey hornfels and light green, calcic
hornfels are common adjacent to dikes in the study areallyot@ese metamorphic
aureoles contain patchy garriepyroxene skarn that occues thick, layesparallel or
discordant veins (Woods, 1993). Cogdms#ver mineralization of the MG deposit occurs
most commonly within coarsgrained garnépyroxene skarnwhere it has retrograded
to an assemblage of epidote, amphibole, chlorite, calcite, quartz, and subordinate

vesuvianite.

5.47 Skarn alteration and evolution

The MG deposit consists mainly of exoskarn with minor endoskarn zones. The
latter formed as irgular pods and discordant veins and is limited to the margins of

porphyry dikes, namely: 1Qi P, and 2)PiH suites.The presence ofumerous dikes
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complicatesthe alteration patterns of the MG skarn systeralative to other skarn
deposits.For exampledrill hole #MC-92-19 (200 m in depth) intersectsif&ervak of

felsic dikes and 9 layers of skarns among argillaceous limesfomegercentage volume

of dikes intrusion within skarn alteration and mineralization zones is estimated to be
between 30 and 4%. 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 t0o100 mthick on surfaceandextends down to a depth about500 m. Other

small and spadic patches omineralized and barreskarn alteratiorzonesdo occur in

the study area aevidened in some drill corege.g., sulfide-bearing hornfels zone
intersected by DDH #MBL-14-07). The endoskarnalterationmainly consists of pale
brown to cololess, mediumto coarsegrained garnet and pyroxene, chlorite, calcite,
sericite, quartz, and pseudomorphs of phienary feldspar (Fig. 5.4J). The composition

of garnet from the MG ranges from dominantly grossular {f&fg,) in the early
prograde skarnot almost pure andradité (AdregGr;) in late prograde to retrograde
stages. This compositondlat a i ndi cat ese d& agr arhdinteey doomi
prograde stage, whereas andradite dominates the late prograde to retrogradikigsages.

of these gradite garnetsdo contain inclusions of diopside are interpreted to form after
diopside. To crystallize AFe grandite garnet in the prograde skarn requires an addition
of Al to the system. The stability of early andradjtessular solid solution (AgiGrsy)

can occur at ~65C and 2kbar (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

andidite endmembers (Taylor and Liou, 1978). Nevertheless, grandite garnetriohi-e
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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
bearingsuf i des may al so fSinthme fluid end sphethe an ifanien t h €
may be present as a replacement product dfe@ring garnet. These skarn garnets are
typically zoned with respect to Al and Fe, resulting in certain zones being selectively
replaced during retrograde reactions with metasterfluid(s) (Taylor and Lioul978).
The MG grandite exhibits similar Aand Fezoning and titanite in addition to feearing
sulfides (pyrrhotite and pyritearepresent in both prograde and retrogradgesa
Clinopyroxene composition ranges from diopsidice§Bd;) in the early prograde
skarnto more hedenbergitic compositions {[Pldsg) during retrograde stages. The latter
are typically enriched in Fe relative to the former suggesting increasing domiofRe
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 €karn
deposit, Ertsberg mining district, Irian Jaya, Indonesm,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 conatatamorphic wollastonite and almost
pure diopside and grandite (Fig. H)an the exoskarn zonén(contact with thentrusion)
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 > 60C (wollastonite stability) viaequations 1 and 2
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(Bowman, 1998; Whitney and Olmstedd9B; Chowdhury and Lentz, 2011n these
reaction equationsc, Wo, Dol, Qtz, and Di represents calcite, wollastonite, dolomite,
quartz, and diopside, respectively. In addition subordinate dolomitargillaceous
limestone was recognized in the whole rock geochemical data analyzed during

exploration activities:

Cc +SiQ (a9 = Wo +CQ(g) 1)
and

Dol + 2Qtz = Di + 2CQ )

The massive bodies of exoskarn are divided into prograde (Fig. 5.4E, F & J) and
retrograde (Fig. 5.4D, G, H, | & K) assemblages. Skarn alteration was preceded by an
early contact metamorphic event that formadfine-grained calesilicate hornfels
envelope. The hornfels was developed for the most part within calcareous mudstone
and/or very finegrained clastic sedimentary rocks, whereas limy argillite was altered to
coarsegrained, dark to reddisbrown skarn, consting 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 h@ismformed primarily by intergranular
fluid diffusion processes, and has a mineralogy controlled by temperature and protolith
composition. This assemblage includdme-grained clinopyroxene, garnet, localized
feldspars, magnetite, and secondary calcité gnartz 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 textuaesl associated small fractures (Figs. 5.4G &
H; 5.5C,G & K). Reactions-8 can accounfor the development of hedenbergite (Hd)

and magnetite (Mt) in hornfels zone;

Cc + SiQ (ag) = Wo + CQ (9) 3)
2Wo + Fé* (ag) = Hd + C&" (aq) (4)
Hd + CQ (g) = Mt + Qtz+ Cc (5)

Iron enrichment in hornfels (as indicated by garnet and pyroxemeamsfested
by the presence of magnetite. The hornfels stage in the MG area was followed by
metasomatic replacement dominated by massine- to mediumgrained pyroxene
skarn, whichmarks the beginning of prograde stage. Medium coarsegrained garat
immediately follows pyroxene anmgether they define a typical caddicate prograde
skarn assemblage (see paragenetic sequence of Isjinéiga 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 conttatigpart, 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 ouezd by veinlets and vein

envelopes of hydrous phases (amphibole, chlorite, and epidote) in addition to quartz and
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calcite, which are ammonly associated with sulfiddeposition, and represents the
commencement of retrogradéteration (Figs. 5.4 & 5.50nepossible reaction leading
to the fomation of pure andradite (Adfe**-rich garnet) during late prograde to
retrograde stages involves the interaction of argillaceous limestone withbsacag
fluids under locally oxidized conditions (modified tef Logan, 2000). Mineral

abbreviations as in reactions 1 to 5 above:

9Cc + 9Qtz + 2Mt + 1/29= 3Adr + 9CQ (6)

Also, if the exsolved magmatic hydrothermal fluids carried soluble Fe in the form
of FeCh complexes, pure anadite in the late prograde to retrograde stage may have
occurred via reactions (9) and (1) Section 5.12.1Retrograde alteration is pervasive
and fracture controlled and developed during three successivetamgs: i) early
retrograde alteration rakd 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). Ding this stage epidote and amphibole replaced grandite and
pyroxene, respectively. In the presence gDHiich fluids grandite can be replaced by
epidote via reaction 7 (reversed from Taylor and Liou, 1978), whereas pyroxene can be

replaced by actinoliteia reaction 8.

Gr+Cc+HO =Epd + CQ (7
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5Px +H0+ 3CQ = Act + 3Cc+ 2Qtz (8)

These retrograde asselafpes (epidote, amphibole, 9dés) can occur along millimeter

to centimetetscale 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 (FRg5.4 & 5.5). Apart from introducing silica/quartz agpueins,

this alteration affected wide zones of limy argillte and/or selected strata within
calcareous rocks of the White Head Formation (Figs. 5.9 & 5.4N), resulting in alternating
silica rich and silica po-patterngitarlaet paylicy i el di
alteration in intrusive intermediate to felsic rocks, resulted in replacement of hornblende
with calcite, biotite, and/or chlorite, and feldspar with sericite anddmaeed calcite;

and iii) a late veinlets controlled silicificatiomé secondary calcite * sulfides (sphalerite,
pyrite, chalcopyrite, and pyrrhite; Fig. 5.4G, I, E & O). Thdatestage veins and
veinlets alteration affects metamorphosed, metasomatized, porphyry dikes and previously

unaltered calcareous sedimentary razkhe White Head Formation.

5.57 Mineralization and lithological control

The main stage of G&g skarn mineralization is retrograde and coincides with
the development of fluid inclusioribat are free oflaughter minerals of salt (Fig. 5.10),
suggestig 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%otidial sulfides and minor
oxides, whereas the hornfels zone may contald @ magnetite, locally reflectingn
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 chatecgri
most dominanttogetherthey comprise about-B0 % of all sulfides, wlereas pyrite
constitutes 5 %. These sulfides occur most commonly as veins or a stockwork of
veinlets, or as disseminated, patchy and locally as replacement bodies witlsiicztlie
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 associdtewith the MG
occurrences are @uch and contairsignificant 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 iWV&88i#% Malo et
al., 2000). Garnets from the MG area have a composition thaafatigthe grossulaii
andradite solid solutigrandplot in the compositional field of Gdominated skarns (Fig.
5.7a). Likewise, pyroxene composition falls between diopastehedenbergite, aradiso
plot in the field oftypical Cudominated skarns (Fig. 5.7b). In addition, gbkhring
guartzsulfide veins adjacent to skarn deposit (Fig. 5.4A), are up to 50 cm wide with the
majority ranging between 5 and 25 cm. The sulfioleases in these veins are dominated
by pyrrhotite, chalcopyrite and pyrite, with subordinate sphalerite and galena. The
exposed hypogne skarn and Abearing sulfdes in the MG area were locally subjected

to supergene process which replaced primary sdé minerals by hematite, Fe
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hydroxides (goethite) and Garbonates (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 unmizerhkexcept locally wherthey

are in contact with skarn.

5.67 Conditions during sulfides deposition

The majority of the sulfide mineralization in the MG deposit was formed post
crystallization of pyroxene and garnet sk&during the retrograde stad@wever, some
sulfides formed early during the prograde stage synchronously withsdaates. The
earliest formed dfide (pyrite), was partially to completely replaced by pyrrhotite.
Magnetite also formed early and is most commasisociated with thhornfels 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 thed § a4 @ pH and temperature conditionsurthg the formation of
mineralization. Micrethermometric 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 4407@md ®r the prograde
skarn assemblage (Table 5.1). In contrast homogenization temperagw)rigsr{iicalcite
and quartz in the retrograde skarn assemblage are generally between 100°C and 250°C
(Appendix E;Table 5.2), whereas,, of inclusions in calciterad quartz from Atbearing
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 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 hydrothermalvéisid
lessoxidized (i.e., lowerd @) and less sulfidizedlower & § than fluids of typical of
porphyry Cu systems (see Einaudi et al., 1981; Zahedi et al., 2014). The presence of
pyrrhotite also supports a lowé&s, andfO, of the Cu (Ag) mineralization in the MG
deposit relative to most Guorphyry systems (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.

5.71 Structural control

Several deformation events ranging from-poepostAcadian Oogeny have been
identified in the region (see Whalen, 1993; Kirkwood and Malo, 19%iBson, 2017;
however, evidence for these are rarely evident in the porptikgs. Craggs (2008)
conductedh detailed structurastudy of Campbellton region (~#n nort of MG). This
work examired 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 deréraptressive system
that extend#nto 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 Orogeradlonly 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 twoeph@® 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 BrdadKillstream fault system in nortine New Brunswick.

In the Gaspé Peninsula, the main tectonic pulse of the Acadian orogeny is restricted to the
Devonian and occurred later thameasfarther south in the Canadian Appalachians
(Kirkwood and Malo, 1993).

Numerous studies have establishe@ ttelationship 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, perhveighin a broadly compressional
regime. In these settings, structural controls on the localization ofowneng
magmati sm are evident, as il lustrated by t
porphyry copper deposits to a single fault belbharthern 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 isolatethtrusion or locally developedswarms of felsic dikes along major
Acadian faults. The regional structural trend of the APA is northeast and majotaast
easi northeasttrending dextral strikislip faults cut this trend (Figs. 5.1 and 5.2). As a
result, the emplacement die 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 defmed 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 northwestrending k folds without associated cleavage preceded development of
the regional northeastending kL folds thatlocally have anassociateds, cleavagein

APA (Carrol, 2003; Wilson, 2017)The main structural features at the MG area are the
regional northeagrending fault systems, namely; the McKenzie Gulch and the Rocky
Brook-Millstream faut systems located to the northwest and south@isMG,
respectively (Fig. 5.2). The distribution of mineralized skarns is commonly controlled by
these complex brittle structures, which acted as conduits fortéigperature fluids
evolved from the intrusns during crystallization (Lentz et al., 1995). Most of these
structuresare parallel or perpendicular to the regional northeast structural trend of the

region (Roy, 1991; Malo et al., 1993; Malo and Pelchat, 1994).

5.87 Mineral chemistry

Electron micoprobe 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’33 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 anlow 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: orthocte, 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 crgtals 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 ppniJ, (305 ppm), Cr

(140 ppm), Ba (122 ppm), F (199 ppm), and CI (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 (3gdm), 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 amcyifor 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,LRhasd 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.

5.8.11 Garnet

Electron probe microanalyseERMA) show that garnets from the MG skarn
deposits mostly belong to the grossudardradite (grandite) solid solution. Generally,

crystal, compositions vary from Ag@Grs, to almost pure andraditeAdrgyGr; (Fig. 5.7a;
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Appendix F;Table 5.3), with spesdare, pyrope, uvarovite and almandine, collectively
less than 5%.

Garnet formula unitand enemembers were calculated based on 12 oxygens and
with FE€*/Fe** calculated assuming full site occupancy. Garnet from prograde skarn has
high Al,O3; contents ranigg from 13.78 to 17.47 (average 15.77 wt.%) compared to
retrograde garnet, which exhibits low.8% values ranging from 0.24 to 14.76 (average
6.90 wt.%).Progradegarnet is low in FeO (6.84 11.89 wt.%; average 9.04 wt.%)
compared to retrograde garn#tat have FeO contents ranging from 10.45 to 27.92 wt.%
(average 19.71 wt.%). Hornfels contains the highest FeO (2223218 wt.%; average
23.42 wt.%) and the lowest A3 (1.437 5.53 wt.%; average 4.62 wt.%) values. High
FeO in hornfels is attributedotthe presence of magnetite. These MG garnets are
commonly zoned with grandite cores and andraditic rims which are typical of garnets in
porphyryrelated copper skarns (e.g., Einaudi, 1982). Vdr@tionin garnet composition
from core to rim coupled witbscillatory zoning and hydrofracturing reflect the chemical

and physical variability of the system with time (Fig. 5.7¢).

5.8.21 Pyroxene

Clinopyroxene from the MG skarn deposit forms a solid solution series between
diopside and hedenbergite with a qoosition from hedenbergitic (RiHde0) to diopsidic
(DiggHd7; 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 zonatipwith 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 Nigh with MgO ranging from 13.07 to 17.38 wt.%
(average 15.85 wt.%), whereas retamp pyroxene exhibits lower Mgé&hdrangesfrom

7.05t0 11.78 wt.% (average 9.60 wt %). In terms of FeO content pyroxene from prograde
skarnis low (FeO 1.341 7.42 wt.%, average 3.11 wt.%) compared to retrograde
pyroxene where FeO ranges from 9.95 to736wt.% (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 thénégj FeO (14.49 25.38 wt.%; average

19.45 wt.% FeO and lowest MgO (0.08.49 wt.%; aerage = 4.91 MgO wt.%) values.

5.831 Wollastonite amphibolg vesuvianite and gidote

Wollastonite in the MG skarn occurs sporadically as a minor constituent in
massive pyroxene iareas proximaio dike contacts and/an endoskarn. It is close to its
stoichiometric composition (CaSi) with minor amounts of Fe, Al, Mg, Mn, and Na
oxides @Appendix F; Table 55). According to classification by Leake et al. (2004),
calcicamphiboles in the MG skarn system belong to magresinblende, ferro
tschermakite, and actinolite with tdeminantsubstitution being F&g-Mn for Ca (Fig.
5.7E, and Table 6). Most of the amphibole occurs as retrograde alteration product of
pyroxene, typically in association with quartz, carbonate, and sulfdéser phases
include mnor vesuvianitethat occurs sporadically and contains significant amounts of
Mg, Al, and Fe oxides (Table 5.Bpidote 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 Psl15 to nearlyRs®® Feendmember
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(Table 5.8; Fig. 5.7F). The epidote commonly exhibits zoning, i.eeniehment toward
crystal rims, although reverse zoning does occur due to phegisemical variations of
the fluids. Sulfide minerals are commonly associated with this type of alteration in

addition to arphiboles, quartz, and calcite.
5.97 Isotopic studes

5.9.11 Stableisotope(sulfur)

5.9.1.1i Sample preparation and Methods

Samples from GuAg skarn occurrences and adjacent gmb@ring quartzalcite
sulfide veins were selected for sulfur isotope analysis. Sulfur separates were obtained by
handpicking after crushing ¢hhost lithology to release sulfides, and then checked for
purity under a binocular microscope. Separates were thenrgnandd in an agate mortar
in order to homogenize the sampl e. Anal yse
Research, Department @feological 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.eTh e**S tralues were calculated by
normalizing the**SF?S ratios in the sample to that in the Vienna Canyon Diablo Troilite
(VCDT) international standard. Values are
per mil (a) and aé&e Tekerbaucrteéeblestbade@ upo

standard analyses (Table 5.9). Results are calibrated to certified reference materials,
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reported in standard per mil notation (a) a

S relative to VCDT). Psion is based upon duplicate sample analyses.

5.9.1.21 Results

T h €S walues for sulfides associated with gbkhring quartzalcite sulfide

-

veins (n= 22) range from +7. Qaverage’6£91 0 4.

&, wher eashasmyaverdyei¥S t=e 9 amtl pyditehasiP's= 9.2 &

(Appendix G;Tab | e 5 39 yalues Tohselfides from the skarn fall in the range

+4.6 to +9.1 &a. This inclP8dasesagechalcepy
three pyrite grainstaer age = +6.6 a), and five pyrrhot
These dat a i ndi c a¥Seof ‘afioastminerah phasesaree r a g e

significanty different However, there idittle evidence for systematic variation in
isotopic composition of a spdici sulfide between QuAg skarn and Atbearng quartz

calcite vein depositsNevertheless, the resulto indicate that the sulfuisotopic
compositions of suifles from golebearing quartzalcite veinshaveh i g H*8 relativie

to sulfides from skarnAppendix G;Fig. 5.11).This suggestghat fluids responsible for

vein formation hada greater interaction with sedimentary sulfides relative to skarn
sulfides. In both cases the results suggest a primary igneous sulfur source that had

variably interacted ahincorporatedgedimentargulfur from host rocks.
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5.9.21 Radiogenicisotope(lead

5.9.2.1i Chalcopyrite, pyrite, and pyrrhotite

Sulfide samples were crushed to separate individual grains (i.e., chalcopyrite,
pyrite, and pyrrhotite) from host litholggand then checked for purity under a binocular
microscope. This was followed by hagdnding in an agate mortar for homogenization.

Analyses were performed at the stable isotope laboratory (SIL) of Memorial
University, Newfoundland, Canada. Approxingt®.2 g of powder was dissolved in
Savilex Teflon beakers using a mixture of HHNO; acids. After five days of digestion,
the solution was evaporated to dryness and then taken up in 6 N HCI acid for two days.
The solution was then evaporated againtakdn up in HBr. Pb elution and recuperation
was achieved using the standard anionic HBICI chromatography. All reagents were
purified by subboiling in order to ensure a low contamination level. All isotopic ratios
were obtained using a multicollectBinnigan 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 standdmke Todt et al., 1996). -hun precisions on all

isotopic ratios are given at 95% confidence level.

5.9.2.21 Results

Lead isotopic analyses were performed on eight sulfides samples, four from gold
bearing quartzalcite veins, and four from CAg skarnat 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 MGi®@g skan deposit havé*®PbF**Pb values

that range between 18.124 and 18.38%b/*Pb values that range between 15.539 and
15.576, and*®Pbf%*Pb values that range between 37.967 and 38.184 (Table 5.10). The
gold-bearing quartzalcite sulfide veins hav&°Pbf**Pb values that range from 18.085

to 18.6997°PbF%*Pb that range from 15.535 to 15.577, af8b/**Pb values that range
from 37.892 to 38.742. These lead isotopic compositions of sulfides (chalcopyrite, pyrite,
and pyrrhotite) from CuA\g skarn ad Aubearing quartzalcite are similar to lead
isotopic values of galena obtained only from the dmdring quartzalcite veins. All

plot within the field of the initial lead isotope compositions of Sillbevonian plutonic
rocks of the northern Appaihians (i.e., Maine stocks, Mount McGerrigle Complex and

northern group plutonic rocks; Fig. 5.12).

5.9.2.31 Galena

Galena grains in polished thin sections from selected-lgedaling sulfides veins
deposit from golebearing quartzalcite veins at the & area were analyzed by-$itu
laser ablation quadrupole inductively coupled plasma mass spectrometry-(CR-KS)
at the Department of Earth Sciences, University of New Brunswick, Fredericton, Canada.
This instrumentation includes an ASI (formerly Resdni ¢ s) Re $s©198n1m on E
ArF (excimer) laser system (Canberra, Australia) synchronized to an Agilent 7700x
guadrupole inductively coupled plasma mass spectrometer equipped with dual external
rotary pumps. The system has been described in detail mungber 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 spotesieegy density, and
ablation time to obtain near steaskate low relative standard deviation (% RSD) signals.
Standaresample bracketing using -louse Broken Hill galena as external reference
standard was used and offline data reduction was carriedsimgf izualAge for lolite3

(see McFarlane et al., 2016).

5.9.2.41 Results

The lead isotope compositions for galena from the -gelaring quartzalcite
veins at the MG area are presented in Table 5.11. Galena from these veins has lead
isotopic values’®Pb/*Pb values ranging from 18.036 to 18.1f8Pb/*Pb values
ranging from 15.510 to 15.591 for aff#Pb?”°’Pb values ranging from 37.840 to 38.020
for. These data plot below the orogen growth curve of Stacey and Kramers (1975)
2pp %P vs?*Pb**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
Plumbotectoits model of Zartman and Doe (1981). The MG data plot within the field of
the initial lead isotope compositions of SiltB@vonian plutonic rocks of the northern

Appalachians (Ayuso and Bevier, 1991; Fig. 5.12).
5.1071 Fluid inclusion microthermometry

5.10.17 Methodology

Fluid inclusion microthermometry was carried out at the Department of Geology,

Saint Maryodés University, Hal i f ax, Canada
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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
12 to 3°C for temperatures near the extremes of working conditit®8°(to 56°C), to <

0.2°C for temperatures recorded near 0°C (0.9865x + 0.2959). A higher heating rate
(5%min on the Linkam stage andlfdin on the Leitz stage) was used to study garnet and
pyroxenehosted inclusions. This resulted in uncertainties of°€1r Treasurea@bove

560°C.

5.10.2i 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 difd 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 pgixenes from prograde skarn: ) liquid + solid + vapor + opaque
crystal; Il) solid + liquid + vapor; type; lll) two solids + liquid + vapor; 1IV) 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 wagomwith no soluble
solid phases (Fig. 5.10 pyroxene). These inclusions range in size up to 30 um with the
majority al i gned parallel with the pyroxeneos

characterized by the presence of small opaque or translucent daughter phases. These
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daughter phases could not be identified by optical microsdnyyheyare inferred tde
hematite but could be sulfide (Fig. 5.10), based on oxidation and petrochemical
characteristics of the intrusions (S€kapter Tw@. Types |, II, V and VI fluid inclusions

are the most abundant and range in size from < 5 to 30 um and are generadlg align
parallel to optichaxis of the pyroxene crystaland all are interpreted to be primary.
Types |, I, 1ll, and IV inclusions are sadaturated with some containing more than one
salt crystal(s). These inclusions range in size up to 25 um and hawéfluappoatio of

1:3 to 1:4 andgenerally accounts for between 33 and 50%tadél inclusions. The
variation in vapor fluid ratios suggests that inclusion entrapment occurred during fluid
boiling. Most of thes fluid inclusion types occur imultiple inclusions assemblage.

A single large garnet crystal yielded a wealth of mitrermometric data
collected from core to rim and divided into innetermediate and outer zones. The fluid
inclusion data from this garnetvealshydrothermal fluid evolution fnm early to late
prograde stageAppendix 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) multiphaselusions (at least five
phases; Fig. 5.10). Other inclusion types containing assemblageassigeid + vapor +
two solids and vapor + liquid assemblages were also identified but are rare. All three
types of inclusions from garnet range in size frof gm to 50 um and generally occur
in bands parallel tohe growth zones (see Fig. 5.1@0d are also interpreted to be
primary. Type Il and Il inclusions in garnet are characterized by the presence of small

opaque or translucent daughter phases, ancheegieted to be hematite or sulfide, for
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the same reasomsted for fluid inclusions in pyroxene. Types | and Il inclusions are the
most abundant inclusions in garnet.

In retrograde skarn two fluid inclusion types ranging up to 15 um were observed
in bath calcite and quartz crystals; type i) liquid + vapor; and type ii) vapor only. Type |
is the most common, whereas type Il inclusions are rare and were not considered for
micro-thermometric analyses. The quartz and calcite crystals are associated with
ampibole, epidote and sulfidas 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 fluidsstliofmo
the fluid inclusions observed aqueous brine surrounds,dl@® bubble.

Fluid inclusions from the Adbearing quartzcalcitesulfideveinsare up to 15 pm
in size and exhibit characteristics that are sinahoseof retrograde skarn except tha
they are not associated with skarn mineral assemblage (epidote, amphibole) (Fig. 5.10 a

d).

5.10.3i Results

Heating and freezing experiments were conducted to determine the
homogenization temperaturepfTand final ice melting temperatures,jTof the \arious
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 Ca@ith the latter beingdominait, however,
retrograde inclusions contain only aqueous solution (with dissolved NaCl) with gas

bubble (Table 5.1).
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Temperatures of homogenizatidrom fluid inclusions in the inner zone (i.e.,
zone 1) of prograde garnet average 648 whereasT; for fluid inclusions in the
transitional and outer zones (i.e., zones 2 andaw®rages613 °C and 571°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.%, raegpBct These results
indicate a slight decrease in, &nd salinity from inner to oter 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 8&5 and salinities ranging from 36.3 to 38.8 wt%.
Fluid inclusions in the prograde skarn (garnet and pyroxene) haanigetemperatures
ranging from-50 to -53 °C suggesting the presence of solid Ga&H,O. Final ice
melting temperatures ) for inner, intermediate and outer zonasprograde garnet
(Table 5.1)averags 14 °C, 12°C, and 6°C, respectively, and are consistent with the
presence of phases such as antarcticite &GO (Fig. 5.11). The fluid inclusits in
clinopyroxene have T between 4 and 18C; these results are consistent with FI data
from garnet and also suggest the presence of antarcticite,(€6td£0) during prograde

skarn formation.

5.117 Geochronology

5.11.1i Methodology

Because of its presce in skarn (see Romer and Soler, 1995) and various types of
hydrothermal alteration (Frost et al., 2000), titanite can be a usefuiotodhting these

systems using a{Bb isotopic system. Titanite associated with &g mineralization at
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