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ABSTRACT

The reservoir characterization and provenance ef Wolfvile formation sandstones are
investigated using petrography, heavy mineralsramoprobe analysis of tourmaline and garnet. These
fluvial sandstones are calcite cemented feldspéith@renites to lithic feldsarenites and consfstjaartz,
lithics, feldspars, minor amounts of mica and hemigerals. They are derived from metasedimentary
and granitic rocks of Meguma terrane during eatdgess of rifting along the Minas sub-basin as pért
the Fundy Basin rift zone postdating the earlide®zoic collision orogenies which were culminatgd b
the Appalachian orogeny. Their heavy minerals amstlyiron oxides (magnetite, hematite, ilmenitel an
their alteration products) and garnet with minoroamts of apatite, chlorite, zircon, tourmaline, thé
and lesser amounts of rutile, staurolite, hornlbderahd rarely epidote. They have a recycled orageni
provenance and the main source of these sedimeattha Paleozoic rocks underlying the Wolfville
Formation dominated by the Meguma supergroup, thehSMountain batholith, Horton and Windsor
groups with a possible minor contribution from atfaleozoic formations. The lowermost part of the
Wolfville Formation has relatively low porosity (4. The Wolfville formation has a considerable
thickness beneath the Bay of Fundy where it ovethe Horton Bluff formation, Meguma and/or Avalon
terranes which should be investigated further terd@ne the reservoir potentiality especially whire
overlies the organic rich shales of the Horton Blafmation, as a source rock.

Geology

The Bay of Fundy is an important part of the gewalghistory of eastern Canada formed during
early rifting of Pangaea in the early Mesozoic ti@eng a wide valley in the direction of the
Avalon/Meguma suture line which is the extensionGafbequid-Chedabucto fault system. Mesozoic
sediments were deposited during various stageftinfrand the early development of the Bay of Fund
They are exposed along the margins of the Minasbssin, part of the northeastern Bay of Fundy
(Fig.D). The exposed Mesozoic strata are relatively éthin comparison to their wide extent beneath the
Bay of Fundy. Petroleum companies became interastsginrift sediments and explored in the Bay of
Fundy during 1968-1983. Seismic surveys were caeduand two exploration wells were drilled in the
southwestern part of the Bay of Fundfyg.2) (Wadeet al 1996).

The Bay of Fundy is part of the northern Appalanhidountains which was divided by Williams
(1979) on the basis of tectonism, metamorphismtoplam, metallogenesis and stratigraphy into five
“lithotectonic zones or terranes”. These terramesfiiom south to north: Meguma, Avalon, Miramichi
(Gander), Dunnage and Humber. The Meguma terramesfthe southern part of Nova Scotia and the
adjacent continental shelf; it comprises thick tditic sediments of the Cambrian-Ordovician Meguma



supergroup, Silurian metasediments and volcanit¥life Rock, Kentville and New Canaan formations,
and the Early Devonian Torbrook formation. The MeguSupergroup consists of sand-dominated,
metamorphosed turbidites of the Goldenville formati and overlying silt/shale-dominated
metamorphosed turbidites of the Halifax Formatibhe South Mountain batholith (Late Devonian) has
intruded the older formation§ig.1). The Avalon terrane occupies southern New Brudswand northern
Nova Scotia and comprises late Precambrian ang éaleozoic mafic volcanics and continental
metasediments intruded by granites (Reatsal. 1976; Keppie, 1979). The Bay of Fundy forms a half
graben at the boundary of Meguma and Avalon zowesdéet al. 1996). Both zones were affected by
many tectonic events including the Acadian orogehying mid-Paleozoic which deformed and
metamorphosed these rocks. The Mesozoic formatomsinderlain by Carboniferous formations in the
northeastern parts of the Bay of Fundy and by Megwand/or Avalon terrane rocks towards the
southwestern part as indicated from the seismidilpsoand sections studied by Wade al. (1996)

(Fig.2.
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Fig. 1: Geology of Nova Scotia (Fensome and Williasr2001) showing the location of Cambridge Cove.



The Horton group in the Minas Basin covers a laagea and rests unconformably on lower
Paleozoic rocks of the Meguma Supergroup and ifocmably to unconformably overlain by Windsor
group of Early Carboniferous ag€ig.1). The Mesozoic formations underlying the Fundy-babin
(Fundy Group) in these sections are from olderaionger: Wolfville, Blomidon, North Mountain Basalt,
and Scots Bay/McCoy Brookig.2). The Wolfville formation Fig.1) is exposed on both coasts of the
Minas subbasin and Cobequid Bay and also in theapoins Valley (Keppie 1979). It unconformably
overlies Carboniferous and older Paleozoic sediarghihetasedimentary rocks (sandstones,
conglomerate and minor siltstones and shale) aritgids of the South Mountain batholith. They were
deposited in continental environments by fluviala{ded rivers) and aeolian processes under sethi-ari
conditions (Klein 1962; Hubert and Forlenza 1988ad&et al. 1996). The red brown color of these
sediments indicates that they were deposited ioxatizing subareal environment.
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Fig. 2: Map of Fundy basin and a cross section thigh the Minas Basin showing the stratigraphy of
Mesozoic formations beneath the basin and onshorérdm Olsen and Schlische 1990). N-37 = Chinampas N-

37 well; CS-1 = Cape Spencer No.1 well.

The Wolfville formation has been studied by manyhats since 1828 as part of the Newark
Group by Powers (1916), and as part of the Funayusby Klein (1962), and more recently by Wade
al. (1996). The thickness of the Lower Triassic Wdléviformation, the oldest formation in the Fundy
Group, varies in outcrop from 60m to 833m (Williastsal. 1985). It is exposed on both sides of Minas
subbasin. The thickness of the Wolfville Formatioeneath the Bay of Fundy increases toward the
southwest from 1308m in the Irving Cape SpencertNeell to >1718m in the Chinampas N-37 well,
and is believed to increase to >3000 m east of @GManan Island (Wadet al. 1996). The Wolfville
formation is well exposed in the southern coasMafias Basin where it unconformably overlies the
Horton Bluff formation. The angular unconformitytiveen the two formations is sharp and very distinct
in Cambridge CoveHig.3), and the nearby Rainy and Clemment coves.



Figure 3. Field view of the unconformity between tk Triassic Wolfville formation and the Late Devonia-
Early Mississippian Horton Bluff formation at Cambr idge Cove, Minas Basin, Bay of Fundy.

The Early Carboniferous Horton Bluff formation reashickness of 325m and is disconformably
overlain by the Cheverie formation and togethel tftegem the Horton group. It is separated from the
older Meguma Group or the South Mountain bathdiithan angular unconformity or fault contact
(Williams 1985). The Horton Groulpas been deposited in fluvial-lacustrine environtmexs alternating
grey to black very fine to very coarse grainedtatasediments ranging from shale to conglomeratd,ia
is commonly of sublitharentic to orthoquartzitiqpgs. In the Cambridge Cove area the Horton Bluff
Formation consists of highly deformed alternatimgyvhard brownish gray siltstones and grayish yhinl
laminated hard shale$i@.3). The siltstones are homogeneous in grain sizet@djuartz grains are
cemented by calcite. Two wells (Kennetcook #1 aBpwere drilled in 2007 in the Windsor Basin of
Nova Scotia investigating hydrocarbon potentiatre Horton Bluff formation shales (The Oil & Gas
Magazine Online, June 24, 2008). Related newsseleaJanuary 30, 2008 announced the discovery of
substantial amounts of gas with an estimated resoof 89 to 109 Bcf of OGIP per square mile
(http://www.wallstreet-online.de/diskussion/11379#8listebeitraege/news-news-trianglerpet
According to this news release, the total gas ctriéthe shales range from 7.9 to 19%dn with an
average TOC of 10% for all shales containing orgamatter of type I1I/11l to 11l which have a matuyiof
1.53% to 2.07% placing them within the peak windomnatural gas generation.




Petrography and Diagenesis

Eleven sandstone samples from the thickest patteoiVolfville formation at Cambridge Cove
were studied. The samples were chosen to représerdominant thick sandstone/conglomerates beds
which have average thicknesses of 2 to 4 m. Thede are channel fills and some times become thinner
as shown in Fig.3; they are separated by thin sltystones. Sieving results showed they are gostl
medium grained, poorly sorted, fine skewed andylatic.

Fig.4: Calcite cemented sandstones of Wolfville Fmation showing the main constituents. [Q=quartz;
KF=K-feldspar; SL=slate; ST=siltstone; LS=limestone MG=micrographic granite; CC=calcite cement;
Fe=iron rim (cement)]

The Wolfville sandstones are mostly feldspathibdienites and lithic feldsareniteBid.4 and
5E). They consist of cement (dominated by sparryitsaind minor iron oxide and clays) (36.4%), quartz
(31.8%), lithics (16.1%), feldspars (9.9%), heavpenals (0.8%), and mica and chlorite (0.5%) witb t
remainder representing pore spacEm).f). The average percentage of alkali feldspars/ptdgse is
10.4%. The lithics are in their order of abundarstate, siltstone, granite, limestone, sandstounartgite,
chert, and schist. These percentages were obthinseparately counting 1200 points in each thiticec
of the rock and their heavy mineral fraction. Cangytof framework grains was done according to the
Gazzi-Dickinson method (Gazzi 1966; Dickinson 19Wdjich has the advantage of using the data for
provenance interpretation (Dickinson 1985; Dickimst al. 1983; Dickinson and Suczek 1979; Ingersoll
and Suczek 1979). The Gazzi-Dickinson method resltive effect of composition dependence on grain



size used in traditional methods by restrictingpiditfragments to microcrystalline aphanetic materia
which contains no crystals larger than the siles{(82.5 m). Traditional methods, following the
procedure of Pettijohn (1972) were also perform@dcbunting the relative abundance of lithics iasé

sandstonesHg.5F. XRD analysis of clay fraction separates from $itedied sandstones showed that

they consist of illite, montmorillonite, kaolinind chlorite.

'sOIYY| SlydiowrelsN =Wy SoIYM| Arejuswipas=sy ‘Solyy|
onuesD=06yY :SoIYl| dluedjoARIBIN=WAT SolylqAreuswipase 19N=wsT dO+17= 17 ‘soyu=1 ‘sredspjaj=4 dO+wd=10
‘(duzuenb 7 wuayd) zuenb aulelsAioAlod=dd ‘zuenb auleisAioouow=wd ‘weibelp Jsenbueuy sjuawbely oY
(4) *(3) aibew uongsselo auolspues (896T) S04 uo pue (A 'O ‘a)¥6.6T) X9ZoNS pue uosupdIg pue (G86T) uosudIq
J0 swelbelp renbueLeiedipul 8dueruaAoid ayl uo panojd ssuoiSpues UoewWIOS 3|IA)OAN Yl JO SJuaNIIsuUod [elaq g "Bi4







Fig. 6: (A) Composition diagram of Wolfvile Formation sandstones plotted on slightly modified
(Almandine+Spessartine) — (Pyrope) — (Grossular) tangular diagram of garnets of Wright (1938) (in
Preston et al., 2002). The plotted data are from #h study area (numbers 2, 5, and 8) as well as Megam
Group and South Mountain Batholith (SMB), Nova Scoia taken from other references. R.M. are averagesfo
representative garnet analysis from low grade regnhally metamorphosed Meguma Group slates and
sandstones (Halifax Formation - Mosher's Island Merher); C.M. are representative garnet analysis fronthe
contact metamorphic zone of Meguma Group sandstose(Halifax Formation - Mosher's Island Member)
with South Mountain batholith, southern Nova Scotiaaround Mahon Bay (from Hicks, R.J., 1996). SMB are
averages of three groups of garnets from South Mouain batholith around Halifax and in the central part of
the Batholith (from Allen and Clarke, 1981). L.C. B a garnet analysis from granodiorite body in Liscmb
Complex, South Mountain Batholith (Cameron and Zenilli, 1997). ME, PM (eSMB), PXC and XLTH are
averages of many garnets from xenoliths within Sobat Mountain Batholith and its contact zones with the
Meguma Group (Halifax Formation), Nova Scotia (from Erdmann, 2006). (B) Triangular diagram of the
transparent heavy minerals of Wolfville Formation sandstones. (C and D) Compositio diagram of Wolfville
Formation sandstones plotted on the triangular plas of Henry and Guidotti (1985).

Soon after the deposition of Wolfville formationnsiatones, paragenesis commenced by early
compaction which appears to have limited effectdaieéd from the nature of sandstones, as mosteof th
detrital grains do not have common contacts, batsaparated by calcite cement. Iron cement was the
earliest to develop around the detrital grainshasrims. The source of iron was the detrital Fd Ba-Ti
oxide grains which are the most abundant heavy nalimeOxidation of these grains to hydrous oxides
resulted in staining the water in pore spaces &aeit subsequent deposition as thin films around the
detrital grains. This was followed by the enrichmeh the pore space water by calcium carbonates
derived from the source terranes which were drayedvers; and also from the detrital carbonatrgy
within the sandstones which have spherical and dafogshapes, possibly developed by systematic
dissolution of their boundaries and/or by transgarh effect. The carbonate enriched pore water was
then precipitated as sparry calcite filling mosttbé pore spaces and resulted in a calcite cement-
supported sandstone. Minor amounts of fibrous tadjeclays were also deposited at the same time as
calcite filling minor portions of pore spaces.

Further burial caused another stage of compactdicated by selective microfracturing and
breaking of most quartz grains which are morelbrttian the accompanying feldspars and lithicss&he
guartz grains either possessed microfractures paodeposition and under burial compaction were
broken along these planes of weaknesses; or dineitobrittle nature were fractured and broken wigri
effective compaction pressure. Dissolution hashpaffected the calcite cement and also the feldspa
some of which were already partially altered in #wurce rocks and/or during transportation and
deposition. Fracturing and breaking of quartz ggaind partial dissolution of feldspar grains andita
cement produced secondary porosity. Dissolutioraloéred feldspars resulted in the production of
kaolinite which was deposited in vermicular forntlwinoticeable intercrystalline porosity filling fepore
spaces. The final stage of compaction producedssamels of limited complex porosity. The average
porosity of these sandstones is 6% (1.7 to 15.8%)e form of primary and secondary porosity. Mafst
the primary intergranular pores were filled by sparalcite cement; however many types of secondary
porosity were developed during diagenesis. Therstany porosity types are dissolution, microfraatgri
(particularly of quartz), grain-boundary, intracerhand intragranular.

Tectonic Provenance

The counting results based on Gazzi-Dickinson nulogy were plotted on the provenance
indicator triangular diagrams of Dickinson (1983)nhd Dickinson and Suczek (197%id.5. The
sandstone falls in the field of “recycled orogeprovenance” (FQtL diagram) (Fig.5A), “mixed” and
“quartzose recycled” (FQmLt diagranf}i¢.5B), “increasing maturity or stability from continahtlock
provenance” (PQmK diagram) (Fig.5C) and “collisimrogen source” (LvmQmLsm diagrantjig.5D).

The triangular diagrams of the grain counts indéidathat these sandstones are of “recycled orogenic



provenance”. This means that they are derived ftanPre-Triassic Paleozoic rock units which weng pa
of the Appalachian Mountains formed under collisiectonic settings.

The main source of the studied synrift sedimentthésMeguma terrane which has a collision
contact relation with the older Avalon terranette horth of the Cobequid fault system. Both terscare
part of the Appalachian Mountains and were alsecé#fd by the mid-Paleozoic Acadian Orogeny (Wade
et al. 1996). The geologic map of the Bay of Fundy avdsere the Wolfville formation is located in both
in outcrops and subsurface, shows that the mosiapte source rocks of the studied sandstones are th
Meguma supergroup and the South Mountain bathdlitte absence of any volcanic rock fragments
among the studied sandstones grains; and alsd#emee of heavy minerals which could be of volcanic
origin such as pyroxenes indicates either the alesefhpre-Triassic volcanic body exposures in tleaa
or that the contribution of rock units to the noaththe Bay of Fundy in New Brunswick which contain
Devonian and Silurian volcanic rocks was very ledit The Recent beach sediments at Cambridge Cove
contain the same heavy mineral suites with nednly $ame proportions as the nearby Wolfville
formation, but they also contain basalt rock fragteeand heavy minerals which have a basaltic origin
such as pyroxene. This means that volcanic outabpsorth Mountain Basalt (earliest Jurassic) e t
source of these basaltic rock fragments and thexeye.

The Wolfville sandstones and conglomerates contquartz, various feldspars (alkali
feldspars/plagioclase11) and rock fragments (slate-schist, siltstonedsame, granitoids, quartzite,
limestone, and chert). The Wolfville formation imderlain by formations ranging in age between
Cambrian to Carboniferous which contains all libgpés that exist in Wolfville formation suggestitingit
they are the dominant source of the studied sandstand conglomerates of Wolfville formation. The
Meguma group is probably the dominant source of tfeor part of rock fragments (slate, schist,
siltstone, sandstone, and quartzite). The Southritéam batholith is the source of granitoid lithies)d
the Windsor group is a possible source of limestithecs. The other formations are also the possibl
source of some of these deposits because themrésthran one type of each rock grain.

The absence of volcanic lithics and/or heavy mised volcanic origin such as pyroxene
preclude sources other than the Meguma supergrodpttee South Mountain batholith as the major
source of the studied sandstones. This is becdube agimilarity of the rock fragments (slates soofie
which are garnetiferous, siltstones, quarztites maicrographic granites) and the heavy mineralsn(ir
oxide, garnet, apatite and ultrastable mineralsreor, tourmaline-rutile, as well as few staurdite
hornblende, and micas) to the main lithology ofsthéwo major rock units which are widely exposed in
Nova Scotia. The major part of quartz, K-feldspatagioclase, granitoid lithics, mica, and someuyea
mineral (ultrastable group) are derived from th&t8dvountain batholith which occupies importanttpar
of central Nova Scotia as well as tens of scatteradller similar outcrops to the east and west. The
source of most lithics (excluding granitoids), pafriquartz, feldspars, chlorite and many heavy nailse
is Meguma Supergroup which occupies large aredowé Scotialfig.1).

Heavy Mineral Provenance

The heavy minerals consist of Fe and Fe-Ti oxideaghetite, hematite, ilmenite, and their
alteration products: goethite, limonite and leucee(76%), garnet (13.6%), apatite (3.3%), chlorite
(3.3%), zircon (1.4%), tourmaline (1.3%), biotitd%) and minor amounts of rutile, staurolite,
hornblende, and rarely epidote. Triangular diagadnthe transparent heavy mineralsg.6B) showed
that the stable heavy minerals are the dominanipgfollowed by the ultrastable group with negligibl
amount of the unstable and moderately stable group.

For comparison, a sample of recent beach sedinmaditsated the presence of moderately stable
minerals (pyroxene, epidote and hornblende) intetdio the groups which are present in the WdHuvil
sandstones; these moderately stable heavy miremlsbviously derived from the volcanic outcrops in
the area including North Mountain Basalts which eveot formed during the deposition of Wolfville
formation sediments. Garnets and tourmalines ang wseful provenance indicator minerals because of



their diversity and stability (Morton 1991; Wright938; Prestoret al. 2002; Henry and Guidotti
1985).These two minerals, which are abundant inodfville formation sandstones were analyzed by
electron microprobe and their compositions plotedthe provenance triangles of Wright (1938) and
Prestonret al. (2002) for garnetKig.6A), and Henry and Guidotti (1985) for tourmaliég.6C, D. All
garnets were plotted in the field of “pelites andanjtes and granite pegmatites” in the
(Almandine+Spessartine)-(Pyrope)-(Grossular) tl@n@ig.6A). The tourmalines were plotted in the
field of “metapelites and metapsammites that caewigh an Al-saturating phase” and “Ca-poor
metapelites, metapsammites and quartz-tourmaliokstoin the AkgFes-Al-Al sgMgsg and Fe-Al-Mg
triangles respectively=g. 6C, D.

The abundant garnet as the major transparent heamgral in the studied sandstones is
particularly important as a provenance indicatonoTtypes of garnet exist: a dominant euhedral, gray
under the microscope, rich in inclusions and spéssain type; and minor amounts of anhedral, ¢lear
pink under the microscope and almandine in typesblitMn-rich. Both types fall in the field of pé&ds,
granites and granite pegmatites in the (pyropaprdatiine+spessartine)—(grossular) triandgtey.6A)
suggesting Meguma supergroup and SMB as their pemae. The spessartines are closely clustered near
the almandine+spessartine corner along the gradswadirection while the almandine is sparser &aid
closer to the almandine+spessartine corner butlynaising the pyrope line directiof¥igg.6A). One of the
characteristics features of the Meguma supergrpagi¢ularly the Halifax formation) is that theyrttain
spessartine garnets. Comparisons were made wise thernets which exist as xenoliths in the SMB and
its contact zone with Meguma supergroup in cefMmla Scotia studied by Erdmann (2005). The studied
almandines also have similarities with those sulithg Allen and Clarke (1981) from various partdhef
SMB and also with those studied by Cameron andilif®97) from SMB (Liscomb complex).

Garnet was also reported by Cullen (1984) as acpegsains in the metaquartzites and schists of
Folly River in Bass River Complex, Cobequid Highdawithin the Avalon zone of Maritimes; however
they were not analyzed to allow chemical comparisith the garnets of Wolfville formation. Triangula
provenance diagrams of Henry and Guidotti (19859, 6C, D showed that the studied tourmalines fall
in the field of “metapelites and metapsammitesxistielg with an Al-saturating phase” and “Ca-poor
metapelites, metapsammites and quartz-tourmalineksfoagain suggesting Meguma supergroup
sediments and possibly SMB as their source. Themagority of the rock-forming minerals as well as
most of the heavy minerals found in the sandstofe&/olfville formation were also found and mostly
analyzed by Hick (1996) which included quartz, tpbiotite, muscovite, chlorite, carbonates, dpati
epidote, garnet, rutile, titanite, tourmaline, ming and hematite.

Conclusions

The result of the grain size analysis, petrogragihy heavy mineral studies of Cambridge Cove
sandstones concludes that:

(1) The Wolfville formation sandstones transportedbbgided rivers and deposited as channel
fills and on flood plains are mostly feldspathithéirenite, poorly sorted, fine to strongly fine \skel,
platykurtic to very platykurtic and medium in graize.

(2) They predominantly consist of quartz as well assaberable amounts of rock fragments and
feldspars as detrital grains which were cementechligite and minor iron oxides and clays.

(3) Iron oxides and garnets are the predominant heamgrals in these sandstones with minor
amounts of apatite, zircon and tourmaline and gddé amounts of others. These minerals are of low
grade metamorphic and silicic (granitic) igneouskrprovenances. Unstable minerals are very rare.

(4) The provenance indicator triangles for resultdetfital grains and heavy minerals in general,
and those of tourmaline and garnet in particuladjdated that the Wolfville Formation sediments énav
recycled orogenic provenance (collision setting) darived mostly from the Meguma terrane located to
the south of Cobequid (Minas) fault zone. The nsmuarce rocks are the Meguma supergroup and South
Mountain batholith with minor contributions frometltarbonate-bearing formations such as the Windsor
Group. The lack of rock fragments and heavy miserattributable to volcanics and high grade



metamorphic rocks exclude the Avalon terrane ahdratock units of the Appalachian Mountains in New
Brunswick as a contributing source.

(5) The average porosity of the studied sandstoné8aisvhich is relatively low to fair. They
have both primary and secondary porosity. The Vil@fiformation is overlaying the Carboniferous
Horton Bluff formation which is made up of siltses) sandstones and organic-rich shales. They both
extend below the Bay of Fundy area at depth fosicmmable extent. Two exploration wells drilledtie
southwestern Bay of Fundy also showed low porosftysandstones (~4%). However the Wolfville
formation has considerable thickness and the upases are of aeolian origin (Klein 1962; Waeteal
1996) and may have better porosity. If there isgaanal seal to the Wolfville Formation sandstortks,
system could be an attractive hydrocarbon targeiesihe organic-rich shales of Horton Bluff forroati
may act as a source and the Wolfville formatioraagservoir. Drilling in 2007 through the shales of
Horton Bluff formation onshore proved that thesgilkeceous rocks have high potential as a source of
natural gas.

(6) The paragenesis of diagenetic and related evesisced from the study is summarized in
Figure 7

PARAGENESIS: Barly .o Late
Source rocks (Meguma terrane)
Transportation by braided rivers
Deposition in river channels
Primary porosity formation

Early compaction

Iron cementation

Effective calcite cementation
Later compaction

Fracturing of quartz grains
Limited calcite cement dissolution
Alteration of feldspars

Limited clay cementation
Secondary porosity formation
Final compaction

Fig.7: Paragenesis of the diagentic amelated events of the Wolfville Formation sediments
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