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Tectonostratigraphic and petrogenetic setting of late
Mississippian volcanism in eastern Canada
Pierre Jutras, Jaroslav Dostal, Sandra Kamo, and Zachary Matheson

Abstract: In the aftermath of the Middle Devonian Acadian Orogeny, a thick mafic body is inferred to have been emplaced at the
base of the crust during development of the Maritimes Basin complex in eastern Canada and is believed to have sourced regional
Late Devonian to Mississippian volcanism. By late Mississippian times, volcanism was limited to central New Brunswick and the
Magdalen Islands of eastern Quebec. Whereas Late Devonian to early Mississippian mafic volcanism was mainly characterized by
subalkaline lavas produced by the high-degree partial melting of a subduction-enriched lithospheric mantle source, late Missis-
sippian volcanism was dominated by alkali mafic lavas produced by the low-degree partial melting of a sublithospheric mantle
source that shows no evidence of subduction imprint. Two distinct upper Mississippian volcanic successions were identified in
central New Brunswick and are estimated to be separated by �7 million years based on U–Pb dates on felsic intervals. They respec-
tively belong to the Cumberland Hill Formation and a new volcanic member of the Hopewell Cape Formation. As they share close
geochemical affinities, we interpret both volcanic units as having been derived from the same primary source but from distinct
magmatic pulses. Based on the sedimentology of interbedded clastic units as well as available mapping and geophysical data in
New Brunswick, we interpret that the upper Mississippian mafic lavas were issued from large NW–SE striking dykes responding
to NW–SE compression in a pull-apart basin, whereas less voluminous and more localised felsic rocks were possibly issued from
discrete volcanic pipes.

Résumé : Durant la formation du complexe du bassin des Maritimes dans l’est du Canada, suite à l’orogénèse Acadienne
(Dévonien moyen), Il est inféré qu’un épais corps mafique a été mis en place à la base de la croûte et aurait été la source d’un
volcanisme régional d’âge Dévonien tardif à Mississippien. Au Mississippien tardif, ce volcanisme ne se limitait plus qu’au centre
du Nouveau-Brunswick et aux îles de la Madeleine de l’est du Québec. Si le volcanisme mafique du Dévonien tardif au Missis-
sippien précoce était principalement caractérisé par des laves subalcalines produites par de forts degrés de fusion partielle dans
une source du manteau lithosphérique enrichie par la subduction, le volcanisme au Mississippien tardif était dominé par des
laves mafiques alcalines produites par de faibles degrés de fusion partielle dans une source du manteau sous la lithosphère qui
ne montre aucun signe d’une composante associée à la subduction. Deux séquences volcaniques distinctes du Mississippien
supérieur ont été cernées dans le centre du Nouveau-Brunswick, l’intervalle estimé entre leurs emplacements étant de �7 millions
d’années selon les âges U–Pb de couches felsiques intercalées. Elles appartiennent respectivement à la Formation de Cumberland
Hill et à un nouveau membre volcanique de la Formation de Hopewell Cape. Comme elles ont des affinités géochimiques
semblables, nous en concluons que les deux unités volcaniques sont issues de la même source primaire, mais d’impulsions
magmatiques distinctes. Sur la base de la sédimentologie d’unités clastiques interlitées ainsi que des données cartographiques
et géophysiques disponibles pour le Nouveau-Brunswick, nous concluons que les laves mafiques du Mississippien supérieur
atteint la surface à partir coulé de grands dykes d’orientation NO–SE formés par une compression NO–SE dans un bassin de
transtension, alors que les roches felsiques moins volumineuses et plus localisées ont probablement été issues de cheminées
volcaniques individuelles. [Traduit par la Rédaction]

Introduction
Following the Middle Devonian Acadian orogeny, eastern

Canada evolved as a complex system of strike-slip basins that hosted
widespread and locally abundant Upper Devonian to Tournaisian
(lower Mississippian) volcanic rocks (Gibling et al. 2008; Hibbard
and Waldron 2009). Upper Mississippian volcanic rocks are more
restricted and only known from central New Brunswick (Fyffe and
Barr 1986; Gray et al. 2010) and the Magdalen Islands of eastern
Quebec (Barr et al. 1985; La Flèche et al. 1998; Giles 2008) (Fig. 1).
Whereas the Magdalen Island occurrences (Cap Adèle Member of
the Hâvre aux Maisons Formation) are interbedded with fossilif-
erous marine sedimentary rocks dated as upper Asbian (Giles 2008),

the New Brunswick occurrences are interbedded with undated
red beds in a continental basin that was fragmented by early
Pennsylvanian deformation and that is mostly buried below Penn-
sylvanian strata (Jutras et al. 2007a), all of which has historically
led to uncertainties in stratigraphic correlations. However, the study
of interbedded coarse clastic rocks can provide valuable information
on the tectonic setting of such intrabasinal volcanic rocks.

In this paper, we reconstruct the tectonic, stratigraphic, paleo-
geographic, and petrogenetic settings of upper Mississippian
volcanic units from central New Brunswick by studying and com-
paring their geochemistry and stratigraphic relationships, by us-
ing constraints provided by the sedimentology of interbedded
sedimentary units, and by differentiating pre-, syn- and postem-
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placement structures with mapping, well, and geophysical data.
To better constrain the age and stratigraphic relationships, we
dated a thin interval of felsic tuff at the base of the volcanic
succession at one locality (Hardwood Ridge), as well as a rhyolite
boulder in the conglomerate that lies conformably below that
succession. These data were then compared with available data
from penecontemporaneous mafic rocks of the Magdalen Islands
(La Flèche et al. 1998; Giles 2008) to produce a general model for
late Mississippian volcanism in eastern Canada.

Geological setting
The Late Devonian to Mississippian volcanic rocks of eastern

Canada and the sub-basins that host them are part of the compos-
ite Late Devonian to Early Permian Maritimes Basin (Gibling et al.
2008). Sedimentary rocks from the Late Devonian to Mississippian
interval were deposited in large transtensional sub-basins and
small compressional and extensional sub-basins in response to
NW–SE shortening (Jutras and Prichonnet 2005; Jutras et al. 2005,
2007a, 2016). In late Mississippian times, sub-basins in the east and
southeast sectors of the Maritimes Basin were accommodating
the restricted epicontinental sea deposits of the Windsor Group,
whereas those to the northwest were accommodating continental
clastic rocks of the Percé Group (Gibling et al. 2008), with south-
ern New Brunswick showing the lateral transition between the
two groups (Jutras et al. 2016). Upper Mississippian volcanic rocks
are found within the continental Percé Group in the Central–
Marysville Basin of New Brunswick, but within the dominantly
marine Middle Windsor Group in the Magdalen Basin of eastern
Quebec (Giles 2008). Both volcanic successions are concentrated
to the north of the Belleisle Fault and its approximate extension
into the Gulf of Saint Lawrence (Fig. 1, inset). In New Brunswick,
this fault separates the Avalon Zone to the south from the Gander
Zone to the north (sensu Williams 1995).

Stratigraphy of upper Mississippian units in central
New Brunswick

Twenty field and well sections showing upper Mississippian
rocks in central New Brunswick were included in this study to
provide tectonostratigraphic constraints, paleocurrent vectors,
and lateral facies variation data for our reconstruction of the pa-
leogeographic and tectonic settings in which volcanism of that
age occurred in that area (Fig. 1). Emphasis was placed on four key
sections and one deep borehole that provide a stratigraphic con-
text to the upper Mississippian volcanic units in central New
Brunswick (Fig. 3, localities 6, 9–11, and 16).

Lower Windsor Group and La Coulée Calcrete
The base of the upper Mississippian succession in central New

Brunswick is characterized by marine deposits of the Holkerian
(sensu Menning et al. 2006) Lower Windsor Group (Fig. 2), which is
only exposed in the southern part of the Central–Marysville Basin
(Jutras et al. 2007b). Paraconformably above Upper Devonian vol-
canic and sedimentary rocks of the Piskahegan Group, basal
Windsor Group beds are characterized by delta deposits of the
Meaghers Grant Formation at localities 10 and 15, or by carbonate
banks of the Gays River Formation at localities 15–16 (Fig. 1). At

localities 17–18 (Fig. 1), the Gays River banks are unconformably
overlying Ordovician rocks and were thoroughly calcretized by
fresh groundwater during a penetrative, host-replacing phreatic
calcretization event that occurred at basin margins, while thick
Lower Windsor Group evaporites (Fig. 2) were being deposited in
basin centres (Jutras et al. 2007b). Where the host material is not
recognized as belonging to the Lower Windsor Group, this host-
replacing phreatic calcrete is referred to as the La Coulée Calcrete
(sensu Jutras and Prichonnet 2005) (Fig. 1, localities 1, 4, and 19).

Felsic volcanic rocks of the Cumberland Hill Formation
In central New Brunswick, a small inlier of trachyte and rhyolite

that are unusually rich in incompatible trace elements (Gray et al.
2010) encompasses the only known exposures of the Cumberland
Hill Formation (St. Peter 1997) (Fig. 1, Locality 12), which is also
absent from regional wells away from that area. The rhyolite was
dated at 335 ± 2 Ma (U–Pb age from zircon, NBDNRE 2010), which
is upper Arundian according to Menning et al. (2000), lower As-
bian according to Menning et al. (2006), and mid-Asbian according
to Richards (2013). The base of this felsic succession is not exposed.

Tennycape Formation
An erosion event separates Lower and Middle Windsor Group

rocks (Giles et al. 1979) and also separates the lower and middle
intervals of the time-equivalent Percé Group (Jutras and Prichonnet
2005). This erosion was occurring in broad, intrabasinal, anticlinal
flexures and was sourcing the upper Holkerian to Lower Asbian
Tennycape Formation (sensu Jutras et al. 2016) (Fig. 2) in synclinal
subbbasins (Jutras and Prichonnet 2005; Jutras et al. 2007a, b).

Middle Windsor Group
In central New Brunswick, Middle Windsor Group rocks (the

informal Albright Brook beds) are confined to a narrow valley-fill
that cuts through calcretized Lower Windsor Group carbonates
(Fig. 1, locality 17) and that is interpreted to be the root of a small
delta, being composed of limestone interbedded with grey silici-
clastic intervals (Jutras et al. 2007b).

Shin Member of the Hopewell Cape Formation
Conformably overlying the Middle Windsor Group Albright

Brook beds at locality 17 is a coarse Visean red bed interval as-
signed to the Shin Member of the Hopewell Cape Formation
(Percé Group) by Jutras et al. (2016) (Fig. 2) following a regional
correlation effort across eastern Quebec and New Brunswick. This
member is similar in facies at all localities of the Central–Marys-
ville Basin and of the nearby Ristigouche and Cumberland basins
of northern and southern New Brunswick (Zaitlin and Rust 1983;
Jutras et al. 1999, 2001, 2005, 2007a, 2007b, 2016; Jutras and
Prichonnet 2002, 2005), being dominantly comprised of red,
polymictic pebble conglomerate cross-channelized with red sand-
stone. In central New Brunswick they were historically assigned to
the now abandoned McKinley (Freeze, 1936), Newcastle Creek
(Muller 1951), and Shin (van de Poll 1967) formations (Fig. 2; CJES–
2017–0176suppla1).

Based on the abovementioned studies, the Hopewell Cape For-
mation Shin Member (including the abandoned Bonaventure and

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjes-2017-0176.

Fig. 1. Simplified geology of central New Brunswick with 20 sections showing upper Mississippian rocks beneath the Hopewell Cape
Formation. The few remnant sections that reach high enough in this unit to include volcanic rocks are shown on Fig. 3. Also shown (in
orange) is the transect of cross-section ABC (Fig. 12) and the locality of the Cole Branch #1 Borehole, where Mississippian rocks are absent
between pre-Carboniferous basement rocks and Pennsylvanian strata (Jutras et al. 2007a). The localities of productive spore samples (e,g.,
C–430576) from the Geological Survey of Canada database are indicated on the sections. Inset: location of the current study area (squared) and
that of Gray et al. (2010) in central New Brunswick, as well as those of La Flèche et al. (1998) and Giles (2008) on the Magdalen Islands of
eastern Quebec. Locality a: Gladwyn Basalt in the Plaster Rock Basin; Locality b: Gladwyn Basalt in the Carlisle Basin. [Colour online.]
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Cannes-de-Roches formations) was sourced from steep fault scarps
and deposited in proximal, gravelly alluvial fans and braidplains.
Based on stratigraphic relationships (Figs. 1 and 2), deposition of
the fault-controlled Hopewell Cape Formation began during the late
Asbian (upper Visean), as this conglomeratic facies is interbedded
with carbonates of that age in the nearby Cumberland Basin
(Jutras et al. 2016) (Fig. 2).

Hardwood Ridge Volcanic Member of the Hopewell Cape
Formation

In central New Brunswick, red conglomerate of the Shin Member
is conformably overlain by volcanic rocks that are interbedded
with a similar conglomeratic facies (Fig. 3). Fyffe and Barr (1986)
determined that there were significant geochemical differ-
ences between basalts that occur at the base of the post-Acadian
succession in the Plaster Rock and Carlisle sub-basins of western
New Brunswick (localities a and b in the inset of Fig. 1), which are
assigned to the Upper Devonian to Tournaisian Gladwyn Basalt
(St. Peter 1979), and those that occur within the Carboniferous suc-
cessions further east in central New Brunswick (study area indicated
on Fig. 1), which were historically assigned to the Boiestown (Fyffe

and Barr 1986), Royal Road (Bailey 1910), Hardwood Ridge (Muller
1951) and Queenstown (MacKenzie 1964) basalts. Although bear-
ing different stratigraphic names, these four basaltic occurrences
are petrographically similar (Fyffe and Barr 1986) and occur at the
same stratigraphic interval. This volcanic succession is here as-
signed to the Hardwood Ridge Volcanic Member (new name;
CJES–2017–0176suppla1) of the Hopewell Cape Formation (Fig. 2). A
�2.5 m interval of felsic tuff occurs near the base of the volcanic
succession at Hardwood Ridge (Fig. 3, locality 11), which is yet to be
found at other localities, but the bulk of the Hardwood Ridge
Volcanic Member is characterized by basaltic intervals of varying
thicknesses separated by thinner red bed intervals (Fig. 3).

Evidence of calcretization in the higher part of the Hardwood
Ridge Volcanic Member in the Killarney #3 Borehole suggests that
the top of this member may be time-equivalent to the heavily
calcretized Dorchester Cape Member (Brigantian) of the Hopewell
Cape Formation (Fig. 2). Based on the absence of grey bed intervals
at all studied localities, remnants of the volcanic member do not
seem to extend into the time interval corresponding to that of the
Shepody and Hastings formations (Fig. 2), which are uppermost

Fig. 2. Stratigraphic table of the late Arundian to early Pendleian interval in central New Brunswick and the Magdalen Islands of eastern
Quebec based on the time scale of Menning et al. (2006). CH Fm, Cumberland Hill Formation; HC Fm, Hopewell Cape Formation; HRV Mbr,
Hardwood Ridge Volcanic Member; 1: Currie Mountain Basalt of McLeod and Johnson (1998) and Royal Road Basalt of St. Peter (2000);
2: McKinley Formation of Anderson and Poole (1959); 3: Parleeville Formation of McCutcheon (1981); 4: Queenstown Basalt of Mackenzie
(1964); 5: Shin Formation of van de Poll (1967); 6: Hardwood Ridge Basalt of Muller (1951); 7: Newcastle Creek Formation of Muller (1951);
8: Boiestown Basalt of Fyffe and Barr (1986), mapped as the Royal Road Basalt by St. Peter (2000); 9: unnamed Mississippian red beds of Poole
(1958), mapped as the Shin Formation by St. Peter (2000). [Colour online.]
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Fig. 3. Stratigraphy of sections 8, 11–14 (localities shown on Fig. 1), where the upper Mississippian volcanic rocks of central New Brunswick
are best represented. Also shown is the stratigraphic position of studied samples. The spore date from the Killarney #3 Borehole section is
from Utting (2003). [Colour online.]
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Brigantian to Pendleian based on their spore assemblages (Jutras
et al. 2015).

Stratigraphy of upper Mississippian units in the
Magdalen Islands of eastern Quebec

Upper Mississippian rocks on the Magdalen Islands of eastern
Quebec occur as cap rocks on top of salt diapirs that are cutting
through Pennsylvanian to Permian strata (Barr et al. 1985).

Middle Windsor Group volcanic rocks
La Flèche et al. (1998) demonstrated that Mississippian volcanic

rocks of the Cap Adèle Member of the Hâvre aux Maisons Forma-
tion in the Magdalen Islands include both alkali and subalkaline
basalts, but they did not provide a stratigraphic context for them.
Subsequent work by Giles (2008) clarified some aspects of their
stratigraphic setting, constraining them to the upper Asbian
Middle Windsor Group based on the biostratigraphy of minor
marine sedimentary intervals (Fig. 2). This author informally sub-
divided the basalt occurrences into “lower” and “upper” succes-
sions, but the stratigraphic position of alkali versus subalkaline
basalts remains to be determined.

Analytical methods and results

Geochemistry of the upper Mississippian volcanic rocks

Analytical methods
Fifteen volcanic rock samples collected from the Royal Road,

Boiestown/Astle, Hardwood Ridge, and Queenstown sections of
central New Brunswick (Fig. 3, localities 6, 9, 11, and 16) were
analyzed by X-ray fluorescence (major and selected trace elements
in Table 1; X-ray diffraction analyses of these samples are also

available in CJES–2017–0176supplb1 and additional XRF data are
available in CJES–2017–0176supplc1). The least altered samples were
also analysed by inductively coupled plasma – mass spectrometry for
trace element abundances (selected elements in Table 2; supple-
mentary data in CJES–2017–0176suppld1). These data were then
plotted along with geochemical data from penecontemporaneous
felsic rocks of the Cumberland Hill Formation (Gray et al. 2010)
and mafic rocks of the Hâvre-aux-Maisons Formation on Magdalen
Islands (La Flèche et al. 1998) (Figs. 4–8). Table 2 also includes
inductively coupled plasma – mass spectrometry data from five
samples collected from felsic rock boulders (FB) near the base of
the Hardwood Ridge (HR) section (samples HRFB1–5).

Results
The upper Mississippian basalts of central New Brunswick plot

as alkali basalts (trachybasalts sensu Le Bas et al. 1986) on the SiO2

versus Nb/Y diagram of Winchester and Floyd (1977; Fig. 4) as well
as on the SiO2 vs K2O + Na2O diagram of Le Bas et al. (1986; Fig. 5).
This suggests an enriched mantle source that experienced a low
degree of partial melting at pressures exceeding 1 GPa (Jaques and
Green 1980; Kushiro, 2001). They are similar to the average com-
position of alkali basalts on Magdalen Islands, whereas the aver-
age subalkaline basalt at the latter locality plots quite close to the
alkali basalt (trachybasalt) range in these diagrams. At both local-
ities, the alkali basalts are significantly enriched in light rare
earth elements (Fig. 6), which also suggests a low degree of partial
melting (Cullers and Graf 1984).

The alkali basalts of central New Brunswick and the Magdalen
Islands have similar trace element distribution patterns that re-
semble those of the average ocean island basalt as defined by Sun
and McDonough (1989) (Fig. 6). For both volcanic suites, this

Table 1. Concentrations of major element oxides (from glass discs; in weight percent) and three selected trace elements (from pressed powders;
in parts per million) based on X-ray fluorescence analysis using a Phillips PW2400 spectrometer (Regional Geochemical Centre of Saint Mary’s
University, Halifax, Canada).

Lithology Sample L.O.I. SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 Totals Zr Nb Y

alkali basalt RR3 2.22 50.02 2.437 15.07 14.47 0.342 1.90 4.22 5.23 2.56 1.84 100.31 509 61 51
alkali basalt RR2 2.42 49.98 2.371 15.61 15.61 0.148 2.20 2.56 7.47 0.53 1.72 100.62 526 65 52
alkali basalt RR1 3.45 45.28 3.330 15.76 14.32 0.299 4.65 6.95 3.59 1.43 1.05 100.11 294 39 31
alkali basalt RR1a 3.41 44.95 3.33 15.78 14.09 0.27 4.75 6.66 3.56 1.38 1.01 99.18 291 39 33
alkali basalt Q3 2.21 47.2 3.02 15.36 14.75 0.23 3.4 6.47 4.14 1.54 0.84 99.16 356 48 34
alkali basalt Q3a 2.52 47.85 3.03 15.13 14.59 0.21 3.47 6.49 4.1 1.48 0.87 99.75 382 50 38
alkali basalt Q2 2.00 48.13 3.05 15.49 15.04 0.24 3.18 6.71 4.26 1.63 0.90 100.63 368 50 35
alkali basalt Q1 2.00 48.95 2.97 15.68 13.98 0.31 3.86 5.99 4.3 1.37 0.93 100.34 400 52 37
alkali basalt B3 2.24 46.74 2.611 14.71 17.43 0.248 2.08 4.96 5.11 1.97 1.88 99.98 460 68 31
alkali basalt B3a 2.71 46.48 2.55 14.68 17.96 0.24 1.91 4.77 4.9 1.89 1.95 100.1 480 62 55
alkali basalt B2 2.48 48.46 2.706 14.26 17.40 0.172 1.89 3.11 5.32 1.66 2.03 99.49 401 60 31
alkali basalt B1 3.64 46.77 2.989 17.14 14.65 0.283 3.69 4.26 5.33 0.52 0.83 100.10 345 57 24
alkali basalt HR3 2.29 50.44 2.844 16.01 14.94 0.627 2.02 3.03 5.66 1.15 0.92 99.93 401 60 25
alkali basalt HR2 1.75 46.51 3.780 15.99 16.20 0.215 4.02 6.17 4.40 0.90 0.63 100.57 293 52 18
alkali basalt HR2a 2.47 45.86 3.68 15.75 15.5 0.2 3.91 6.16 4.36 0.89 0.63 99.41 279 53 27
alkali basalt HR1 3.11 45.92 3.573 16.56 16.63 0.152 3.25 5.00 3.66 0.90 0.62 99.37 292 56 19
vitric felsic tuff HRVT 7.43 62.78 0.253 14.96 6.01 0.118 2.36 0.67 0.63 5.83 0.05 101.09 3092 460 160
fine felsic tuff HRLT 5.01 74.57 0.238 9.64 3.61 0.060 1.45 0.61 0.70 3.23 0.07 99.18 1409 218 112
fine felsic tuff HRFT 5.32 71.84 0.352 10.89 4.17 0.100 2.30 0.57 0.35 3.80 0.08 99.77 1923 260 141
felsic clast HRFB5a 3.13 67.83 0.45 13.74 3.79 0.05 0.87 1.33 3.57 3.89 0.13 98.78 405 18 24
felsic clast HRFB4a 1.58 70.89 0.48 13.33 4.4 0.05 0.49 1.42 3.81 4.13 0.15 100.7 418 19 28
felsic clast HRFB3a 1.98 71.32 0.33 12.84 3.84 0.05 0.59 1.36 4.05 3.34 0.10 99.79 324 15 32
felsic clast HRFB2a 1.4 72.08 0.3 13.33 2.49 0.05 0.34 1.18 3.9 4.1 0.08 99.24 299 17 45
felsic clast HRFB1a 2.09 70.01 0.44 13.36 4.13 0.06 0.44 1.51 2.95 4.76 0.13 99.88 402 15 32
trachyte Ave. (n = 7)b 2.68 63.01 0.509 14.13 7.01 0.191 0.22 2.41 4.30 4.93 0.15 99.53 946.6 84.6 75
rhyolite Ave. (n = 8)b 1.47 72.93 0.173 11.56 4.02 0.085 0.02 0.22 4.17 4.64 trace 99.27 2369 251 179
MI alkali basalt Ave. (n = 34)c 6.61 44.16 2.26 16.28 11.24 0.16 8.41 3.6 0.94 5.1 0.56 99.32 230 47 29
MI tholeiitic basalt Ave. (n = 18)c 5.89 44.00 1.510 16.80 11.37 0.170 9.64 5.71 1.10 3.33 0.23 99.74 108 11 24

Note: Sample localities are indicated on Figure 3. RR, Royal Road; Q, Queenstown; B, Boiestown/Astle; and HR, Hardwood Ridge.
aSamples were analyzed with inductively coupled plasma mass spectrometry (ICP–MS; detection limit of 0.001% for MnO and TiO2, and of 0.01% for all other major

elements; detection limit of 1 ppm for Y and Nb, and 2 ppm for Zr). Note that samples RR1, Q3, B3, and HR2 were analyzed with both X-ray fluorescence and ICP–MS.
bData from Gray et al. (2010).
cMagdalen Island (MI) data from La Flèche et al. (1998).
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suggests an enriched mantle source that was not significantly
modified by subduction imprint or other forms of crustal contam-
ination. This is also supported by their Th/Yb and Nb/Yb ratios,
which plot within the enriched mantle array (Fig. 7).

On average, the alkali basalts of New Brunswick are more
enriched in incompatible elements and therefore more differen-
tiated than those of the Magdalen Islands (Fig. 6). Moreover, al-
though the lack of negative Eu anomalies precludes a strong
contribution of feldspar fractionation, much larger FeO/MgO ra-
tios in the alkali basalts of New Brunswick (average = 5.14) than in
those of the Magdalen Islands (average = 1.2) suggest that crystal
fractionation of ferro-magnesian minerals was at play, and that it
was more prolonged in the magmatic source of the former.

In the Ti/Y vs Nb/Y diagram of Pearce (1982; Fig. 8), all mafic
rocks plotted on average as within-plate basalts, which is consis-
tent with their association with continental red beds and epicon-
tinental sea deposits. The sub-alkaline basalts of the Magdalen
Islands have more primitive compositions that are closer to those
of mid-oceanic ridge basalts.

U–Pb geochronology

Studied samples
U–Pb zircon geochronology was carried out on three samples of

volcanic material from the Hardwood Ridge section (Fig. 3; Table 3).

One sample (HRFB5) is from a boulder of felsic volcanic rocks
within red conglomerate of the Shin Member near the base of the
exposed section, whereas the two others (samples HRLT (lithic
tuff) and HRVT (vitric tuff)) were collected, from a �2.5 m thick
succession of felsic tuff layers that occurs near the base of the
conformably overlying Hardwood Ridge Volcanic Member. A sam-
ple of fine felsic tuff (sample HRFT) from the base of the �2.5 m
thick pyroclastic succession was also processed but only provided
zircons that are clearly detrital. Sample HRLT (a slightly coarser
lithic tuff) is from �0.5 m above and includes sand-size clastic
minerals and lithic fragments floating in a fine matrix of volcanic
ash that comprises �70% of the volume. Sample HRVT was col-
lected �1 m above HRLT in a �1.5 m thick layer of coarser, vitric
tuff that tops the thin pyroclastic succession.

Analytical methods
Samples were analysed by isotope dilution – thermal ionization

mass spectrometry at the Jack Satterly Geochronology Laboratory
in the Department of Earth Sciences of the University of Toronto
(Table 3). A detailed description of the analytical methods is pro-
vided in CJES-2017–0176supple1.

Results on the felsic boulder (sample HRFB5)
Four zircon grains (4-sided elongate crystals) from the large

boulder of felsic volcanic rock (sample HRFB5) gave concordant
data. Three (Z2–4) gave data that partially overlap and have a
weighted mean 206Pb/238U date of 368.7 ± 1.3 Ma (mean square of
weighted deviates (MSWD) = 5.6) (Fig. 9). The relatively high
MSWD indicates scatter that may be attributable to geological
sources (e.g., the youngest grain at 368.35 ± 0.34 Ma only partially
overlaps the 2 others and could have undergone minor Pb loss, or
alternatively, it more closely approximates the true age of the
volcanic unit and the two overlapping slightly older grains are
inherited). One grain (Z1) is distinctly older than the other three,
with a 206Pb/238U age of 371.3 ± 0.5 Ma. It is interpreted as inherited
from reworked remnants of an earlier eruption. A conservative
age estimate for the felsic volcanic boulder is 368.7 ± 1.3 Ma
(Table 3). The age of this boulder corresponds well with the Upper
Devonian Piskahegan Group, which is well exposed at the south-
ern margin of the Central–Marysville Basin (NBDNRE 2000). Its
relatively low contents in incompatible trace elements (Table 2)
are also consistent with felsic igneous rocks of this unit (Yang
et al. 2003).

Results on the felsic tuff layers (samples HRLT and HRVT)
Four euhedral zircon tips from sample HRLT gave three par-

tially overlapping data that have a weighted mean 206Pb/238U date
of 335.4 ± 1.1 Ma (MSWD = 5.5) (Fig. 9). Scatter may be due to
geological reasons (Pb loss or inheritance). One zircon (Z1) is
slightly older at 336.83 ± 0.49 Ma (Table 3).

Table 2. Selected trace element contents determined by inductively coupled plasma mass spectrometry analyses performed at Activation
Laboratories, Ancaster, Ontario, Canada.

Lithology Sample Th Ta Nb La Ce Nd Zr Hf Sm Eu Tb Y Ho Tm Yb Lu

detection limit 0.1 0.1 1 0.1 0.1 0.1 2 0.2 0.1 0.05 0.1 1 0.1 0.05 0.1 0.01

felsic clast HRFB5 18.3 1.6 18 42.1 108.0 37.7 405 9.4 7.0 1.54 0.9 24 1.0 0.41 3.0 0.49
felsic clast HRFB4 18.2 1.6 19 36.0 79.8 35.0 418 10.1 7.3 1.79 1.0 28 1.2 0.52 3.5 0.57
felsic clast HRFB3 21.5 1.4 15 45.0 115.0 42.3 324 7.7 8.4 1.51 1.2 32 1.3 0.56 3.8 0.61
felsic clast HRFB2 25.8 1.8 17 55.1 125.0 49.7 299 7.4 10.3 1.26 1.5 45 1.8 0.75 5.0 0.76
felsic clast HRFB1 16.7 1.7 15 50.0 116.0 40.4 402 9.0 8.5 1.92 1.2 32 1.4 0.62 3.9 0.56
alkali basalt RR1 3.2 3.1 39 39.7 89.5 50.1 291 6.2 11.8 3.59 1.5 33 1.5 0.51 2.9 0.46
alkali basalt Q3 4.3 3.7 50 48.2 105.0 57.0 382 8.1 12.5 4.12 1.6 38 1.6 0.61 3.8 0.58
alkali basalt HR2 2.9 2.7 53 31.6 68.3 37.4 279 5.4 8.3 2.72 1.1 27 1.0 0.35 2.2 0.36
alkali basalt B3 5.2 4.6 62 72.4 156.0 86.0 480 10.3 19.0 5.54 2.4 55 2.4 0.84 5.4 0.79
MI tholeiitic basalt Ave. (n = 18)a 1.1 0.6 11 9.5 22.3 14.0 108 2.4 3.5 1.32 0.7 24 0.9 0.36 2.3 0.36
MI alkali basalt Ave. (n = 34)a 4.1 3.1 47 33.6 70.0 32.7 230 5.0 6.9 2.27 1.0 29 1.1 0.41 2.6 0.41

Note: Sample localities are indicated on Figure 3. RR, Royal Road; Q, Queenstown; B, Boiestown/Astle; HR, Hardwood Ridge.
aMagdalen Island (MI) data from La Flèche et al. (1998).

Fig. 4. Upper Mississippian volcanic rocks of central New Brunswick
and the Magdalen Islands plotted on the SiO2 vs Nb/Y diagram of
Winchester and Floyd (1977).
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Four zircon grains from the coarser HRVT gave concordant data
with a range of ages from 621.3 ± 0.7 Ma, 335.6 ± 0.4 Ma, 334.6 ±
0.2 Ma, to 327.7 ± 0.9 Ma (Table 3). The latter age of 327.7 ± 0.9 Ma
from Z4 is interpreted as a maximum age for deposition of the
pyroclastic interval, whereas the �621, �335, and �337 Ma zircons
are considered to be inherited.

Geophysics
By combining available gravity, magnetic, and seismic data from

the Central–Marysville Basin area with field and well data, Jutras
et al. (2007a) identified a series of SW–NE trending faults that offset
the base of the Mississippian succession in steps that are overall

Fig. 5. Upper Mississippian volcanic rocks of central New Brunswick and the Magdalen Islands plotted on the SiO2 vs K2O + Na2O diagram of
Le Bas et al. (1986).

Fig. 6. Trace element abundances in the upper Mississippian basalts of central New Brunswick and those of the Magdalen Islands normalized
against primitive mantle values from Sun and McDonough (1989). [Colour online.]
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increasing in depth towards the northwest until reaching the
Bathurst Horst (Fig. 1), which separates the Central–Marysville
Basin from the Ristigouche Basin of northern New Brunswick and
eastern Quebec. The Mississippian structures are overlapped by
Pennsylvanian strata, which are not offset by the faults and show
consistent thickness across them (Jutras et al. 2007a).

This step-like offset of basement rocks and overlying Mississip-
pian strata along SW–NE trending fault blocks is well represented
in the vertical gradient magnetic image of Kiss et al. (2004), where
a zone of steep vertical gradient readings (the Chipman–Minto
Block) is sharply separated from a zone of low variation in vertical
gradient readings (the Grand Lake Block; Fig. 11). The Hardwood
Ridge volcanics are well exposed on the Chipman–Minto Block,
whereas the Grand Lake Block is characterized by inliers of pre-
Carboniferous basement that are in direct contact with Pennsyl-
vanian strata (Fig. 1), suggesting that Mississippian strata are
mostly absent on that block (Fig. 11). This is also suggested by the
absence of Mississippian strata between basement and Pennsylva-
nian rocks in the Coal Branch Borehole #1 (Jutras et al. 2007a),
which is located in the NE extension of that block.

The Grand Lake Block is also cut by NW–SE trending lineaments
of steep magnetic readings, which are interpreted as feeder dykes
to the upper Mississippian lavas. It is most likely a similar dyke
that forms what Bailey (1910) described as a volcanic neck of upper

Mississippian mafic rocks at Currie Mountain, near Fredericton.
On the Grand Lake Block, these large dykes were later truncated
by post-Mississippian uplift and erosion, which Jutras et al. (2007a)
correlated with the early Pennsylvanian onset of Alleghanian far-
field stresses in eastern Canada.

A Pennsylvanian fault showing evidence for significant vertical
displacement also limits the Chipman–Minto Block from the Fred-
ericton Block to the northwest, which shows much flatter vertical
gradient magnetic readings (Fig. 11). Based on well data, the Mis-
sissippian succession is interpreted to be substantially thicker on
the latter block, which lines up with the Fredericton Trough of
van de Poll (1967). For instance, the Mississippian succession in
that trough is over �350 m thick in the Killarney #3 Borehole
(Fig. 3), and well data suggest a gradual thickening of remnant
Mississippian strata towards the east (Jutras et al. 2007a). There-
fore, we infer that Mississippian volcanic rocks are present on the
Fredericton Block, but covered by additional sedimentary strata
that dilute the vertical gradient readings (Fig. 11).

Although the Grand Lake Block is mostly devoid of Mississip-
pian strata, it includes a small inlier of the Cumberland Hill For-
mation, which forms a well-defined and laterally constrained
magnetic anomaly (Fig. 11) that we interpret to represent a resid-
ual hill of Mississippian rocks in the process of being exhumed
from its Pennsylvanian cover (Fig. 14). Although exposed rem-
nants of the Cumberland Hill Formation are only known from the
Cumberland Hill area, Thomas and Kiss (2005) identified an unex-
posed area on the Chipman–Minto Block that bears a similar mag-
netic signature as the Cumberland Hill volcanics (circular dashed
line on Fig. 11). As it truncates the more complex magnetic signa-
ture that is attributed to the Hardwood Ridge basalts, it possibly
represents another residual hill of the Cumberland Hill Forma-
tion that was subsequently buried by the Hopewell Cape Forma-
tion.

Thomas and Kiss (2005) also identified two igneous plugs (solid,
circular lines on Fig. 11) on the Chipman–Minto Block that could
have acted as feeder pipes for Mississippian volcanism. These au-
thors attribute irregular lineaments in the southeast portion of
the Grand Lake Block to pre-Carboniferous basement features
(Fig. 11).

Provenance of the Shin Member of the Hopewell
Cape Formation

To identify active faults controlling late Mississippian sedimen-
tation and volcanism in central New Brunswick, five paleocurrent
localities were added to the three paleocurrent localities of

Fig. 7. Upper Mississippian basalts of eastern Canada on the Th/Yb vs Nb/Yb plot of Pearce (2008).

Fig. 8. Upper Mississippian basalts of central New Brunswick and
the Magdalen Islands plotted on the Ti/Y vs Nb/Y diagram of Pearce
(1982).
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Table 3. U–Pb isotopic data for chemically abraded zircon grains from rocks of the upper Mississippian Hopewell Cape Formation of central New Brunswick.

Sample/
Analysis
No.

Weight
(�g)

U
(ppm) Th/U

PbC

(pg)
PbT/
PbC

206Pb/204Pb
measured

207Pb/
235U 2 �

206Pb/
238U 2 �

Error
Correction

207Pb/
206Pb 2 �

206Pb/238U
Age (Ma) 2 �

207Pb/235U
Age (Ma) 2 �

207Pb/206Pb
Age (Ma) 2 � % Disc

HRVT Felsic tuff; sampled 1 m above sample HRLT (46°08=30.83==N 66°03=50.70==W)
Z1 17.4 105 0.68 0.7 281 16487.1 0.8443 0.0015 0.10117 0.00012 0.882 0.06052 0.00005 621.27 0.71 621.5 0.80 622.4 1.9 0.2
Z2 14.7 170 1.35 0.4 407 20536.9 0.3914 0.0010 0.05344 0.00007 0.673 0.05312 0.00010 335.60 0.40 335.4 0.70 333.8 4.2 −0.6
Z3 11.3 521 0.58 0.6 528 31824.9 0.3906 0.0005 0.05327 0.00004 0.888 0.05318 0.00005 334.56 0.21 334.8 0.39 336.4 1.9 0.6
Z4 8.3 195 1.35 0.7 161 8134.1 0.3807 0.0012 0.05214 0.00014 0.932 0.05296 0.00006 327.65 0.88 327.6 0.87 327.1 2.6 −0.2
HRLT Felsic tuff from near the base of the Hardwood Ridge Volcanic Member along Newcastle Creek (46°08=30.83==N 66°03=50.70==W)
Z1 20.0 50 0.50 1.2 46 2856.2 0.3935 0.0012 0.05364 0.00008 0.661 0.05321 0.00012 336.83 0.49 336.9 0.86 337.8 5.3 0.3
Z2 12.8 43 0.54 0.4 72 4401.0 0.3922 0.0018 0.05350 0.00007 0.509 0.05317 0.00022 335.96 0.42 336.0 1.34 336.2 9.5 0.1
Z3 13.1 50 0.56 1.5 25 1544.2 0.3918 0.0028 0.05347 0.00011 0.504 0.05314 0.00033 335.78 0.65 335.7 2.01 334.8 14.2 −0.3
Z4 9.9 64 0.50 0.5 65 4037.7 0.3911 0.0009 0.05337 0.00004 0.645 0.05315 0.00011 335.17 0.27 335.2 0.69 335.2 4.5 0.0
HRFB5 Felsic volcanic boulder from conglomerate of the Shin Member along Newcastle Creek (46°08=21.34==N 66°04=55.28==W)
Z1 23.4 42 0.71 1.8 36 2121.2 0.4406 0.0028 0.05928 0.00008 0.539 0.05391 0.00031 371.25 0.48 370.7 1.97 367.3 12.9 −1.1
Z2 15.0 173 0.60 0.6 276 16554.7 0.4390 0.0012 0.05894 0.00010 0.741 0.05402 0.00010 369.17 0.60 369.6 0.87 371.9 4.3 0.8
Z3 10.0 74 0.78 0.6 84 4864.4 0.4383 0.0015 0.05894 0.00008 0.607 0.05393 0.00016 369.20 0.47 369.0 1.09 368.0 6.6 −0.3
Z4 22.5 74 0.68 1.0 102 6021.2 0.4377 0.0008 0.05880 0.00006 0.771 0.05398 0.00007 368.35 0.34 368.6 0.58 370.2 2.9 0.5

Note: Each Z sample is a single zircon grain. The analytical methods are defined in CJES-2017–0176supple1.

Fig.9
.

2
3
8U

/ 2
0

6Pb
C

on
cordia

p
lots

for
zircon

s
retrieved

from
a

felsic
rock

bou
lder

in
con

glom
erate

of
th

e
Sh

in
M

em
ber

(sam
p

le
H

R
FB

5)
an

d
from

a
th

in
in

tervalof
felsic

tu
ff

n
ear

th
e

base
of

th
e

H
ardw

ood
R

idge
V

olcanic
M

em
ber

(sam
ples

H
R

V
T

and
H

R
FT1–2)along

N
ew

castle
C

reek
(H

ardw
ood

R
idge

section
),N

ew
B

ru
n

sw
ick

.

P
agination

not
final(cite

D
O

I)
/

P
agination

provisoire
(citer

le
D

O
I)

10
C

an
.J.Earth

Sci.V
ol.00,0000

Pu
blish

ed
by

N
R

C
R

esearch
Press

C
an

. J
. E

ar
th

 S
ci

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

Pi
er

re
 J

ut
ra

s 
on

 0
3/

08
/1

8
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 



Fig. 10. Paleocurrent measurements from trough channel orientations and clast imbrications in the Shin Member of the Hopewell Cape
Formation. [Colour online.]
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Jutras et al. (2007a) from the north part of the Central–Marysville
Basin, all from the Shin Member of the Hopewell Cape Formation
(Fig. 10). Measurements from trough channel orientations were
obtained at all localities (Fig. 10). Where an insufficient number of
these could be retrieved, the scour-and-fill data were combined
with less reliable but in this case corroborating clast imbrication
data (Fig. 10).

Based on paleocurrent vectors, facies distribution, mapping data,
and inferences from nearby basins, Jutras et al. (2007a) concluded
that the Shin Member of the Hopewell Cape (then Bonaventure)
Formation in the north part of the Central–Marysville Basin was
sourced from a reverse fault scarp developed along the SW-striking
Miramichi Fault complex, which separates the basin from the
Miramichi Highlands, and a dextral transtensional fault scarp de-
veloped along the E–W striking Heath Steele Fault, which sepa-
rates the basin from the Bathurst Horst. Based on paleocurrent
vectors obtained along the Sevogle River (Fig. 10, locality 1), the
Sevogle Fault may have been active at the time as a normal fault. New
data from South Tay Creek (locality 7), Mactaquac Dam (locality 8),
and Finger Lakes (locality 13) suggest that the Miramichi High-
lands source area, bounded by the Miramichi Fault, extended far-
ther to the southwest than the Fredericton area, which implies that
the Fredericton Fault is a post-Mississippian structure (Fig. 10). This
undermines the distinction between the Marysville and Central ba-

sins of van de Poll (1995), which correspond respectively to the south-
ern and northern areas of the same Mississippian basin, herein
referred to as the Central–Marysville Basin.

Additional data from the Shin Creek (locality 14) and Shannon
(locality 20) sections suggest that the Kingston Uplift of St. Peter
and Johnson (2009) formed the southeast boundary of the Cen-
tral–Marysville Basin, bounded by the Belleisle Fault (Fig. 10). This
is also supported by the abundance of Precambrian schist clasts in
the coarse Shin Member at Shannon, a lithology that is present in
the Kingston Uplift, but not in the Miramichi Highlands (NBDNRE
2000). Identification of the Bathurst Horst, Miramichi Highlands,
and Kingston Uplift as source areas of the Central–Marysville Ba-
sin is also supported by the coarseness of the Hopewell Cape
Formation sediments in their vicinity (sections 1–4, 6–9, and 13–20
on Fig. 1).

Paleocurrents were also obtained from about halfway between
the Miramichi Highlands and the Kingston Uplift, at Hardwood
Ridge (locality 11), where NE-driven paleocurrents in broad channel-fills
are inferred to represent a trunk river system. Oversized boulders
of phyllite, phreatic calcrete, and felsic volcanic rocks dated at
368.7 ± 1.3 Ma (sample HRFB5) near the unexposed base of the
succession are interpreted as rock fall boulders issued from an
irregular basin floor. They suggest deposition in a paleovalley
cutting through remnants of the La Coulée Calcrete above volca-

Fig. 11. Interpretation of the first derivative magnetic gradient image of Kiss et al. (2004) for the Chipman–Minto area (shown on Fig. 1). Large
dashed-lines mark the interpreted position of early Pennsylvanian fault lines; dashed and full circular lines limit areas interpreted by Thomas
and Kiss (2005) to respectively represent felsic igneous rock complexes and igneous plugs.

Pagination not final (cite DOI) / Pagination provisoire (citer le DOI)

12 Can. J. Earth Sci. Vol. 00, 0000

Published by NRC Research Press

C
an

. J
. E

ar
th

 S
ci

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

Pi
er

re
 J

ut
ra

s 
on

 0
3/

08
/1

8
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 



nic rocks of the Piskahegan Group and Silurian basement rocks of
the Kingsclear Group (Fig. 3), all of which are observed uncon-
formably below the Hopewell Cape Formation in exposed sections
and wells of southern areas of the Central–Marysville Basin (Fig. 1).

General discussion and conclusions

Biostratigraphy versus geochronology
Based on the timescale of Richards (2013), the �328 Ma Hard-

wood Ridge volcanic rocks are lower Pendleian at the oldest. How-
ever, based on field relationships and regional biostratigraphic
constraints from Utting and Giles (2004) and von Bitter et al.
(2007), they would be upper Asbian at the oldest or Brigantian at
the youngest. The new isotopic dates therefore reveal some signif-
icant discrepancies between biostratigraphic substage subdivi-
sions for the Visean to Serpukhovian interval of eastern Canada
and the timescale proposed by Richards (2013). The latter is largely
based on dates obtained from Asia, whereas the biostratigraphy of
eastern Canada is based on correlations with Europe, which might
be one of the causes for the discrepancy. Moreover, it should be
noted that absolute age estimations for these volcanic rocks and
for Visean to Pendleian substage subdivisions are based on isoto-
pic dates with error ranges estimated between +1 and +6 million
years (Menning et al. 2000, 2006; Davydov et al. 2012; Richards
2013). For this reason, estimation of Visean to Pendleian substage
boundaries has varied greatly over the years, with the Holkerian–
Asbian, Asbian–Brigantian, and Brigantian–Pendleian boundaries
increasing in age by respectively �6, �4.5, and �2 million years
between Menning et al. (2000) and Richards (2013). In this context
of a quite imprecise and still evolving timescale that might re-
quire some reconciliation between biostratigraphic data from
eastern Canada, Europe, and Asia, we favour the scale of Menning
et al. (2006), which was built by a consortium of 20 researchers and
which correlates better with biostratigraphic constraints (Fig. 2).
Based on that scale, the Hardwood Ridge Volcanic Member is upper
Brigantian, which suggests that it is younger than the upper As-
bian Magdalen Island basalts. (Fig. 2). However, considering the
uncertainty of correlations between isotopic and biostratigraphic
ages, we do not rule out the possibility that these units could be in
part coeval.

Tectonostratigraphic setting of central New Brunswick in
late Mississippian times

In the Ristigouche Basin of northern New Brunswick and eastern
Quebec, it was determined that coarse clastics of the mid-Visean La
Coulée Formation, which locally host the syn-depositional La Coulée
Calcrete, were sourced from fault scarps developed in response to
NW–SE shortening (Jutras and Prichonnet 2005). A similar tectonic
setting is inferred for the time-equivalent Lower Windsor Group in
central New Brunswick (Jutras et al. 2007b).

Cumberland Hill Formation
Based on available data, the Cumberland Hill Formation is esti-

mated to be at least 7 million years older than the Hardwood
Ridge Volcanic Member, unlike the conclusions of the NBDNRE
(2010), which considered the two units to be coeval. As it is absent
below the upper Asbian to Brigantian Hopewell Cape Formation
(sensu Jutras et al. 2016) at all localities (Fig. 1), the Cumberland
Hill Formation may have been affected by the same erosion event
that eradicated most of the Holkerian Lower Windsor Group and
La Coulée Calcrete in central New Brunswick (Jutras et al. 2007b).
The product of this erosion is inferred to be the Tennycape For-
mation (sensu Jutras et al. 2016), which was sourced and accom-
modated by gentle SW–NE trending crustal flexures that are also
interpreted to be a response to NW–SE shortening (Jutras and
Prichonnet 2005; Jutras et al. 2007a, b), but during a slowdown of
shortening rates (Jutras 2014).

The broad anticlinal flexures that sourced the Tennycape For-
mation may have provided a setting where highly differentiated
residual fluids could be concentrated and where a volcanic breach
could easily occur in the anticlinal hinge zones. The igneous plugs
identified by Thomas and Kiss (2005) on the Chipman–Minto
Block (Fig. 11) may have been the sites of such breaches of felsic
magma. Hence, we interpret the Cumberland Hill lavas as possi-
bly syn-depositional to the Tennycape Formation and occurring in
the source area of the latter.

Hopewell Cape Formation
As NW–SE shortening rates re-increased, fault-controlled sedi-

mentation resumed with deposition of the Hopewell Cape Forma-
tion (ex-Bonaventure Formation) (Jutras and Prichonnet, 2005). In
this context, we infer dextral movement with a normal component
along the E–W striking Heath Steele Fault, normal movement along

Fig. 12. Cross-section A–B–C (transect on Fig. 1), showing the fragmented Mississippian Central–Marysville Basin below Pennsylvanian strata.
Inferred stratigraphy in the Fredericton Trough is based on Jutras et al. (2007a, b). [Colour online.]
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Fig. 13. Paleogeographic reconstruction of the Shin Member of the Hopewell Cape Formation in the Central–Marysville Basin prior to the
onset of Hardwood Ridge Volcanic Member volcanism, with the position of studied localities that include that unit. Note that localities
located north of the Catamaran Fault (Fig. 1) were displaced to the right as this fault is inferred to have known post-Mississippian dextral
displacement (Jutras et al. 2007a). [Colour online.]
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the NW–SE striking Sevogle Fault, reverse movement along the
SW to WSW striking Miramichi Fault, and reverse movement
with a dextral component along the NE to ENE striking Bel-
leisle Fault (Fig. 13). As noted earlier, syn-depositional scarp
development along these faults is suggested by the distribution of
coarse facies and paleocurrent vectors in the Shin Member (Figs. 1,
3, 10, and 13). It is in association with these faults that the large
NW–SE trending dykes (Fig. 11) are interpreted to have developed
as a pull-apart response to NW–SE shortening in a transtensional
to compressional graben complex, thus sourcing basalts of the
overlying Hardwood Ridge Volcanic Member. In this context, the
dykes would have developed from extension perpendicular to
the main principal stress, which is consistent with previous stud-
ies suggesting that mid- to late Mississippian tectonics in the Mari-
times Basin were controlled by NW–SE shortening (Jutras and
Prichonnet 2005; Wilson and White 2006; Jutras et al. 2005, 2007a,
2015, 2016).

Petrogenetic and emplacement models for the upper
Mississippian volcanic rocks of eastern Canada

Based on their �Nd value of +3 (Pe-Piper and Piper 1998; +3.40
and +4.26 in Dostal and Jutras 2016), the absence of negative Nb
anomalies, and a high content in incompatible elements, Gray
et al. (2010) concluded that trachyte of the Cumberland Hill For-
mation evolved from the prolonged crystal fractionation of alkali
magma derived from an asthenospheric source that experienced a
low degree of partial melting. A similar scenario is inferred for the
Hardwood Ridge Volcanic Member, which hosts compositionally
similar tuff and which is interpreted to have evolved from the same
primary source. However, their significant age difference suggests
that they are the products of two distinct magmatic pulses.

Geochemical similarities between penecontemporaneous al-
kali basalts from the upper Mississippian successions of the
Magdalen Islands and central New Brunswick suggest that they
are correlative and have a common petrogenetic history. On the
Magdalen Islands, La Flèche et al. (1998) dismissed the possibility
of a common source for the sub-alkaline and alkali basalts of that
succession based on the wide distribution of �Nd values, which
range from +2.0 to +7.0. However, when only alkali basalts are
considered, these values are still widely distributed between +2.0
to +6.3 (La Flèche et al. 1998). Moreover, the subalkaline basalts are

also relatively rich in incompatible elements and on average quite
close to the range of alkali basalts (Figs. 4 and 5). La Flèche et al.
(1998) subdivided them based on the Zr/TiO2 versus Ta*/Y classifi-
cation diagram of Floyd and Winchester (1978), but also noted that
their 51 samples show a widespread and rather continuous distri-
bution from one range to the other. In all their other geochemical
diagrams, both types of basalts also show a continuous distribu-
tion and a partly overlapping range. We therefore conclude that
invoking two different sources is unnecessary and that different
degrees of partial melting possibly combined with different de-
grees of crystal fractionation may explain all the variations.

As noted by La Flèche et al. (1998), high AlO2/TiO2 ratios in the
Magdalen Island basalts, which are comparable in the penecon-
temporaneous New Brunswick occurrences (Table 1), suggest that
they were differentiated under high pressure (�10 kbar). Hence,
crystal fractionation may have occurred at the base of the crust
beneath the Maritimes Basin, where a 10–20 km thick mafic un-
derplating has been inferred from a combination of gravity and
deep seismic data (Marillier and Verhoef 1989). It is likely that this
mafic underplating contributed to magmatism in the Maritimes
Basin since its opening in Late Devonian times (Pe-Piper and Piper
1998). Early magmatism (Late Devonian to Tournaisian) was dom-
inantly subalkaline and its isotopic signature is mostly compati-
ble with a lithospheric mantle source that has been enriched by
subduction, which occurred at the eastern North American mar-
gin through most of the early to middle Paleozoic (Pe-Piper and
Piper 1998). However, the upper Mississippian volcanic rocks of
New Brunswick and eastern Quebec do not show evidence for
contamination by subduction, and they include trace element
abundances that are quite similar to those of ocean island basalts.
It therefore seems that, contrary to the conclusions of La Flèche
et al. (1998), late magmatism in the Maritimes Basin was no longer
fed by the contaminated lithospheric mantle, but rather by partial
melting of the sublithospheric mantle.

Our proposed model is that transtensional lithospheric stretch-
ing in the Maritimes Basin first contributed to a high degree of
partial melting at the base of a metasomatically enriched litho-
sphere, with the rising melts accumulating at the base of the crust
throughout the lateral extent of the Maritimes Basin. As pull-
apart transtensional tectonics characterized most of the Late De-

Fig. 14. Interpretation of the tectonic setting of upper Mississippian volcanic rocks in eastern Canada. [Colour online.]
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vonian to Early Carboniferous interval (Hibbard and Waldron
2009), it is likely that this 10–20 km thick accumulation of mafic
material occurred gradually in pulses. Available data suggest that
melts evolved from a subcontinental lithospheric primary source
with a high degree of partial melting, in early stages, to a sublitho-
spheric primary source with a low degree of partial melting, in late
stages.

Inputs of alkali mafic magma in the mafic underplating body at
the base of the crust may have started in response to mid-Visean
transtensional faulting, followed by a long period of crystal frac-
tionation and the development of highly differentiated felsic
magma at the top of the magmatic body. The latter may have
subsequently concentrated in some of the broad anticlinal folds
that sourced the mid-Visean Tennycape Formation, eventually
breaching through one of these folds to source the Cumberland
Formation, southeast of the Fredericton Trough.

Reactivation of the faults that controlled deposition of the
Middle Windsor Group and Hopewell Cape Formation may have
generated new inputs of alkali magma at the base of the crust in
late Asbian times, followed by a new period of crystal fraction-
ation. The thin layers of felsic tuff near the base of the Hardwood
Ridge Volcanic Member are inferred to be the products of explo-
sive extrusions of highly differentiated residual fluids from the
top of the evolving magma chamber that also sourced the overly-
ing alkali basalts. As this tuff includes many inherited zircons of
the same age as those in rhyolite of the Cumberland Hill Forma-
tion, the two felsic units were possibly sourced from the same
discrete volcanic area. In contrast, as noted earlier, subsequent
mafic lavas were seemingly fed by large NW–SE trending dykes
such as those observable on Fig. 11 in response to the ongoing
NW–SE shortening that is inferred to have controlled Mississip-
pian tectonics in the area (Jutras and Prichonnet 2005; Wilson and
White 2006; Jutras et al. 2005, 2007a, 2015, 2016).

The penecontemporaneous Hardwood Ridge and Magdalen
Islands basalts were possibly all fed by pull-apart openings along
the Belleisle Fault (Fig. 14), one the most extensive structures
of eastern North America (Hibbard and Waldron, 2009), but as
Mississippian strata are deeply buried below Pennsylvanian to
Permian strata in the Gulf of Saint Lawrence, it is at this stage
impossible to determine whether or not basalts of central New
Brunswick and of the Magdalen Islands are part of the same
Mississippian structural basin. However, the apparent absence of
subalkaline lavas in the Central–Marysville Basin suggests that
individual lava flows did not cover both areas, which is also sug-
gested by basaltic bodies that are insufficiently thick to represent
large scale flood basalts.
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