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ABSTRACT. A detailed petrological and geochemical study was con-
ducted on Lower Cambrian volcanic rocks associated with the Chaudiere
River Nappe (C.R.N.) and Drummondyville Olistostrome (D.O.) in the
Quebec Southern Appalachians. These volcanic rocks are interpreted
as products of igneous events related to the break-up of continental
crust and the opening of the Iapetus Ocean. Three major volcanic rock
assemblages were identified that correspond to very low-grade metamor-

hosed basalts, andesites, and rhyolites. The basaltic flows can be
subdivided into four geochemical groups: subalkaline, transitional-
subalkaline, transitional-alkaline, and alkali basalts. The first three
groups consist of olivine- and plagioclase-phyric basalts erupted as
pillows, massive flows, flows breccias and blocky lavas. Alkali basalts
represent massive flows characterized by kaersutite—Ti—augite—biotite—
and apatite—phenocrysts. Andesite and rhyolite and aphyric blocky lava
flows and massive to brecciated flows respectively.

The subalkaline basalts (group 1) are geochemically characterized
by La/Yb = 0.4 — 0.5,Zr/Y = 1.2 — 1.8, and Hf/La = 0.54 — 0.88, while
transitional-subalkaline basalts (group 2) show La/Yb = 1.8 - 6.2,
Zr/Y = 3.2 — 6.8, and Hf/La = 0.25 — 0.59. Groups 1 and 2 basalts show
strong affinities with normal and transitional Mid-Oceanic Ridge Ba-
salts (N and T-M.O.R.B’s). Transitional-alkali basalts (group 3) and
alkali basalts (group 4) show La/Yb ratios ranging respectively from 5.8
to 11.5 and from 17.1 to 29.3. Their Zr/Y ratios range from 6.5 to 9.1
(group 3) and from 9.1 to 12,5 (group 4), while the Hf/La ratio is
approximately the same for both groups ranging from 0.11 to 0.28.
Groups 3 and 4 basalts show affinities with intraplate basalts.

The geodynamic model proposed for the generation of these volca-
nic rocks involves, for groups 2, 3, and 4 basalts, partial melting of a
previously metasomatized spinel lherzolite source and diapiric up-
welling of an enriched melt. Only group 1 basalts could have been
generated by an unmetasomatized depleted lherzolite source. Esti-
mated degrees of partial melting range from 22 percent for subalkaline
basalts to 5 percent for alkali basalts. Andesites may be generated by 85
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percent fractional crystallization of basalts from group 3. Rhyolite
could be produced by melting of continental crust. Sedimentary units
in contact with or observed in proximity to the volcanic outcrops
suggest that groups 1 and 2 basaﬂs were erupted in a relatively deep
and low-energy environment whereas groups 3 and 4 were erupted on
or close to a continental margin. Both sedimentary and volcanic events
are compatible with progressive opening of a continental rift leading to
formation of a mature oceanic basin.

INTRODUCTION

Volcanic rocks associated with the Chaudiere River Nappe (C.R.N.)
and the Drummondyville Olistostrome (D.O.) were first recognized dur-
ing regional mapping in the St-Apollinaire, Drummondyville, and Ar-
thabaska areas, Quebec, Canada. These volcanic rocks were correlated
with basalts from the Formation de la Montagne de St-Anselme near
St-Malachie (Valliere, Hubert, and Brooks, 1978) and the Tibbit Hill
Formation (Pintson, Kumarapeli, and Morency, 1985) and were inter-
preted as the volcanic response to the development of a continental rift
associated with the opening of Iapetus Ocean during the Upper Precam-
brian to Early Cambrian‘boundary (Valliere, Hubert, and Brooks, 1978).
A more recent U-Pb zircon study of commendites of the Tibbit Hill
Formation has yielded an age of 554 +4,-2 Ma which provides a
maximum estimate of the age of the Tibbit Hill Formation (Kumarapeli
and others, 1989).

In Newfoundland, the C.R.N. and D.O. volcanics may be correlated
with basalts of the Lighthouse Cove Formation (Strong and Williams,
1972) and the mafic and silicic volcanic rocks of the Hughes Lake
Complex (Williams, Gillespie, and Van Breeman, 1985). Basaltic rocks
from the Camel Hump Group (Coish and others, 1985) and the Stowe
Formation (Coish and others, 1986) in Vermont may also represent
chemical equivalents to the C.R.N. and D.O. basalts. The aim of this study
is to assess the geochemical and petrological characteristics of volcanic
rocks from the C.R.N. anid D.O. and investigate the rifting hypothesis as a
model for the evolution of this segment of Appalachian orogen.

GEOLOGICAL SETTING

The Appalachian System in southern Quebec is divided into two
major tectonostratigraphic units: the Humber zone and Dunnage zone
(Williams, 1979). The Humber zone is subdivided into four major do-
mains: an autochtonous domain, the foreland thrust belt, and the exter-
nal and internal nappes (St-Julien, Slivitzky, and Feininger, 1983). Rocks
of the autochtonous domain consist of lithologies that correspond to
continental shelf and slope sequences, covered by turbiditic deposits and
a regressive sequence (St-Julien and Hubert, 1975). The foreland thrust
beltis compared of units similar to those of the autochtonous domain, but
the stratigraphic sequence is repeated several times by a thrust assem-
blage. The external nappe domain is bordered to the northwest by
Logan’s line and to the southeast by the internal nappes. The lithologies'
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occurring in this region are believed to have been deposited on the
continental rise (St-Julien, Slivitzky, and Feininger, 1983). During the
Early to Middle Ordovician subduction event, the continental rise was
uplifted, which led to erosion and the formation of stacked nappes by
gravity sliding (St-Julien and Hubert, 1975; St-Julien, Slivitzky, and
Feininger, 1983).

The C.R.N. and D.O. are located at the northwestern limit of the
external nappes. The C.R.N. is composed of green, red, or gray argilla-
ceous shales interbedded with siltstones, feldspathic arenites, graded
bedded rudites, or quartz bearing sandstones. These units correspond to
those of the Sillery Group, whose age is considered to be Early Cambrian
(St-Julien, personal communication, 1990). In the C.R.N., the rocks of
the Sillery Group are repeated by a series of thrust faults, and locally,
basic volcanic rocks constitute a thin unit at the base of this group
(St-Julien, Slivitzky, and Feininger, 1983). The metamorphism reaches
the prehnite-pumpellyite facies.

The D.O. is characterized by a shaly matrix containing some exotic
blocks of crystalline limestones, volcanic agglomerates, and amygdaloidal
lavas (St-Julien, Slivitzky, and Feininger, 1983). A study of graptolites
sampled in the shaly matrix indicates a Middle Ordovician age while the
age of exotic blocks range between Cambrian to mid-Ordovician time
(Riva, 1966; St-Julien, Slivitzky, and Feininger, 1983).

FIELD OBSERVATIONS AND PETROGRAPHY

Field descriptions and microscopic observations have led to the
identification of two volcanic rock types: basalt and rhyolite (Vermette,
Hébert, and Bergeron, 1988; Vermette, 1989). Andesite has been identi-
fied by petrological-and mineralogical means. Further subdivision of the
basalts into four groups is based mainly on geochemical analyses.

Group 1: subalkaline basalts.—Most of the subalkaline basalt outcrops
are associated with D.O. and occur in St-Léonard D’Aston and St-Cyrille
de Wendover (fig. 1, outcrops 6, 9, 10). These basalts are phyric and
somewhat vesicular and amygdaloidal, with the vesicles filled with quartz.
Pillow flows, breccia flows, and massive flows characterize the group.
These primary features are well preserved in each locality. At St-Léonard
D’Aston, the pillows were locally affected by a strong hematization with
occurrence of pyrite and malachite. In some place, abundant plagioclase
phenocrysts (15 percent) are observed in the pillows. Generally, the
pillows are surrounded by breccias and hyaloclastites that contain angu-
lar fragments of basalt and devitrified volcanic glass supported in a
matrix of calcite, chert, and blue-green prehnite. Locally, the breccias
also occur as flow breccias.

The primary phenocrysts and microphenocryts assemblage of group
1 are idiomorphic plagioclase determined petrographically to be An
30-35 and olivine pseudomorphs. The plagioclase is partly converted to
calcite and sericite whereas olivine is totally chloritized. The groundmass
is composed of sericitized plagioclase microlites, clinopyroxene, Fe-Ti
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Fig. 1. Simplified geologic map of Appalachian orogenic system showing regional
tectonic setting and location of Lower Paleozoic volcanic rock occurrences in or close to the
study area. SY: Sillery Group (Lower Cambrian); BO: Bourret Formation (Middle Or-
dovician); C.R.N.: Chaudiere River Nappe (Lower Cambrian); E.R.O.: Etchemin River
Olistostrome (Middle Ordovician); Dé) Drummondyville Olistostrome (Middle Or-
dovician); SH: Shefford Group (Lower Cambrian); TH: Tibbit Hill Formation (Lower
Cambrian). Modified from St-Julien and Hubert, 1975.

oxides, and chloritized glass. Pumpellyite and prehnite are observed in
minor amounts in some plagioclase phenocrysts. These two secondary
minerals indicate that the basaltic rocks underwent a very low grade
metamorphism (Zen, 1974), typical of pumpellyite-prehnite facies. The
typical textures recognized in this group are ophitic, sub-ophitic, prophy-
ritic, intersertal, and pilotaxitic.

Group 2: Transitional subalkaline basalts.—The outcrops are located in
St-Flavien, Plessisville, St-Cyrille de Wendover, and Drummondbville (fig.
1, outcrops 5, 7, 8, 11, and 14). Transitional subalkaline basalts are phyric
and commonly amygdaloidal. Vesicles are filled with calcite, chlorite, and
hematite. Generally, volcanic facies are very similar to those of group 1.

-
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However, at St-Cyrille de Wendover (outcrop 7), planar degasification
zones and injection breccias were found. These latter are composed of
angular fragments supported in a hematitic calcite matrix. Moreover, the
pillow flows in the St-Flavien quarry are affected by a strong hematization
with local occurrence of chalcopyrite. In Drummondville, these basalts
are in fault contact with a laminated graphitic and pyritic shale, while in
St-Flavien and Plessisville, a red-green argillaceous shale and a black
shale were observed near the pillow flows.

The primary mineral assemblage is composed of idiomorphic pheno-
crysts and microphenocrysts of plagioclase (An 30-35) and altered ol-
ivine, set in a groundmass of plagioclase microlites, partially chloritized
clinopyroxene, Fe-Ti oxides, and chloritized-palagonitized glass. Olivine
is replaced by iddingsite, talc, and chlorite while plagioclase microlites
are replaced by calcite and sericite. The textures of transitional subalkali
basalts are porphyritic, subophitic, intersertal, and intergranular.

Group 3: Transitional-alkali basalls—Transitional-alkali basalts are
associated with D.O. They are located in the Drummondyville and Acton
Vale areas (fig. 1, outcrops 1, 2, and 4), where they occur as massive flows,
flow breccias, and blocky lavas. The basalts are vesicular and amygdaloi-
dal, and vesicles are filled with calcite, chlorite, quartz, epidote, and
hematite. Texture varies from phyric to fine grained. Massive flows are
the most common and are sometimes interstratified with blocky lavas
(St-Francis River, Drummondville). Along the St-Francis River, flows
occur in faulted contact with black phyllite. In the Acton Vale quarry,
transitional-alkali basalt flows are in faulted contact with limestone.
Mineral assemblages consist of strongly sericitized and calcitized plagio-
clase phenocysts and olivine phenocrysts replaced by pennine. The
groundmass consists of sericitized plagioclase microlites, chloritized clino-
pyroxenes, and chloritized glass.. Accessory minerals include apatite,
sphene, and ilmenite replaced by leucoxene. Other secondary minerals
include epidote and pumpellyite. Observed textures in the rocks range
from intergranular to intersertal, microporphyric, sub-ophitic, and pilo-
taxitic.

Group 4: Alkali basalts.—The alkali basalts are located in the St-
Apollinaire, Val-Alain, and Acton Vale areas (fig. 1, outcrops 13, 15, 16,
17, and 3). These fine to medium grained volcanic rocks occur as weakly
vesicular and amygdaloidal massive flows, with calcite filled vesicles. At
St-Apollinaire (outcrop 15), the basalts are in concordant contact (lower
and upper contacts) with a calcareous sandstone, whereas in Val-Alain
(outcrop 13) they are concordant with a gray shale.

The primary mineral assemblage is composed of plagioclase (An 35)
phenocrysts, altered olivine, relatively fresh Ti-augite as phenocrysts and
microphenocrysts, and microphenocrysts of kaersutite. The plagioclase is
replaced by calcite and sericite, whereas olivine is replaced by talc and
chlorite. The groundmass is characterized by plagioclase (An 35), apatite,
biotite, zircon, spinel, Fe-Ti oxides, and chloritized volcanic glass. More-
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over, some thin sections contain minor occurrences of prehnite and
pumpellyite, indicating that these volcanic rocks underwent a very low
grade metamorphism.

Andesite.—Andesite was recognized only along the St-Francis River
at Drummondpville (outcrop 4), where they are closely associated with
transitional-alkali basalts. These lavas occur commonly as vesicular and
amygdaloidal massive flows, with the vesicles filled with chlorite and
calcite. The primary mineral assemblage is altered plagioclase pheno-
crysts and microphenocrysts and augite (only as microphenocrysts), set
in a groundmass of plagioclase microlites. Both minerals are strongly
replaced by calcite and chlorite.

Rhyolites.—Only one outcrop of rhyolite was found at Plessisville (fig.
1, outcrop 12). This outcrop shows the gradual transition from brecci-
ated to massive rhyolite. The primary minerals are quartz micropheno-
crysts set in a groundmass of quartz, biotite, and feldspar. The texture is
typically spherulitic. '

ALTERATION AND REMOBILIZATION

The most important type of alteration that occurs in nearly all
basaltic rock samples is characterized by: (1) chloritization of olivine
(phenocrysts and microphenocrysts), clinopyroxene, and volcanic glass;
(2) albitization and sericitization of plagioclase (phenocrysts and micro-
phenocrysts); and (3) occurrence of chlorite, calcite, and pumpellyite as
secondary minerals found in vesicles. The altered basaltic rocks are also
characterized by important geochemical variations in major and trace
element concentrations (tables 1 and 2). These variations can be associ-
ated with interactions between the basaltic rocks and a fluid phase such as
seawater. Evidence of circulation of such fluid phase is strongly sup-
ported by the increase of the volatile content (L.O.1.) which ranges
between 1.02 and 9.75 percent. However, as most samples of basaltic
rocks have been collected from different outcrops in the C.R.N. and
D.O., a detailed study of the geochemical remobilization associated with
alteration processes cannot be carried out with great accuracy.

Major elements.—High volatile contents (L.O.1.) observed in groups
1,2, and 3 basalts are related to chloritization processes that have affected
basalts of these groups. This interpretation is mainly supported by the
high modal olivine, clinopyroxene, and glass contents. Since olivine,
clinopyroxene, and glass are replaced by chlorite, this mechanism can
explain the high L.O.1. that causes water increase during metamorphic
alteration. Group 4 basalts are less altered, and primary kaersutite and
apatite are ubiquitous in these rocks. Hence, high L.O.1. observed in
these rocks partly reflects the primary mineralogy and the chloritization
effects mentioned for groups 1, 2, and 3 basalts. Moreover, the global
decrease in the SiO; content associated with a corresponding increase in
the L.O.I. content in basaltic groups 1, 2, and 3 also reflect olivine,
clinopyroxene, and glass chloritization. No trend of variation can be
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TABLE 1

Major element abundances tn C.R.N. and D.O. volcanics

87

Outcrop 6 10 6 6 10 9
Sample Dv-19B Dv-18.5 DV-20.1 DV-20 Dv-18.1 DV-21
Si02 52.16 52.53 51.24 51.07 50.05 51.66
TiO2 0.86 0.81 0.70 0.89 0.73 0.87
Al203 13.83 13.26 15.65 15.53 14.19 17.04
Fe203 11.18 10.24 9.98 9.26 9.95 10.65
MnO 0.18 0.1 0.21 0.19 0.18 0.20
MgO 6.93 7.71 7.91 5.89 7.61 5.55
Ca0 10.68 11.40 9.73 13.55 14.51 8.94
Na20 3.70 3.77 2.92 3.51 2.7 5.01
K20 0.42 0.12 1.60 0.24 0.03 0.03
P205 0.08 0.04 0.07 0.07 0.04 0.05
Total 100.00 100.00 100.00 100.00 100.00 100.00
L.O.L 1.79 2.34 2.80 4.01 4.28 4.66
Outcrop 14 5 14 8 11 7
Sample 108 119 DV-29.3 DV-17.1 DV-26.2 117
Si02 51.97 49.38 50.64 50.44 46.70 47.08
Tio2 1.63 2.92 1.46 2.07 1.78 1.47
Al203 13.38 13.27 14.20 17.20 18.46 16.82
Fe203 12.04 15.43 12.01 13.61 14.94 12.76
MnO 0.20 0.22 0.18 0.16 0.15 0.08
MgO 6.47 6.35 8.05 7.13 7.75 8.90
CaO 9.12 7.55 8.75 3.86 4.91 7.42
Na20 3.95 3.29 3.35 3.96 4.67 4.61
K20 1.07 . 1.30 1.21 1.31 0.43 0.75
P20s 0.17 0.30 0.16 0.25 0.21 0.14
Total 100.00 100.00 100.00 100.00 100.00 100.00
L.O.l 2.42 2.51 2.86 4.92 8.09 9.75

established between SiO; and L.O.L. for the group 4 basalts. Groups 1
and 2 basalts show that variations in the MgO and FeyO3 concentrations
are lower than 3.42 percent. These light variations probably reflect
primary geochemical attributes. Basalts of groups 3 and 4 show higher
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TaBLE 1
(continued)
Qutcrop 4 2 4 4 1 2
Sample DV-14.E DV-07 DV-14.A DV-13.C DV-11.5 DV-05.8
Sio2 51.06 48.00 49.25 48.04 48.38 48.70
Tio2 3.49 2.38 4.29 4.24 2.54 2.50
Al203 14.33 16.21 15.82 16.76 17.80 18.36
Fe203 17.68 11.44 19.60 15.70 12.01 10.64
MnO 0.13 0.23 0.19 0.14 0.17 0.08
MgO 3.74 7.99 2.99 4.07 11.47 7.63
Ca0 5.69 8.97 3.56 5.26 3.08 6.07
Na20 3.13 2.90 2.88 4.74 3.78 1.33
K20 0.40 1.47 0.68 0.40 0.32 4.10
P205§ 0.36 0.39 0.74 0.65 0.49 0.60
Total 100.00 100.00 100.00 100.00 100.00 100.00
L.O.L 3.64 3.99 4.72 4.84 7.03 8.14
Outcrop 15 15 15 3 13 17
Sample DV-39 104 103.A DV-01 Dv-27 101
L)
Si0o2 42.74 45.45 4427 44.12 53.96 44.89
TiO2 4.40 5.68 4.50 4.22 3.49 4.61
Al203 13.73 10.00 10.72 9.02 13.90 11.39
Fe203 13.52 15.71 16.74 16.00 7.58 17.53
MnO 0.15 0.20 0.29 0.18 0.19 0.45
MgO 7.52 8.86 9.26 10.21 4.23 9.69
CaO 6.58 10.58 11.01 14.60 10.43 8.40
Na20 3.48 2.85 1.9 1.00 5.05 1.65
K20 0.62 0.10 0.68 0.21 0.09 0.56
P205 7.27 0.57 0.62 0.44 1.08 0.84

Total 100.00 100.00 100.00 100.00 100.00 100.00

L.O.L 1.02 2.51 5.92 6.14 7.57 8.84

variations ranging between 5.98 and 8.48 percent for MgO and between
8.96 and 9.95 percent for Fe,Os. These variations (mainly for group 3
basalts) can also be associated with chloritization processes.

Along with the increase of L.O.1., basalts from groups 1, 2, and 3 also
show a global decrease in the CaO content and a slight increase in the,
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TaBLE 1

(continued)
Andesites Rhyolites

Qutcrop 4 4 4 12 12
Sample DV-14.H DV-14D DV-13.F DV-22.4 DV-22.1

Sio2 60.45 62.28 62.40 77.55 77.64
Tio2 2.32 2.57 2.17 0.16 0.18
Al203 14,43 14.91 14.01 11.74 11.87
Fe203 10.67 9.81 10.34 1.52 1.38
MnO 0.18 0.09 0.17 0.01 0.01
MgO 2.09 2.09 2.98 0.14 0.10
Ca0o 4,52 2.86 2.81 0.08 0.08
Na20 3.90 3.7 4.39 1.34 1.95
K20 1.13 1.34 0.43 7.48 6.78
P205 0.33 0.34 0.30 0.02 0.02

Total 100.00 100.00 100.00 100.00 100.00

L.O.1. 2.74 2.83 3.18 0.74 0.82

Al; Oy concentrations. Increase of Al,O3 can be associated with the CaO
leaching by the fluid phase (Gélinas, Mellinger, and Trudel, 1982) and a
corresponding albitization and sericitization of plagioclase. Other alkali
elements such as Nay,O and K,O show some variations of their concentra-
tions without any correlation with the L.O.1. However, the characteristic
mobility of these elements suggests that variations are strongly controlled
by the albitization and sericitization of plagioclase. Incompatible ele-
ments such as TiO; and PyO; are generally considered as inert elements.
Their concentrations are relatively uniform for groups 1 and 2 basalts
while the slight variations observed for groups 3 and 4 basalts can be
connected to primary mineralogical composition of the rock (kaersutite
and apatite respectively).

Trace elements.—Trace alkali elements such as Sr, Rb, and Ba (table 2)
show a behavior similar to those of major elements such as Nay,O and
K50, and the large variations of their concentration are probably related
to the albitization of plagioclase. Trace elements such as Ni, Co, Cr, and
Sc seem unaftected by alteration processes and the variations observed
probably reflect primary geochemical and mineralogical features.

Total abundances of elements such as Th, Ta, Nb, Hf, Zr, Y, and
REE show much variations of their absolute abundances for the same
group and this without any correlation with the L.O.1. However, most
ratios between these incompatible trace elements are relatively constant
for the same group of basalts (group 1) or show a small range of variation
that cannot be correlated with the increase of L.O.1. (groups 2, 3, and 4).
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TABu; 2
Trace and REE abundances in C.R.N. and D.O. volcanics
Sample Dv-19B Dv-18.5 Dv-20.1 DVv-20 Dv-18.1 Dv-z1
Sr 127 120 145 112 80 115
Rb 26 7 21 ] - ]
Ba 154 - 212 76 - 82
Cs - - 1 - - -
Ni 438 372 420 392 378 415
Co 39 40 42 35 37 35
cr 327 335 358 346 344 276
Sc 48 48 46 45 43 46
Th - - - - - -
Ta - - - - - -
Nb 6 5 6 5 5 6
H 0.7 0.8 0.7 0.6 0.8 0.8
2z 42 38 33 29 33 42
Y 24 21 23 25 20 26
U - - - - - -
La 1.0 1.2 0.8 1.1 1.1 1.2
Ce 3.8 3.8 3.1 3.3 4.6 42
Nd 7.6 34 47 7.0 45 2.9
Sm 1.8 1.5 1.5 1.8 1.5 1.7
Eu 0.6 0.6 0.6 08 0.6 0.7
To 0.5 0.4 0.4 0.5 0.4 0.5
Tm 0.7 08 0.5 0.7 08 0.8
Yb 2.7 2.2 241 25 25 25
Lu 0.3 0.3 0.3 0.3 0.3 0.3
znmoaxto*  0.00s 0.005 0.005 0.004 0.005 0.005
Nb/Y 0.3 0.2 0.3 0.2 0.3 0.2
Ziry 1.8 1.8 12 1.2 1.7 1.6
Ht/La 07 0.67 0.54 0.54 0.73 0.67
La/Yb 0.4 05 0.4 0.4 0.4 0.5
(La/Sm)n 0.33 0.44 0.29 0.34 0.40 0.39

As observed in each basaltic group, a constant trend of variations between
different incompatible trace element ratios (a global increase or decrease
of these ratios for a same analysis) suggests that these variations are
probably related to magmatic processes. Hence, the ratios between
incompatible trace elements seem unaffected by the alteration process. .

Andesite is mainly characterized by the occurrence of chlorite and
calcite as secondary minerals. However, any variation in the major and
trace element concentrations has been detected from the analysis. Miner-
alogical and geochemical characteristics of the rhyolites indicate that they
are probably unaffected by the alteration processes.

GEOCHEMICAL CLASSIFICATION

As mentioned previously, geochemical discrimination based on in-
compatible trace element ratios of the C.R.N. and D.O. volcanics led to
the identification of four basaltic groups (fig. 2; table 2). Each of these
groups is characterized by a specific range in the La/Yb, Zr/Y, and Hf/La



