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eNd values in the felsic volcanics range from + 0.78
to + 2.92 in the Neoproterozoic rocks, from + 2.0 to
+ 5.0 in the Cambrian rocks, and from ! 0.1 to + 2.5
in the Silurian rocks (Fig. 6, Murphy et al., 1996a,b).
TDM model ages (after DePaolo, 1988) range from
946 to 1159 Ma in the Neoproterozoic felsic rocks,
from 657 to 1005 Ma in the Cambrian felsic rocks,
and from 946 to 1046 Ma in the Silurian felsic rocks.

The range in age of igneous activity facilitates the
construction of eNd–time growth lines using TDM ages
and eNd values. By selecting upper and lower bounds,
an envelope can be defined for crustally derived West
Avalonian rocks in the Antigonish Highlands (Fig. 6).
This, in turn, provides gross isotopic constraints on
the underlying basement source. Petrogenetic model-
ing of the felsic suites suggests that each suite formed
from small magma batches of predominantly crustal
melts in which either the Ma/Mc (mass assimilated/

mass crystallized) ratio varied from 0.5 to 2.0, or the
composition of the contaminant varied from batch to
batch (Murphy et al., 1996a,b).

Although there is a range in eNd that might indicate
some source heterogeneities or contamination by
coeval mafic rocks, the close similarity in isotopic
compositions of the late Neoproterozoic, Cambrian,
and Silurian felsic suites suggests that their compo-
sition was profoundly influenced by repeated melting
events from a common basement source. The eNd
values and recurrence of TDM ages between 946 and
1160 Ma are also typical of other areas of West
Avalonia in Atlantic Canada (e.g. Barr and Hegner,
1992; Fryer et al., 1992; Whalen et al., 1994; Kerr et
al., 1995; Samson et al., 2000), suggesting these
regions have isotopically indistinguishable base-
ments. Irrespective of the origin of this isotopic
signature, the data suggest that, in West Avalonia,
source rocks with a mean crustal residence age of 1.0
Ga have been repeatedly melted and have exerted a
dominant control on volcanism at local and regional
scales.

The envelope for crustally derived West Avalonian
rocks provides a reference by which other suites can
be compared. In subsequent sections, we will examine
how comparisons between this envelope and other
rock suites provides constraints on the tectonothermal
evolution of West Avalonia and neighboring terranes.

3.2. Late Neoproterozoic volcanic arc basins

The upper portion of the Neoproterozoic George-
ville Group consists of a thick sequence of turbidites
that conformably overlies arc-related volcanic rocks
(Murphy and Keppie, 1987; Fig. 3). Geochronological
data indicate that the volcanic and turbiditic rocks are
virtually coeval. U–Pb data from monazites in the
felsic volcanic rocks yield an age of 618F 2 Ma
(Murphy et al., 1996a,b), whereas the youngest U–
Pb age on detrital zircon in the turbidites is 613F 5
Ma (Keppie et al., 1998). These turbidites are post-
tectonically intruded by mafic bodies of the 607F 2
Ma (U–Pb, titanite, Murphy et al., 1996a,b) Green-
dale Complex.

eNd values (calculated for a 615 Ma depositional
age) for the Georgeville Group turbidites range from
+ 0.16 to + 4.39 and the TDM model ages range from
959 to 1145 Ma (Fig. 7). These values are almost

Fig. 6. Summary eNd
t vs. time (Ga) diagram of isotopic data from

late Neoproterozoic (ca. 615 Ma), Cambrian (ca. 530 Ma) to Early

Silurian (ca. 430 Ma) rocks in the Antigonish Highlands (data from
Murphy et al., 1996a,b). The stippled region is the envelope for

Avalonian crust in the Antigonish Highlands, and is defined by

extrapolating the growth lines connecting eNd
t to depleted mantle

model ages (TDM). This envelope is used in subsequent eNd
t vs. time

plots to refer to typical Avalonian crust in the Antigonish Highlands.

The data is similar to that obtained in other areas of West Avalonia

(see Barr and Hegner,1992; Whalen et al., 1994; Dostal et al., 1996;

Nance and Murphy, 1996; Kerr et al., 1995; Samson et al., 2000).
The shaded area shows the field for Grenville rocks (after Patchett

and Ruiz, 1989; Dickin and McNutt, 1989; Dickin et al., 1990; Daly

and McLelland, 1991; McLelland et al., 1993). The depleted mantle
curve is from DePaolo (1981).
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cant spread of ages. 206Pb–238U ages, which show greater
analytical precision for these younger grains, are distributed over
an age range that extends from 477 to 573 Ma, such that many
grains show 206Pb–238U ages significantly younger than the early
Cambrian depositional age of the rocks, according to Shergold &
Cooper (2004). Closer examination of the concordia plot (Fig. 6
inset) reveals that grains with anomalously young ages mostly
fall on a well-defined discordia line, with a lower intercept at 77
+100/!120 Ma, and an upper intercept at 537 +9/!7 Ma,
suggesting lead loss from an early Cambrian grain population.
Although the lower intercept is not statistically distinguishable
from present day, we speculate that lead loss may have occurred
during early Cenozoic rifting associated with the opening of the
Atlantic. Accordingly, we consider the 207Pb/206Pb ages to be a
more accurate, although less precise, indication of the time of
crystallization of most of these grains, and we have used these
ages in construction of the probability plot in Figure 7. The best
constraint on depositional age is probably the upper intercept
value of 537 +9/!7 Ma.
The samples from the Goldenville Group analysed by Waldron

et al. (2009) also show large late Neoproterozoic peaks. In detail
the age distribution of peaks is slightly different, although it is
unlikely that great significance can be attached to age differences
of less than 25 Ma given the uncertainties introduced by lead loss
and common lead correction, mentioned above. The Goldenville
Group samples all show a significant peak at c. 550–560 Ma. A
second major peak is visible on most of these age distributions at
620–630 Ma, not represented in the Welsh sample. However, the
relative sizes of the two peaks vary through the four Goldenville
Group samples, the younger peak becoming more prominent up-
section.
Ten grains in the Rhinog sample fall in a distinct cluster

between 1.95 and 2.1 Ga, closely similar to a prominent cluster
observed in the two younger samples from the Meguma Terrane
analysed by Waldron et al. (2009) and in earlier work by Krogh
& Keppie (1990), interpreted to represent derivation from the
Eburnean orogenic belts of the West African or Amazonian
cratons. In addition, like the Meguma samples, the Rhinog

contains a small number of Mesoproterozoic and younger
Palaeoproterozoic grains with ages between 1.54 and 1.9 Ga, and
a small number of older, mainly Archaean grains from 2.475 to
3.0 Ga. Two grains fall between 700 and 800 Ma, producing a
small but discrete peak comparable with one also seen in the
Meguma samples. The Rhinog Formation sample lacks ‘Gren-
ville’ grains in the range 1.0–1.3 Ga, occupied by a small
number (seven in total) of grains from the four Goldenville
Group samples analysed. It also lacks grains between 2.1 and 2.3
Ga, which extend the Palaeoproterozoic peak in the Meguma
samples.

Fig. 6. U/Pb concordia plot of detrital zircon data from Rhinog

Formation sample DIS1024, with error ellipses. Inset shows estimated

mean values, without error ellipses, for grains with 207Pb/206Pb ages

between 450 and 600 Ma, showing best-fit discordia line, determined by

Monte Carlo Solution on 3000 trials with decay constant errors

propagated into the stated errors. Calculations and plotting carried out

with Isoplot 3.0 (Ludwig 2003).

Fig. 7. Probability density plot of detrital zircon data from Rhinog

Formation (top), compared with results from Meguma Terrane after

Krogh & Keppie (1990) and Waldron et al. (2009), and with published

data from Armorica, and ‘East’ and ‘West’ Avalonia. Calculations and

plotting carried out with Isoplot 3.0 (Ludwig 2003).
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Fig. 11. U–Pb ages of detrital zircon grains from sample C2-Zir1 (meta-quatzite, “Kernzonenquarzit”, Kernzone Complex, Ediacaran). Concordia diagram (A) and combined
binned  frequency and probability density distribution plots of detrital zircon grains in the range of 400–3600 Ma  (B) and of 400–1200 Ma (C).
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the remaining analyses, most are variably discordant.

Thirteen yield Palaeoproterozoic ages with relative age
peaks of c. 1,850, 2,100 and 2,400 Ma, four are Neoar-

chaean and the oldest grain is dated at 3,113 ± 31 Ma.

Sample AM 1 is dominated by late Neoproterozoic to
early Cambrian grains (35 out of 40) that mostly lie

close to or on concordia and range in age from 514 ± 10

to 627 ± 5 Ma (Fig. 7). The remaining five analyses are
somewhat discordant. Four Palaeoproterozoic grains

yield ages of c. 1,800 Ma(3), c. 2,300 Ma(1), and the

oldest grain is latest Neoarchaean and dated at

2,522 ± 15 Ma.
Sample AM 2 is dominated by late Neoproterozoic to

middle Cambrian grains (27 out of 40) close to or on

concordia and ranging in age from 515 ± 7 to 695 ± 9 Ma
(Fig. 8). An older Neoproterozoic cluster features three

concordant or slightly discordant analyses at c. 905–

997 Ma. Of the remaining ten analyses, nine are

Fig. 8 U–Pb ages of detrital zircon grains from sample AM 2
(quartzite, Lower Ordovician (Arenigian), Armorican quartzite for-
mation, Les Rieux, Normandy, Armorican Massif). Concordia
diagram (a) and combined binned frequency and probability density
distribution plots of detrital zircon grains in the range of
400–3,000 Ma (b) and of 400–1,100 Ma (c)

Fig. 9 U–Pb ages of detrital zircon grains from sample LIZ 1
(greywacke matrix of the mélange deposit, Devonian, Meneage
Formation, Gramscatho Group, Nare Cove, c. 1.3 km north of
Porthallow, Cornwall, UK). Concordia diagram (a) and combined
binned frequency and probability density distribution plots of detrital
zircon grains in the range of 400–3,000 Ma (b) and of 400–1,100 Ma
(c)
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Figure 10. Relative probability plots comparing
SHRIMP II ion probe ages for Horton Group sediment
detrital zircons. Data over 800 Ma in age are 207Pb/206Pb
ages calculated using a 204Pb correction for common Pb;
ages !800 Ma are 206Pb/238U ages based on 207Pb-based
correction. Cumulative probability curves are con-
structed by summing equal area Gaussian curves for each
analysis.

rane or in the West African craton. Zircons with
these ages occur in Neoproterozoic Avalonian sed-
imentary rocks in the Antigonish Highlands to the
north of the St. Marys Basin (Keppie et al. 1998),
indicating probable derivation from the Avalon ter-
rane, although a Baltica or Eastern Laurentia source
cannot be ruled out. All samples include numerous
zircons in the 750–550-Ma age range. Possible
sources for these zircons occur either in the Avalon
or Meguma terranes. However, when the entire
suite of Precambrian zircons is considered, it is
clear that the Meguma terrane is the predominant

source. Cumulative probability curves, constructed
by summing equal area Gaussian curves for each
analysis, show that zircons with ages of 2200–2000
and 700–550 Ma are the most abundant (fig. 10).
This data matches the age of zircons from the Gol-
denville Formation (Krogh and Keppie 1990). The
paucity of ca. 1200–1000-Ma zircons indicates that
Avalonia was a subordinate source. On the basis of
its detrital zircon population, Krogh and Keppie
(1990) inferred that the Goldenville Formation was
predominantly derived from the West African cra-
ton. This interpretation implies that the similar-
aged detrital zircons within the Horton Group also
have a polycyclic history; although they are derived
by erosion of the Meguma Group, the zircons them-
selves crystallized during West African tectono-
thermal events.

Paleozoic Zircons. There are some noteworthy
differences between samples in the distribution of
Paleozoic zircons. In sample SM-1, Paleozoic zir-
cons were not found. Sample VP-1 contains zircons
with ages of ca. 453, 426, and 380 Ma. Of the 34
grains analyzed in sample SR-1, only two Paleozoic-
aged zircons, at 411 and 367 Ma, appeared. The Late
Ordovician–Early Silurian age of zircons in VP-1 is
consistent with derivation from the felsic volcanic
rocks of either the White Rock Formation (J. D.
Keppie, pers. comm., 1999), which unconformably
overlies the Meguma Group, or the Dunn Point
Formation, which unconformably overlies the Ava-
lonian Georgeville Group. The Dunn Point and
White Rock Formations have been interpreted by
Chandler et al. (1987) to be correlative. The ca. 411-
Ma zircons from sample SR-1 may be derived from
volcanic rocks of the Late Silurian New Canaan
Formation, which overlies the White Rock For-
mation within the Meguma terrane. Early Carbon-
iferous reconstructions that restore subsequent
motion along the Chedabucto Fault (Murphy and
Keppie 1998) indicate that St. Marys Basin rocks
were flanked on the north by a suite of Late Or-
dovician–Early Devonian interbedded volcanic and
siliciclastic rocks that include the Dunn Point For-
mation, the potentially correlative White Rock For-
mation, and the New Canaan Formation. These
data also are consistent with derivation of Horton
Group detrital zircons from local sources. The ca.
380-Ma zircons in sample VP-1 and possibly the ca.
367-Ma zircon in SR-1 are inferred to have come
from the voluminous Late Devonian granite bath-
oliths of the Meguma terrane. Other candidates,
such as the voluminous (ca. 362–355-Ma) granitoid
rocks of the Avalonian Cobequid Highlands (Doig
et al. 1996; Dunning et al. 1999) are too young.
Although a rhyolite from the northern Antigonish
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(At the bar last night!) 


