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Provenance and depositional environment of organic-rich
calcareous black shale of the Late Ordovician Macasty
Formation, western Anticosti Basin, eastern Canada1

Keiko Hattori, André Desrochers, and Janice Pedro

Abstract: The organic-rich Macasty shale in the Gulf of St. Lawrence was deposited in the Late Ordovician during the Taconic
orogeny. The orogeny involved explosive volcanism and thrusting of allochthonous rocks in the eastern margin of North
America. Neodymium isotope compositions of the shale show that the provenance is predominantly Grenvillian granite–
gneissic rocks, which were widely exposed north of the basin, with little contribution from Taconic igneous rocks. The bulk
composition and the presence of detrital kaolinite suggest that the Grenvillian source rocks underwent intense weathering
before erosion. Fine-grained detritus was deposited in the Anticosti Basin, where abundant organic activity kept the sediment–
water interface under anoxic conditions. This proposed interpretation is supported by the enrichment of redox-sensitive
elements, such as As, V, and U, and by high �34S for pyrite. Calcite cement formed in the pore space of sediments during the
diagenesis at temperatures below 60 °C. The low-temperature diagenetic conditions are consistent with the preservation of
abundant organic matter in the shale.

Résumé : Le shale riche en matière organique de Macasty dans le golfe du Saint-Laurent a été déposé à l’Ordovicien tardif durant
l’orogenèse taconique, qui est caractérisée par un volcanisme explosif et le chevauchement de roches allochtones à la bordure
est de l’Amérique du Nord. La composition des isotopes du néodyme dans le shale montre qu’il provient principalement de
roches granitiques-gneissiques grenvilliennes qui étaient exposées à grande échelle au nord du bassin, sans grande contribution
de roches ignées taconiques. La composition globale et la présence de kaolinite détritique donnent à penser que les roches
sources grenvilliennes ont subi une altération météorique intense avant d’être érodées. Les détritus fins ont été déposés dans le
bassin d’Anticosti, où l’abondante activité organique a maintenu l’interface sédiments-eau dans des conditions anoxiques.
L’interprétation proposée est appuyée par l’enrichissement d’éléments sensibles aux conditions d’oxydoréduction, comme l’As,
le V, l’U, ainsi que par le �34S élevé de la pyrite. Du ciment de calcite s’est formé dans l’espace interstitiel des sédiments durant
la diagenèse à des températures inférieures à 60 °C. Les conditions de faible température durant la diagenèse concordent avec la
préservation de matière organique en abondance dans le shale. [Traduit par la Rédaction]

Introduction
The Macasty shale is an organic-rich black shale in the northern

part of the Gulf of St. Lawrence (Fig. 1). It contains abundant grap-
tolites (Riva 1969; McLaughlin et al. 2016), which tightly constrain
the deposition of the Macasty shale to the early to mid-Katian
stage of the Late Ordovician (453–448 Ma). Continuous subsidence
of the area, combined with sea-level rise, led to the deposition of
organic-rich Macasty shale within the foreland basin (Malo 2004)
(Fig. 2). The deposition of the Macasty shale was contemporaneous
with the Taconic orogeny, which involved thrusting of slices of
oceanic lithosphere, explosive volcanism, intrusions of dykes and
plutons, and metamorphism that affected large areas of eastern
North America (van Staal 2005). The tectonic activity was accom-
panied by the development of sedimentary basins along the Ap-
palachian mountain range (Lavoie 2008) (Fig. 2). Reflecting the
dynamic tectonic environments, detritus of sediments in the ba-
sins was potentially derived from a variety of sources including

Proterozoic Grenville Province and Appalachian allochthons
(Comeau et al. 2004).

The location and timing of the development of the Macasty
Basin are such that the Macasty shale provides an opportunity to
evaluate the depositional setting in the developing Taconic activ-
ity during the Late Ordovician. This paper presents the mineral-
ogy; abundances of major, minor, and trace elements; stable
isotope compositions; and Sm–Nd isotope data of bulk rock sam-
ples and evaluates the provenance and basin setting. To our
knowledge, these are the first comprehensive data of inorganic
components of the Macasty shale, and they complement large sets
of organic geochemical data of the shale by many researchers
(e.g., Lavoie et al. 2009, 2016; Dietrich et al. 2011; Chen et al. 2016).

Geological setting
The Anticosti Basin represents the eastern segment of the

St. Lawrence platform on the margin of Laurentia (Fig. 2). The
western part of the Anticosti Basin is mostly concealed by
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the St. Lawrence River and its adjacent estuary, but the northern
part is exposed on the Mingan Islands and Anticosti Island
(Fig. 1A). There, the sedimentary rocks record the changes in geo-
logical settings. Early Ordovician to early Silurian strata were de-
posited initially on the Iapetan passive margin of Laurentia and
subsequently transformed into a foreland basin in response to the
Taconic orogeny (Long 2007; Lavoie 2008). Foreland basin devel-
opment started with the emplacement of Taconic thrust sheets
that were emplaced northwestwards over the northern part of the
Gaspé Peninsula and parts of the Gulf of St. Lawrence River (Pinet
et al. 2012). Some of the thrust sheets are slices of ocean sediments
and mafic igneous rocks of the Iapetus Ocean lithosphere.

The Macasty shale, up to 100 m thick, is present in the subsur-
face of the western Anticosti Basin (Chen et al. 2016) (Fig. 1). There
is no surface exposure of the Macasty shale on Anticosti Island at
present, but glacial erratics of the Macasty shale are abundant on
the northwest coast of Anticosti Island between English Head and
Great Makasti Bay (Schuchert and Twenfofel 1910) (Fig. 1). These
glacial erratics were likely eroded from the Macasty shale that was
once exposed between the Mingan Islands and Anticosti Island.
The outcrops of the Macasty shale are no longer present because
they are now submerged below the water of the Jacques Cartier
Strait. Well-preserved cephalopods and graptolites are common
in the glacial erratics and are identical to those in the subsurface

drill core samples in Anticosti Island (Riva 1969). Both erratics and
subsurface drill core samples contain abundant graptolites, which
are diagnostic of the early to mid-Katian stage biozones of the Late
Ordovician (Riva 1969; McLaughlin et al. 2016). The fossil evidence
confirms that glacial erratics indeed belong to the Macasty shale.

The Macasty Formation unconformably overlies shallow-water
limestone beds of the Mingan Formation (Fig. 1B). The Macasty
shale itself shows internal unconformities (Riva 1969; McLaughlin
et al. 2016). The presence of several minor unconformities within
the Macasty Formation suggests that the shale was deposited in
relatively shallow water (Kulkarni et al. 2013). The depositional
environment is similar to that of Ordovician and Devonian
organic-rich shales in the Appalachian basins of New York State
(e.g., Smith and Leone 2010).

Samples
This study uses two types of samples: glacial erratics and drill

core samples. Glacial erratics were collected on the northwest
shore of Anticosti Island (Fig. 1). Most are slightly rounded and
vary in size from 10 to 200 cm. Drill core samples were examined
and collected at the Core Library of the Department of Energy and
Natural Resources, Québec City. Among them, drill core from
Princeton Lake on the northwestern part of Anticosti Island (Fig. 1)

Fig. 1. (A) Simplified geological map of the study area and (B) A–B cross section showing Lower Ordovician to Lower Silurian strata present
below Anticosti Island on the basis of seismic and core correlations. Modified after Castonguay et al. (2007). Oeb, Ellis Bay; Oin, Mingan; Omy,
Macasty; Ora, Romaine; Ova, Vauréal; Sbc, Becscie; Scc, Chicotte; Sgu, Gun River; Sju, Jupiter. [Colour online.]
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shows 87 m thick Macasty shale from a depth of 912 to 999 m.
Because this is one of the thickest sections of the Macasty shale
(87 m), the Princeton core samples were used for our detailed
geochemical study.

The samples are all clay-sized quartz, feldspars, and sheet sili-
cate minerals with high amounts of calcite, which makes samples
fizz with 10% HCl. The fine-grained nature of the rocks and the
finely disseminated organic and pyrite give the samples dark
gray to black coloration in hand specimens. Marine fossils of
cephalopods and graptolites are abundant in both erratics and
drill core samples. The remnants of radiolarian tests are locally
abundant in thin sections. Pyrite grains are recognized under a
binocular microscope in most specimens. Small (≤0.1 mm) metal-
lic cubes of pyrite are present along fractures and bedding planes.
Thin-section examination shows common occurrences of fram-
boidal grains of pyrite.

Analytical methods
The rock samples were washed with distilled water, then dried

quickly using pressurized air. The samples were crushed with a
jaw crusher and pulverized for geochemical analysis using a ce-
ramic disc.

Approximately 1 g of rock powder was placed in an oven at
110 °C for >8 h to measure H2O(−). The values of H2O(−) are less
than 0.1 wt.%. The power was subjected to a stepwise heating to
measure the loss on ignition (LOI) following the method of Heiri
et al. (2001), which involved heating samples at 550 °C for 6 h
(LOI-550 °C) and 1050 °C for 2 h (LOI-1050 °C). The value of LOI-
550 °C is considered to be the abundance of organic matter and
that of LOI-1050 °C represents the amounts of CO2 from carbonate.
Heiri et al. (2001) reported that the organic material burns quickly
and releases CO2 in the first 2 h, but the combustion may not be
complete even after 24 h. We chose 6 h of heating time because
the loss was small, <0.3%, after 6 h of heating. Heiri et al. (2001)
suggested 900 °C for 2 h for the measurement of carbonate, but we
found that the duration of heating and the temperature were not
sufficient to release all the CO2 from the carbonate. Therefore, we

chose 1050 °C of heating for 2 h to complete the release of H2O and
CO2 from the samples.

The abundances of major, minor, and trace elements were de-
termined on the sample powder after baking at 1050 °C and are
listed in Table 1. The reported abundances of elements are all
volatile free. Major element analysis used a Philips PW 2400 X-ray
fluorescent spectrometer at the University of Ottawa after fusing
the bulk rock powder with a flux composed of 78.5% Li2B4O7 and
21.5% LiBO2. Trace element abundances were determined with an
inductively coupled plasma – optical emission spectrometer and
an inductively coupled plasma – mass spectrometer after diges-
tion of samples with a mixture of HCl, HNO3, HClO4, and HF
(analytical code, Ultratrace 4) at Activation Laboratories (Ancaster,
ON, Canada). The concentrations of Nd and Sm were determined
with an isotope dilution technique using a solution enriched in
148Nd and 149Sm.

Carbon and oxygen isotope compositions of calcite were deter-
mined by a conventional technique using 100% orthophosphoric
acid at 25 °C. CO2 released from another aliquot of powdered
samples was introduced to a Thermo Finnigan Delta XP mass
spectrometer. Calcite contents are high in all samples (Table 1).
Therefore, no attempt was made to physically separate calcite for
the isotope analysis. Analytical precision is ±0.1‰ on the basis of
duplicate analysis of samples and repeated analysis of internal
working reference calcite. Both isotope compositions are ex-
pressed in per mil notation relative to Pee Dee Belemnite (PDB)
(Table 2).

Sulfur isotope composition for sulfur in disseminated fine-
grained pyrite was determined after digesting samples in a mix-
ture of conc HNO3-HBr (Seastar Chemical) at 120 °C and was
converted to BaSO4 by adding 10% BaCl2 solution. Coarse-grained
pyrite cubes were hand picked under a binocular microscope.
Samples were ground and mixed with tungsten oxide in an Sn
capsule and were combusted at 1800 °C in the Vario EL elemental
analyzer. SO2 released from a sample was separated from other
gases and introduced to the Thermo Finnigan XP isotope ratio
mass spectrometer in the J. Veizer Isotope Laboratory at the Uni-
versity of Ottawa, and S isotope compositions of samples are listed
in Table 2. Duplicate analysis of samples and laboratory in-house
working references shows a precision of ±0.2‰.

For Nd isotope analysis, �50 mg of samples was dissolved in an
HF-HNO3 mixture at 180 °C overnight; HNO3 was then added, and
finally, HCl, following dryness in between steps. Light rare earth
elements (REE) were separated by a routine procedure using an
alkali resin (Bio-Rad AG50W, 100 mesh) followed by the separation
of Nd and Sm using the Ln resin from Eichrom Technologies Inc.
Neodymium was eluted using 0.26 N HCl. Samples were loaded
with H3PO4 on one side of a Re double filament and run at tem-
peratures of about 1700–1800 °C with a thermal ionization mass
spectrometer, the Thermo Finnigan Triton. The sample prepara-
tion was carried out at the Department of Earth Sciences at the
University of Ottawa, and mass spectrometry was conducted at
Carleton University in Ottawa. Digestion and analysis of United
States Geological Survey reference BCR-2 during the analysis of
samples yielded 143Nd/144Nd = 0.512640 ± 14 (n = 2). The mass
spectrometer condition was verified by running a working Nd
standard solution (143Nd/144Nd = 0.511823–0.511837) at the begin-
ning of each analytical session, and the solution was calibrated
with La Jolla standard (0.511855 ± 9).

All rock samples contain calcite and organic matter, both of
which may contain significant amounts of light REE. Because
calcite formed during the diagenesis, Nd in calcite may have dif-
ferent isotopic compositions from those of Nd in detritus. Further-
more, Nd in organic matter may have been mobile and introduced
to the rocks during the diagenesis or after the lithification. To
make sure that measured Nd belongs to the detritus of the rocks,
three samples were washed with 10% HCl for several minutes to
remove calcite, baked at 1050 °C, and washed to remove calcite

Fig. 2. Late Ordovician paleogeography showing key Laurentian
topographic features including emergent highlands, epeiric seas and
basins, and rising Taconic mountains. The present-day location of
Anticosti Island is shown in red. Present-day state and province
boundaries are shown with dashed lines. Modified after McLaughlin
and Brett (2007). [Colour online.]
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and possible Nd in organic matter. The Nd isotope compositions
of these acid-baked samples were compared with those of non-
treated samples. The concentrations of Nd and Sm for these sam-
ples were lower than those for the nontreated samples, but the
isotope compositions of Nd were very similar to those of the non-
treated samples in analytical uncertainty (Table 3), indicating that
the measured Nd isotope values represent those of the detritus
components of the samples.

Mineral phases were examined on selected powdered samples
using a Phillips PW 3020 X’Pert X-ray diffractometer (XRD), using
a Cu anode tube with a scan speed of 0.25°/min, at the X-ray
Laboratories of the University of Ottawa. The patterns of XRD
were compared in samples before and after 10% HCl treatment.

Results

Mineralogy
Thin sections showed white mica, calcite, organic matter, quartz,

and minute grains of framboidal pyrite disseminated throughout

the samples. XRD patterns of bulk rock samples confirm the pres-
ence of these minerals plus minor kaolinite.

Bulk rock compositions
The mineralogy is consistent with the major element abun-

dances of bulk rocks. The concentrations of SiO2 are broadly cor-
related with those of TiO2 (Fig. 3A). Because TiO2 is not soluble in
aqueous solutions at low temperatures, the broad positive corre-
lation of the two elements suggests a predominantly detrital ori-
gin of SiO2. The slight elevation of SiO2, 68–75 wt.%, for glacial
erratics is explained by an abundance of radiolarian tests in these
samples. The occurrences of skeletons in thin sections suggest
that SiO2 was likely leached from the fossil tests to form the silica
cement of the rocks. SiO2 forms clay-sized fine material and does
not form veinlets or fracture fills, suggesting that this silica leach-
ing from radiolarian tests and deposition and dissemination
likely took place during the very early stage of diagenesis of the
Macasty shale. High SiO2 contents likely kept these rocks intact,
physically hard, and resistant to fragmentation during erosion

Table 1. Bulk rock compositions.

Sample
Core depth
(m)

LOI-500
(%)

LOI-1050
(%)

SiO2

(%)
TiO2

(%)
Al2O3

(%)
Fe2O3(T)
(%)

CaO
(%)

K2O
(%)

MgO
(%)

MnO
(%)

Na2O
(%)

P2O5

(%)
S
(%)

�34S
(‰)

V
(ppm)

Vauréal Formation
M228 nd nd 48.33 0.63 13.34 6.46 19.81 2.23 5.32 0.14 0.93 0.10 nd nd 98
M225 894.57 0.80 22.6 42.24 0.44 8.75 4.36 33.48 1.84 3.41 0.18 0.83 0.11 nd nd 63
M223 897.31 1.72 20.3 47.11 0.56 10.96 4.95 28.08 2.40 4.66 0.18 0.98 0.11 nd nd 77
M221 900.36 1.30 28.9 30.36 0.40 7.84 3.90 46.06 0.85 4.29 0.18 0.65 0.17 nd nd 46
M220 902.19 2.17 23.4 39.57 0.49 10.12 4.45 34.52 1.92 4.18 0.23 0.86 0.13 nd nd 77
M219 903.41 1.70 16.7 48.50 0.64 14.07 5.89 19.48 3.41 5.06 0.16 0.68 0.16 nd nd 112
M217 906.46 1.60 29.7 29.24 0.38 8.09 3.22 53.88 1.14 2.94 0.47 0.54 0.10 nd nd 57

Macasty Formation
AC1 Erratics nd 18.1 69.51 0.40 8.62 3.82 12.98 1.99 1.58 0.05 0.83 0.23 1.74 0.1 212
AC2 Erratics nd 15.7 73.46 0.45 9.41 4.10 7.70 2.27 1.62 0.04 0.80 0.15 1.59 −2.2 227
AC3 Erratics nd 16.0 72.40 0.45 9.46 5.00 7.76 2.29 1.59 0.04 0.84 0.14 1.68 −0.2 218
AC4 Erratics nd 16.4 73.30 0.45 9.43 3.56 8.43 2.28 1.51 0.03 0.88 0.14 1.43 −1.7 170
AC5 Erratics nd 19.2 68.21 0.43 9.21 3.35 13.92 2.27 1.52 0.04 0.82 0.22 1.28 −0.9 236
AC6 Erratics nd 15.6 75.31 0.36 7.98 3.41 8.85 1.93 1.37 0.03 0.63 0.13 1.15 −1.1 175
AC7 Erratics nd 15.1 75.57 0.36 8.08 3.25 8.50 1.96 1.42 0.03 0.70 0.13 1.58 −2.4 221
AC8 Erratics nd 16.0 73.48 0.45 9.43 3.92 7.83 2.30 1.60 0.04 0.82 0.15 1.32 −1.5 173
M216 907.99 1.39 29.4 31.58 0.39 8.23 3.68 49.40 0.65 4.46 0.91 0.63 0.11 50
M212 914.09 5.93 11.5 59.30 0.66 12.60 4.90 14.44 2.70 1.71 0.06 1.62 0.19 1.48 −3.6 179
M210 917.00 4.29 15.0 59.05 0.43 9.16 3.54 20.88 1.77 1.77 0.06 1.10 0.20 1.25 −2.9 154
M208 920.49 6.79 11.1 64.94 0.47 9.47 3.67 14.88 1.98 1.42 0.04 1.22 0.22 2.84 −2.3 167
M206 924.00 5.76 9.8 72.50 0.36 6.58 2.53 13.02 1.32 1.19 0.03 0.97 0.14 1.65 −5.0 136
M205 925.00 4.21 19.0 53.62 0.34 6.52 3.95 27.86 1.18 1.50 0.05 0.88 0.17 1.42 0.9 129
M204 927.00 3.94 21.8 51.61 0.27 5.47 3.27 35.95 0.81 1.66 0.07 0.63 0.26 nd nd 126
M203 927.81 3.81 21.2 50.03 0.30 5.98 4.29 32.55 1.02 1.42 0.06 0.77 0.21 nd nd 123
M200 932.69 6.68 12.7 64.11 0.43 8.66 3.59 16.45 1.76 1.92 0.04 0.99 0.21 1.16 −10.6 151
M199 933.91 8.23 12.4 63.37 0.44 9.27 4.09 15.99 1.84 1.92 0.04 1.15 0.23 1.53 −3.9 227
M195 940.32 7.65 6.3 72.03 0.46 10.07 3.88 6.68 2.11 1.30 0.03 1.20 0.14 1.58 −0.2 191
M194 941.84 6.26 8.4 69.55 0.44 10.10 4.07 9.10 2.17 1.78 0.03 1.06 0.16 1.47 0.2 206
M193 943.37 6.08 11.9 65.11 0.42 9.17 3.61 14.90 1.91 1.96 0.04 1.05 0.18 1.25 −3.3 174
M190 948.25 1.80 34.2 26.44 0.17 3.48 3.03 64.59 0.25 1.35 0.17 0.35 0.17 nd nd 77
M186 952.52 6.20 10.5 65.87 0.48 10.35 3.93 12.82 2.29 1.69 0.03 1.08 0.16 1.61 −7.4 198
M181 959.53 2.41 24.6 46.66 0.23 4.97 3.36 41.67 0.85 1.55 0.05 0.55 0.12 nd nd 95
M180 960.75 4.55 11.4 65.86 0.44 9.39 3.62 14.42 2.06 2.10 0.04 0.97 0.15 1.28 −3.5 164
M175 968.38 1.91 26.3 43.14 0.22 5.00 2.87 45.82 0.82 1.53 0.04 0.46 0.10 nd nd 81
M174 969.90 1.80 28.7 38.99 0.22 4.77 2.81 49.91 0.70 2.04 0.04 0.39 0.12 nd nd 85
M172 972.95 nd nd 30.12 0.21 4.61 2.67 59.68 0.51 1.77 0.04 0.30 0.08 nd nd 64
M171 974.00 4.98 12.2 55.97 0.59 13.16 5.81 14.05 3.22 3.09 0.05 0.89 0.19 2.24 2.6 183
M170 976.00 1.69 32.3 27.54 0.22 5.00 3.06 61.46 0.71 1.59 0.04 0.26 0.10 nd nd 73
M168 979.05 2.00 28.5 37.80 0.20 4.88 3.03 50.92 0.85 1.76 0.05 0.40 0.12 nd nd 65
M165 983.63 5.80 11.4 62.50 0.46 11.00 5.28 13.50 2.65 2.21 0.04 0.85 0.15 2.24 −3.9 157
M163 988.20 2.69 26.8 40.97 0.21 4.87 3.10 47.96 0.67 1.42 0.05 0.60 0.15 nd nd 62
M161 990.64 4.08 17.1 54.41 0.36 8.70 3.77 25.00 1.86 1.61 0.05 0.64 0.155 1.51 −4.0 90
M159 993.69 3.31 26.7 34.93 0.26 6.45 2.76 44.87 1.28 1.38 0.06 0.49 0.129 nd nd 71

Note: LOI, loss on ignition; nd, not determined.
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and subsequent glacial transport. The brittle parts of shale, which
are common in drill core samples, were more easily disintegrated
during the glacial processes.

The weight ratios of Th/U vary from 0.3 to 0.99 for the Macasty
shale (Fig. 4). The glacial erratics show consistently low ratios of
around 0.3. The values are much lower than those for common
sedimentary rocks. For example, the value for the North Ameri-
can Shale Composite (NASC) is 4.6 (Condie 1993; Fig. 4), and that
for the upper continental crust is 3.8 (Taylor and McLennan 1985;
Rudnick and Gao 2004). The low Th/U values result from enrich-
ment in U in the Macasty shale. Uranium is a redox-sensitive ele-
ment and is highly mobile as U6+ in oxygenated water and fixed as
U4+ in reduced conditions. The low values of Th/U from the Ma-
casty shale attest to the anoxic conditions that prevailed during
the deposition. It should be noted that the overlying Vauréal For-
mation shows high Th/U, �3.7, which is similar to that of many
siliciclastic sedimentary rocks deposited under oxidizing condi-
tions (Fig. 4). The change in the values reflects the different dep-
ositional environments of the Macasty and Vauréal formations.

The bulk rocks contain low concentrations of elements asso-
ciated with mafic-ultramafic igneous rocks. For example, Cr
contents vary from 14 to 81 ppm, which are much lower values
than the value of 125 ppm for the NASC by Condie 1993 and an
average of 92 ppm Cr for the upper continental crust (Rudnick
and Gao 2004). The data suggest very little contribution of mafic-
ultramafic rocks to the Macasty shale. Furthermore, Zr contents
are high. The average Zr/Cr ratio for the Macasty samples is 2.5 ±
1.4 (1�), which is higher than 1.6 for NASC (Condie 1993) and 2.0 for
the upper continental crust (Rudnick and Gao 2004). The data are
consistent with overall felsic rocks being the source of terrigenous
detritus.

The abundances of REE normalized to NASC by Haskin and
Haskin (1966) show a near flat pattern near 1 and are very similar
among all samples, with the exception of one with low Eu (Fig. 5).
Negative anomalies of Eu in igneous rocks develop during the
fractional crystallization of plagioclase. Therefore, highly evolved
granitic rocks commonly show low Eu. This particular sample
from the core likely had a high contribution of such evolved

Ba
(ppm)

Rb
(ppm)

Sr
(ppm)

Zr
(ppm)

Cr
(ppm)

La
(ppm)

Ce
(ppm)

Pr
(ppm)

Nd
(ppm)

Sm
(ppm)

Eu
(ppm)

Gd
(ppm)

Dy
(ppm)

Ho
(ppm)

Er
(ppm)

Yb
(ppm)

Y
(ppm)

546 78 648 140 58 nd nd nd nd nd nd nd nd nd nd nd nd
1037 63 830 252 38 nd nd nd nd nd nd nd nd nd nd nd nd
1431 84 767 180 49 24 49 5.6 20 3.52 1.13 3.41 2.7 0.62 1.6 1.5 17
320 31 1220 133 39 nd nd nd nd nd nd nd nd nd nd nd nd
478 65 929 80 42 nd nd nd nd nd nd nd nd nd nd nd nd
613 127 619 130 65 nd nd nd nd nd nd nd nd nd nd nd nd
523 37 769 56 31 nd nd nd nd nd nd nd nd nd nd nd nd

188 67 380 84 64 26.2 49.6 6.0 21.9 4.3 1.0 4.4 3.7 0.84 2.2 2.04 1.0
196 84 266 80 72 24.6 49.5 6.1 21.7 4.1 0.9 3.8 3.4 0.7 2.0 1.75 0.9
212 82 250 83 64 24.7 49.1 5.9 20.9 4.2 0.9 4.0 3.3 0.71 1.9 1.9 0.9
180 72 371 87 74 20.6 41.5 5.0 19.0 3.7 0.8 3.6 3.0 0.6 1.8 1.68 0.8
300 90 939 104 71 28.8 54.0 6.7 23.3 4.6 1.0 4.4 3.8 0.85 2.4 2.18 1.0
177 71 250 68 57 22.4 44.2 5.3 18.4 3.6 0.8 3.2 2.9 0.57 1.7 1.61 0.8
217 80 233 69 70 23.5 46.8 5.7 20.6 3.9 0.8 3.8 3.3 0.7 1.9 1.74 0.8
197 67 221 76 60 21.7 43.1 4.9 19.6 3.8 0.8 3.7 3.1 0.6 1.8 1.56 0.8
233 22 1040 112 33 nd nd nd nd nd nd nd nd nd nd nd nd
468 101 921 107 74 26.9 54.5 6.3 22.7 4.1 0.94 3.9 3.4 0.7 2 1.7 22.4
554 58 1140 130 52 nd nd nd nd nd nd nd nd nd nd nd nd
573 73 1020 87 61 25.9 49.9 5.7 20.3 3.7 0.89 3.9 3.1 0.7 1.9 1.6 22.4
442 50 837 64 45 19.6 37.9 4.5 16.4 3.5 0.6 4.2 3.7 0.8 2.2 1.9 22.7
437 38 1120 53 35 16.7 30.7 3.5 12.9 2.5 0.64 2.8 2.3 0.5 1.4 1.2 17.5
433 21 1240 36 30 nd nd nd nd nd nd nd nd nd nd nd nd
301 38 1280 115 32 nd nd nd nd nd nd nd nd nd nd nd nd
519 62 1380 61 57 20.3 37.8 4.4 16.2 3.1 0.76 3.6 2.9 0.6 1.7 1.5 20.6
552 63 1390 71 67 20.9 38.9 4.5 16.7 3.2 0.8 3.7 3.2 0.7 1.9 1.6 21.7
430 76 680 66 76 20.2 41.3 4.8 17.5 3.3 0.77 3.3 2.8 0.6 1.6 1.3 18.2
726 80 879 107 70 21.2 42.7 5 18.5 3.5 0.86 3.7 3.1 0.6 1.9 1.6 21
602 67 1390 131 63 22 42.4 4.7 17.2 3.2 0.84 3.7 3.1 0.6 1.9 1.5 21.8
296 2 1270 90 16 nd nd nd nd nd nd nd nd nd nd nd nd
639 79 1380 141 68 22.4 44.3 5.1 18.6 3.5 0.84 3.8 3.1 0.6 1.8 1.5 18.8
399 21 984 90 24 nd nd nd nd nd nd nd nd nd nd nd nd
940 73 1180 137 66 22.6 45.7 5.3 19.4 3.5 0.83 3.4 3.1 0.6 1.8 1.6 20.9
881 29 703 72 20 nd nd nd nd nd nd nd nd nd nd nd nd
874 21 1030 85 104 nd nd nd nd nd nd nd nd nd nd nd nd
687 12 914 81 16 nd nd nd nd nd nd nd nd nd nd nd nd
832 117 549 107 81 28.4 55.8 6.2 22.6 4.1 1 4.2 3 0.7 1.8 1.6 20.2
253 22 875 82 25 nd nd nd nd nd nd nd nd nd nd nd nd
357 26 634 75 21 nd nd nd nd nd nd nd nd nd nd nd nd
442 94 497 102 64 25.5 52.8 5.9 21.7 4 0.94 3.9 3.2 0.7 1.9 1.7 21.5
451 18 800 72 17 nd nd nd nd nd nd nd nd nd nd nd nd
363 59 534 65 44 nd nd nd nd nd nd nd nd nd nd nd nd
254 49 505 66 32 nd nd nd nd nd nd nd nd nd nd nd nd
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rocks. The data suggest a stable supply of terrigenous material
from the granitic source rocks to the Anticosti Basin during the
deposition of the Macasty shale, without a significant change.

Nd isotope compositions
Neodymium isotope compositions of bulk rocks were measured

for glacial erratics and drill core samples. The values of 143Nd/144

Nd are calculated at 450 Ma and presented as 3Nd(t), where 3Nd(t) =
[(143Nd/144 Nd)s/(143Nd/144 Nd)CHUR − 1]*10 000, where (143Nd/144 Nd)S
and (143Nd/144 Nd)CHUR are the ratios of a sample and chondritic
uniform reservoir (CHUR) value at 450 Ma. The values for 3Nd(t) for
samples are all low, ranging from −7.6 to −12.7 (Table 3; Fig. 6). The
values for the deeper part of the Macasty Formation show low
values compared with those of the upper parts (Table 3). Crustal

residence ages were calculated using the bulk silicate earth
(TCHUR), depleted mantle (TDM), using the depleted mantle value of
Workman and Hart (2005), and “new continent” model ages. The
continent model age is based on the Hf isotope composition
(3Hf(0) = 13.2) of a new continent proposed by Dhuime et al. (2011).
This is translated into 3Nd(0) = 7.2 using the Nd and Hf isotope
positive correlation by Workman and Hart (2005). Crustal resi-
dence ages of samples give Proterozoic ages (Fig. 6). When sedi-
ments have different provenances, crustal residence ages are
weighted averages of mixed provenances, and the ages are not
necessarily related to the real ages of the source rocks. Further-
more, igneous rocks may show old crustal residence ages when
they extensively assimilate ancient rocks. For the Macasty shale, it

Table 2. Carbon and oxygen isotope compositions of calcite.

Sample Core depth (m) �13CPDB (‰) �18OPDB (‰) Temp. (°C)a Temp. (°C)b

Vauréal Formation
M225 894.57 0.7 −5.0 41 21
M223 897.31 0.5 −4.7 40 20
M221 900.36 0.3 −5.2 42 23
M220 902.19 0.4 −5.2 42 22
M217 906.46 −1.0 −4.1 36 16

Macasty Formation
M216 907.99 −1.5 −5.2 42 22
M204 926.59 −2.0 −7.2 54 34
M203 927.81 −2.2 −7.2 54 34
M190 948.25 −0.8 −5.7 45 25
M181 959.53 −1.2 −6.2 48 28
M175 968.38 −0.4 −5.9 46 26
M174 969.90 −0.2 −6.4 49 29
M172 972.95 0.3 −6.4 49 29
M170 976.00 −0.1 −6.4 49 29
M168 979.05 0.1 −5.8 46 26
M167 980.58 −0.1 −6.3 49 29
M163B 986.68 −0.2 −6.6 50 30
M163A 988.20 0.0 −6.6 50 30
M160 992.17 0.4 −6.6 50 31
M159 993.69 0.6 −5.6 45 25
M158 995.22 0.0 −6.8 51 31

Note: PDB, Pee Dee Belemnite.
aAssuming crystallization from sea water with �18O = 0‰, using the equation: Temp. (°C) = 16.0 –

4.2(�c – �w) + 0.13[(�c – �w)]2 (Faure 1986).
bAssuming crystallization from sea water with s18O = −4‰, using the same equation as in footnote a.

Table 3. Neodymium isotope compositions.

Samplea

Core
depth (m)

Nd
(ppm)

Sm
(ppm) 143Nd/144Nd

3Nd
(present) 147Sm/143Nd

143Nd/144Nd
(450 Ma)

3Nd(t)
(450 Ma)

T Nd
(CHUR) (Ga)

T Nd
(DM) (Ga)

T Nd
(continent)b (Ga)

Vauréal Formation
M219 903.41 29.90 5.43 0.511805 −16.3 0.1098 0.511481 −11.3 1.46 1.93 1.78
M219A 903.41 26.19 4.80 0.511813 −16.1 0.1109 0.511486 −11.2 1.46 1.93 1.78

Macasty Formation
AC-1 Erratics 18.49 3.17 0.511974 −12.9 0.1035 0.511669 −7.6 1.09 1.56 1.44
AC-2 Erratics 18.01 3.45 0.511974 −12.9 0.1158 0.511633 −8.3 1.25 1.78 1.62
AC-3 Erratics 17.42 3.40 0.511974 −12.9 0.1179 0.511627 −8.4 1.28 1.82 1.66
AC-4 Erratics 16.99 3.74 0.511974 −12.9 0.1330 0.511583 −9.3 1.58 2.15 1.97
M216 907.99 17.64 3.32 0.511910 −14.2 0.1139 0.511574 −9.5 1.34 1.85 1.69
M208 920.49 22.98 4.32 0.511984 −12.8 0.1138 0.511649 −8.0 1.20 1.74 1.58
M194A* 941.84 18.84 3.69 0.511937 −13.7 0.1184 0.511588 −9.2 1.36 1.89 1.73
M194 941.84 23.01 4.49 0.511929 −13.8 0.1179 0.511582 −9.3 1.37 1.89 1.73
M175A* 968.38 14.44 2.70 0.511869 −15.0 0.1131 0.511535 −10.2 1.40 1.89 1.75
M175 968.38 18.72 3.51 0.511868 −15.0 0.1134 0.511534 −10.2 1.41 1.90 1.74
M165F 974.00 21.60 4.14 0.511751 −17.3 0.1160 0.511410 −12.7 1.67 2.13 1.98
M165 983.63 26.91 5.14 0.511750 −17.3 0.1155 0.511409 −12.7 1.66 2.12 1.97
M158F 995.22 17.01 3.24 0.511768 −17.0 0.1150 0.511429 −12.3 1.62 2.08 1.93

Note: CHUR, chondritic uniform reservoir; DM, depleted mantle.
aSample numbers with A are acid treated and washed.
bModel age calculated on the basis of 3Nd(0) = 7.2 for a “new continent” (see text).
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is reasonable to consider Proterozoic Grenvillian rocks as the pre-
dominant source, considering the location of the basin.

Sulfur isotope compositions of pyrite
Sulfur may be incorporated into organic matter (Chukhrov

et al. 1980), but the isotope compositions and the abundances of
sulfur reported in Table 1 are most likely those of pyrite because
pyrite is abundant in hand specimens and thin sections. Further-
more, a mixture of concentrated HNO3-HBr was used to extract
sulfur for the measurement. Extraction of sulfur bound in organic
matter usually requires more aggressive extraction after the fu-
sion of samples with a flux or the use of a Parr bomb. Therefore,
the reported contents of sulfur and its isotope compositions are
considered to represent those of sulfur in fine-grained pyrite dis-
seminated within the samples.

The sulfide sulfur contents are positively correlated with the
organic carbon content (Fig. 7A) and total Fe (Fig. 7B), as observed
in many organic-rich sediments (e.g., Berner and Raiswell 1983;

Lyons and Berner 1992). The data from the Macasty shale are con-
sistent with the active role of organic matter and Fe for the fixa-
tion of sulfide sulfur in the sediments.

The values of �34S for fine-grained pyrite are similar −2.5‰ ±
2.7‰, excluding one outlier value of −10.6‰ (Table 1). The values
of �34S for coarse-grained pyrite that is hand picked from bedding
planes and fractures are high overall and vary from +2.7‰ to +28.1‰
(Table 4). The values are different even within a single hand spec-
imen. Samples M178 and M197 contain cubes of pyrite on bedding
planes, and different grains were subjected to sulfur isotope analysis.
Different pyrite grains yielded different isotope compositions
(Table 4), suggesting highly heterogeneous S-isotope composi-
tions of coarse-grained pyrite. The evidence reflects different gen-
erations of pyrite along fractures and bedding planes.

Carbon isotope compositions
The values of �13C for calcite show a narrow range, from −2.2‰

to +0.6‰ (Table 2), similar to the modern marine carbonate value

Fig. 3. (A) SiO2 versus TiO2 and (B) V versus K2O of bulk rock compositions for the Macasty shale compared with the values for the overlying
Vauréal Formation, and North American Shale Composite (NASC; Condie 1993) and average composition of the upper continental crust (UC;
Rudnick and Gao 2004). Overall positive correlation between SiO2 and TiO2 suggests detrital origin of SiO2. Vanadium is +3 under reduced
conditions to be incorporated into the Al site of illite. The broad positive correlation between K2O and V supports this interpretation. [Colour online.]
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of 0‰ and to average early to mid-Katian values derived from
well-preserved brachiopods (Shields et al. 2003). �18OPDB values for
calcite in our samples range from −7.2‰ to −5.0‰ (Table 2), which
are lower than those expected for its crystallization at the depo-
sitional site from seawater.

Isotope compositions of organic carbon were measured for gla-
cial erratics. They show a significant variation, from −24‰ to
−29‰ (Table 5). The values are lower than those for most present-
day marine organic matter (−18‰ to −23‰) but are similar to
those for coastal sediments, such as those in the Adriatic Sea
(−21‰ to 30‰; Ogrinc et al. 2005).

Discussion

Mineralogy
The rocks are very fine grained, and it is impossible to identify

all minerals in thin sections under a petrographic microscope.
Although XRD patterns were examined, minerals with an abun-
dance of <10% commonly do not show discernable X-ray peaks.
Therefore, bulk chemical compositions are used to verify the min-
eralogy of rocks. The weight ratios of Al2O3/K2O vary from 4.0 to
7.3 in the Macasty shale. The values are much higher than that of
illite, �2.3–2.5. This is consistent with the occurrence of kaolinite
in the XRD pattern. This is also apparent in the ternary plot of
Al2O3 − (Na2O + CaO*) − K2O (Fig. 8). The samples plot closer to the
Al2O3 apex than to the position of illite in the diagram, indicating
the presence of kaolinite. The presence of kaolinite in the Macasty
shale suggests that it was brought to the site as a detrital mineral,

Fig. 4. Vertical variations of bulk rock compositions for the Macasty shale in the drill core samples, compared with those of glacial erratics
and North American Shale Composite (NASC). The Macasty shale overlies limestone beds of the Mingan Formation (shown as limestone
pattern at the base of the stratigraphic column). (A) CaO, P2O5, and CO2; (B) chemical index of alteration (CIA) and Th/U. The values for CO2 are
the loss on ignition values at 1050 °C for 2 h after baking the samples at 550 °C for 6 h to burn organics. The value of CIA gives a measure of
the degree of weathering (e.g., Nesbitt and Young 1982). It is expressed as % and is defined as molecular proportions of major elements,
(Al2O3/[Al2O3 + CaO* + Na2O + K2O]) × 100, where CaO* is the silicate fraction. In our samples, CaO* is 0 because CaO is almost all in calcite.
NASC values are from Condie (1993). The weight ratios of Th/U for the NASC (4.6) and those for the Vauréal Formation (�3.7) are far higher
than those for the Macasty shale. UCC, upper continental crust. [Colour online.]

Fig. 5. Rare earth element abundances of Macasty shale samples
normalized to the values of North American Shale Composite (NASC),
which are compiled by Haskin and Haskin (1966). The not-smooth line
is mostly a result of varying contents of Eu, reflecting the different
degrees of evolved granitic rocks in the provenance. [Colour online.]
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because kaolinite cannot be formed during deposition in alkaline
seawater. Furthermore, kaolinite could not be formed during the
diagenesis of rocks when abundant calcite crystallized.

CaO contents on a volatile-free basis vary significantly, from 6.7
to 56.0 wt.%, but P2O5 contents remain low, ranging from 0.08 to
0.25 wt.% (Fig. 4). The data suggest that CaO occurs mostly as
calcite. This is supported by a positive correlation between the

abundance of CaO and calcite calculated from the values of LOI-
1050 °C. (Fig. 4).

Thin-section examination and XRD did not show any Mg-
bearing minerals in the Macasty samples, but the concentrations
of MgO vary from 1.36 to 3.1 wt.% on a volatile-free basis in most
samples. Possible hosts of MgO are illite and calcite. Ilite may
contain 3–5 wt.% MgO. Using the average composition of illite,
7.3 wt.% K2O and 4 wt.% MgO, the amounts of MgO hosted by illite
are calculated to vary from 0.12 to 1.77 wt.%. The remaining MgO is
considered to be in calcite. Molecular ratios of Mg/Ca of calcite are
calculated to be 0.02–0.04 in most samples. Several samples (M171,
M93, M194, M190, M200) show ratios of Mg/Ca ranging from 0.08
to 0.13. The values are high for calcite, suggesting that these sam-
ples likely contain minor dolomite.

Fig. 6. Neodymium isotope evolution of the Macasty shale (black
lines). Depleted mantle value is after Workman and Hart (2005).
Crustal residence ages (in Ga) for the Macasty shale are calculated
on the basis of chondritic uniform reservoir (CHUR), “continent”
composition, and depleted mantle (DM), and the ages are shown
as thick bars. “Continent” formation age is calculated using
143Nd/144Nd = 0.513005 (3Nd = 7.2) for a “new continent” on the basis
of 3Hf = 13.2 as proposed by Dhuime et al. (2011) and the positive
relationship between Nd and Hf isotope compositions in the mantle as
proposed by Workman and Hart (2005). [Colour online.]

Fig. 7. (A) Concentrations of sulphur and organic carbon in wt.%.
The dashed line is for the relationship between sulphide sulphur
and organic carbon in normal marine sediments formed under oxic
conditions (Lyons 1997). (B) Plot of total Fe against sulphur for the
Mascasty shale. The thin dotted line shows the correlation of the two
elements for pyrite and the dashed line shows the correlation of the
two elements commonly observed in euxinic sediments (Jenkyns 1988).
[Colour online.]

Table 4. Sulfur isotope compo-
sitions of hand-picked grains of
pyrite.

Sample �34S (‰)

M163 +2.7
M178-Xa +28.1
M178-Ya +25.2
M181 +12.2
M197-Xa +18.5
M197-Ya +14.2
M207 +7.2
AC1 +15.2
AC8 +18.5

aX and Y in samples of M178 and
M197 are different grains.

Table 5. Carbon isotope com-
positions of organic matter.

Sample �13CPDB (‰)

AC1 −23.8
AC2 −29.2
AC3 −27.2
AC4 −28.3
AC5 −28.4
AC6 −26.5
AC7 −29.3
AC8 −25.5

Note: PDB, Pee Dee Belemnite.

Fig. 8. Bulk rock compositions on Al2O3 − (Na2O + CaO*) − K2O
ternary diagram. Data sources: North American Shale Composite
(NASC; Condie 1993), upper continental crust (UCC; Rudnick and
Gao 2004). [Colour online.]
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Bulk rock compositions of the Macasty shale show the molar
ratios of Sr/Ca multiplied by 1000 varying from 1.3 to 12 with a
median value of 4.5. The values around 1 are comparable to the
ratios of 1–3 for marine carbonate (Lear et al. 2003; Gillikin et al.
2005). The values for most samples are high, suggesting that Sr is
hosted by other minerals, such as mica and illite, where Sr re-
places K.

Diagenesis
The chemical composition of the Macasty shale is used to eval-

uate the detritus sources, but the composition may change after
deposition. Therefore, the effect of diagenesis on compositions of
sediments is evaluated first. Thin-section examination shows that
calcite forms spherical grains within samples. Cone-in-cone struc-
tured calcite is common along bedding planes, suggesting that
calcite crystallized during early diagenesis (Kulkarni et al. 2013).
Unlike pyrite, calcite does not crosscut bedding planes, suggesting
that calcite crystallized before the lithification of the sediments.

Marine carbonate shows a large shift in �13C, from around 0‰
to +6‰ at the terminal Ordovician (e.g., Ainsaar et al. 2010). The
�13C values for calcite from the Macasty shale range from −2.2‰ to
+0.6‰ (Table 2). They are consistent with the source from marine
carbonate of the early Katian stage before the large carbon isotope
excursion started in the Hirnantian stage because the values are
similar to those from elsewhere (Shields et al. 2003; Ainsaar et al.
2010).

Although �13C values of calcite likely represent that of marine
carbonate, �18O values of calcite are lower than the marine car-
bonate value. Possible causes for lower �18O values for calcite are
an incursion of meteoric water, low �18O in seawater, and elevated
temperatures at the time of calcite crystallization. We discount
the first possibility. Calcite formed in fresh waters commonly
shows low �13C values because dissolved inorganic carbon in fresh
waters is low in 13C compared with marine carbonate. The Ma-
casty calcite has �13C values similar to that of marine carbonate,
rejecting this possibility. The second possibility is low �18O in
seawater during the Ordovician period. Qing and Veizer (1994)
and Veizer and Prokoph (2015) proposed �–4‰ relative to stan-
dard mean ocean water for seawater during the Caradoc-Ashgill
epoch in the Late Ordovician time, which corresponds to the time
of deposition of Macasty shale. Using the ocean water value, equi-
librium isotope temperatures for calcite are calculated to range
from 16 to 34 °C. Alternatively, if the seawater had an oxygen
isotope composition similar to the present-day value, the equilib-
rium isotope temperatures are calculated to be between 42 and
54 °C, which correspond to a depth of 1.5–2 km using a geother-
mal gradient of continental margin, 0.025–0.03 °C/m (e.g.,
Beaumont 1981). Either way, the calcite crystallized at low temper-
atures, <60 °C, which is consistent with the lack of any high-
temperature minerals.

Coarse cubes (�1 mm) of pyrite are also present along bedding
planes and also narrow (<1 mm) fractures, suggesting that these
coarse grains of pyrite crystallized during the late diagenesis and
after the lithification of the sediments. Heterogeneous S-isotope
compositions of pyrite suggest multiple generations of crystalli-
zation from solution under low water/rock ratios.

Provenance
The location and age of the Macasty shale in the Anticosti Basin

suggest several possible provenances. The most proximal source
is Grenvillian rocks to the north, west, and south of the Anticosti
Basin (Figs. 1, 2). The Grenvillian rocks formed a large land north
of the Basin during Ordovician time (Fig. 2). The Grenvillian rocks
also underlie the Anticosti Basin at present. The second source is
Taconian igneous rocks. The area to the east of the Anticosti Basin
has had a complex geological history since Early Cambrian time,
including the opening of the Iapetus Ocean, obduction and accre-
tion of an island arc, and the formation of a continental arc.

Abundant igneous rocks, including ophiolitic rocks, thrust slices
of oceanic rocks, subduction-related mafic-intermediate rocks,
and granites, were introduced to the eastern margin of North
America during the Taconian orogenic event (e.g., Hiscott 1978;
Dunning et al. 1991; Huff et al. 1992; Whalen et al. 1996). Volumi-
nous mafic magmatism during the orogenic event likely contrib-
uted to a decline in 87Sr/86Sr for marine Sr during the Ordovician
period (e.g., Young et al. 2009). Furthermore, violent explosive
felsic volcanism is recorded as ash beds in many places in Appa-
lachia, including Georgia, Alabama, Kentucky, Tennessee, and
Pennsylvania (e.g., Samson et al. 1989).

The third possible source of detritus is allochthonous slices that
were thrust inland during the Taconic orogeny. A series of ophi-
olitic massifs, crosscutting granites, and associated metamorphic
rocks occurred along the Baie Verte – Brompton line, the Taconian
suture between Laurentia and the early Paleozoic peri-Laurentian
oceanic terranes. These ophiolitic massifs are represented by the
Lac-Brompton ophiolite and the Rivière-des-Plante Ultramafic
Complex in southern Quebec, and the Nadeau Ophiolitic Mélange
in the Gaspé Peninsula (De Souza et al. 2012). Other massifs are
present in eastern New York and western Massachusetts (Ratcliffe
1987). If allochthons supplied the detritus for the Macasty sedi-
ments, such dynamic tectonic activity likely fostered physical ero-
sion to produce coarse-grained detritus for texturally immature
sediments. This is not consistent with the fine-grained organic-
rich sediments in the Macasty basin. Therefore, we do not con-
sider the allochthons to be the potential source of the Macasty
shale.

Neodymium isotope compositions are very useful in evaluating
the provenances of siliclastic sedimentary rocks because sedi-
ment transport processes are not expected to result in isotopic
fractionation. Therefore, Nd isotope compositions of sedimentary
rocks of many different ages have been used widely to evaluate
the provenance rocks of sedimentary rocks (e.g., Patchett and Ruiz
1989; Andersen and Samson 1995; Dickin 2000; Clift et al. 2002). In
this study, 143Nd/144Nd values for the Macasty sediments and pos-
sible provenance rocks that supplied detritus are calculated at
450 Ma (Fig. 9). The Grenville Province is divided into several
terranes. In general, the northern part of the province contains
old rocks, especially rocks close to the Archean Superior Province
(Ashwal et al. 1986; Martin and Dickin 2005). Grenville rocks north
of the St. Lawrence River belong to the Labradoria and Quebecia
terranes, which are highly metamorphosed, subduction-related,
igneous rocks formed at �1.7 to 1.5 Ga (Dickin 2000; van Breemen
and Corriveau 2005). Grenvillian rocks due north and closest to
Anticosti Island belong to the Labradoria terrane (McLelland et al.
2010). The Nd isotope compositions of these rocks at 450 Ma are
very similar to those of the Macasty shale (Fig. 9). The southeast
Labrador area, farther north of the Labradoria and Quebecia ter-
ranes, contains older rocks, shown as low 3Nd(t) (Fig. 9). Grenvil-
lian rocks are also exposed south of the St. Lawrence River. They
include the rocks in the Adirondack Lowlands and Highlands
(Westeneys et al. 1999) and the Blair River Complex on Cape
Breton Island (Barr and Hegner 1992). The Adirondack Lowlands
are considered to be an extension of the Labradoria terrane north
of the St. Lawrence River (Westeneys et al. 1999) and to be slightly
older than the Adirondack Highlands, which have higher 3Nd(t)
(Daly and McLelland 1991) (Fig. 9).

Grenvillian rocks on Cape Breton Island show significantly
higher 143Nd/144Nd(t) values than the values for the Macasty shale
(Fig. 9). Early Ordovician felsic igneous rocks in the Aspy and Bras
d’Or terranes, south of the Blair River Complex on Cape Breton
Island, have a juvenile geochemical signature showing chondritic
Nd isotope compositions (Barr and Hegner 1992). The Dunnage
zone and Humber zone east and south of the Anticosti Basin ex-
tend from Cape Breton Island to Newfoundland, and the zones are
considered to have formed at around 471 Ma (MacLachlan and
Dunning 1998). The igneous rocks in the Dunnage and Humber
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zones show relatively high 143Nd/144Nd(t) (Barr and Hegner 1992).
Although these igneous rocks assimilated Grenvillian basement
rocks during their ascent, the overall geochemical signatures of
these rocks are juvenile, with high 143Nd/144Nd, and the values of
3Nd(t) are higher than those for the Macasty shale. Therefore,
Paleozoic igneous rocks contemporaneous with the Macasty shale
do not appear to be a significant contributor to the basin. The
comparison of Nd isotope compositions suggests that the predom-
inant provenance of the Macasty shale is the Labradorian rocks,
which are widely exposed north, northeast, and northwest of
Anticosti Island.

Weathering of source rocks in the provenance
The occurrence of kaolinite as a detrital mineral suggests that

the rocks in the provenance underwent intense weathering. This
is consistent with the generally warm, wet climate that prevailed
during the Ordovician period (Thompson and Kah 2012).

The weathering conditions of the source rocks in the prove-
nance were evaluated quantitatively using the ternary diagram of
Al2O3 – (Na2O + CaO*) – K2O (Fig. 8). The rocks plot close to the Al
apex, suggesting that the source rocks underwent high degrees of
chemical weathering. Although Na contents are high in felsic
gneissic rocks, its low concentrations in the Macasty rocks reflect
intense weathering. The detrital minerals were not affected by
high Na in depositioned and diagenesis in marine environments.
Therefore, their plot close to the Al apex reflects the composition
of detrital material caused by intense weathering in the prove-
nance rocks.

The stratigraphic variation of the intensity of weathering is
evaluated using the chemical index of alteration (CIA) (Fig. 4). The
value of CIA is a molecular proportion of [Al2O3/(Al2O3 + CaO* +
Na2O + K2O)] × 100, where CaO* represents CaO in silicate miner-
als. The index gives a degree of weathering at the provenance (e.g.,
Nesbitt and Young 1982; Price and Velbel 2003; Shao et al. 2012).
The NASC by Condie (1993) has a much lower CIA value than does
the Macasty shale (Fig. 4), suggesting that the source rocks for the
Macasty shale experienced high degrees of chemical weathering.
This is consistent with the occurrence of kaolinite in the XRD
pattern of the samples. If the source rocks had intense weathering
before the deposition of the Macasty shale, but moderate weath-
ering during the deposition, the values of CIA should be lower in
the upper stratigraphic section of the Macasty shale. The values of
CIA change slightly but remain high, above 70 (Fig. 4), suggesting
that the source rocks experienced intense weathering before ero-
sion of the detritus to be transported to the Anticosti Basin.

The Grenville rocks were exposed for a long geological time
after their formation in the mid-Proterozoic time. A long time of
exposure and erosion of rocks in the Grenville terrane likely pro-
duced a low, gentle relief during the deposition of the Macasty
shale in the Late Ordovician time. This long period of exposure
likely allowed Grenvillian rocks to undergo intense chemical
weathering before being physically eroded from the site.

Depositional environments
Geochemical parameters, including a high abundance of or-

ganic matter and pyrite, all suggest that the depositional site was
anoxic. This is well illustrated by Th/U ratios (Fig. 4). Uranium
changes its valence from highly soluble U+6 in oxidizing water to
insoluble U+4 under anoxic conditions. On the other hand, Th is
not soluble in low-temperature aqueous solutions, and it is trans-
ported from the source rocks in terrigenous fragments to deposi-
tional sites. Igneous rocks and terrigenous material have ratios of
Th/U of between 3.5 and 4 (Taylor and McLennan 1985). The Ma-
casty shale shows very low Th/U ratios, lower than 0.8 (Fig. 4). The
low ratios are a result of high U, which was transported as U6+ and
was reduced and fixed in the sediments under anoxic conditions.

The reduced condition is further supported by a positive corre-
lation between K and V (Fig. 3B). Vanadium is +3 under reduced
conditions, allowing it to be incorporated into mica.

The total organic carbon contents show a broad positive corre-
lation with the total sulfur contents (Fig. 7). The values are close to
those observed in normal marine sediments, supporting the linkage of
fixation of sulfide sulfur and accumulation of organic carbon (e.g.,
Raiswell and Berner 1985; Jenkyns 1988). The concentrations of Fe
and S show a broad positive correlation, and the values are similar
to those of many euxinic sediments, shown as a dashed line in
Fig. 7, as observed by Jenkyns (1988).

The sulfide phase is pyrite in hand specimens and also in thin
sections. Higher Fe contents compared with sulfur (Fig. 7) are
explained by Fe hosted by other phases. For example, illite con-
tains 2.05 wt.% Fe2O3 as total Fe. Using the K2O contents of the
rocks, Fe in illite is calculated to be 0.22–0.91 wt.% Fe2O3.

Fine (<0.01 mm) grains of pyrite are disseminated in the sam-
ples. Some form framboidal pyrite. The texture and distribution
of pyrite suggest that sulfide sulfur was introduced during the
deposition or early diagenesis of the Macasty shale. Sulfur isotope
compositions of fine dissemination of pyrite show �–2.4‰, with
no significant change in the stratigraphic positions of samples.
The data support a similar environment during deposition of the
Macasty shale.

Marine sulfate shows a large variation, from +15‰ to +30‰, in
the Early-Mid Ordovician and also at the end of Ordovician (e.g.,
Thompson and Kah 2012; Jones and Fike 2013). The precise �34S
value of marine sulfate during deposition of the Macasty shale is
not certain, but it is most likely around +20‰ to +25‰ (Claypool
et al. 1980; Jones and Fike 2013). This indicates an apparent isotope

Fig. 9. Box-whisker plots of 143Nd/144Nd and 3Nd(t) of the Macasty
shale (red), possible provenance rocks (pink), and contemporaneous
Ordovician sedimentary rocks (green). The values of 3Nd (450 Ma)
and 143Nd/144Nd at 450 Ma are calculated from the present-day
143Nd/144Nd and 147Sm/144Nd tabulated in the references. Data
sources: Gneisses of the Labradorian and Quebecia terranes (Dickin
2000), Late Proterozoic to early Paleozoic rocks in Cape Breton
Island (Barr and Hegner 1992), ranitoids in the Humber-Dunnage
zone in the Gaspé Peninsula and New Brunswick (Whalen et al.
1997), Adirondack Highlands (Daly and McLelland 1991), widespread
K-bentonite layers of 457 Ma (Samson et al. 1989), Utica shale in New
York (Andersen and Samson 1995), other Ordovician sedimentary
rocks in New York, Virginia, and Tennessee (Andersen and Samson
1995), and the Austin Glenn Member of the Normanskill Formation
(Bock et al. 1998). Small values depicted below quartile boxes are
the numbers of analyses. Note that the Labradorian rocks in the
Kegaska area are exposed directly north of Anticosti Island, and they
are the closest in distance to the Macasty Basin. [Colour online.]
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fractionation between sulfide sulfur and sulfate of about 20‰ to
30‰. The isotope fractionation is small compared with that typi-
cally observed in marine sediments during anoxic and euxinic
conditions (e.g., Neretin et al. 2003; Sorensen and Canfield 2004).
This small difference may be attributed to a low sulfate concen-
tration in the pore water of organic-rich sediments because of
rapid consumption of marine sulfate, although abundant plank-
tonic marine fossils in the Macasty shale suggest a physical con-
nection betweenthesedimentarybasinandtheocean.Wesuggest that
slow diffusion of sulfate through fine-grained organic-rich sedi-
ments and fast reduction kept the concentrations of dissolved
sulfate low in pore water. Similar sulfur isotope compositions of
disseminated pyrite suggest that the conditions remained similar
throughout the deposition of the Macasty shale.

High levels of bioproductivity were likely promoted under
warm conditions in the basin, as supported by intense weathering
of the source rocks, described earlier in the text. It is also consis-
tent with the warm climate that prevailed during the Ordovician
period (e.g., Munnecke et al. 2010). Furthermore, carbonatites are
abundant on the north shore of the St. Lawrence River. Many were
emplaced at around 600 Ma (e.g., Doig and Barton 1968) and were
likely exposed during the deposition of Macasty shale. Carbona-
tites contain abundant apatite and may have supplied phos-
phates, an important nutrient for organic productivity, to the
basin. Finely laminated, undisturbed bedding with the superb
preservation of graptolites in the Macasty shale also supports the
interpretation of prolonged anoxic conditions.

Comparison with other Ordovician sedimentary rocks in
the region

The 3Nd(t) values for the Macasty shale are similar to those of
other Ordovician sedimentary rocks (Fig. 9). The values for the
Macasty shale range from −12.3 at the base to −9.5 at the top near
the Vauréal Formation (Table 3). Very similar values are reported
for the Utica shale in northern New York by Andersen and Samson
(1995), from −12.6 to −11.0 in Lower Utica shale and from −9.7 to
−8.5 in Upper Utica shale. Andersen and Samson (1995) inter-
preted that this slight increase in 3Nd(t) in younger units reflects a
contribution of juvenile sources, such as exotic terranes. Al-
though there is no evidence rejecting or supporting the existence
of allochthons with a juvenile source, there are other possibilities
to explain this slight change. Within the Grenville Province, rocks
in the southern terranes are younger, with higher 3Nd(t) values.
For example, the Adirondack Highlands have higher 3Nd(t)
than does the Labradorian terrane on the north shore of the
St. Lawrence River (Fig. 9). Mafic rocks have higher Sm/Nd than do
felsic rocks, and 143Nd/144Nd for mafic rocks have higher 3Nd(t)
than do contemporaneous felsic rocks. Deeper crustal rocks are
usually more mafic than shallower crustal rocks. Gradual unroof-
ing of deeper rocks in the provenance during the development of
the sedimentary basins may also explain increasing 3Nd(t) values
for upper parts of the sedimentary rocks.

Andersen and Samson (1995) reported Nd isotope compositions
of Ordovician sedimentary rocks from southern New York, Vir-
ginia, and Tennessee. The values of 3Nd(t) are slightly higher than
those for the Macasty and Utica shales (Fig. 9) and are similar to
the values for the Austin Glen Member of the Normanskill Forma-
tion in eastern New York as reported by Bock et al. (1998). Overall
low 3Nd(t) for the Ordovician shale confirms that Grenvillian
rocks are the main contributor of the terrigenous material, but
that the slightly higher 3Nd(t) values for sedimentary rocks farther
south in the United States are attributable to younger ages of
Grenvillian rocks in the southern United States and a possible
minor contribution of Taconian rocks. The Grenvillian rocks in
southern Quebec (Labradorian and Quebecia terranes) formed at
1.7–1.5 Ga, and those in central Virginia and Texas at around 1.1 Ga
(Patchett and Ruiz 1989). This explains why Grenvillian rocks in
the United States have higher 3Nd(t) values at 450 Ma. It is also

possible that Ordovician basins received minor contributions of
Taconian rocks. The Macasty and Utica basins were surrounded by
Grenvillian rocks, whereas rocks in the southern United States are
on the eastern margin of the North American continent and are
likely exposed to Taconian igneous rocks.

The widespread occurrence of Upper Ordovician ash beds in
eastern Laurentia (Huff 2008) suggests that explosive arc volca-
nism was probably contemporaneous with the accumulation of
the Macasty shale in the Anticosti Basin. The geochemistry of the
Macasty shale, however, does not show evidence for such orogenic
activity in the Anticosti Basin during early to mid-Katian. The lack
of evidence for Taconic orogenic activity suggests that topo-
graphic features likely impeded the transport of material from
the active orogens to the basin.

Conclusions
The provenance that supplied detritus for the Macasty shale is

predominantly granitic–gneiss terrane of the Grenville Province
and most likely the Labradoria terrane. The Grenvillian rocks
were exposed on a land mass just north of the Anticosti Basin
during the deposition. These rocks were intensely weathered to
form kaolinite before being erosioned to the basin. The deposi-
tion of the Macasty shale is considered to be synchronous with the
Taconic orogeny, which brought allochthonous slices to the east
to the Anticosti Basin and produced voluminous igneous rocks
and also explosive volcanic rocks. These rocks, related to the Tac-
onic orogeny, which include explosive volcanic rocks, did not
make a significant contribution to the detritus of the Macasty
shale.

The water in the Anticosti Basin during the deposition of the
Macasty shale was likely stratified where fertile bioproductivity in
oxygenated shallow water was underlain by anoxic water. This
allowed the preservation of abundant organic matter and rela-
tively high �34S values for pyrite in sediments throughout the
succession. The deposition of the Macasty shale is followed by
diagenesis at low temperatures, <60 °C, where the sediments
were cemented by calcite and silica leached from radiolarian
fossils.
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