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ABSTRACT

A quartz sandstone bed in a dominantly conglomeratic section in the central part of the Lower Carboniferous
Horton Group on Petit-de-Grat Island, offshore southern Cape Breton Island, Nova Scotia, contains detrital zircon
grains with ages ranging from mid-Devonian to Archean. The similarity of the Devonian and Neoproterozoic age
spectrum to ages of igneous units in the adjacent Avalonian Mira terrane, in particular the Coastal belt, indicates that
itwas the main sourcearea. This interpretation is supported by the similarity of the Neoproterozoic and older detrital
zirconagespectrumtothatofthedetritalzirconagespectruminaCambriansandstoneunitfromtheMiraterrane. This
interpretation indicates post-depositional dextral fault motion between the Isle Madame area and the Coastal belt.

RESUME

Une couche de grés quartzeux repérée dans une section principalement conglomératique dansla partie centrale
du groupe de Horton du Carbonifére inférieur sur I'ile Petit-de-Grat, au sud de I'ile du Cap-Breton, en Nouvelle-
Ecosse, contient des grains de zircon détritique dont I’ige va du Dévonien moyen a Archéen. La similitude du
spectre d’age du Dévonien et du Néoprotérozoique avec celui des unités ignées trouvées dansle terrane Mira d’Avalon
adjacent, en particulier la ceinture cotiére, indique qu'il sagit de la région source principale. Cette interprétation est
étayée par la similitude du spectre d'age du zircon détritique du Néoprotérozoique et de périodes plus anciennes avec
celui du zircon détritique trouvé dans une unité de grés du Cambrien provenant du terrane Mira. Cette interprétation
indique un mouvement postsédimentaire d’une faille dextre entre la région de I'ille Madame et la ceinture cotiere.

[Traduit par la redaction]

INTRODUCTION their relation to older rocks in the area (Fig. 2). Clasts in the

conglomerate range from granules to boulders, are generally

The Lower Carboniferous Horton Group on Isle
Madame and adjacent Petit-de Grat Island off the southern
tip of Cape Breton Island, Nova Scotia (Fig. 1) includes an
abundance of steeply dipping, well-indurated polymictic
conglomerate and interlayered finer grained clastic rocks
with an estimated thickness of about 7 km (Force and Barr
2006; Giles et al. 2010). These rocks were described only
briefly by Force and Barr (2006), who focused instead on
structural aspects of the conglomerate-dominated units and
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subangular and poorly sorted, and consist mainly of varied
volcanic and sedimentary clasts, with less abundant granitic
and metamorphic clasts. Force and Barr (2006) interpreted
the local environment of conglomerate deposition as a
transtensional basin related to the Minas Fault Zone between
southern and northern Nova Scotia (Fig. 1).

The provenance of sedimentary and volcanic clasts
in the central part of the conglomeratic sequence is not
clearly related to local basement sources, which are variably
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mylonitic metamorphic and plutonic rocks (Force and Barr
2006). The provenance of some of the sedimentary clasts was
addressed by Boucot etal. (2006), who showed that Avalonia-
related faunal assemblages are present in calcareous siltstone
and sandstone clasts from both the lower part of the Horton
Group and from younger conglomerate in the overlying
Mabou Group. The faunal assemblages in these clasts imply
derivation from the north, with material comparable to both
Silurian rocks of the Antigonish Highlands and Cambrian
units of southeastern Cape Breton Island. However, Boucot
et al. (2006) further noted that the relatively large size of
the clasts suggests local derivation from lower and middle
Paleozoic units present under the Carboniferous units in the
Isle Madame area but not presently exposed.

This paper presents ages of detrital zircon grains in a
quartz arenite sample from an interbed in the conglomerate-

dominated central part of the Horton Group sequence as a
further step in investigating the source of the Horton Group
sediments deposited in the Isle Madame area.

GEOLOGICAL SETTING

Deposits of Horton Group rocks occur throughout
Cape Breton Island and mainland Nova Scotia (Fig. 1).
Together with locally conformably and unconformably
underlying Middle and Late Devonian sedimentary and
bimodal volcanic rocks, these rocks form the earliest fill
in the Maritimes Basin, mainly confined to grabens in
older metamorphic and igneous basement rocks (e.g.,
Gibling et al. 2008; Pascucci et al. 2000). Overlying younger
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Fig. 1. Simplified geological map of Cape Breton Island and adjacent parts of northern mainland Nova Scotia, New
Brunswick (NB), and Prince Edward Island (PEI) showing the location of the Isle Madame area (dashed box). Map is
modified from Reynolds et al. (2004). Abbreviations: AH, Antigonish Highlands; CF, Chedabucto Fault; CH, Cobequid
Highlands; MFZ, Minas Fault Zone; RVE, Roman Vally Fault; SMB, St. Marys Basin. The Avalonian Mira terrane consists
of volcanic-sedimentary-plutonic belts with ages of ca. 620 Ma, ca. 680 Ma (Stirling), and ca. 575-550 Ma (Coastal) (Bevier
et al. 1993). Asterisk in the Coastal belt indicates the location of Cambrian quartz sandstone sample SMB07-117 dated by

Barr et al. (2012).
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Carboniferous rocks progressively overlap the basement
rocks, and include evaporite and carbonate rocks of the
Windsor Group and overlying thick coal-bearing sequences
(Fig. 1).

Along the Minas Fault Zone on mainland Nova Scotia,
rocks of the Horton Group overlap the boundary between the
Meguma terrane of southern Nova Scotia and the Avalonian
Antigonish and Cobequid Highlands of northern mainland
Nova Scotia (Murphy et al. 2011). These rocks continue
north of the Roman Valley Fault and into the Avalonian
Mira terrane of southeastern Cape Breton Island (Fig. 1).
The structural evolution of the Horton Group sequence on
Isle Madame suggests that relative motion along these faults,
all part of the Minas Fault Zone of Murphy et al. (2011),
continued into the Carboniferous to form a transtensional
basin in which the conglomerate units were deposited.

On Isle Madame the Horton Group is overlain, perhaps
conformably, by Windsor Group rocks including both
conglomerate and the more typical evaporite rocks (Giles
et al. 2010). In contrast to the Horton Group conglomerate,
except in its upper part, the Windsor Group conglomerate
units are clearly derived from high-grade metamorphic
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and plutonic units exposed on Isle Madame (Force and
Barr 2006). The base of the Horton Group on Isle Madame
is an unconformity on rocks assigned to the Devonian
Guysborough Group (White and Barr 1999), which has its
type area (and more extensive exposure) on adjacent parts
of the mainland Nova Scotia, between the Chedabucto and
Roman Valley faults, both part of the Minas Fault Zone
(Cormier et al. 1995; Webster et al. 1998; Murphy et al.
2011).

SAMPLE LOCATION

The best exposed and structurally simple section of
Horton Group conglomerate in the Isle Madame area is
along the northern and eastern shore of Petit-de-Grat
Island, extending from Petit Anse toward Gros Nez Island
(Fig. 2). This section lies unconformably on the Glenkeen
Formation of the Guysborough Group and extends upward
about 1300 m (true thickness) as a NNE-facing sequence
dipping within a few degrees of vertical (White and Barr
1999; Force and Barr 2006). Non-conglomerate interbeds
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Fig. 2. Simplified geological map of the Isle Madame-Petit-de-Grat area (after Force and Barr 2006) showing the
location of dated quartz sandstone sample 180] (asterisk).
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form embayments on the rugged coast, and many of these
beds pinch out northwestward into conglomerate. This
relationship suggests that sediment transport was to the
southeast, in accord with clast imbrication in adjacent
conglomerate units which show transport in the same
direction. The depositional environment was probably in
the distal part of an alluvial fan or fan-delta.

Most of the finer beds intercalated with conglomerate
are maroon or grey-green and range from sandy siltstone to
grit, but a few are nearly white well-sorted quartz sandstone
with a few dark heavy mineral-bearing laminae. The dating
sample 180], weighing approximately 2 kg, was collected
from one of these beds at 740-755 m above the base of the
section (UTM coordinates 5041240N and 661740E; grid
zone 20). This bed, about 15 m thick, is best exposed at
mid- or low tide, and its dark laminae show contortions that
suggest a seismite origin (i.e., if so it still consisted of loose
saturated sand when liquified by seismic activity).

Adjacent conglomerate beds contain cobbles and
pebbles, commonly subangular. In approximate order of
abundance the clasts include (1) intermediate to felsic
volcanic rocks, generally quartz- and plagioclase-phyric,
commonly tuffaceous, and weakly foliated, (2) sandstone
and lesser siltstone, (3) mafic volcanic rocks, (4) felsic
plutonic rocks, some deformed, and (5) the fault rocks of
Force and Barr (2006).

METHODS AND RESULTS

Zircon crystals were extracted from quartz sandstone
sample 180] at the LaserChron Lab, University of Arizona,
by traditional methods of crushing and grinding, followed
by separation with a Wilfley table, heavy liquids, and a
Frantz magnetic separator. All zircon grains in the sample
were retained in the final heavy mineral fraction. A large
split of these grains was incorporated into a 1” epoxy mount
together with fragments of a Sri Lankan standard zircon.
The mount was sanded down to a depth of ~20 microns,
polished, and cleaned prior to isotopic analysis. The sample
showed a mixture of euhedral and rounded grains and
grains from each type were analyzed. Zoning was obvious
in a few grains, but no core and rim analyses were obtained
from individual grains.

Zircon analyses were conducted by laser ablation-
multicollector-inductively coupled plasma-mass
spectrometry utilizing techniques described by Gehrels
et al. (2006). Errors in determining 2*Pb/**U result in a
measurement error of 1-2% at the 2 sigma level for grains
younger than about 0.8 Ga, and similar errors in 2°Pb/**Pb
for older grains. A standard with known age of 564 +4 Ma
(at the 2 sigma level) was used. All of the data are shown in
Appendix A. The statistical program of Ludwig (2003) was
used to produce relative age probability diagrams (Fig. 3a,

b) for the 77 zircon grains that are less than 10% discordant.
The majority of these ages (55 of 75) are between about 375
Ma and 760 Ma (Fig. 3a), whereas the remaining ages scatter
back to the Archean, with a concentration at about 2000 Ma
(Fig. 3b).

DISCUSSION

The majority of concordant ages from sample 180] are
Neoproterozoic, with age peaks at 572 Ma, 619 Ma, and 640
Ma and a small peak at about 685 Ma (Fig. 3a). With the
exception of the 640 Ma peak, these ages correspond well
with ages reported from the Neoproterozoic igneous units
which dominate the Mira terrane of Cape Breton Island
(Bevier et al. 1993; Barr et al. 1996; White et al. 2003). In
particular, a large component of ca. 572 Ma ages suggests
that the Fourchu Group and related plutons in the coastal
belt of the Mira terrane was a major contributor, consistent
with the abundance of intermediate and felsic volcanic clasts
in the conglomerate (Force and Barr 2006) as such rocks
dominate in the Fourchu Group (Barr et al. 1996). A younger
peak at 378 Ma corresponds with the age of Devonian
granitoid plutons of the Mira terrane (e.g., Lower St. Esprit
pluton with a U-Pb zircon age of 378+5/-1 Ma; Bevier et al.
1993). Older grains in the sample yielded a scatter of ages
back to the Archean (3090 Ma), with a cluster between 2.0
and 2.2 Ga and a prominent peak at about 2081 Ma.

With the exception of the younger ages, the age spectrum
from sample 180] is similar to that from a Cambrian
quartz sandstone sample from the Mira terrane (Fig. 3c,
d) reported by Barr et al. (2012). Notable similarities in
the Mesoproterozic-Archean part of the spectrum include
scattered ages at about 1200 Ma, a concentration of ages
around 2000 Ma, and peaks at 2450-2470, ca. 2700, and
3100 Ma (Fig. 3d). Both samples show a dominance of
Neoproterozoic ages, with major peaks at 572-580 and
620-640 Ma, and a small peak at about 680 Ma (Fig. 3c).
This similarity in age distribution supports derivation of
the central stratigraphic interval of conglomerate on Isle
Madame and Petit-de-Grat Island mostly from Mira terrane
sources.

Although the peak at 378 Ma matches the age of
Devonian granitoid plutons in the Mira terrane as noted
above, it is also similar to the ages of igneous components
of the Guysborough Group, from which rhyolite yielded an
age of 389 + 2 Ma and gabbro an age of 385 + 4 Ma (Cormier
et al. 1995; Dunning et al. 2002). Clasts in the lowermost
part of the Horton Group in the sampled section include
mafic rocks and large angular clasts of arkosic sandstone
which appear to be derived from the underlying Glenkeen
Formation but those clasts do not persist into the central part
of the section (E. R. Force, unpublished field observations).
The ca. 378 Ma peak is also similar to the age of 373 + 1
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Fig. 3. Probability density plots and histograms for U-Pb data for (a, b) sample 180] (Horton Group, Petit-de-Grat Island)
and (c, d) quartz arenite sample SMB07-117 from the Cambrian Sgadan Lake Formation, Mira terrane. Data for sample
180J are listed in Appendix A. Data in (c) and (d) are from Barr et al. (2012). Dates with discordance more than 10% are
excluded from these diagrams. Vertical dashed lines indicate ages of igneous units in the Mira terrane from Bevier et al.

(1993), Barr et al. (1996), and White et al. (2003).

Ma reported for the nearby Petit-de-Grat granite (White
et al. 2003) which intruded the Guysborough Group and
which could have been exposed by the Early Carboniferous.
However, clasts of this distinctive granite were not noted in
the section.

A source for the few zircon grains represented in
sample 180] with Ordovician to Early Devonian ages is not
known in the Mira terrane. Igneous rocks in the Antigonish
Highlands are dominated by ages of ca. 620 Ma, 600 Ma,
and 490-455 Ma (Hamilton and Murphy 2004; Murphy et
al. 2012; Escarraga et al. 2012; Archibald et al. 2012) which
are not prominent components of the spectrum of sample
180] and hence the Antigonish Highlands is not considered
to have been a major source area.

The detrital zircon spectrum for sample 180] is similar
to spectra in 3 samples from the Horton Group in the St.
Marys Basin reported by Murphy and Hamilton (2000). All 3
St. Marys Basin samples, like sample 180], show a prominent

Paleoproterozoic peak at about 2100 Ma and a scattering of
older peaks back into the Neoarchean. Although Murphy
and Hamilton (2000) reported these peaks to indicate
recycling of sediment from the Meguma terrane, more
recent detrital zircon work (e.g., Barr et al. 2012) has shown
that such ages are also characteristic in some samples from
Avalonia, as exemplified by the sample from the Sgadan Lake
Formation (Fig. 3d). As in sample 180], Mesoproterozoic
peaks are sparse in the St. Marys Basin samples, and a large
Neoproterozoic peak is present at about 600 Ma. However,
the size of the Neoproterozoic peak in the St. Marys Basin
samples is more similar to the size of the Paleoproterozoic
peak than in the case of sample 180] or the Sgadan Lake
Formation sample, where the Neoproterozoic peak is
proportionately larger than the Paleoproterozoic peak (Fig.
3b, d), a characteristic of samples higher in Meguma terrane
stratigraphy (Krogh and Keppie 1990; Waldron et al. 2009).

Two of the three samples from the St. Marys Basin
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contain a few Paleozoic detrital grains with ages of ca. 453,
426,411, 380, and 367 Ma, similar to the sparse Ordovician-
Early Devonian ages obtained in sample 180] (Fig. 3a).
Murphy and Hamilton (2000) suggested that the older three
grains could have been derived from volcanic rocks in the
Silurian-Devonian White Rock and New Canaan formations
in the Meguma terrane or from the Dunn Point Formation.
However, as noted above, the lack of representation of
the dominant ages now known for igneous rocks in the
Antigonish Highlands seems to make that area a less likely
source. Murphy and Hamilton (2000) suggested that the
380 Ma and 367 Ma grains could have been derived from
plutons in the Meguma terrane, but as also noted above,
sources in the Guysborough Group or Devonian plutons in
southeastern Cape Breton Island are also possible.

A source area dominated by the Fourchu Group and
associated Devonian plutons of the Mira terrane requires
those rocks to have been nearly adjacent, apparently to the
northwest of the Isle Madame - Petit-de-Grat Island area in
the Early Carboniferous. Force and Barr (2006) proposed
that the “headwall” source of conglomerate in the Early
Carboniferous transtensional basin is behind structures that
are themselves splays of the Minas Fault Zone so the required
assembly can be restored by placing southeastern Cape
Breton Island on that headwall. Syn- to post-depositional
dextral movement is required to move the Fourchu Group
to its present position.

CONCLUSIONS

The similarity of the detrital zircon age spectrum in
a quartz sandstone sample from the central part of the
Horton Group on Petit-de-Grat Island to ages of Devonian
and Neoproterozoic igneous units in the Mira terrane of
southeastern Cape Breton Island suggests that those rocks
provided much of the detritus in the group, including the
abundant felsic volcanic clasts in the thick middle part of
the conglomerate-dominated Horton Group sequence in
the Isle Madame area. The Mesoproterozoic to Archean
zircon population could have also have been derived from
the same sources, as a Cambrian sandstone from the Mira
terrane contains a similar Neoproterozoic and older detrital
zircon population.
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Appendix A. U-Pb geochronologic analyses of sample 180] (sample location UTM = 5041240N and 661740E; zone 20).

Isotope ratios Apparent ages (Ma)

206pp/ U/Th 206p}/ £+ py &+ pp & error  2pp;  + 2pp; & 26pp, + Bestage +
(ppm)  204py, W07pps (%) 5uyx (%) B8yx (%) corr. 887+ (Ma) 255+ (Ma) 207pp«  (Ma) (Ma) (Ma)
180J-11 227 185849 2.0 18.8599 5.8 04356 6.2 0.0596 2.2 0.36 3731 81 3671 192 329.7 1323 373.1 8.1
180J-96 270 320110 1.7 189639 2.0 04367 22 0.0601 09 042 376.1 34 3680 68 3173 457 376.1 34
180J-75 447 258032 1.8 18.4178 2.8 0.4551 3.2 0.0608 1.5 0.48 380.4 5.7 380.8 10.2 3833 63.1 380.4 5.7
180]-10 499 52452 1.5 17.2345 2.2 04945 34 0.0618 25 0.75 386.6 9.5 4079 11.3 530.7 484 386.6 9.5
180]-47 1037 79317 160 17.7011 1.2 04872 24 0.0625 2.1 0.86 391.1 7.9 4030 8.1 471.8 27.5 391.1 7.9
180]-4 441 414268 1.7 18.2704 19 0.4871 3.1 0.0645 25 0.79 403.2 9.7 4029 105 4013 43.0 403.2 9.7
180]-68 324 468189 1.5 17.7689 2.4 05062 2.6 0.0652 1.0 0.38 4074 39 4159 89 4634 535 4074 3.9
180J-17 797 1132650 1.2 179100 2.0 0.5099 3.2 0.0662 2.5 0.78 4134 9.8 4184 10.8 4458 44.1 413.4 9.8
180J-33 83 142912 1.1 18.9772 13.1 0.4856 14.7 0.0668 6.7 0.45 417.1 269 4019 48.8 315.7 299.1 417.1 269
180J-99 568 649022 1.2 18.2399 1.7 0.5117 2.1 0.0677 1.1 0.55 4222 4.6 4196 7.1 405.1 384 422.2 4.6
180J-83 409 535546 1.3 18.1306 2.2 0.5253 39 0.0691 3.3 0.82 430.6 13.5 428.7 13.8 4185 499 4306 135
180J-51 250 148566 14 179017 3.9 0.5408 54 0.0702 3.8 0.70 4374 16.1 4389 194 4468 86.5 4374  16.1
180J-65 171 145409 1.6 17.8522 4.0 0.5616 4.6 0.0727 23 0.51 4524 10.2 4525 16.8 453.0 879 4524 10.2
180]-41 183 383402 1.0 16.7717 6.5 0.5996 7.2 0.0729 3.1 043 453.8 13.7 477.0 27.5 590.0 141.6 453.8 13.7
180]-45 450 390592 7.9 17.6192 2.7 0.5894 3.6 0.0753 24 0.66 468.1 10.7 470.5 13.6 482.1 59.7 468.1 10.7
180]-2 222 282837 1.5 17.6434 34 0.6190 4.4 0.0792 28 0.64 4914 133 4892 17.1 4790 75.0 4914 133
180J-95 29 31631 0.7 18.1114 17.7 0.6532 18.2 0.0858 4.3 0.24 530.6 22.0 5104 732 4209 397.7 530.6 22.0
180J-79 68 68942 0.5 17.6619 8.8 0.6781 9.2 0.0869 2.7 0.29 537.0 13.7 525.6 37.8 476.7 1955 537.0 137
180]-82 149 170357 1.5 16.9527 4.4 0.7242 6.2 0.0890 4.5 0.71 549.9 235 553.1 26.6 566.7 95.1 549.9 235
180]-29 244 250996 2.0 16.7449 3.2 0.7335 3.5 0.0891 1.2 0.35 550.1 6.4 5586 149 5935 70.5 550.1 6.4
180]-73 306 280433 0.6 169538 1.7 0.7312 2.3 0.0899 1.6 0.69 555.0 84 5573 9.8 566.5 36.2 555.0 8.4
180]-7 203 195269 1.5 169314 35 0.7324 43 0.0899 24 0.56 555.1 12.7 5579 183 5694 77.0 555.1 12.7
180J-49 74 116493 09  16.8323 6.3 0.7420 6.7 0.0906 2.3 0.34 559.0 122 563.6 28.8 582.1 1358  559.0 122
180J-44 183 398923 1.1 16.6434 4.0 0.7524 4.2 0.0908 1.1 0.27 560.4 6.0 569.6 18.1 606.6 86.6 560.4 6.0
180]-70 243 770837 1.3 169319 1.7 0.7436 3.1 0.0913 26 0.84 563.3 14.2 564.5 13.6 569.3 37.1 563.3 14.2
180J-sl 412 1406661 4.9 169617 1.8 0.7435 2.2 0.0915 1.2 0.53 564.2 6.3 5645 9.5 5655 40.3 564.2 6.3
180J-34 90 102580 2.1 17.0749 63 07484 6.4 0.0927 13 0.21 5714 72 5673 27.8 551.0 1369 5714 7.2
180J-39 118 235503 1.0 169816 7.3 0.7527 7.6 0.0927 2.0 0.26 571.5 11.0 569.8 33.1 5629 1598 571.5 11.0
180J-63 361 856840 1.3 17.3562 2.0 0.7377 2.6 0.0929 1.7 0.64 5724 9.1 561.1 11.3 5152 443 572.4 9.1
180]-71 583 1050807 9.0 16.7752 1.1  0.7650 1.5 0.0931 1.0 0.68 573.7 5.6 5769 6.6 5895 240 573.7 5.6
180]-48 340 618201 5.6 169480 1.4 0.7602 2.1 0.0934 15 0.74 5759 84 5741 9.0 5673 304 575.9 8.4
180J-16 124 147063 0.8 16.5948 4.6 0.7780 5.0 0.0936 2.0 0.39 577.0 109 5843 224 6129 100.4 577.0 109
180J-91 107 208018 14.1 16.4660 4.2 0.7900 4.9 0.0943 2.6 0.52 581.2 143 591.2 22.0 629.7 90.0 581.2 143
180J-28 113 113537 1.6 16.6252 5.0 0.7831 54 0.0944 2.1 0.39 581.7 11.7 587.3 243 608.9 108.7 581.7 11.7
180]-94 203 226188 2.0 17.0490 3.2 0.7736 4.0 0.0957 2.5 0.63 588.9 14.3 581.8 17.9 5543 68.7 588.9 143
180]-87 97 100811 1.8 16.2919 7.6 0.8148 8.0 0.0963 25 0.31 592.6 139 6051 364 652.6 1634 592.6 139
180J-58 163 523777 0.9 16.1474 2.5 0.8249 3.0 0.0966 1.7 0.56 5945 9.6 6108 139 671.7 539 594.5 9.6
180]-62 125 367548 0.5 157443 6.0 08514 64 0.0972 24 0.37 598.1 13.6 6254 30.0 7255 1266 5981 13.6
180J-50 72 189117 1.9 16.7490 7.1 0.8023 7.8 0.0975 3.1 040 599.5 176 598.1 352 5929 155.0 599.5 17.6
180]-36 481 1163711 2.8 16.6232 1.5 0.8240 4.1 0.0993 3.8 0.93 610.6 222 6103 18.8 609.2 32.6 610.6 222
180J-97 300 419791 0.7 16.6648 1.9 0.8229 2.3 0.0995 1.2 0.52 611.2 6.8 609.7 103 603.8 41.7 611.2 6.8
180J-90 118 246343 1.6 16.4076 4.8 0.8369 5.0 0.0996 1.2 0.24 6120 7.0 6175 230 6374 103.7 612.0 7.0
180]-72 121 134991 1.0 163110 3.4 0.8480 4.0 0.1003 2.1 0.52 616.2 12.1 6235 187 650.1 73.6 6162 12.1
180J-89 118 220559 0.9 16.5715 5.1 0.8373 54 0.1006 1.8 0.33 618.2 104 617.7 249 6159 109.6 618.2 104
180]-61 391 671258 21.1 16.5529 1.1 0.8422 19 0.1011 1.6 0.83 620.9 94 6203 89 6184 230 620.9 9.4
180]-14 192 1209199 3.6 16.6810 2.9 0.8384 4.8 0.1014 3.8 0.79 622.8 22.7 6183 224 601.7 635 622.8 22.7
180J-66 726 1699737 2.6 16.6175 1.0 0.8438 1.7 0.1017 14 0.80 6244 81 6213 7.8 6099 216 624.4 8.1
180]-32 70 89346 19 159501 4.5 0.8910 5.1 0.1031 2.5 0.49 6324 150 6469 245 6979 953 6324 15.0
180J-27 243 327273 09 163015 3.1 08725 3.3 0.1032 1.3 0.39 6329 79 6370 157 6513 657 6329 7.9
180J-100 345 809981 1.6 16.3496 1.5 0.8705 2.5 0.1032 2.0 0.81 6333 12.0 6358 11.6 645.0 31.2 6333  12.0
180]-46 78 110400 1.0 16.6524 6.9 0.8548 7.2 0.1032 2.0 0.28 6334 123 6273 33.6 6054 1489 6334 123
180]-9 506 1209076 1.3 16.6197 1.5 0.8651 1.6 0.1043 0.7 042 6394 42 6329 7.6 609.7 318 639.4 4.2
180J-8 650 1915725 953 16.5340 0.8 0.8718 2.1 0.1045 1.9 0.92 641.0 11.8 636.6 99 6208 175 641.0 11.8
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Appendix A. Continued.

Isotope ratios Apparent ages (Ma)

206Pb/ U/Th 206Pb/ + 207Pb/ + 206Pb/ + error 206Pb/ + 207Pb/ + 206Pb/ + Best age +
(ppm) 204Pb 207Pb* (%) 235U» (%) ZSSU* (%) corr. 238U>t (Ma) 235U>(» (Ma) 207Pb» (Ma) (Ma) (Ma)
180]-5 157 312141 1.1 164793 43 08784 5.1 0.1050 2.7 0.54 643.6 16.8 640.1 242 628.0 925 643.6 16.8
180]-20 353 608622 0.9 164872 1.9 08816 2.1 0.1054 0.8 0.38 646.1 4.8 6419 99 6269 414 646.1 4.8
180]-59 90 152752 1.5 157805 6.7 09225 6.9 0.1056 1.7 0.25 647.0 10.5 663.7 339 720.6 143.1 647.0 10.5
180]-69 206 437186 09 161377 1.5 09113 23 0.1067 1.7 0.75 653.3 10.8 657.7 11.3 673.0 33.0 653.3 108
180J-12 102 196200 5.1 154430 53 09983 6.3 01118 3.4 0.54 6832 222 7029 319 7663 1113 6832 222
180J-31 116 171836 14 16.0184 29 09641 3.0 0.1120 0.8 0.28 6844 54 6854 148 688.8 60.9 6844 54
180]-25 545 1972512 1.9 154787 1.0 1.0845 1.7 0.1217 1.4 0.82 7406 99 7458 9.1 7615 20.5 7406 9.9
180]-15 242 728867 4.8 154783 1.6 1.1170 2.5 0.1254 1.8 0.75 761.5 133 7615 132 7615 345 7615 133
180]-19 193 650790 3.8 12.4342 1.4 22082 29 01991 26 0.87 1170.7 274 1183.6 20.6 12074 284 1207.4 28.4
180]-38 212 1972530 4.2 11.6865 0.8 2.7358 24 02319 23 0.95 13444 27.8 13382 18.0 13284 151 1328.4 15.1
180J-57 104 321321 21 11.3340 1.8 28562 23 02348 13 0.58 1359.5 16.0 13704 17.0 13875 353 1387.5 353
180]-52 140 836306 1.6 9.1371 08 49674 13 03292 09 0.75 18344 15.0 1813.8 10.6 1790.2 152 1790.2  15.2
180]-30 47 162875 1.3 8.8376 2.1 49940 29 03201 2.0 0.69 17902 30.9 18183 24.3 1850.6 37.5 1850.6 37.5
180]-80 117 560819 14 87032 1.0 55018 1.8 03473 1.4 0.81 1921.6 23.6 19009 15.1 1878.3 18.7 1878.3 18.7
180]-84 84 406753 1.1 8.0767 1.6 56053 2.6 0.3283 2.1 0.80 1830.3 33.5 19169 22.6 2011.9 278 2011.9 278
180]-1 465 2168479 4.7 8.0530 4.4 45183 74 02639 6.0 081 1509.7 80.3 17343 61.5 2017.1 772  2017.1 772
180]-43 101 576899 0.6 79318 09 65012 1.6 03740 1.3 081 20482 22.1 2046.1 13.7 20439 16.2 20439 16.2
180]-24 127 840816 14 7.8300 0.8 65206 4.6 03703 4.6 098 2030.8 79.8 2048.7 40.9 2066.7 14.2 2066.7 14.2
180]-56 183 107661 3.5 77924 09 64390 2.1 03639 19 089 2000.7 32.5 2037.6 18.6 20752 16.6 20752 16.6
180]-40 103 576732 1.7 7.7675 0.6 67268 14 03790 13 091 20714 233 2076.1 12.7 2080.8 10.3 2080.8 10.3
180]-67 184 1163745 2.1 7.7639 0.5 67776 1.6 0.3816 15 0.94 20839 26.9 20828 142 2081.7 9.6 2081.7 9.6
180J-81 175 1056816 1.9 7.7365 0.5 68801 1.7 03860 1.6 095 21045 29.4 2096.1 153 20879 9.2 2087.9 9.2
180]-76 83 630678 1.1 7.7330 1.2 61264 1.6 03436 1.1 0.68 1904.0 184 1994.0 144 2088.7 213 2088.7 21.3
180]-86 182 802271 64 7.6641 04 70480 1.8 03918 1.8 097 2131.0 31.8 2117.5 16.0 21044 74 21044 74
180]-35 229 1818764 12.0 75864 03 7.1060 1.1 03910 1.0 095 21274 185 21248 9.6 21223 58 2122.3 58
180]-74 136 867933 14 7.5085 1.5 74942 55 04081 53 096 22063 99.8 2172.3 49.7 21403 25.7  2140.3 257
180]-60 128 682927 2.3 7.3684 0.5 7.6355 4.0 04080 39 0.99 22060 73.3 2189.0 356 21732 9.5 21732 95
180]-3 343 2485526 2.4 7.3468 0.6 7.0668 2.5 03766 25 097 2060.1 433 21199 225 21783 10.3 2178.3 10.3
180]-78 220 1488287 2.8 6.2665 04 9.7622 2.1 04437 2.1 098 2367.1 41.0 2412.6 19.4 24512 6.7 24512 6.7
180]-18 84 427128 0.5 53657 09 13.0104 1.5 05063 1.2 0.79 26409 26.3 26804 14.5 27104 15.5 27104 155
180]-92 311 3498745 7.3 42395 03 202272 2.0 0.6219 1.9 099 3117.6 48.0 31023 19.0 30924 4.2 30924 4.2

* indicates corrected ratio or age (see Methods and Results for more details)
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