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ABSTRACT

The ca.  1050  Ma Bylot Supergroup in 
Arctic Canada is one of the best-preserved 
archives of late Mesoproterozoic geochemis-
try and biology and offers evidence that this 
period of Earth history may have been more 
biogeochemically dynamic than previously 
appreciated. The Bylot Supergroup was de-
posited in the Borden Basin and is the most 
thoroughly studied stratigraphic succession 
from a  series of broadly contemporaneous late 
Meso protero zoic intracratonic basins known 
as the Bylot basins. This ~6-km-thick mixed 
carbonate-siliciclastic succession has under-
gone mini mal postdepositional deformation 
and is now exposed on Baffin and Bylot Is-
lands, Nunavut, Canada. Deep-water and tid-
ally influenced carbonate facies, traditionally 
interpreted as marine, have yielded impor-
tant insights into the evolution of Proterozoic 
seawater chemistry; however, more recent 
studies indicate that the Borden Basin was 
restricted marine or lacustrine for portions of 
its depositional history. Here, we present new 
multiproxy radiogenic isotope chemostrati-
graphic data spanning the Bylot Supergroup. 
A comparison of stratigraphic trends in radio-
genic isotope data from hydrogenous (black 
shale 187Os/188Os and limestone 87Sr/86Sr) and 
detrital (whole-rock mudstone 143Nd/144Nd) 
sedimentary phases elucidates the complex 
hydrologic history of the Borden Basin and 
reconciles these disparate interpretations.

Episodic coupling and decoupling between 
the composition of basin waters (from Os 
and Sr isotopes) and the local weathering 

input to the basin (from Nd isotopes) indi-
cate that depositional environments within 
the Borden Basin fluctuated between marine 
and nonmarine (i.e., lacustrine). Variations 
in basin hydrology controlled secular sedi-
mentation patterns through changes in basin 
water chemistry. These interpretations help 
to characterize the environment in which the 
early red algal fossil Bangiomorpha pubes-
cens evolved. Episodically restricted epeiric 
seaways, such as within the Borden Basin, 
were relatively widespread within Rodinia 
and may have exerted unique selective pres-
sures on eukaryotic evolution in the Meso-
proterozoic Era. Hydrogenous and detrital 
radiogenic isotope chemostratigraphy, as im-
plemented in this study, may provide a useful 
paleoenvironmental framework for future 
paleontological studies aimed at testing the 
role of freshwater environments in eukary-
otic evolution. In addition, 87Sr/86Sr composi-
tions from 81 new middle Bylot Supergroup 
marine limestone samples, calibrated by re-
cent Re-Os geochronology, contribute to the 
terminal Mesoproterozoic marine 87Sr/86Sr 
curve. These data display a rise from ~0.705 
to 0.706 that reflects weathering of the active 
Grenville orogenic belt and demonstrates a 
global increase in chemical weathering dur-
ing the amalgamation of Rodinia.

INTRODUCTION

The Bylot Supergroup in Arctic Canada 
(Fig. 1) serves as an extraordinary archive of lat-
est Mesoproterozoic biology and geochemistry. 
Diverse microfossil assemblages are preserved 
throughout the succession, including early-silici-
fied peritidal microbial carbonate facies that 
host the early red alga Bangiomorpha pubes
cens (Hofmann and Jackson, 1991, 1994; Knoll 
et al., 2013). Sedimentological and geochemical 
studies of this facies have yielded key insight 
into the early diagenetic history of Proterozoic 

tidal environments (Kah, 2000; Kah et al., 2001; 
Manning-Berg and Kah, 2017) and support a 
shift in the style of carbonate deposition through 
the Proterozoic Eon (Kah and Knoll, 1996; Nar-
bonne and James, 1996; Sherman et  al., 2000; 
Kah and Riding, 2007). Chemostratigraphic data 
from the Bylot Supergroup have been incorpo-
rated into reconstructions of the secular δ13C and 
δ34S evolution of seawater (Kah et al., 1999; Kah 
et al., 2001) despite evidence that the Borden Ba-
sin was restricted or nonmarine during deposi-
tion of the exceptionally organic-rich (up to ~20 
wt% total organic carbon [TOC]) Arctic Bay and 
lower Victor Bay Formations (Hahn et al., 2015; 
Gibson et al., 2018). This sedimentary record is 
now constrained by Re-Os geochronology (Gib-
son et al., 2018) to have coincided with the Gren-
ville orogeny (ca.  1090–1020  Ma; Hynes and 
Rivers, 2010) during the assembly of Rodinia 
(ca. 1100–1050 Ma; Evans, 2009).

Here, we present Sr, Os, and Nd isotope 
chemo stratigraphic data from the Bylot Super-
group that demonstrate episodic, tectonically 
driven changes to the degree of marine influence 
in the Borden Basin. Identification of strati-
graphic intervals that are nonmarine provides 
a useful framework for future studies aimed at 
reconstructing the paleoenvironments inhabited 
by certain micro fossil assemblages. Further-
more, global, age-calibrated radiogenic isotope 
data sets are sparse from this time period, and 
Sr isotopes from stratigraphic intervals of the 
Bylot Supergroup that reflect marine deposition 
provide a record of global chemical weathering 
during the amalgamation of Rodinia and the 
Grenville orogeny.

BACKGROUND

Geological Setting

The Bylot Supergroup consists of up to 
6 km of flat-lying to shallow-dipping carbonate 
and siliciclastic strata with minor volcanic and 

GSA Bulletin; November/December 2019; v. 131; no. 11/12; p. 1965–1978; https://doi.org/10.1130/B35060.1; 4 figures; 3 tables; Data Repository item 2019165; 
published online 24 April 2019.

†Present address: Department of Earth Sciences, 
Dartmouth College, Hanover, New Hampshire 03755, 
USA; timothy .m .gibson@ dartmouth .edu.

§Present address: Department of Earth and Plane-
tary Sciences, Weizmann Institute of Science, Rehovot 
76100 Israel, and Department of Geosciences, Prince-
ton University, Princeton, New Jersey 08544, USA.

For permission to copy, contact editing@geosociety.org 
© 2019 Geological Society of America

Downloaded from https://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/131/11-12/1965/4858498/1965.pdf
by Yale University, Timothy Mark Gibson 
on 01 November 2019

https://doi.org/10.1130/B35060.1
mailto:timothy.m.gibson%40dartmouth.edu?subject=
mailto:editing%40geosociety.org?subject=
http://www.geosociety.org


Gibson et al.

1966 Geological Society of America Bulletin, v. 131, no. 11/12

0 (m)

1000

2000

3000

4000

Eq
al

ul
ik

  G
ro

up
U

lu
ks

an
 G

ro
up

N
un

at
si

aq
 G

ro
up

By
lo

t S
up

er
gr

ou
p

5000

6000

Nauyat 
Formation

Adams Sound
Formation

Arctic Bay
Formation

Iqqittuq
Formation

Victor Bay
Formation

Angmaat/
Nanisivik
formations

Athole Point

Form
atio

n

Stra
thcona Sound

Form
atio

n

Aqigilik
Formation

Sinasiuvik
Formation

El
w

in
 “s

ub
gr

ou
p”

Microbialite

Grainstone

Stromatolite / Reef 

Lagoonal Rhythmite

Ribbonite

Rhythmite

Carbonate facies

Siliciclastic facies
Sandstone

Siltstone

Shale / Black Shale

Basalt

Other

Gypsum

Fury & Hecla Basin

Hunting & 

Aston Basin

Borden Basin
Thule Basin

Greenland

Victoria Island

Ellesmere 
Island

Fabricius Fiord

Milne Inlet Graben

Eclipse Trough

North Bylot Trough

Navy Board High

Byam Martin High

Fault

Arctic Bay Fm.
Adams Sound Fm.

Victor Bay Fm.
Nanisivik Fm.

Angmaat Fm.
Ikpiarjuk Fm.
Iqqittuq Fm.

Elwin sg.
Strathcona
Sound Fm.
Athole Point Fm.

Fabricius Fiord Fm.

Nauyat Fm.
Hamlet

50 km

84°W 82°W 78°W80°W

73°N

72°N

1

12

Tr
em

blay
 

 
 

   S
ound 

M
iln

e 
In

le
t

White Bay

Bylot Island

Adm
ira

lty
 In

let

Adams Sound

Elwin Inlet

Ta
y 

S
o

u
n

d

Strathcona Sound

Locations
1
2
3
4
5
6
7
8
9

10
11
12
13

Angmaat Mountain
White Bay
Tremblay Peninsula S.
Tremblay Peninsula N.
Alpha River
Alfred Point
Pingo Valley
Mala River
Shale Valley
Adams Sound
Arctic Bay
Elwin Inlet South
Elwin Inlet North

Arctic Bay

2

3
5

6

7
8

9

NNNNNNNN11

Pond Inlet

13

N
a

vy

Board Inlet

Eclipse Sound

Milne block

4

10

WBFZ

HMFZ

CBFZ

AFZ

MFZ

TFZ

A B

C

1048±12 Ma

1046±16 Ma

Figure 1. Location and geological context of the study area (adapted from Gibson et al., 2018). (A) Schematic stratigraphy of the Bylot 
Supergroup in the Borden Basin. (B) Location of the Bylot basins in Arctic Canada and eastern Greenland. Re-Os ages are from Gibson 
et al. (2018). (C) Geological map showing the Bylot Supergroup in the Borden Basin (adapted from Scott and deKemp, 1998; Turner, 2009) 
showing study locations (see Table DR1 [see text footnote 1]). Abbreviations for structural features: CBFZ—Central Borden fault zone; 
MFZ—Magda fault zone; TFZ—Tikirarjuaq fault zone; WBFZ—White Bay fault zone; HMFZ—Hartz Mountain fault zone; AFZ— 
Actineq fault zone.

Downloaded from https://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/131/11-12/1965/4858498/1965.pdf
by Yale University, Timothy Mark Gibson 
on 01 November 2019



Marine and nonmarine environments from the Bylot Supergroup

 Geological Society of America Bulletin, v. 131, no. 11/12 1967

evaporite lithologies exposed within a series of 
northwest-trending grabens in northern Baffin 
and Bylot Islands, Nunavut, Canada. This suc-
cession occupies the Borden Basin, which is one 
of a series of late Mesoproterozoic basins within 
Archean to Paleoproterozoic Rae Province crust 
in the Canadian Arctic Archipelago and western 
Greenland known as the Bylot basins (Fig. 1). 
Putative correlations between Bylot basins indi-
cate that they formed either as contemporaneous 
but distinct epicratonic basins or that they are 
remnants of a larger, previously interconnected 
seaway (Jackson and Iannelli, 1981); however, 
their relation to one another is speculative due to 
the dearth of depositional age constraints from 
all but the Borden Basin. Although multiple 
models have been proposed, the tectonic setting 
responsible for the formation and evolution of 
the Bylot basins remains enigmatic.

The Borden and other Bylot basins were ini-
tially interpreted as aulacogens formed during 
emplacement of the ca.  1267  Ma Mackenzie 
large igneous province (Jackson and Iannelli, 
1981; Dostal et al., 1989; LeCheminant and Hea-
man, 1989). However, the absence of fault-con-
trolled sedimentation patterns in the lower Bylot 
Supergroup (Nauyat and Adams Sound Forma-
tions; Long and Turner, 2012) led Turner et al. 
(2016) to propose that the Borden Basin formed 
as an intracratonic sag basin from far-field 
defor ma tion. Pulses of normal faulting, largely 
accommodated along graben-bounding faults, 
accompanied by gentle subsidence during depo-
sition of the middle Bylot Supergroup (Arctic 
Bay through Victor Bay Formations) were punc-
tuated by uplift that inverted the bathymetry of 
the Borden Basin (Sherman et al., 2002). This 
compressional event marks an abrupt lithostrati-
graphic change from the carbonate-dominated 
Uluksan Group to the siliciclastic-dominated 
Eqalulik Group (Fig. 1), interpreted as the tran-
sition from rift to foreland basin due to collision 
along Laurentia’s northern margin (Geldsetzer, 
1973; Hoffman, 1989; Sherman et al., 2002) or 
from far-field lithospheric deformation related 
to the Grenville orogeny (Turner et  al., 2016). 
In any case, the geodynamic evolution of the 
Borden and other Bylot basis was complex and 
remains enigmatic.

The Bylot Supergroup was long considered 
to be ca.  1200  Ma in age because paleomag-
netic poles from Nauyat Formation basalt, at 
the base of the Bylot Supergroup, overlap with 
those of the Mackenzie large igneous province 
(Fahrig et al., 1981). Furthermore, no evidence 
for a prolonged depositional hiatus was ob-
served throughout the succession (Jackson and 
Iannelli, 1981). Baddeleyite from Savage Point 
diabase sills that intrude the basal Aston Group 
in the Hunting and Aston Basin (Fig.  1) have 

been dated to 1268 Ma (Dixon et al., 1971), and 
correlation to the Nauyat Formation supports 
this time frame. Franklin dikes that crosscut 
the entire Bylot Supergroup constrain the en-
tire succession to older than 723 Ma (Heaman 
et al., 1992; Pehrsson and Buchan, 1999). Shale 
Re-Os geochronology yielded ages of 1048 
± 12 Ma for the middle Arctic Bay Formation 
and 1046 ± 16 Ma for the lowermost Victor Bay 
Formation (Gibson et al., 2018)

These depositional ages require that either the 
inferred age of 1267 Ma for the Nauyat Forma-
tion basalt is incorrect or that ~200 m.y. elapsed 
between deposition of the Nauyat and Arctic 
Bay Formations. This would suggest that an 
unrecognized depositional hiatus exists some-
where in the lower Bylot Supergroup. Consider-
ing the close association and gradational contact 
between shallow-marine Nauyat and Adams 
Sound Formation sandstone facies (Long and 
Turner, 2012), the most likely position for such 
a hiatus is in the vicinity of the sharp contact 
between Adams Sound Formation sandstone 
and Arctic Bay Formation shale. However, due 
to the contrasting resistance to weathering be-
tween these lithologies, this contact is poorly 
exposed, and no unconformity has been veri-
fied. Samples from this study are from the Arc-
tic Bay Formation and overlying formations and 
are unaffected by this age uncertainty.

Radiogenic Isotope Proxies

The 87Rb-87Sr and 187Re-187Os radiogenic iso-
tope systems in hydrogenous sedimentary com-
ponents function as paleoweathering proxies by 
tracking the relative aqueous fluxes from “conti-
nental” versus “oceanic” sources to the water 
mass from which the sediment formed. The par-
ent elements in both systems (Rb and Re) are 
incompatible relative to their daughter products, 
so they accumulate in partial melts and in min-
erals that form late during fractional crystalliza-
tion. Therefore, crust formed by partial melting 
or from the residue of fractional crystallization 
contains elevated Rb/Sr and Re/Os values rela-
tive to bulk crust (Taylor and McLennan, 1995). 
Following the in situ radioactive decay of the 
parent isotopes, the ratios between the radio-
genic daughters and their stable counterparts 
(87Sr/86Sr and 187Os/188Os) in igneous rocks are 
governed by a balance between the original 
composition and the amount of time over which 
the decay products have accumulated (i.e., the 
age of the rocks). As a result, old, felsic conti-
nental crust tends to have higher 87Sr/86Sr and 
187Os/188Os ratios than oceanic crust.

The modern residence times for Sr (~4 m.y.; 
Lécuyer, 2016) and Os (~10–50 k.y.; reviewed 
in Peucker-Ehrenbrink and Ravizza, 2000) are 

long relative to the ~1–2  k.y. mixing time for 
the global ocean (Banner, 2004). Therefore, Sr 
and Os are well mixed in the ocean (Veizer, 
1989; Ravizza and Turekian, 1992), and the Sr 
and Os isotope composition of marine sediment 
tracks the globally averaged contributions from 
weathering of relatively radiogenic continental 
crust versus juvenile contributions from hydro-
thermal fluids and alteration of oceanic crust. 
The globally averaged Sr and Os isotope com-
position of continental runoff has likely been 
more radiogenic than coeval seawater through-
out Earth history. Furthermore, these isotope 
systems do not undergo fractionation during 
evapo-concentration. Together, these properties 
enable these proxies to be used to differentiate 
marine from nonmarine environments in ancient 
sedimentary basins (e.g., Cumming et al., 2013; 
Rooney et  al., 2017; Stüeken et  al., 2017; Xu 
et al., 2017).

In the 147Sm-143Nd radiogenic system, the par-
ent (Sm) is more compatible than the daughter 
(Nd), so Nd accumulates in continental crust rel-
ative to Sm. Therefore, felsic (i.e., continental) 
lithologies contain lower initial Sm/Nd values, 
and as a result lower 143Nd/144Nd values, relative 
to more mafic (i.e., oceanic) lithologies. Unlike 
Sr and Os isotopes, which were measured in 
hydrogenous sedimentary phases for this study, 
Nd isotope ratios were analyzed from bulk mud-
rock samples, the compositions of which were 
dominated by detrital minerals with minor influ-
ence from hydrogenous components. Therefore, 
the bulk-rock 143Nd/144Nd chemostratigraphy of 
the mudstone samples is interpreted to provide a 
record of sediment provenance within the catch-
ment basin.

In this study, the implementation of radio-
genic isotope systems (Sr and Os) measured in 
hydrogenous sedimentary components of dif-
ferent lithologies (limestone and shale, respec-
tively) increased our ability to resolve secular 
changes in the chemical composition of basin 
waters due to the relative contribution of end-
member fluxes (e.g., mid-ocean-ridge hydro-
thermal input vs. continental runoff). Combin-
ing these with a radiogenic isotope sediment 
provenance proxy (whole-rock Nd) allowed us 
to compare the chemistry of the dissolved load 
of basin waters to the local weathering regime 
to disentangle regional from global effects. 
However, it is important to note that weather-
ing of certain lithologies can affect these iso-
tope systems disproportionately. Although the 
concentrations and propensity for weathering 
vary between parent-daughter isotope pairs in 
specific rock types and minerals, broad trends 
persist that are pertinent to this study. Specifi-
cally, 187Os/188Os and 87Sr/86Sr values are higher 
in continental runoff than ocean water, and fel-
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sic crust contains higher 187Os/188Os and 87Sr/86Sr 
and lower 143Nd/144Nd values than mafic crust. 
As a result, the combination of hydrogenous and 
detrital radiogenic isotope chemostratigraphy 
represents a novel approach with which to iden-
tify transitions in the hydrologic history of an-
cient sedimentary basins and to discern whether 
these changes relate to local tectonics.

MATERIALS AND METHODS

Samples included in this study were collected 
over the course of four field seasons while log-
ging and measuring 26 stratigraphic sections at 
decimeter- to meter-scale resolution from 12 
locations in the Milne Inlet graben and Eclipse 
Trough of the Borden Basin (Fig. 1; for location 
information and stratigraphic sections, see Data 
Repository1). Strontium isotopes were measured 
in limestones, Os isotopes were measured in 
organic-rich shales, and Nd isotopes were mea-
sured in mudstones.

Limestone Sample Preparation and 
Elemental Concentrations

Approximately 15 mg aliquots of powder 
were drilled from freshly cut limestone hand 
samples to avoid fractures, veins, and weathered 
surfaces. Sample powders were agitated with 
methanol to remove the insoluble clay fraction 
and then rinsed with Milli-Q (MQ) H2O three 
times. Samples were then leached twice in 0.2 M 
ammonium acetate to remove loosely bound 87Sr 
that is likely to reside in detrital phases, with 
MQ H2O rinses between each leach. The resid-
ual sample was then allowed to react in 0.5 M 
 acetic acid at room temperature for 2 h to dis-
solve the calcite fraction, which was centrifuged 
to separate it from the residual insoluble fraction. 
This step was repeated as necessary to dissolve 
all calcite within the sample. Samples dissolved 
in acetic acid were then dried and taken up in 
3 N HNO3. Half of this solution was analyzed 
via inductively coupled plasma–optical emission 
spectrometry (ICP-OES) on a Thermo Scientific 
iCAP 6000TM series instrument at McGill Uni-
versity for major- and minor-element composi-
tions (see Data Repository [footnote  1]).  Final 
concentrations in the carbonate fraction for each 
sample were corrected based on the mass of the 
insoluble residue after dissolution.

These data were used to screen for alteration 
and possible radiogenic ingrowth on the basis 
of Sr, Rb, and Fe concentrations and Mg/Ca, 
Mn/Sr, and Rb/Sr ratios. Because diagenetic 

alteration of carbonates typically increases 
87Sr/86Sr values (Banner and Hanson, 1990) and 
the degree of overprinting is modulated by Sr 
concentrations, 87Sr/86Sr values plotted against 
these parameters provide a qualitative basis for 
identifying diagenetically overprinted samples 
(Edwards et  al., 2015). These geochemical re-
lationships are plotted in Figure 2, which also 
shows the general criteria used to determine if 
sample 87Sr/86Sr data reliably record primary ba-
sin water chemistry (Sr > 400 ppm; Mg/Ca < 
0.1; Mn/Sr < 1; Rb/Sr < 0.2).

87Sr/86Sr

Strontium was separated and purified from 
the other aliquot of limestone sample solution 
using EICHROM Sr Spec™ resin following 
standard Sr chromatography procedures. Stron-
tium isotope ratios were measured on purified Sr 
fractions using a Thermo Scientific  TRITONTM 
thermal ionization mass spectrometer (TIMS) at 
the Université de Québec à Montréal-Geotop. 
Internal mass bias was corrected based on the 
86Sr/88Sr value of 0.1194. Repeat analyses of 
NBS SRM-987 during this study yielded an 
average of 0.710273 ±  0.000032 (2σ; n  = 8) 
compared to the accepted value of 0.710250. 
No correction was made to sample data. No 

age correction was made to the data because 
samples with high Rb/Sr values were excluded. 
All Sr isotope data generated from this study are 
presented in Table 1 and Table DR2 (footnote 1).

Initial 187Os/188Os (Osi)

Black shale samples were trimmed with a 
diamond-tipped lapidary saw blade to remove 
any weathered surfaces and polished with a 
diamond-impregnated pad to remove metal con-
tamination. Samples were then dried at room 
temperature. Between 30 and 50 g aliquots of 
each sample were crushed to a fine powder (~30 
µm) using a SPEX #8506 zirconia ceramic puck 
and grinding container in a SPEX 8500 shatter-
box to homogenize each sample (Kendall et al., 
2009a). Analyses were performed at the Uni-
versity of Alberta’s Re-Os Crustal Geochronol-
ogy Laboratory in the Department of Earth and 
Atmo spheric Sciences.

Both Re and Os were isolated and purified 
following the protocol outlined by Creaser et al. 
(2002), Selby and Creaser (2003), Kendall et al. 
(2004), and Cumming et  al. (2013). Hydroge-
nous Re and Os were preferentially liberated by 
CrIV-H2SO4 digestion in Carius tubes to avoid 
detrital Re and Os phases. Isotope ratios were 
analyzed on a Thermo Scientific TRITON in-
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1GSA Data Repository item 2019165, supplemen-
tary Tables DR1–DR2 and Figures DR1–DR9, is 
available at http:// www .geosociety .org /datarepository 
/2019 or by request to editing@ geosociety .org.
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strument using negative thermal ionization mass 
spectrometry (NTIMS; Creaser et al., 1991) by 
ion-counting with a secondary electron multi-
plier in peak-hopping mode at the University of 
Alberta. The initial 187Os/188Os (Osi) was calcu-
lated using the isochron age of 1048 Ma for the 
Arctic Bay Formation (Table  2; Gibson et  al., 
2018) and the 187Re decay constant of Smoliar 
et al. (1996).

Initial 143Nd/144Nd (εNdi)

Mudstone samples were trimmed with a lapi-
dary saw blade to remove any weathered sur-
faces and then homogenized with an SPEX 8500 
shatterbox using a tungsten carbide grinding 
container. Resulting sample powders were then 
heated to ~1000 °C to liberate volatiles and com-
bust organic matter. Between 0.2 g and 0.4 g ali-
quots of powder from each sample were spiked 
with enriched 150Nd-149Sm tracer and then dis-
solved in a concentrated mixture of HF (4.5 mL; 
~29 N) and HNO3 (1 mL; ~15 N ). Sample solu-
tions were evaporated and redissolved twice—
first in aqua regia (3:1, 6 N HCl:7 N HNO3) 
and again in 6 N HCl in samples where organic 
matter persisted. Purified Sm and Nd extracts 
were isolated in columns using a three-stage 
chromatography process. Iron was first removed 
with 200–400 mesh AG1X8 ion exchange resin. 
Then, rare earth elements were concentrated 
with EICHROM TRUTM Resin SPS 50–100. 
Last, Sm and Nd were purified with 600 mg of 
EICHROM LN™ Resin 100–150.

Reported 143Nd/144Nd and 147Sm/144Nd values 
from this study were measured at the Geotop 
laboratories at Université de Québec à Montréal 
using both a Thermo Scientific TRITON TIMS 
following the protocol from Cox et  al. (2016) 
and a Nu Plasma IITM multicollector–inductively 
coupled plasma–mass spectrometer (MC-ICP-
MS) following the protocol from Macdonald 
et  al. (2017). For TIMS analyses, Nd extracts 
were loaded onto outgassed Re filaments and 
set in a double array, and isotope ratios were 
measured in dynamic mode. The total combined 
blank for Sm and Nd was less than 150 pg. Re-
sulting 146Nd/144Nd values were normalized to 
0.7219 to correct for internal mass fractionation. 
For MC-ICP-MS analyses, Nd extracts were 
dissolved into ~2% HNO3 to produce solutions 
with ~20–40 ppb Nd, and samples were run be-
tween 2 and 20 V for 142Nd with a sensitivity of 
~500 V per ppm Nd.

Long-term averages for Nd isotope reference 
JNdi-1 yielded Nd isotope values of 0.512098 
± 0.000020 (2σ) for MC-ICP-MS analyses and 
0.512100 ± 0.000014 (2σ) for TIMS analyses, 
which are within error of the value obtained by 
Tanaka et  al. (2000) of 0.512115 ±  0.000007. 

TABLE 1. LIMESTONE 87Sr/86Sr DATA FROM THIS STUDY AND 
EVAPORITE 87Sr/86Sr DATA FROM KAH ET AL. (2001)

Formation Section/sample name
Height

(m)
Composite

(m) 87Sr/86Sr
Athole Point R1609 192.0 4329 0.70566*
Athole Point R1609 183.0 4311 0.70550*
Athole Point R1609 182.0 4294 0.70546*
Athole Point R1609 176.0 4277 0.70550*
Athole Point R1609 175.0 4260 0.70550*
Athole Point R1609 174.0 4243 0.70550*
Athole Point R1609 171.0 4226 0.70549*
Athole Point R1609 167.0 4209 0.70549*
Athole Point T1509 423.0 4191 0.70576*
Athole Point T1509 404.2 4174 0.70584*
Athole Point T1509 292.5 4157 0.70558*
Athole Point T1509 289.0 4140 0.70563*
Athole Point T1509 242.9 4123 0.70561*
Athole Point T1509 234.0 4106 0.70547*
Athole Point T1509 232.2 4089 0.70568*
Athole Point T1509 214.5 4071 0.70563*
Athole Point T1509 210.0 4054 0.70588*
Athole Point T1509 202.5 4037 0.70584*
Athole Point T1509 180.0 4020 0.70597*
Athole Point T1509 170.0 4003 0.70555*
Athole Point T1509 165.8 3986 0.70563*
Athole Point SW1602 130.5 3969 0.70543*
Athole Point SW1602 128.7 3951 0.70553*
Athole Point SW1602 126.0 3934 0.70547*
Athole Point SW1602 125.6 3917 0.70549*
Athole Point SW1601 199.6 3900 0.70545*
Athole Point SW1601 195.4 3883 0.70551*
Athole Point SW1601 192.6 3866 0.70550*
Athole Point SW1601 187.3 3849 0.70559*
Athole Point SW1601 170.8 3831 0.70563*
Athole Point SW1601 168.2 3814 0.70577*
Athole Point SW1601 149.4 3797 0.70589*
Athole Point T1509 159.8 3686 0.70582*
Athole Point T1509 155.1 3780 0.70589*
Athole Point T1509 133.7 3763 0.70581*
Athole Point T1509 3.4 3643 0.70568*
Athole Point SW1602 6.4 3634 0.70552*
Athole Point SW1602 5.8 3626 0.70542*
Athole Point SW1602 3.2 3617 0.70571*
Athole Point SW1602 0.4 3609 0.70561*
Victor Bay SW1603 111.6 3557 0.70558*
Victor Bay SW1603 102.1 3514 0.70546*
Victor Bay SW1603 92.5 3471 0.70544*
Victor Bay SW1603 89.3 3429 0.70545*
Victor Bay SW1603 74.8 3386 0.70548*
Victor Bay T1508 193.0 3300 0.70543*
Victor Bay T1508 179.1 3257 0.70538*
Victor Bay T1508 135.6 3214 0.70526*
Victor Bay T1508 63.5 3171 0.70528*
Victor Bay T1508 47.8 3129 0.70538*
Victor Bay T1707 290.0 3086 0.70519*
Victor Bay T1707 286.5 3000 0.70521*
Victor Bay T1707 123.1 2929 0.70517*
Victor Bay T1707 113.8 2909 0.70519*
Victor Bay T1707 110.2 2889 0.70518*
Victor Bay T1707 107.1 2869 0.70515*
Victor Bay T1707 105.7 2849 0.70527*
Victor Bay T1707 103.8 2829 0.70530*
Victor Bay T1707 101.0 2809 0.70516*
Victor Bay T1707 100.6 2789 0.70516*
Victor Bay T1707 97.0 2769 0.70519*
Victor Bay T1707 93.5 2749 0.70518*
Victor Bay T1707 90.5 2729 0.70526*
Victor Bay T1707 89.1 2709 0.70522*
Victor Bay T1707 87.7 2689 0.70521*
Victor Bay T1707 74.6 2669 0.70520*
Victor Bay T1707 72.6 2649 0.70516*
Victor Bay T1707 54.9 2629 0.70517*
Victor Bay T1707 51.9 2609 0.70534*
Victor Bay T1707 48.9 2589 0.70517*
Victor Bay T1707 47.0 2569 0.70516*
Victor Bay T1707 43.3 2549 0.70522*
Victor Bay T1707 41.4 2529 0.70530*
Victor Bay T1707 31.3 2500 0.70511*
Victor Bay T1707 24.1 2490 0.70519*
Victor Bay T1707 21.4 2480 0.70512*

(continued )
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Measurement of the BHVO-2 reference mate-
rial yielded a Nd isotope value of 0.512967 
±  0.000006 (2σ, n  = 1) using MC-ICP-MS, 
which is within error of the value from Jochum 
et  al. (2005) of 0.51298 ±  0.00012. Results 
are presented in epsilon notation, or parts per 
10,000, where:

 εNd = [(143Nd/144Nd)sample – (143Nd/144Nd)CHUR]/ 

 (143Nd/144Nd)CHUR × 10,000. (1)

Chondritic meteorites serve as a reference 
for the isotope ratio of undifferentiated bulk 
earth (or chondritic uniform reservoir [CHUR]; 
Jacob sen and Wasserburg, 1984). The reference 
values for CHUR used for εNd calculations were:

 143Nd/144NdCHUR =  

 0.512638, 147Sm/144NdCHUR = 0.1966, (2)

and the decay constant used for 147Sm was 
6.54 × 1012 yr–1 from Goldstein et al. (1984).

Initial εNd (εNdi) values were calculated from 
an age model based on depositional ages of 
Gibson et  al. (2018) and values presented in 
Table 3, along with Nd and Sm concentrations 
and 147Sm/144Nd values. Reported Sm and Nd 
concentrations and 147Sm/144Nd values have an 
error of <0.5%. These correspond to an error of 
<0.5 εNd units on individual samples, with the 
error for most samples being <0.2 εNd units.

RESULTS

All sample isotope compositions (89 Sr, 13 
Os, and 50 Nd values) are plotted stratigraphi-
cally in Figure  3 and discussed in ascending 
stratigraphic order. Values for 87Sr/86Sr ranged 
from 0.7051 to 0.7061 and displayed a steady 

decrease from 0.7060 in the Iqqittuq Formation 
to 0.7053 in the Nanisivik Formation, which 
represents the distal slope facies equivalent of 
the Angmaat Formation in the northwestern 
Borden Basin. Angmaat Formation carbonates 
have high Mg/Ca ratios, and no reliable Sr iso-
tope data were generated from these facies in 
this study. Sample compositions from the lower 
half of the Victor Bay Formation consistently 
displayed low 87Sr/86Sr values, between 0.7051 
and 0.7053, and then increased toward the base 
of the Athole Point Formation, where they were 
higher and more variable (0.7053–0.7063).

Initial 187Os/188Os values from the Arctic Bay 
Formation are evolved (1.56–0.97), except for 
a sample near the top of the Arctic Bay Forma-
tion, which has an intermediate Osi composi-
tion of 0.71. Two published Re-Os isochron 
ages provide additional, highly evolved Osi 
values—1.45 from the middle Arctic Bay For-
mation and 1.25 for the lowermost Victor Bay 
Formation (Gibson et al., 2018).

Nauyat Formation basalt yielded an εNdi 
of –5.60, calculated from an age of 1267  Ma 
( Fahrig et al., 1981; LeCheminant and Heaman, 
1989). Sedimentary εNdi values from the lower 
Bylot Supergroup (Arctic Bay through Angmaat 
Formations) are evolved, between –18 and –11. 
Samples from the lower Victor Bay Formation 
displayed a shift to more juvenile εNdi values, 
with a steady increase from –13.5 and to –2. 
While upper Bylot εNdi data are sparse, available 
data define a trend from juvenile (0.38) to inter-
mediate-evolved compositions (–13.5 to –10) 
through the Nunatsiaq Group. Together, these 
proxies appear to be coupled (i.e., both hydroge-
nous and detrital proxies are highly evolved) 
through the Arctic Bay Formation before de-
coupling in the uppermost Arctic Bay to Iqqit-
tuq Formations. They remain decoupled into the 
Angmaat Formation before again converging in 
the lowermost Victor Bay Formation. A trend 
to less radiogenic εNdi values through the lower 
Victor Bay Formation is then followed by a long 
interval of low 87Sr/86Sr values.

DISCUSSION

Nonmarine Environments

Whereas the Bylot Supergroup has been stud-
ied as an archive of late Mesoproterozoic ma-
rine depositional environments (Narbonne and 
James, 1996; Kah et al., 1999, 2001; Sherman 
et  al., 2000, 2001), the Borden Basin is also 
proposed to have been hydrologically restricted 
from the open ocean (Turner and Kamber, 2012; 
Gibson et al., 2018) or lacustrine (Hahn et al., 
2015) during deposition of Arctic Bay black 
shale and contemporaneous seep-related car-

TABLE 1. LIMESTONE 87Sr/86Sr DATA FROM THIS STUDY AND 
EVAPORITE 87Sr/86Sr DATA FROM KAH ET AL. (2001) (continued )

Formation Section/sample name
Height

(m)
Composite

(m) 87Sr/86Sr
Victor Bay T1707 17.3 2470 0.70516*
Victor Bay T1707 14.3 2460 0.70522*
Nanisivik T1602 20.6 1714 0.70528*
Nanisivik T1602 10.0 1629 0.70531*
Nanisivik T1602 5.0 1543 0.70537*
Iqqittuq SW1605 2.1 1500 0.70552
Iqqittuq SW1605 0.4 1491 0.70558
Iqqittuq SW1604 193.5 1457 0.70554
Iqqittuq SW1604 112.3 1440 0.70568
Iqqittuq T1410 138.0 1423 0.70545
Iqqittuq T1410 136.7 1414 0.70550
Iqqittuq T1410 116.0 1371 0.70579
Iqqittuq T1410 96.8 1329 0.70599
Iqqittuq T1410 84.0 1286 0.70589
Iqqittuq BY97-2957 295.7 1483 0.70659†

Iqqittuq BY97-2910 291.0 1476 0.70663†

Iqqittuq BY97-2891 289.1 1448 0.70677†

Iqqittuq BY97-1731 173.1 1434 0.70619†

Iqqittuq BY97-1643 164.3 1427 0.70612†

Iqqittuq BY97-1554 155.4 1420 0.70578†

Iqqittuq BY97-1422 142.2 1406 0.70587†

Iqqittuq BY97-1337 133.7 1399 0.70557†

Iqqittuq BY97-1237 123.6 1392 0.70573†

Iqqittuq BY97-1231 123.1 1385 0.70554†

Iqqittuq BY97-998 99.8 1371 0.70548†

Iqqittuq BY97-946 94.6 1364 0.70565†

Iqqittuq BY97-664 66.4 1350 0.70540†

Iqqittuq BY97-658 65.8 1343 0.70542†

Iqqittuq BY97-597 59.7 1329 0.70575†

Iqqittuq BY97-426 42.6 1322 0.70607†

Iqqittuq BY97-290 29.0 1315 0.70578†

Iqqittuq TH97-G9 26.45 1308 0.70790†

Iqqittuq TH97-G8 26.3 1308 0.70703†

Iqqittuq TH97-G7 26.15 1308 0.70706†

Iqqittuq TH97-G6 25.9 1308 0.70676†

Iqqittuq TH97-G5 25.75 1308 0.70637†

Iqqittuq TH97-G4 25.6 1308 0.70631†

Iqqittuq TH97-G3 25.45 1308 0.70612†

Iqqittuq TH97-G2 25.3 1308 0.70603†

Iqqittuq TH97-G1 25.15 1308 0.70610†

Iqqittuq BY97-238 23.8 1301 0.70777†

Iqqittuq BY97-224 22.3 1294 0.70665†

Iqqittuq BY97-96 9.6 1287 0.70594†

Iqqittuq BY97-59 5.9 1280 0.70580†

Note: See Table DR2 for elemental abundance data and uncertainties (text footnote 1). Stratigraphic heights 
for BY97 and TH97 Iqqittuq Formation samples were estimated from Kah et al. (2001).

*87Sr/86Sr values interpreted to record marine compositions that are included in the global 87Sr/86Sr seawater 
curve in Figure 4.

†Data from Kah et al. (2001).
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bonate mounds of the Ikpiarjuk Formation. Ad-
ditionally, evaporite deposition indicates water 
mass restriction within shallow-water environ-
ments of the Iqqittuq and Angmaat Formations 
(Kah and Knoll, 1996). Combined 87Sr/86Sr, Osi, 
and εNdi chemostratigraphy presented herein 
reconciles these interpretations and reveals the 
timing and nature of fluctuating marine influ-
ence throughout the depositional history of Bor-
den Basin.

Initial 187Os/188Os compositions through the 
majority of the Arctic Bay Formation are highly 
evolved (0.97–1.5), until the uppermost sample, 
which displays a trend to more intermediate Osi 
(0.71; Fig. 3). The initial Os isotope composi-
tion of the lowermost Victor Bay Formation is 
again highly evolved (Osi = 1.25; Gibson et al., 
2018). The consistency in Osi values from this 
study and the coherent Re-Os isochron gener-
ated from the same Arctic Bay Formation strati-
graphic section in Shale Valley (Fig. 1) indicate 
that the Re-Os system remained undisturbed in 
the sampled areas of the basin. These values are 
more radiogenic than any previously reported 
marine deposits from this time period (Osi <0.8; 
Creaser and Stasiuk, 2007; Azmy et al., 2008; 
Kendall et al., 2009a; Rooney et al., 2010, 2014, 
2017; Geboy et  al., 2013; van Acken et  al., 
2013; Sperling et al., 2014; Strauss et al., 2014; 
Cohen et  al., 2017); however, they are similar 
to compositions from restricted marine to lacus-
trine deposits of this age (Osi >0.8; Cumming 
et al., 2013; Tripathy and Singh, 2015; Rooney 
et al., 2017).

Based on Osi calculated from isochron ages 
from the Atar Group in the Taoudeni Basin of 
Mauritania and Vazante Group in the São Fran-
cisco Basin of Brazil, the marine 187Os/188Os 
compositions ranged from 0.3 to 0.7 between 
ca.  1100 and 1000  Ma (Azmy et  al., 2008; 
Rooney et al., 2010; Geboy et al., 2013). These 
values offer the most direct comparison between 
the Os isotope composition of the Borden Ba-
sin and coeval seawater. Basin waters within 
restricted epeiric seaways of any age likely con-
tain more radiogenic Os than contemporaneous 
marine waters due to a combination of increased 
influence from continental runoff and decreased 
influence from seafloor weathering and hydro-
thermal input (Poirier and Hillaire-Marcel, 2011; 
Cumming et al., 2012; Xu et al., 2017). All Osi 
data from the Bylot Supergroup (with the ex-
ception of the uppermost Arctic Bay Formation 
sample) are higher than any documented late 
Mesoproterozoic to early Neoproterozoic marine 
Os isotope composition. This evidence strongly 
suggests that the Os flux to the basin was domi-
nated by evolved, continental sources with little 
to no influence from oceanic basins. Therefore, it 
is most likely that the basin was isolated from the 

TABLE 2. Re AND Os ABUNDANCES AND ISOTOPIC COMPOSITIONS
FROM THIS STUDY AND FROM GIBSON ET AL. (2018)

Formation Section/reference
Height

(m)
Composite

(m)
Re

(ppb)
Os

(ppt) 187Re/188Os 2σ 187Os/188Os 2σ Osi*
Victor Bay Gibson et al. (2018) – 2450 0.10 1.25
Arctic Bay T1413 310.3 1200 2.41 67.18 308.68 3.83 6.15 0.07 0.71
Arctic Bay T1413 282.8 1150 8.41 183.72 525.14 4.82 10.71 0.10 1.47
Arctic Bay T1413 259.6 1080 21.27 557.45 367.89 1.61 7.80 0.03 1.32
Arctic Bay T1413 226.5 1000 24.69 601.73 423.12 1.91 8.87 0.05 1.42
Arctic Bay T1413 192.5 930 31.04 722.20 458.09 1.72 9.42 0.04 1.35
Arctic Bay Gibson et al. (2018) – 910 0.10 1.45
Arctic Bay T1413 154.7 850 10.82 304.36 324.41 1.87 6.99 0.03 1.27
Arctic Bay T1413 145.1 830 5.16 143.14 334.86 2.76 7.23 0.05 1.33
Arctic Bay T1413 140 820 12.86 335.99 379.54 3.04 8.24 0.08 1.56
Arctic Bay T1413 130.8 800 7.17 243.19 237.44 2.99 5.28 0.11 1.10
Arctic Bay T1413 126.5 790 15.71 449.54 309.85 1.55 6.57 0.03 1.11
Arctic Bay T1413 107.8 770 36.57 851.67 437.96 1.48 8.69 0.03 0.97
Arctic Bay T1413 86.5 730 23.93 516.56 526.42 2.71 10.54 0.06 1.27
Arctic Bay T1413 71.5 700 21.05 506.04 438.70 2.16 9.24 0.05 1.51

*Osi—initial 187Os/188Os isotope composition calculated from λ187Re and an age of 1048 Ma from Gibson et al.
(2018).

TABLE 3. Sm AND Nd ABUNDANCES AND ISOTOPIC COMPOSITIONS

Formation Section
Height

(m)
Nd

(ppm)
Sm

(ppm) 147Sm/144Nd 143Nd/144Nd 2σ
Age model

(Ma) εNdi

Sinasiuvik PC1505 66 51.9 8.7 0.101070 0.511406 6E-06 1035 –11.4
Sinasiuvik PC1505 33.6 63.6 9.9 0.093661 0.511405 6E-06 1035 –10.4
Sinasiuvik PC1505 27.1 92.7 24.2 0.158142 0.511875 6E-06 1035 –9.8
Sinasiuvik T1510 174.2 38.8 6.8 0.105437 0.511389 6E-06 1035 –12.3
Sinasiuvik T1510 107 44.7 7.8 0.105978 0.511412 6E-06 1035 –11.9
Sinasiuvik T1510 35.3 29.1 5.6 0.117315 0.511411 6E-06 1035 –13.4
Aqigilik T1607 27.5 21.9 4.3 0.118105 0.511606 6E-06 1038 –9.7
Aqigilik T1606 100.4 45.0 9.0 0.120424 0.511555 6E-06 1038 –11.0
Strathcona T1606 14 30.5 6.0 0.118803 0.511646 6E-06 1040 –9.0
Strathcona T1605 4.2 28.4 6.1 0.129524 0.511887 6E-06 1040 –5.7
Athole Point SW1602 121.95 9.5 2.8 0.181035 0.512550 4E-06 1045 0.4
Victor Bay MB1501 107.3 33.0 3.8 0.069202 0.511544 6E-06 1046 –4.3
Victor Bay MB1501 85.9 58.2 3.3 0.034480 0.511424 6E-06 1046 –2.0
Victor Bay MB1501 77.8 16.2 2.9 0.109848 0.511502 6E-06 1046 –10.5
Victor Bay MB1501 52.1 43.7 5.3 0.073296 0.511330 6E-06 1046 –9.0
Victor Bay MB1501 51.7 28.3 5.0 0.106455 0.511309 6E-06 1046 –13.9
Victor Bay G1431 36.8 25.3 5.5 0.131030 0.511641 6E-06 1046 –10.7
Victor Bay G1431 10 28.2 5.2 0.110664 0.511357 6E-06 1046 –13.5
Angmaat M1406 177.1 21.7 1.9 0.051785 0.511704 6E-06 1047 –18.2
Angmaat M1406 48.6 19.0 3.3 0.103358 0.511184 6E-06 1047 –15.9
Iqqittuq T1409 267.5 40.3 7.5 0.112223 0.511186 6E-06 1047 –17.1
Iqqittuq T1409 174 33.6 6.1 0.110458 0.511271 6E-06 1047 –15.2
Iqqittuq T1409 22 36.3 6.5 0.108074 0.511161 6E-06 1047 –17.0
Iqqittuq T1409 13.5 27.3 4.1 0.090272 0.511109 6E-06 1047 –15.6
Iqqittuq T1409 7 31.8 5.6 0.105858 0.511208 6E-06 1047 –15.8
Iqqittuq T1412 194.3 28.7 4.6 0.096089 0.511132 6E-06 1047 –15.9
Iqqittuq T1412 153.7 91.1 21.8 0.144601 0.511593 6E-06 1047 –13.4
Iqqittuq T1412 139 39.4 8.2 0.126065 0.511384 6E-06 1047 –15.0
Arctic Bay T1413 342.6 20.5 3.4 0.099847 0.511236 6E-06 1048 –14.4
Arctic Bay T1413 282.8 20.5 4.2 0.122765 0.511472 6E-06 1048 –12.9
Arctic Bay T1413 226.5 25.1 4.7 0.113526 0.511420 6E-06 1048 –12.6
Arctic Bay T1413 192.5 23.7 4.3 0.109025 0.511286 6E-06 1048 –14.6
Arctic Bay T1413 154.7 16.4 2.9 0.107783 0.511255 6E-06 1048 –15.1
Arctic Bay T1413 149.4 43.3 7.6 0.105734 0.511174 6E-06 1048 –16.4
Arctic Bay T1413 129.7 53.4 10.2 0.115211 0.511288 6E-06 1048 –15.4
Arctic Bay T1413 105.7 43.1 8.8 0.123036 0.511480 6E-06 1048 –12.7
Arctic Bay T1413 90.6 35.2 6.1 0.105441 0.511330 6E-06 1048 –13.3
Arctic Bay T1413 67.2 61.9 11.4 0.111761 0.511437 6E-06 1048 –12.1
Arctic Bay MB1401 441.5 46.3 7.9 0.103081 0.511233 6E-06 1048 –14.9
Arctic Bay MB1401 150 48.0 8.3 0.104756 0.511295 6E-06 1048 –13.9
Arctic Bay MB1401 61.9 33.0 6.4 0.117650 0.511371 6E-06 1048 –14.2
Arctic Bay MB1401 6.4 64.3 14.0 0.132070 0.511384 6E-06 1048 –15.8
Arctic Bay PWC1405 636.5 35.1 6.1 0.104246 0.511246 6E-06 1048 –14.8
Arctic Bay PWC1405 600.5 33.4 5.3 0.096388 0.511209 6E-06 1048 –14.5
Arctic Bay PWC1405 388 56.4 11.9 0.127792 0.511572 6E-06 1048 –11.6
Arctic Bay PWC1405 257.5 41.9 7.3 0.105089 0.511432 6E-06 1048 –11.3
Arctic Bay PWC1405 74 48.5 8.1 0.100592 0.511321 6E-06 1048 –12.8
Arctic Bay PWC1405 23.1 46.7 7.8 0.101409 0.511298 6E-06 1048 –13.4
Arctic Bay T1412 126.5 46.8 8.3 0.106993 0.511198 6E-06 1048 –16.1
Nauyat R1607 116.4 11.2 2.9 0.157183 0.512023 3E-06 1276* –5.6

Note: Initial 143Nd/144Nd values (εNdi) were calculated from an age model based on depositional ages from
Gibson et al. (2018).

*The age of 1267 Ma for Nauyat Formation basalts is based on paleomagnetic correlation to the Mackenzie 
large igneous province (Fahrig et al., 1981; LeCheminant and Heaman, 1989).
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open ocean when the Arctic Bay and lowermost 
Victor Bay Formations were deposited.

These Osi data are also consistent with low 
εNdi values (–16 to –11) in the Arctic Bay and 
Iqqittuq Formations (Fig.  3), which indicate a 
highly evolved local weathering regime in the 

vicinity of the Borden Basin. Runoff from the 
surrounding Archean to Paleoproterozoic gran-
ite orthogneiss and metasedimentary units of 
the Rae Province (Crocker et  al., 1993) likely 
dominated the detrital and dissolved input to the 
basin, and so the hydrogenous Os isotopes in the 

basin were controlled by local runoff with no 
discernible marine influence. Compared to the 
primitive Osi (~0.3) from the ca. 1100 Ma epi-
cratonic Taoudeni Basin (Rooney et  al., 2010; 
Kah et al., 2012; Gilleaudeau and Kah, 2013a, 
2013b), which was also surrounded by Archean 
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to Paleoproterozoic felsic basement, the highly 
radiogenic Osi compositions (~1–1.5) from this 
study indicate that Borden Basin was lacustrine 
during deposition of the Arctic Bay and lower-
most Victor Bay Formations.

Since only organic-rich sediment concen-
trates sufficient Os and only limestone faithfully 
records the Sr composition of seawater, Sr and 
Os isotopes cannot typically be measured in the 
same lithology. Therefore, there is little overlap 
in the Sr and Os records from this study, which 
poses a potential problem for reconciling these 
data sets. Because the residence times for Sr and 
Os in the ocean differ, so do the time scales over 
which each isotope system is sensitive to change. 
The residence time of Sr in the ocean is ~3–5 m.y. 
The residence of Os is less constrained, but it is 
on the order of 10–50 k.y. (Peucker-Ehrenbrink 
and Ravizza, 2000). Since these residence times 
are long relative to the mixing time of the ocean, 
it is homogeneous with respect to 87Sr/86Sr and 
187Os/188Os; however, the marine 187Os/188Os 
composition is more sensitive to processes that 
result in shorter-term fluctuations than 87Sr/86Sr. 
The size of the marine Os reservoir reflects a 
balance between sources of Os, namely, oxida-
tive weathering, and sinks, namely, the spatial 
extent of organic-rich sediment deposition (i.e., 
bottom water anoxia; Ravizza and Turekian, 
1992; Peucker- Ehrenbrink and Ravizza, 2000). 
Therefore, the reservoir size of Os was probably 
smaller and its residence time shorter in Protero-
zoic oceans than today. These factors could po-
tentially result in 187Os/188Os heterogeneity in the 
Proterozoic ocean, as was suggested by Kendall 
et al. (2009a, 2009b).

If the marine Os isotope composition was 
not homogeneous throughout the ocean, the 
187Os/188Os value of marginal marine basin 
 waters may largely reflect local, continental 
runoff; however, low Osi values (~0.3; Rooney 
et  al., 2010) from the Taoudeni Basin demon-
strate that epicratonic (but marine-influenced) 
basins surrounded by old, evolved continental 
crust still preserve marine Os signatures, with 
minimal input from local weathering. The highly 
radiogenic Osi values in the Borden Basin re-
cord periods in which abundant organic carbon 
burial in a restricted setting would have reduced 
the residence time of Os in the basin drastically. 
The transition to less-evolved Osi and 87Sr/86Sr 
from the upper Arctic Bay through Iqqittuq 
Formations at a time when the local sediment 
supply remained evolved (i.e., low εNdi) suggests 
that marine incursion, rather than local tecton-
ics, significantly lowered the 187Os/188Os value 
of basin waters. A reduction in organic carbon 
burial at this time also would have increased 
the residence time of Os in the basin. Thus, the 
Osi composition of 0.71 in the uppermost Arc-

tic Bay Formation may represent some mixture 
of locally derived runoff and seawater and pro-
vides an upper limit for the 187Os/188Os composi-
tion of the ocean at ca. 1050 Ma.

Marine Incursion

Following the decline in Osi in the upper-
most Arctic Bay Formation (from ~1.5 to 0.7), 
a steady, up-section decline in 87Sr/86Sr values 
from 0.70599 to 0.70552 through the Iqqittuq 
Formation continues this secular trend toward 
more juvenile signatures—closer to those ex-
pected for latest Mesoproterozoic seawater 
(Fig. 3). Through the same interval, εNdi remains 
highly evolved, between –17 and –13. This tran-
sition, in which water mass proxies decouple 
from the detrital input to the basin (evolved 
εNdi), coincides with a significant sedimento-
logical transition in the Bylot Supergroup. The 
Iqqittuq Formation marks the development of 
a mixed carbonate-siliciclastic ramp and con-
tains facies assemblages that are transitional be-
tween the Arctic Bay and Angmaat Formations 
(Turner, 2009). Shallow-water Angmaat For-
mation facies in the eastern Borden Basin and 
deeper-water correlative carbonate slope  facies 
of the Nanisivik Formation in the west mark 
the development of a stable, rimmed carbonate 
platform and the onset of widespread carbonate 
deposition. Laterally continuous, bedded sulfate 
evaporite facies accumulated in back-barrier 
 lagoonal settings at this time.

An increase in carbonate saturation in the 
basin concurrent with trends in 187Os/188Os and 

87Sr/86Sr compositions toward less-evolved 
compositions, while εNdi values remained con-
sistently evolved, together represent a marine 
incursion into the Borden Basin (Fig. 3). Nani-
sivik Formation limestone rhythmites display 
very low 87Sr/86Sr compositions (0.70528–
0.70537), which almost certainly track coeval 
seawater. Thus, the Iqqittuq Formation records 
a gradual increase in marine influence, and the 
Borden Basin was in full communication with 
the open ocean during Angmaat-Nanisivik 
time (Fig.  4D). Intervals of relative sea-level 
fall, as indicated by shallowing-upward cycles 
in the ooid grainstone barrier sections in the 
southeastern Milne Inlet graben (Fig. 1; Turner, 
2009; Gibson et  al., 2017), restricted circula-
tion to  lagoonal environments in the Angmaat 
and Iqqit tuq Formations, triggering evaporite 
deposition even as the deep-water slope envi-
ronments (Nani sivik Formation) remained con-
nected to the open ocean (Fig. 3D).

Strontium isotope compositions of Iqqit-
tuq Formation and Angmaat Formation evapo-
rite facies from Kah et al. (2001) ranged from 
0.70540 to 0.70858 (Fig.  3). Samples with 
87Sr/86Sr below ~0.707 were interpreted to re-
flect the composition of seawater, while those 
with higher 87Sr/86Sr values were considered to 
represent elevated influence from continental 
runoff. Therefore, Kah et al. (2001) interpreted 
the δ34S composition of evaporite samples with 
corresponding 87Sr/86Sr < 0.707 to also track the 
S isotope composition of the global ocean. Sig-
nificantly lower 87Sr/86Sr compositions of Iqqit-
tuq Formation and Nanisivik Formation carbon-
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ate samples from this study (<0.706) constrain 
contemporaneous seawater and indicate that 
Iqqittuq Formation and Angmaat Formation 
evaporites were strongly influenced by non-
marine sources. As a result, their chemical com-
position may not be suitable for reconstructing 
ancient seawater chemistry.

Together, the interpretations herein regard-
ing the hydrographic history of the Borden Ba-
sin suggest that the degree of marine influence 
controlled water chemistry (e.g., redox and car-
bonate saturation) and sedimentation patterns. 
Hence, we infer that organic-rich (up to 20% 
TOC) Arctic Bay Formation black shales were 
deposited when the Borden Basin was cut off 
from the global ocean and was fed by runoff 
from the surrounding, highly evolved Archean 
to Paleoproterozoic basement of the Rae Prov-
ince. Reduced circulation within the basin at 
this time may have resulted in bottom water an-
oxia. Conversely, thick carbonate deposits of the 
middle Bylot Supergroup were deposited while 
the majority of the Borden Basin was connected 
to the open ocean.

Short-Lived Basin Isolation

After deposition of the Angmaat and Nani-
sivik Formations, the Milne Inlet graben was 
uplifted and tilted to the northeast (present co-
ordinates; Turner, 2011). As a result, the con-
tact between the Angmaat/Nanisivik and Victor 
Bay Formations varies from paraconformable 
in the southeastern Milne Inlet graben to ero-
sional in the center of the graben and angular 
and erosional in the northwest (Fig. 1; Turner, 
2009, 2011). The lower Victor Bay shale mem-
ber blankets this unconformity throughout the 
Milne Inlet graben but is apparently absent in 
Eclipse Trough, where the Victor Bay Forma-
tion appears to overlie the Angmaat Formation 
conformably. The lower Victor Bay Formation 
shale has been interpreted to record a rapid 
transgression from tectonic subsidence in the 
Milne Inlet graben (Jackson and Iannelli, 1981; 
Sherman et al., 2001). However, the radiogenic 
Osi value calculated from the Re-Os isochron in 
the lowermost Victor Bay shale (1.25; Gibson 
et al., 2018) suggests an Os flux dominated by 
evolved sources at this time. The most parsi-
monious interpretation of both this data point, 
which was calculated from six discrete samples 
(with Osi values between 1.22 and 1.31), and 
the sedimentological evidence for transgression 
is that differential uplift in the region generated 
both renewed basin isolation and subsidence 
during earliest Victor Bay Formation deposition.

Any interpretation for the depositional his-
tory of the lower Victor Bay Formation shale 
must reconcile the seemingly contradictory 

phenomena of simultaneous basin foundering 
and hydrologic restriction. Northeast-side-down 
half-graben rotation of the Milne block (Fig. 1) 
may have down-dropped a portion of the basin 
in the vicinity of the White Bay fault zone while 
a seaward block was uplifted above level. This 
block would have formed a barrier from the 
open ocean that isolated the Milne Inlet graben. 
In fact, Nanisivik Formation carbonate slope 
 facies in the northwestern Milne Inlet graben, 
near the hamlet of Arctic Bay (Fig. 1), were up-
lifted prior to deposition of the lower Victor Bay 
Formation (Turner, 2011), and this uplift could 
have been responsible for isolation of the basin.

Tectonic Adjustment Leading to 
Stable Marine Configuration

A Nauyat Formation basalt sample yielded an 
εNdi value of –5.60, calculated at its putative age 
of 1267 Ma (Fahrig et al., 1981; LeCheminant 
and Heaman, 1989). This is within the range 
of previously published whole-rock composi-
tions of the ca.  1267  Ma Muskox layered in-
trusion (εNdi = –6.6 to –0.4; Day et  al., 2008), 
which is an early expression of the Mackenzie 
large igneous province (LeCheminant and Hea-
man, 1989). However, the εNdi composition of 
Nauyat Formation basalt is more negative than 
the estimated –3 to +1 εNdi composition of the 
parental magma for the Makenzie large igne-
ous province (Stewart and DePaolo, 1996; Day 
et al., 2008). In the lower to middle Bylot Super-
group, εNdi values are consistently <–11 in the 
Arctic Bay, Iqqittuq, and Angmaat Formations 
(Fig. 3;  Table 2) and are inconsistent with a local 
weathering regime dominated by Nauyat For-
mation basalt during deposition of the Ikpiarjuk 
and Arctic Bay Formation as suggested by Hahn 
et al. (2015).

Neodymium data also reveal tectonically 
driven modifications to the Borden Basin 
through changes in sediment provenance at this 
time in the basin’s history. While the 87Sr/86Sr 
and Os isotope composition in the basin fluctu-
ated through deposition of the Arctic Bay, Iqqit-
tuq, and Angmaat Formations, εNdi values re-
mained highly evolved (–18 and –11). However, 
a sharp rise in εNdi from –13.5 to –2.0 through 
the lower Victor Bay Formation indicates a sig-
nificant change in provenance to more juvenile 
sources. Tectonic activity at this time is further 
indicated by a secular shift in depositional envi-
ronment from carbonate platform and back-bar-
rier lagoonal facies of the Angmaat Formation 
to carbonate slope facies in the lower Victor Bay 
Formation. In the absence of other known lithol-
ogies with juvenile εNdi signatures, we infer that 
block faulting at this time uplifted the Nauyat 
Formation (or other cogenetic mafic rocks) and 

that erosion of these basalts was, at least locally, 
a major source of detritus to the basin. The sub-
sequent return toward more evolved εNdi (–13.5 
to –10) compositions in the Nunatsiaq Group 
(Fig. 3) most likely records the removal of this 
mafic source, possibly combined with uplift of 
older, felsic basement.

A 300-m-thick package of thin, rhythmi-
cally bedded limestone overlies the lower Victor 
Bay Formation shale member. This facies was 
deposited on a storm-dominated, muddy car-
bonate ramp (Sherman et al., 2000, 2001) with 
a well-developed reef tract composed of large 
stro mato lite buildups (Narbonne and James, 
1996). The 87Sr/86Sr compositions of Victor Bay 
Formation outer ramp rhythmite facies are con-
sistently unradiogenic, between 0.70511 and 
0.70558 (Fig. 3). This transition from organic-
rich black shale of the lowermost Victor Bay 
Formation with highly radiogenic Osi to the 
development of a carbonate ramp with stro-
matolitic bioherms and unradiogenic 87Sr/86Sr 
through the lower Victor Bay Formation marks a 
return to open-marine conditions in the Borden 
Basin. Tectonism that tilted the Angmaat-Nani-
sivik carbonate systems and isolated the basin 
during deposition of the lowermost Victor Bay 
Formation may have produced long-wavelength 
subsidence that caused the basin to founder later 
during deposition of lower Victor Bay Forma-
tion limestone.

The timing of this lithological and geochemi-
cal transition coincides with the shift in sedi-
ment provenance recorded by increasing εNdi 
(Fig.  3). Thus, further tectonic reconfiguration 
of the Borden Basin likely opened the basin to 
the ocean and triggered the onset of stable ma-
rine conditions throughout deposition of the Vic-
tor Bay Formation carbonate ramp. Except for 
localized Victor Bay sabkha facies in the most 
proximal areas of the basin, there is no evidence 
that the Borden Basin was restricted at any point 
during deposition of the Victor Bay or Athole 
Point Formations. Although 87Sr/86Sr composi-
tions of Athole Point Formation limestone are 
somewhat more radiogenic (0.70542–0.70597), 
these are still consistent with other records of 
latest Mesoproterozoic seawater chemistry 
(Bartley et al., 2001).

Regional Tectonics

After deposition of the Victor Bay Formation, 
the eastern Milne Inlet graben subsided, creat-
ing accommodation space for Athole Point car-
bonates, which conformably overlie the Victor 
Bay Formation (Jackson and Iannelli, 1981). At 
the same time, uplift along the central axis of 
the basin near the inlet to Strathcona Sound pro-
duced an erosional unconformity between the 
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Victor Bay and Strathcona Sound Formations in 
the western Milne Inlet graben and throughout 
Eclipse Trough (Fig. 1; Sherman et al., 2002). 
Sherman et al. (2002) interpreted this reversal in 
the polarity of the Borden Basin to have resulted 
from a novel tectonic regime that is inconsistent 
with continued extension. They attributed dif-
ferential subsidence and uplift to forebulge mi-
gration and distal foreland subsidence related to 
east-directed compression.

However, the angular and erosional uncon-
formity beneath the sub–Victor Bay unconformity 
in the northwestern Borden Basin near the ham-
let of Arctic Bay indicates pronounced uplift of 
the Nanisivik Formation in what was the deepest 
portion of the basin at the time (Turner, 2011), 
similar to the subsequent uplift of the Victor 
Bay Formation at Strathcona River (Fig. 1). 
Furthermore, the Angmaat-Nanisivik carbonate 
platform and distal slope consistently deepened 
to the present west-northwest—a bathymetric 
trend that had persisted since deposition of the 
Arctic Bay Formation (Turner, 2009). Then, 
the  well-developed Victor Bay Formation reef 
tract and facies distribution in the Milne Inlet 
graben clearly define a south-southwest deep-
ening (in present coordinates) carbonate ramp 
(Sherman et al., 2000).

Together, these previously documented ob-
servations imply that differential uplift between 
Uluksan and Nunatsiaq Group deposition need 
not represent a novel stage in the basin’s tectonic 
evolution, but rather can be explained by exten-
sional reactivation of older, basin-controlling 
faults. In fact, northeast-side-down half-graben 
rotation of the Milne block (Fig. 1) could have 
also produced the concurrent uplift in the vicin-
ity of Strathcona Sound and subsidence along 
the White Bay fault zone (i.e., Mala River, 
Pingo Valley, and White Bay as observed by 
Sherman et al., 2002) during both early Victor 
Bay and early Nunatsiaq Group times. Hence, 
Victor Bay deformation may simply reflect re-
newed half-graben rotation of the Milne block, 
consistent with the rotational kinematics that 
isolated the basin during early Victor Bay For-
mation deposition. In sum, although we cannot 
rule out whether contractional forces affected 
the Borden Basin, they are not are not required 
to explain the stratigraphic architecture of the 
Bylot Supergroup.

Global Implications

Episodically Restricted Epeiric Seaways 
and Eukaryotic Evolution

Several phylogenetic studies indicate that 
early photosynthetic eukaryotes (i.e., relatives 
of plants and algae) inhabited low-salinity 
waters and may have evolved in nonmarine, 

freshwater environments (Blank, 2013; Ponce-
Toledo et  al., 2017; Sánchez-Baracaldo et  al., 
2017). These investigations provide a testable 
hypothesis that requires the ability to recognize 
such environments in ancient sedimentary ba-
sins. The reconstruction of the degree of marine 
influence on depositional environments within 
the Borden Basin here provides valuable insight 
into the environment in which the early red alga 
Bangiomorpha pubescens likely evolved.

Bangiomorpha pubescens is a multicellular 
eukaryote preserved in very early diagenetic 
chert within microbial facies of the Angmaat 
Formation in the Borden Basin (Knoll et  al., 
2013; Manning-Berg and Kah, 2017) and the 
putatively correlative Hunting Formation in the 
Hunting and Aston Basin on Somerset Island 
(Fig. 1; Butterfield et al., 1990). Due to its mor-
phological similarity to modern bangiophyte 
red algae, it is generally regarded as the old-
est unambiguously photosynthetic and crown 
group eukaryote (Butterfield, 2000). Although 
it is well established that Bangiomorpha pubes
cens occurred in locally restricted, evaporative 
environments, the present study demonstrates 
that it may have evolved within a larger basin 
that fluctuated between marine and nonmarine, 
and by extension varied from saline to fresh-
water conditions. Furthermore, the depositional 
environments of the Angmaat Formation that 
preserve Bangiomorpha pubescens were likely 
hypersaline.

Strother et  al. (2011) interpreted acritarchs 
from the ca. 1200 Ma Stoer Group in Scotland 
as early freshwater eukaryotes based on sedi-
mentary structures in the basin (Stewart, 2002), 
high sedimentary Mo concentrations (Parnell 
et  al., 2015), and low B concentrations in il-
lite (Stewart and Parker, 1979). On the other 
hand, Stüeken et  al. (2017) presented Mo iso-
topes from the Stoer Group that are consistent 
with the composition of coeval marine shales 
and interpreted Sr isotopes to reflect mixing of 
continental runoff and seawater. They therefore 
posited that the Stoer Group was deposited in 
a marginal marine environment and attributed 
earlier observations to evapo-concentration in 
a partially restricted, marginal marine environ-
ment—much like that of the Angmaat Forma-
tion. Episodically restricted epeiric seaways 
similar to the Borden Basin were widespread 
across Rodinia (Kah et  al., 2012; Gilleaudeau 
and Kah, 2013b; Gilleaudeau and Kah, 2015). 
Thus, a preponderance of spatio-temporally 
geochemically heterogeneous late Mesoprotero-
zoic environments may have exerted unique se-
lective pressure that drove eukaryotic evolution 
and diversification.

Together, these data sets and interpretations 
for variation in the degree of marine influence 

from the Bylot Supergroup support the hypoth-
esis that nonmarine environments provided 
important ecological niches for eukaryotic evo-
lution; however, it is unclear what role, if any, 
salinity played. Integration of paleontological 
data sets with detailed paleoenvironmental re-
constructions that elucidate the hydrologic his-
tory of their fossil-bearing basins is necessary to 
test the role of episodically restricted basins on 
the trajectory of eukaryotic evolution. Here, we 
demonstrate that coupled 87Sr/86Sr, 187Os/188Os, 
and 143Nd/144Nd data can elucidate the hydro-
logic evolutionary history of ancient sedimen-
tary basins, with potential application to other 
Proterozoic epicratonic basins.

Strontium Isotopes (87Sr/86Sr) and 
Chemical Weathering

Finally, this understanding of the degree of 
marine influence throughout deposition of the 
Bylot Supergroup provides the framework nec-
essary to study this sedimentary record as an 
archive of global seawater chemistry. Nanisivik, 
Victor Bay, and Athole Point Formation lime-
stone samples display coherent secular trends in 
87Sr/86Sr, interpreted here to represent changes 
in the Sr isotope composition of seawater. These 
samples contribute age-calibrated data to the 
sparsely populated late Mesoproterozoic global 
marine Sr isotope curve (Fig. 4).

Strontium isotope values rise from 0.70511 
to 0.70597 through the Victor Bay Formation 
and into the Athole Point Formation, where 
they become more variable. These composi-
tions are similar, though somewhat more primi-
tive than filtered data (see Cox et  al., 2016) 
from the ca. 1050–1000 Ma Sukhayu Tunguska 
Formation of the Turukhansk region in Siberia 
(87Sr/86Sr  = 0.70560–0.70613; Bartley et  al., 
2001; Semikhatov et al., 2002; Cox et al., 2016). 
Combined, these data indicate a sharp rise in late 
Mesoproterozoic seawater 87Sr/86Sr from ~0.705 
to 0.706, coincidental with peak metamorphism 
of the Grenville orogeny during the Ottawan 
phase (Fig. 4; Hynes and Rivers, 2010).

This pattern, along with a subsequent fall 
toward less radiogenic values across the Meso-
proterozoic-Neoproterozoic boundary, mirrors 
the 87Sr/86Sr trend in the late Neoproterozoic to 
early Paleozoic Eras when peak values corre-
spond to the assembly of Gondwana during the 
Pan-African orogeny (Goddéris et  al., 2017). 
Similarly, the sharp rise in the late Meso protero-
zoic marine 87Sr/86Sr curve, as recorded in 
 Bylot Supergroup limestones, resulted from the 
weathering of new orogenic belts that formed 
during the amalgamation of Rodinia. Whereas 
it is postulated that low-latitude weathering of 
continental flood basalts associated with the 
fragmentation of Rodinia triggered the Sturtian 
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snowball glaciation (Cox et al., 2016), relatively 
few constraints on global weathering during the 
formation of Rodinia existed previously. The 
strontium isotope evidence presented herein for 
enhanced chemical weathering in the terminal 
Mesoproterozoic Era raises critical, testable 
questions regarding the influence of Rodinia’s 
amalgamation on Earth’s climate and global nu-
trient budgets.

CONCLUSIONS

Multiproxy radiogenic isotope chemostrati-
graphic data from the Bylot Supergroup elu-
cidate a complex succession of environments 
within the Borden Basin throughout its deposi-
tional history. Highly evolved initial 187Os/188Os 
compositions (Osi between 1 and 1.5) in lower 
Bylot Supergroup organic-rich shales resulted 
from a principal dissolved Os flux derived from 
continental weathering, with little to no input 
from marine sources (i.e., hydrothermal vents 
or seafloor weathering). These data indicate that 
the Borden Basin was isolated from the open 
ocean at this time and that the Arctic Bay For-
mation is lacustrine.

Trends in Osi and 87Sr/86Sr values toward 
more intermediate to juvenile compositions (Osi 
to ~0.7 and 87Sr/86Sr from ~0.706 to 0.705) at the 
transition to the carbonate-dominated middle 
Bylot Supergroup, coincidental with low bulk-
rock initial 143Nd/144Nd values (εNdi between –15 
and –10), highlight decoupling between hydrog-
enous (Sr and Os) and detrital (Nd) radiogenic 
isotope proxies. These trends indicate that basin 
water chemistry was not controlled by the lo-
cal weathering regime, but rather marine incur-
sion instigated the stabilization of middle Bylot 
Super group carbonate depositional systems.

Previously published evaporite 87Sr/86Sr and 
δ34S data from the Iqqittuq and Angmaat For-
mation evaporites were interpreted to provide 
constraints on the composition of late Meso-
proterozoic seawater; however, here we demon-
strate that the Sr composition of these samples 
was heavily influenced by nonmarine sources. 
While carbonate facies of the Iqqittuq and Nani-
sivik Formations record low 87Sr/86Sr values 
(0.70528–0.70537), evaporite facies within the 
Iqqittuq and Angmaat Formations record higher 
values (0.70540–0.70858). This suggests that, 
while the majority of the Borden Basin was ex-
posed to the ocean at this time, shallow-water 
lagoonal environments within the Iqqittuq and 
Angmaat Formations were locally restricted 
(Fig. 3). As a result, the S isotope composition 
of these samples may not directly reflect the late 
Mesoproterozoic ocean.

Highly radiogenic Osi values in lowermost 
Victor Bay Formation black shale (Gibson et al., 

2018) mark renewed, but short-lived basin isola-
tion. A sharp increase in εNdi through the lower 
to middle Victor Bay Formation then reflects 
local uplift and weathering of Nauyat Forma-
tion basalt in the vicinity of the Borden Basin. 
Well-preserved limestone facies through the 
Victor Bay and Athole Point Formations con-
sistently display low 87Sr/86Sr values, indicative 
of stable marine conditions. These trends in εNdi 
and 87Sr/86Sr data, as well as sedimentological 
and stratigraphic evidence, indicate that re-
gional tectonic activity modified the geometry 
of the Borden Basin so that it was exposed to 
the open ocean throughout the remainder of 
Victor Bay and Athole Point deposition. These 
interpretations for changes in basin hydrology 
correspond to significant lithological transitions 
throughout the Bylot Supergroup and indicate 
that the degree of marine influence versus water 
mass restriction controlled water chemistry and 
sedimentation patterns in the basin.

Renewed tectonism during late Victor Bay 
Formation time was previously interpreted to 
be a result of a novel compressional stress re-
gime acting on the basin (Sherman et al., 2002); 
however, northeast-side-down half-graben rota-
tion of the Milne block can also explain simul-
taneous uplift and subsidence within the Milne 
Inlet graben interpreted from facies trends both 
at this time and during early Victor Bay Forma-
tion transgression. Therefore, these deformation 
events in the Borden Basin do not require com-
pressional forces, as was previously suggested 
for the middle Bylot Supergroup, but instead 
they can be explained by continued extension.

Paleoenvironmental interpretations for basin 
restriction and marine incursion from this study 
provide a backdrop for future paleoecologi-
cal correlations with fossil data from the Bylot 
Super group. This work adds to a growing data-
base of epeiric seaways within Rodinia that may 
have influenced global biogeochemical cycles 
and evolution. Coupled hydrogenous and detrital 
radio iso tope chemostratigraphy may offer crucial 
insights into periods of marine versus nonmarine 
conditions in other ancient sedimentary environ-
ments with complex hydrologic histories, which 
may have functioned as key loci of eukaryotic 
evolution in the middle Proterozoic Eon. New 
age-calibrated 87Sr/86Sr compositions of marine 
limestone samples from the Bylot Super group 
fill in a critical gap in the late Proterozoic ma-
rine 87Sr/86Sr curve. The rise in 87Sr/86Sr values 
from ~0.705 to 0.706 ca. 1050 Ma reflects en-
hanced chemical weathering during peak meta-
morphism of the Grenville orogeny. This trend 
suggests that the amalgamation of Rodinia may 
have disrupted global biogeochemical cycling 
just prior to the chronometrically defined Meso-
proterozoic-Neoproterozoic boundary.

ACKNOWLEDGMENTS

This research was supported by Geomapping for 
Energy and Minerals (GEM-2) and Polar Continen-
tal Shelf Program of Natural Resources Canada, the 
Natural Sciences and Engineering Research Council 
of Canada, and the Agouron Institute. Gibson further 
acknowledges funding from the Eric Mountjoy Legacy 
Fund (McGill University), the Mountjoy Exchange 
Award (Geological Association of Canada), and a 
Graduate Student Research Grant (Geological Society 
of America). We thank Heda Agić, Devon Cole, Vivien 
Cumming, Malcolm Hodgskiss, Marcus Kunzmann, 
Kelsey Lamothe, Noah Planavsky, Rob Rainbird, and 
Tom Skulski for their contributions to fieldwork and 
sample preparation and André Poirier for technical 
assistance with Nd isotope measurements. This manu-
script was greatly improved by constructive feedback 
from Geoff Gilleaudeau and an anonymous reviewer.

REFERENCES CITED

Azmy, K., Kendall, B.S., Creaser, R.A., Heaman, L.M., 
and de Oliviera, T.F., 2008, Global correlation of the 
Vazante Group, São Francisco Basin, Brazil: Re-Os 
and U-Pb radiometric age constraints: Precambrian 
Research, v.  164, p.  160–172, https:// doi .org /10 .1016 
/j .precamres .2008 .05 .001 .

Banner, J.L., 2004, Radiogenic isotopes: Systematics and 
applications to earth surface processes and chemical 
stratigraphy: Earth-Science Reviews, v.  65, p.  141–
194, https:// doi .org /10 .1016 /S0012 -8252 (03)00086 -2 .

Banner, J.L., and Hanson, G.N., 1990, Calculation of simul-
taneous isotope and trace element variations during 
water-rock interaction with applications to carbonate 
diagenesis: Geochimica et Cosmochimica Acta, v. 54, 
p.  3123–3137, https:// doi .org /10 .1016 /0016 -7037 
(90)90128 -8 .

Bartley, J.K., Semikhatov, M.A., Kaufman, A.J., Knoll, 
A.H., Pope, M.C., and Jacobsen, S.B., 2001, Global 
events across the Mesoproterozoic-Neoproterozoic 
boundary: C and Sr isotope evidence from Siberia: 
Precambrian Research, v. 111, p. 165–202, https:// doi 
.org /10 .1016 /S0301 -9268 (01)00160 -7 .

Blank, C.E., 2013, Origin and early evolution of photosyn-
thetic eukaryotes in freshwater environments: Reinter-
preting Proterozoic paleobiology and biogeochemical 
processes in light of trait evolution: Journal of Phycol-
ogy, v.  49, p.  1040–1055, https:// doi .org /10 .1111 /jpy 
.12111 .

Butterfield, N.J., 2000, Bangiomorpha pubescens n. gen., n. 
sp.: Implications for the evolution of sex, multi cellu-
larity, and the Mesoproterozoic/Neoproterozoic radia-
tion of eukaryotes: Paleobiology, v.  26, p.  386–404, 
https:// doi .org /10 .1666 /0094 -8373 (2000)026 <0386: 
BPNGNS>2 .0 .CO;2 .

Butterfield, N.J., Knoll, A.H., and Swett, K., 1990, A bangio-
phyte red alga from the Proterozoic of Arctic Canada: 
Science, v.  250, p.  104–107, https:// doi .org /10 .1126 
/science .11538072 .

Cohen, P.A., Strauss, J.V., Rooney, A.D., Sharma, M., and 
Tosca, N., 2017, Controlled hydroxyapatite biominer-
alization in an 810 million-year-old unicellular eukary-
ote: Science Advances, v.  3, p.  e1700095, https:// doi 
.org /10 .1126 /sciadv .1700095 .

Cox, G.M., Halverson, G.P., Stevenson, R.K., Vokaty, M., 
Poirier, A., Kunzmann, M., Li, Z.-X., Denyszyn, S.W., 
Strauss, J.V., and Macdonald, F.A., 2016, Continental 
flood basalt weathering as a trigger for Neoproterozoic 
snowball Earth: Earth and Planetary Science Letters, 
v.  446, p.  89–99, https:// doi .org /10 .1016 /j .epsl .2016 
.04 .016 .

Creaser, R., and Stasiuk, L., 2007, Depositional age of the 
Douglas Formation, northern Saskatchewan, deter-
mined by Re-Os geochronology, in Jefferson, C.W., 
and Delaney, G., eds., EXTECH IV: Geology and 
Uranium Exploration Technology of the Proterozoic 
Athabasca Basin, Saskatchewan and Alberta: Geologi-
cal Survey of Canada Bulletin 588, p. 341, https:// doi 
.org /10 .4095 /223779 .

Downloaded from https://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/131/11-12/1965/4858498/1965.pdf
by Yale University, Timothy Mark Gibson 
on 01 November 2019

https://doi.org/10.1016/j.precamres.2008.05.001
https://doi.org/10.1016/j.precamres.2008.05.001
https://doi.org/10.1016/S0012-8252(03)00086-2
https://doi.org/10.1016/0016-7037(90)90128-8
https://doi.org/10.1016/0016-7037(90)90128-8
https://doi.org/10.1016/S0301-9268(01)00160-7
https://doi.org/10.1016/S0301-9268(01)00160-7
https://doi.org/10.1111/jpy.12111
https://doi.org/10.1111/jpy.12111
https://doi.org/10.1666/0094-8373(2000)026<0386:BPNGNS>2.0.CO;2
https://doi.org/10.1666/0094-8373(2000)026<0386:BPNGNS>2.0.CO;2
https://doi.org/10.1126/science.11538072
https://doi.org/10.1126/science.11538072
https://doi.org/10.1126/sciadv.1700095
https://doi.org/10.1126/sciadv.1700095
https://doi.org/10.1016/j.epsl.2016.04.016
https://doi.org/10.1016/j.epsl.2016.04.016
https://doi.org/10.4095/223779
https://doi.org/10.4095/223779


Marine and nonmarine environments from the Bylot Supergroup

 Geological Society of America Bulletin, v. 131, no. 11/12 1977

Creaser, R.A., Papanastassiou, D.A., and Wasserburg, G.J., 
1991, Negative thermal ion mass spectrometry of os-
mium, rhenium, and iridium: Geochimica et Cosmo-
chimica Acta, v.  55, p.  397–401, https:// doi .org /10 
.1016 /0016 -7037 (91)90427 -7 .

Creaser, R.A., Sannigrahi, P., Chacko, T., and Selby, D., 
2002, Further evaluation of the Re-Os geochronometer 
in organic-rich sedimentary rocks: A test of hydro-
carbon maturation effects on the Exshaw Formation, 
Western Canada sedimentary basin: Geochimica et 
Cosmochimica Acta, v.  66, p.  3441–3452, https:// doi 
.org /10 .1016 /S0016 -7037 (02)00939 -0 .

Crocker, C.H., Collerson, K.D., Lewry, J.F., and Bickford, 
M.E., 1993, Sm-Nd, U-Pb, and Rb-Sr geochronology 
and lithostructural relationships in the southwestern 
Rae Province: Constraints on crustal assembly in 
the western Canadian shield: Precambrian Research, 
v. 61, p. 27–50, https:// doi .org /10 .1016 /0301 -9268 
(93)90056 -8 .

Cumming, V.M., Selby, D., and Lillis, P.G., 2012, Re-Os 
geochronology of the lacustrine Green River For-
mation: Insights into direct depositional dating of 
lacustrine successions, Re-Os systematics and paleo-
continental weathering: Earth and Planetary Science 
Letters, v.  359–360, p.  194–205, https:// doi .org /10 
.1016 /j .epsl .2012 .10 .012 .

Cumming, V.M., Poulton, S.W., Rooney, A.D., and Selby, 
D., 2013, Anoxia in the terrestrial environment during 
the late Mesoproterozoic: Geology, v. 41, p. 583–586, 
https:// doi .org /10 .1130 /G34299 .1 .

Day, J.M.D., Pearson, D.G., and Hulbert, L.J., 2008, Rhe-
nium-osmium isotope and platinum-group element 
constraints on the origin and evolution of the 1.27 Ga 
Muskox layered intrusion: Journal of Petrology, v. 49, 
p. 1255–1295, https:// doi .org /10 .1093 /petrology 
/egn024 .

Dixon, O.A., Williams, S.R., and Dixon, J., 1971, The Aston 
Formation (? Proterozoic) on Prince of Wales Island, 
Arctic Canada: Canadian Journal of Earth Sciences, 
v. 8, p. 732–742, https:// doi .org /10 .1139 /e71 -071 .

Dostal, J., Jackson, G.D., and Galley, A., 1989, Geochemis-
try of Neohelikian Nauyat Plateau basalts, Borden rift 
basin, northwestern Baffin Island, Canada: Canadian 
Journal of Earth Sciences, v. 26, p. 2214–2223, https:// 
doi .org /10 .1139 /e89 -188 .

Edwards, C.T., Saltzman, M.R., Leslie, S.A., Bergstrom, 
S.M., Sedlacek, A.R.C., Howard, A., Bauer, J.A., 
Sweet, W.C., and Young, S.A., 2015, Strontium isotope 
(Sr-87/Sr-86) stratigraphy of Ordovician bulk carbon-
ate: Implications for preservation of primary seawater 
values: Geological Society of America Bulletin, v. 127, 
p. 1275–1289, https:// doi .org /10 .1130 /B31149 .1 .

Evans, D.A.D., 2009, The palaeomagnetically viable, long-
lived and all-inclusive Rodinia supercontinent recon-
struction, in Murphy, J.B., Keppie, J.D., and Hynes, 
A.J., eds., Ancient  Orogens and Modern Analogues: 
Geological Society [London] Special Publication 327, 
p. 371–404, https:// doi .org /10 .1144 /SP327 .16 .

Fahrig, W. F., Christie, K. W., and Jones, D. J., 1981, Paleo-
magnetism of the Bylot Basins: Evidence for Mack-
enzie continental tensional tectonics, in Campbell, 
F.H.A., ed., Proterozoic Basins of Canada: Geological 
Survey of Canada Paper 81–10, p. 303–312.

Geboy, N.J., Kaufman, A.J., Walker, R.J., Misi, A., de Oli-
viera, T.F., Miller, K.E., Azmy, K., Kendall, B.S., and 
Poulton, S.W., 2013, Re-Os age constraints and new 
observations of Proterozoic glacial deposits in the Va-
zante Group, Brazil: Precambrian Research, v. 238, 
p. 199–213, https:// doi .org /10 .1016 /j .precamres .2013 
.10 .010 .

Geldsetzer, H., 1973, The tectono-sedimentary development 
of an algal-dominated Helikian succession on northern 
Baffin Island, N.W.T., in Aitken, J.D., Glass, D.J., eds., 
Proceedings of the Symposium on the Geology of the 
Canadian Arctic, University of Saskatchewan 1973, 
Volume 19: Calgary, Canada, Canadian Society of Petro-
leum Geologists, p. 99–126.

Gibson, T.M., Wörndle, S., Halverson, G.P., Agić, H., La-
mothe, K.G., Rainbird, R.H., and Skulski, T. 2017, 
Composite stratigraphic section of exceptionally ex-
posed middle Bylot Supergroup carbonate rocks along 
Tremblay Sound, northwestern Baffin Island, Nunavut, 

in Summary of Activities 2017: Canada-Nunavut Geo-
science Office, Iqaluit, NU, Canada, p. 81–92.

Gibson, T.M., Shih, P.M., Cumming, V.M., Fischer, W.W., 
Crockford, P.W., Hodgskiss, M.S.W., Wörndle, S., 
Creaser, R.A., Rainbird, R.H., Skulski, T.H., and Hal-
verson, G.P., 2018, Precise age of Bangiomorpha pu
bescens dates the origin of eukaryotic photosynthesis: 
Geology, v.  46, p.  135–138, https:// doi .org /10 .1130 
/G39829 .1 .

Gilleaudeau, G.J., and Kah, L.C., 2013a, Carbon isotope 
records in a Mesoproterozoic epicratonic sea: Carbon 
cycling in a low-oxygen world: Precambrian Research, 
v. 228, p. 85–101, https:// doi .org /10 .1016 /j .precamres 
.2013 .01 .006 .

Gilleaudeau, G.J., and Kah, L.C., 2013b, Oceanic molyb-
denum drawdown by epeiric sea expansion in the 
Meso protero zoic: Chemical Geology, v. 356, p. 21–37, 
https:// doi .org /10 .1016 /j .chemgeo .2013 .07 .004 .

Gilleaudeau, G.J., and Kah, L.C., 2015, Heterogeneous re-
dox conditions and a shallow chemocline in the Meso-
protero zoic ocean: Evidence from carbon-sulfur-iron 
relationships: Precambrian Research, v.  257, p.  94–
108, https:// doi .org /10 .1016 /j .precamres .2014 .11 .030 .

Goddéris, Y., Le Hir, G., Macouin, M., Donnadieu, Y., 
Hubert-Théou, L., Dera, G., Aretz, M., Fluteau, F., 
Li, Z.-X., and Halverson, G.P., 2017, Paleogeographic 
forcing of the strontium isotope cycle in the Neo-
protero zoic: Gondwana Research, v.  42, p.  151–162, 
https:// doi .org /10 .1016 /j .gr .2016 .09 .013 .

Goldstein, S.L., Onions, R.K., and Hamilton, P.J., 1984, A 
Sm-Nd isotope study of atmospheric dusts and par-
ticulates from major river systems: Earth and Planetary 
Science Letters, v.  70, p.  221–236, https:// doi .org /10 
.1016 /0012 -821X (84)90007 -4 .

Hahn, K.E., Turner, E.C., Babechuk, M.G., and Kamber, B.S., 
2015, Deep-water seep-related carbonate mounds in a 
Mesoproterozoic alkaline lake, Borden Basin (Nuna vut, 
Canada): Precambrian Research, v.  271, p.  173–197, 
https:// doi .org /10 .1016 /j .precamres .2015 .09 .025 .

Heaman, L.M., LeCheminant, A.N., and Rainbird, R.H., 
1992, Nature and timing of Franklin igneous events, 
Canada: Implications for a late Proterozoic mantle 
plume and the break-up of Laurentia: Earth and Plan-
etary Science Letters, v.  109, p.  117–131, https:// doi 
.org /10 .1016 /0012 -821X (92)90078 -A .

Hoffman, P.F., 1989, Precambrian geology and tectonic 
history of North America in Bally, A.W., and Palmer, 
A.R., eds., The Geology of North America—An Over-
view: Boulder, Colorado, Geological Society of Amer-
ica, Geology of North America, v. A, p. 21.

Hofmann, H.J., and Jackson, G.D., 1991, Shelf-facies micro-
fossils from the Uluksan Group (Proterozoic Bylot 
Supergroup), Baffin Island, Canada: Journal of Paleon-
tology, v.  65, p.  361–382, https:// doi .org /10 .1017 
/S0022336000030353 .

Hofmann, H.J., and Jackson, G.D., 1994, Shale-facies micro-
fossils from the Proterozoic Bylot Supergroup, Baffin 
Island, Canada: The Paleontological Society, v. 68, 
p. 1–35.

Hynes, A., and Rivers, T., 2010, Protracted continental col-
lision—Evidence from the Grenville orogen: Canadian 
Journal of Earth Sciences, v. 47, p. 591–620, https:// doi 
.org /10 .1139 /E10 -003 .

Jackson, G.D., and Iannelli, T.R., 1981, Rift-related cyclic 
sedimentation in the Neohelikian Borden Basin, north-
ern Baffin Island, in Campbell, F.H.A., ed., Proterozoic 
Basins of Canada: Geological Survey of Canada Paper 
81–10, p. 269–302.

Jacobsen, S., and Wasserburg, G., 1984, Sm-Nd isotope 
evolution of chondrites and achondrites, II: Earth and 
Planetary Science Letters, v. 67, p. 137–150, https:// doi 
.org /10 .1016 /0012 -821X (84)90109 -2 .

Jochum, K.P., Nohl, U., Herwig, K., Lammel, E., Stoll, 
B., and Hofmann, A.W., 2005, GeoReM: A new geo-
chemical database for reference materials and isotopic 
standards: Geostandards and Geoanalytical Research, 
v. 29, p. 333–338, https:// doi .org /10 .1111 /j .1751 -908X 
.2005 .tb00904 .x .

Kah, L.C., 2000, Depositional δ18O signatures in Proterozoic 
dolostones: Constraints on seawater chemistry and 
early diagenesis, in Grotzinger, J.P., and James, N.P., 
eds., Carbonate Sedimentation and Diagenesis in the 

Evolving Precambrian World: Society for Sedimentary 
Geology (SEPM) Special Publication 67, p. 1–17.

Kah, L.C., and Knoll, A.H., 1996, Microbenthic distribu-
tion of Proterozoic tidal flats: Environmental and 
tapho nomic considerations: Geology, v. 24, p. 79–82, 
https:// doi .org /10 .1130 /0091 -7613 (1996)024 <0079: 
MDOPTF>2 .3 .CO;2 .

Kah, L.C., and Riding, R., 2007, Mesoproterozoic carbon 
dioxide levels inferred from calcified cyanobacteria: 
Geology, v.  35, p.  799–802, https:// doi .org /10 .1130 
/G23680A .1 .

Kah, L.C., Sherman, A.G., Narbonne, G.M., Knoll, A.H., and 
Kaufman, A.J., 1999, δ13C stratigraphy of the Protero-
zoic Bylot Supergroup, Baffin Island, Canada: Im-
plications for regional lithostratigraphic correlations: 
Canadian Journal of Earth Sciences, v. 36, p. 313–332, 
https:// doi .org /10 .1139 /e98 -100 .

Kah, L.C., Lyons, T.W., and Chesley, J.T., 2001, Geo-
chemistry of a 1.2  Ga carbonate-evaporite succes-
sion, northern Baffin and Bylot Islands: Implications 
for Mesoproterozoic marine evolution: Precambrian 
Research, v.  111, p.  203–234, https:// doi .org /10 .1016 
/S0301 -9268 (01)00161 -9 .

Kah, L.C., Bartley, J.K., and Teal, D.A., 2012, Chemostratig-
raphy of the late Mesoproterozoic Atar Group, 
Taoudeni Basin, Mauritania: Muted isotope variability, 
facies correlation, and global isotope trends: Precam-
brian Research, v. 200–203, p. 82–103, https:// doi .org 
/10 .1016 /j .precamres .2012 .01 .011 .

Kendall, B.S., Creaser, R.A., Ross, G.M., and Selby, D., 
2004, Constraints on the timing of Marinoan “snowball 
Earth” glaciation by 187Re-187Os dating of a Neo protero-
zoic, post-glacial black shale in Western Canada: Earth 
and Planetary Science Letters, v.  222, p.  729–740, 
https:// doi .org /10 .1016 /j .epsl .2004 .04 .004 .

Kendall, B.S., Creaser, R.A., Gordon, G.W., and Anbar, 
A.D., 2009a, Re-Os and Mo isotope systematics of 
black shales from the Middle Proterozoic Velkerri and 
Wollogorang Formations, McArthur Basin, northern 
Australia: Geochimica et Cosmochimica Acta, v.  73, 
p.  2534–2558, https:// doi .org /10 .1016 /j .gca .2009 .02 
.013 .

Kendall, B.S., Creaser, R.A., and Selby, D., 2009b, 187Re-
187Os geochronology of Precambrian organic-rich 
sedimentary rocks, in Carig, J., Thurow, J., Thusu, B., 
Whitham, A., and Abutarruma, Y., eds., Global Neo-
proterozoic Petroleum Systems: The Emerging Po-
tential in North Africa: Geological Society [London] 
Special Publication 326, p. 85–107, https:// doi .org /10 
.1144 /SP326 .5 .

Knoll, A.H., Worndle, S., and Kah, L.C., 2013, Covariance 
of microfossil assemblages and microbialite textures 
across an Upper Mesoproterozoic carbonate platform: 
Palaios, v. 28, p. 453–470, https:// doi .org /10 .2110 /palo 
.2013 .p13 -005r .

LeCheminant, A.N., and Heaman, L.M., 1989, Mackenzie 
igneous events, Canada: Middle Proterozoic hotspot 
magmatism associated with ocean opening: Earth and 
Planetary Science Letters, v. 96, p. 38–48, https:// doi 
.org /10 .1016 /0012 -821X (89)90122 -2 .

Lécuyer, C., 2016, Seawater residence times of some ele-
ments of geochemical interest and the salinity of the 
oceans: Bulletin de la Société Géologique de France, 
v. 187, p. 245–259, https:// doi .org /10 .2113 /gssgfbull 
.187 .6 .245 .

Long, D.G.F., and Turner, E.C., 2012, Tectonic, sedimen-
tary and metallogenic re-evaluation of basal strata in 
the Mesoproterozoic Bylot basins, Nunavut, Canada: 
Are unconformity-type uranium concentrations a real-
istic expectation?: Precambrian Research, v. 214–215, 
p. 192–209, https:// doi .org /10 .1016 /j .precamres .2011 
.11 .005 .

Macdonald, F.A., Karabinos, P.M., Crowley, J.L., Hodgin, 
E.B., Crockford, P.W., and Delano, J.W., 2017, Bridg-
ing the gap between the foreland and hinterland II: 
Geochronology and tectonic setting of Ordovician 
magmatism and basin formation on the Laurentian 
margin of New England and Newfoundland: American 
Journal of Science, v. 317, p. 555–596, https:// doi .org 
/10 .2475 /05 .2017 .02 .

Manning-Berg, A.R., and Kah, L.C., 2017, Proterozoic mi-
crobial mats and their constraints on environments of 

Downloaded from https://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/131/11-12/1965/4858498/1965.pdf
by Yale University, Timothy Mark Gibson 
on 01 November 2019

https://doi.org/10.1016/0016-7037(91)90427-7
https://doi.org/10.1016/0016-7037(91)90427-7
https://doi.org/10.1016/S0016-7037(02)00939-0
https://doi.org/10.1016/S0016-7037(02)00939-0
https://doi.org/10.1016/0301-9268(93)90056-8
https://doi.org/10.1016/0301-9268(93)90056-8
https://doi.org/10.1016/j.epsl.2012.10.012
https://doi.org/10.1016/j.epsl.2012.10.012
https://doi.org/10.1130/G34299.1
https://doi.org/10.1093/petrology/egn024
https://doi.org/10.1093/petrology/egn024
https://doi.org/10.1139/e71-071
https://doi.org/10.1139/e89-188
https://doi.org/10.1139/e89-188
https://doi.org/10.1130/B31149.1
https://doi.org/10.1144/SP327.16
https://doi.org/10.1016/j.precamres.2013.10.010
https://doi.org/10.1016/j.precamres.2013.10.010
https://doi.org/10.1130/G39829.1
https://doi.org/10.1130/G39829.1
https://doi.org/10.1016/j.precamres.2013.01.006
https://doi.org/10.1016/j.precamres.2013.01.006
https://doi.org/10.1016/j.chemgeo.2013.07.004
https://doi.org/10.1016/j.precamres.2014.11.030
https://doi.org/10.1016/j.gr.2016.09.013
https://doi.org/10.1016/0012-821X(84)90007-4
https://doi.org/10.1016/0012-821X(84)90007-4
https://doi.org/10.1016/j.precamres.2015.09.025
https://doi.org/10.1016/0012-821X(92)90078-A
https://doi.org/10.1016/0012-821X(92)90078-A
https://doi.org/10.1017/S0022336000030353
https://doi.org/10.1017/S0022336000030353
https://doi.org/10.1139/E10-003
https://doi.org/10.1139/E10-003
https://doi.org/10.1016/0012-821X(84)90109-2
https://doi.org/10.1016/0012-821X(84)90109-2
https://doi.org/10.1111/j.1751-908X.2005.tb00904.x
https://doi.org/10.1111/j.1751-908X.2005.tb00904.x
https://doi.org/10.1130/0091-7613(1996)024<0079:MDOPTF>2.3.CO;2
https://doi.org/10.1130/0091-7613(1996)024<0079:MDOPTF>2.3.CO;2
https://doi.org/10.1130/G23680A.1
https://doi.org/10.1130/G23680A.1
https://doi.org/10.1139/e98-100
https://doi.org/10.1016/S0301-9268(01)00161-9
https://doi.org/10.1016/S0301-9268(01)00161-9
https://doi.org/10.1016/j.precamres.2012.01.011
https://doi.org/10.1016/j.precamres.2012.01.011
https://doi.org/10.1016/j.epsl.2004.04.004
https://doi.org/10.1016/j.gca.2009.02.013
https://doi.org/10.1016/j.gca.2009.02.013
https://doi.org/10.1144/SP326.5
https://doi.org/10.1144/SP326.5
https://doi.org/10.2110/palo.2013.p13-005r
https://doi.org/10.2110/palo.2013.p13-005r
https://doi.org/10.1016/0012-821X(89)90122-2
https://doi.org/10.1016/0012-821X(89)90122-2
https://doi.org/10.2113/gssgfbull.187.6.245
https://doi.org/10.2113/gssgfbull.187.6.245
https://doi.org/10.1016/j.precamres.2011.11.005
https://doi.org/10.1016/j.precamres.2011.11.005
https://doi.org/10.2475/05.2017.02
https://doi.org/10.2475/05.2017.02


Gibson et al.

1978 Geological Society of America Bulletin, v. 131, no. 11/12

silicification: Geobiology, v. 15, p. 469–483, https:// doi 
.org /10 .1111 /gbi .12238 .

Narbonne, G.M., and James, N.P., 1996, Mesoproterozoic 
deep-water reefs from Borden Peninsula, Arctic Can-
ada: Sedimentology, v. 43, p. 827–848, https:// doi .org 
/10 .1111 /j .1365 -3091 .1996 .tb01505 .x .

Parnell, J., Spinks, S., Andrews, S., Thayalan, W., and 
Bowden, S., 2015, High molybdenum availability for 
evolution in a Mesoproterozoic lacustrine environ-
ment: Nature Communications, v. 6, p. 6996, https:// 
doi .org /10 .1038 /ncomms7996 .

Pehrsson, S.J., and Buchan, K.L., 1999, Borden dykes of 
Baffin Island, Northwest Territories: A Franklin U-Pb 
baddeleyite age and paleomagnetic reinterpretation: 
Canadian Journal of Earth Sciences, v.  36, p.  65–73, 
https:// doi .org /10 .1139 /e98 -091 .

Peucker-Ehrenbrink, B., and Ravizza, G., 2000, The marine 
osmium isotope record: Terra Nova, v. 12, p. 205–219, 
https:// doi .org /10 .1046 /j .1365 -3121 .2000 .00295 .x .

Poirier, A., and Hillaire-Marcel, C., 2011, Improved Os-
isotope stratigraphy of the Arctic Ocean: Geophysical 
Research Letters, v.  38, L14607, https:// doi .org /10 
.1029 /2011GL047953 .

Ponce-Toledo, R.I., Deschamps, P., Lopez-Garcia, P., Zivano-
vic, Y., Benzerara, K., and Moreira, D., 2017, An early-
branching freshwater cyanobacterium at the origin of 
plastids: Current Biology, v. 27, p. 386–391, https:// doi 
.org /10 .1016 /j .cub .2016 .11 .056 .

Ravizza, G., and Turekian, K.K., 1992, The osmium isotope 
composition of organic-rich marine sediments: Earth 
and Planetary Science Letters, v. 110, p. 1–6, https:// 
doi .org /10 .1016 /0012 -821X (92)90034 -S .

Rooney, A.D., Selby, D., Houzay, J.-P., and Renne, P.R., 
2010, Re-Os geochronology of a Mesoproterozoic 
sedimentary succession, Taoudeni basin, Mauritania: 
Implications for basin-wide correlations and Re-Os or-
ganic-rich sediments systematics: Earth and Planetary 
Science Letters, v. 289, p. 486–496, https:// doi .org /10 
.1016 /j .epsl .2009 .11 .039 .

Rooney, A.D., Macdonald, F.A., Strauss, J.V., Dudás, F.Ö., 
Hallman, C., and Selby, D., 2014, Re-Os geochro-
nology and coupled Os-Sr isotope constraints on the 
Sturtian snowball Earth: Proceedings of the National 
Academy of Sciences of the United States of Amer-
ica, v. 111, p. 51–56, https:// doi .org /10 .1073 /pnas 
.1317266110 .

Rooney, A.D., Austermann, J., Smith, E.F., Li, Y., Selby, 
D., Dehler, C.M., Schmitz, M.D., Karlstrom, K.E., 
and Macdonald, F.A., 2017, Coupled Re-Os and U-Pb 
geochronology of the Tonian Chuar Group, Grand 
Canyon: Geological Society of America Bulletin, 
v. 130, no. 7-8, p. 1085–1098, https:// doi .org /10 .1130 
/B31768 .1  .

Sánchez-Baracaldo, P., Raven, J.A., Pisani, D., and Knoll, 
A.H., 2017, Early photosynthetic eukaryotes inhab-
ited low-salinity habitats: Proceedings of the National 
Academy of Sciences of the United States of America, 
v. 114, no. 37, p. E7737–E7745.

Selby, D., and Creaser, R.A., 2003, Re-Os geochronology 
of organic-rich sediments: An evaluation of organic 
matter analysis methods: Chemical Geology, v.  200, 
p.  225–240, https:// doi .org /10 .1016 /S0009 -2541 
(03)00199 -2 .

Semikhatov, M., Kuznetsov, A., Gorokhov, I., Konstanti-
nova, G., Melnikov, N., Podkovyrov, V., and Kutyavin, 
E., 2002, Low 87Sr/86Sr ratios in seawater of the 
Grenville and post-Grenville time: Determining fac-
tors: Stratigraphy and Geological Correlation, v.  10, 
p. 1–41.

Sherman, A.G., James, N.P., and Narbonne, G.M., 2000, 
Sedimentology of a late Mesoproterozoic muddy car-
bonate ramp, northern Baffin Island, Arctic Canada, in 
Grotzinger, J.P., and James, N.P., eds., Carbonate Sedi-
mentation and Diagenesis in the Evolving Precambrian 
World: Society for Sedimentary Geology (SEPM) 
Special Publication 67, p. 275–294, https:// doi .org /10 
.2110 /pec .00 .67 .0275 .

Sherman, A.G., Narbonne, G.M., and James, N.P., 2001, 
Anatomy of a cyclically packaged Mesoproterozoic 
carbonate ramp in northern Canada: Sedimentary Geol-
ogy, v. 139, no. 3-4, p. 171–203.

Sherman, A.G., James, N.P., and Narbonne, G.M., 2002, Evi-
dence for reversal of basin polarity during carbonate 
ramp development in the Mesoproterozoic Borden Ba-
sin, Baffin Island: Canadian Journal of Earth Sciences, 
v. 39, p. 519–538, https:// doi .org /10 .1139 /e01 -089 .

Smoliar, M.I., Walker, R.J., and Morgan, J.W., 1996, Re-Os 
ages of group IIA, IIIA, IVA, and IVB iron meteorites: 
Science, v. 271, p. 1099–1102, https:// doi .org /10 .1126 
/science .271 .5252 .1099 .

Sperling, E.A., Rooney, A.D., Hays, L., Sergeev, V.N., 
Vorob’eva, N.G., Sergeeva, N.D., Selby, D., Johnston, 
D.T., and Knoll, A.H., 2014, Redox heterogeneity of 
subsurface waters in the Mesoproterozoic ocean: Geo-
biology, v. 12, p. 373–386, https:// doi .org /10 .1111 /gbi 
.12091 .

Stewart, A.D., 2002, The Later Proterozoic Torridonian 
Rocks of Scotland: Their Sedimentology, Geochemis-
try and Origin: Geological Society [London] Memoir 
24, 130 p.

Stewart, A.D., and Parker, A., 1979, Palaeosalinity and en-
vironmental interpretation of red beds from the late 
Precambrian (‘Torridonian’) of Scotland: Sedimentary 
Geology, v.  22, p.  229–241, https:// doi .org /10 .1016 
/0037 -0738 (79)90054 -X .

Stewart, B.W., and DePaolo, D.J., 1996, Isotope studies of 
processes in mafic magma chambers: III. The Muskox 
intrusion, Northwest Territories, Canada, in Basu, A., 
and Hart, S., eds., Earth Processes: Reading the Iso-
tope Code: American Geophysical Union Geophysical 
Monograph 95, p. 277–292.

Strauss, J.V., Rooney, A.D., Macdonald, F.A., Brandon, A., 
and Knoll, A.H., 2014, 740 Ma vase-shaped microfos-
sils from Yukon, Canada: Implications for Neoprotero-
zoic chronology and biostratigraphy: Geology, v.  42, 
p. 659–662, https:// doi .org /10 .1130 /G35736 .1 .

Strother, P.K., Battison, L., Brasier, M.D., and Wellman, 
C.H., 2011, Earth’s earliest non-marine eukaryotes: 
Nature, v.  473, p.  505–509, https:// doi .org /10 .1038 
/nature09943 .

Stüeken, E.E., Bellefroid, E.J., Prave, A.R., Asael, D., 
Planavsky, N.J., and Lyons, T.W., 2017, Not so non-
marine? Revisiting the Stoer Group and the Meso-
protero zoic biosphere: Geochemical Perspectives 
Letters, v. 3, p. 221–229, https:// doi .org /10 .7185 
/geochemlet .1725 .

Tanaka, T., Togashi, S., Kamioka, H., Amakawa, H., Kagami, 
H., Hamamoto, T., Yuhara, M., Orihashi, Y., Yoneda, 
S., Shimizu, H., Kunimaru, T., Takahashi, K., Yanagi, 
T., Nakano, T., Fujimaki, H., Shinjo, R., Asahara, Y., 
 Tanimizu, M., and Dragusanu, C., 2000, JNdi-1: A neo-
dymium isotope reference in consistency with LaJolla 
neodymium: Chemical Geology, v.  168, p.  279–281, 
https:// doi .org /10 .1016 /S0009 -2541 (00)00198 -4 .

Taylor, S.R., and McLennan, S.M., 1995, The geochemical 
evolution of the continental crust: Reviews of Geo-
physics, v.  33, p.  241–265, https:// doi .org /10 .1029 
/95RG00262 .

Tripathy, G.R., and Singh, S.K., 2015, Re-Os depositional 
age for black shales from the Kaimur Group, Upper 
Vindhyan, India: Chemical Geology, v. 413, p. 63–72, 
https:// doi .org /10 .1016 /j .chemgeo .2015 .08 .011 .

Turner, E.C., 2009, Mesoproterozoic carbonate systems in 
the Borden Basin, Nunavut: Canadian Journal of Earth 
Sciences, v.  46, p.  915–938, https:// doi .org /10 .1139 
/E09 -062 .

Turner, E.C., 2011, Structural and stratigraphic controls 
on carbonate-hosted base metal mineralization in the 
Mesoproterozoic Borden Basin (Nanisivik District), 
Nunavut: Economic Geology and the Bulletin of the 
Society of Economic Geologists, v. 106, p. 1197–1223, 
https:// doi .org /10 .2113 /econgeo .106 .7 .1197 .

Turner, E.C., and Kamber, B.S., 2012, Arctic Bay Forma-
tion, Borden Basin, Nunavut (Canada): Basin evolu-
tion, black shale, and dissolved metal systematics 
in the Mesoproterozoic ocean: Precambrian Re-
search, v.  208–211, p.  1–18, https:// doi .org /10 .1016 /j 
.precamres .2012 .03 .006 .

Turner, E.C., Long, D.G.F., Rainbird, R.H., Petrus, J.A., and 
Rayner, N.M., 2016, Late Mesoproterozoic rifting in 
Arctic Canada during Rodinia assembly: Impactogens, 
trans-continental far-field stress and zinc mineralisa-
tion: Terra Nova, v. 28, p. 188–194, https:// doi .org /10 
.1111 /ter .12207 .

van Acken, D., Thomson, D., Rainbird, R.H., and Creaser, 
R.A., 2013, Constraining the depositional history of 
the Neoproterozoic Shaler Supergroup, Amundsen 
Basin, NW Canada: Rhenium-osmium dating of black 
shales from the Wynniatt and Boot Inlet Formations: 
Precambrian Research, v. 236, p. 124–131, https:// doi 
.org /10 .1016 /j .precamres .2013 .07 .012 .

Veizer, J., 1989, Strontium isotopes in seawater through 
time: Annual Review of Earth and Planetary Sciences, 
v.  17, p.  141–167, https:// doi .org /10 .1146 /annurev .ea 
.17 .050189 .001041 .

Xu, W.M., Ruhl, M., Jenkyns, H.C., Hesselbo, S.P., Riding, 
J.B., Selby, D., Naafs, B.D.A., Weijers, J.H., Pancost, 
R.D., Tegelaar, E., and Idiz, E.F., 2017, Carbon seques-
tration in an expanded lake system during the Toar-
cian oceanic anoxic event: Nature Geoscience, v. 10, 
p. 129–134, https:// doi .org /10 .1038 /ngeo2871 .

Science Editor: Bradley S. Singer 
Associate Editor: Troy Rasbury

Manuscript Received 10 June 2018 
Revised Manuscript Received 18 December 2018 
Manuscript Accepted 20 February 2019

Printed in the USA

Downloaded from https://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/131/11-12/1965/4858498/1965.pdf
by Yale University, Timothy Mark Gibson 
on 01 November 2019

https://doi.org/10.1111/gbi.12238
https://doi.org/10.1111/gbi.12238
https://doi.org/10.1111/j.1365-3091.1996.tb01505.x
https://doi.org/10.1111/j.1365-3091.1996.tb01505.x
https://doi.org/10.1038/ncomms7996
https://doi.org/10.1038/ncomms7996
https://doi.org/10.1139/e98-091
https://doi.org/10.1046/j.1365-3121.2000.00295.x
https://doi.org/10.1029/2011GL047953
https://doi.org/10.1029/2011GL047953
https://doi.org/10.1016/j.cub.2016.11.056
https://doi.org/10.1016/j.cub.2016.11.056
https://doi.org/10.1016/0012-821X(92)90034-S
https://doi.org/10.1016/0012-821X(92)90034-S
https://doi.org/10.1016/j.epsl.2009.11.039
https://doi.org/10.1016/j.epsl.2009.11.039
https://doi.org/10.1073/pnas.1317266110
https://doi.org/10.1073/pnas.1317266110
https://doi.org/10.1130/B31768.1 
https://doi.org/10.1130/B31768.1 
https://doi.org/10.1016/S0009-2541(03)00199-2
https://doi.org/10.1016/S0009-2541(03)00199-2
https://doi.org/10.2110/pec.00.67.0275
https://doi.org/10.2110/pec.00.67.0275
https://doi.org/10.1139/e01-089
https://doi.org/10.1126/science.271.5252.1099
https://doi.org/10.1126/science.271.5252.1099
https://doi.org/10.1111/gbi.12091
https://doi.org/10.1111/gbi.12091
https://doi.org/10.1016/0037-0738(79)90054-X
https://doi.org/10.1016/0037-0738(79)90054-X
https://doi.org/10.1130/G35736.1
https://doi.org/10.1038/nature09943
https://doi.org/10.1038/nature09943
https://doi.org/10.7185/geochemlet.1725
https://doi.org/10.7185/geochemlet.1725
https://doi.org/10.1016/S0009-2541(00)00198-4
https://doi.org/10.1029/95RG00262
https://doi.org/10.1029/95RG00262
https://doi.org/10.1016/j.chemgeo.2015.08.011
https://doi.org/10.1139/E09-062
https://doi.org/10.1139/E09-062
https://doi.org/10.2113/econgeo.106.7.1197
https://doi.org/10.1016/j.precamres.2012.03.006
https://doi.org/10.1016/j.precamres.2012.03.006
https://doi.org/10.1111/ter.12207
https://doi.org/10.1111/ter.12207
https://doi.org/10.1016/j.precamres.2013.07.012
https://doi.org/10.1016/j.precamres.2013.07.012
https://doi.org/10.1146/annurev.ea.17.050189.001041
https://doi.org/10.1146/annurev.ea.17.050189.001041
https://doi.org/10.1038/ngeo2871

	Radiogenic isotope chemostratigraphy reveals marine and nonmarine depositional environments in the late Mesoproterozoic Borden Basin, Arctic Canada
	ABSTRACT
	INTRODUCTION
	BACKGROUND
	Geological Setting
	Radiogenic Isotope Proxies

	MATERIALS AND METHODS
	Limestone Sample Preparation and Elemental Concentrations
	87Sr/86Sr
	Initial 187Os/188Os (Osi)
	Initial 143Nd/144Nd (εNdi)

	RESULTS
	DISCUSSION
	Nonmarine Environments
	Marine Incursion
	Short-Lived Basin Isolation
	Tectonic Adjustment Leading to Stable Marine Configuration
	Regional Tectonics
	Global Implications
	Episodically Restricted Epeiric Seaways and Eukaryotic Evolution
	Strontium Isotopes (87Sr/86Sr) and Chemical Weathering


	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES CITED

	Equation 1
	Equation 2
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1 page 1
	Table 1 page 2
	Table 2
	Table 3
	Data Repository item 2019165

